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SUMMARY

This thesis examines various control strategies aimed at 
optimising the steady-state operation of engine-transmission 
systems for heavy commercial vehicles in order to achieve minimum 
fuel consumption.

The work includes three stages : i) the analysis and
synthesis of the problems associated with the control of propulsion 
plants, ii) the mathematical optimisation of multi-variable systems 
and iii) the optimisation of an engine shunt-transmission system.

The control of propulsion plants for heavy commercial 
vehicles is examined by reviewing the prime movers and transmissions 
in use or likely to be used in the near future. The parameters 
specially highlighted include the external controls and the 
alterations which can be made to improve component matching. The 
problem of optimising multi-variable systems is set out.

The mathematical optimisation of multi-variable systems 
involves techniques for the maximization of a n-variable function 
specific to propulsion plants. The function maximized is not 
known analytically and can only be evaluated at discrete points.
A large number of searching procedures are reviewed and developed 
to minimize the number of evaluations.

The engine transmission system optimised comprises a 
diesel engine driving a hydro-mechanical transmission of the shunt 
type. The hydrostatic drive is made up of two variable-displacement 
units. The external controls are the fuel rack position and the 
two unit swash displacements. The characteristics of the system
are investigated theoretically. Various optimisers, scheduled and
on-line, are proposed and one been PiHecl on Pesh hg ond
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INTRODUCTION

The nineteen eighties are likely to witness changes in 
propulsion plants for automotive vehicles of a magnitude never 
experienced before. The need for change has been appreciated in 
the last decade which has seen i) technical breakthroughs, 
particularly in the fields of electronics and hydraulics, ii) the 
introduction of tighter regulations on smoke and noise control, 
and iii) the sudden awareness that oil, the main source of energy 
for automotive vehicles, would not be available forever.

As a result, propulsion plants which were initially 
relatively simple are becoming increasingly sophisticated. A 
particular feature of the new generation will be the increased 
number of controls. The reason is thau, by increasing the
number of controls to the extent that output requirements can be 
met with many different operating conditions, it is possible to 
optimise the system for given criteria, e.g. for best overall 
efficiency.

Optimisation of the control settings of a propelling plant 
poses control problems of a relatively new type and the object of 
this thesis is to propose ways of solving them for heavy-duty 
commercial vehicle applications.

The thesis is divided into three parts. Part I is a 
survey of the problems associated with the control of the various 
engine-transmission systems existing at present and those likely to 
be developed in the rature. Part II deals with the
mathematical aspect of the optimisation of multi-variable systems. 
Part III is a case study. The system which has been optimised 
consists of a diesel engine driving  ̂hydro-mechanical transmission.

Part I is introduced with a functional analysis of 
propulsion plants for commercial vehicles. It is recognised that 
it is common practice to split propelling plants into two 
functional blocks : the source of power and che transmission.



The sources of power most suitable for heavy-duty vehicles are 
investigated in Chapter 1. Particular emphasis is placed on
their controls and the design features readily adjusted for 
improved matching with the transmission. The transmissions which 
can be associated with these prime-movers are described in Chapter 2, 
and their controls, efficiency, gear ratios and gear ratio ranges 
are discussed. Chapter 3, the last chapter of Part I, reviews
and classifies the control problems associated with engine trans
mission systems. It sets out the problem of optimising multi- 
variable systems and expresses it mathematically. It also outlines 
the control strategies.

Part II is divided into two chapters. The first chapter 
starts with an analysis of the methods of optimisation of multi- 
variable systems described in the previous chapter. The 
properties of the function to be maximised or minimised are then 
investigated. Converting a constrained optimisauxon problem into 
an unconstrained problem forms the last p^rt of the first chapter.
The second chapter is a comprehensive survey of the direct search 
methods available for locating the global extremum of a n-variable 
function. The concept 'direct* is first explained. The different 
direct search methods are then described. Finally, these methods 
are adapted to constrained problems.

Part III is concerned with the steady-state optimisation of 
an engine shunt-transmission system for minimum fuel consumption. 
Chapter 6, the first chapter of Part III, is a description and a 
theoretical analysis of the engine shunt-transmission system.

Suitable optimisers are discussed in Chapter 7. The type
of optimiser and the optimisation procedure adopted are also 
presented in this chapter. The test rig and its instrumentation
are described in Chapter 8. A report of the experimental optimi
sation of the test rig is given in Chapter 9. Also discussed in
this chapter is the design of the optimiser. Optimisation of the 
test rig is concluded by Chapter lO which gives the details of a 
microprocessor optimiser.
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PROPULSION OF COMMERCIAL VEHICLES 

VEHICLE CONTROL CONSIDERATIONS

lOl. Control of the motion of a vehicle is normally achieved by 
steering action and by powering or braking its wheels. These two 
controls correspond to the two degrees of freedom a vehicle has 
under normal operating conditions, namely a translational motion 
along its main axis and a rotation about an axis perpendicular to 
the road surface. On commercial vehicles, these controls are 
separate and are provided by two independent systems : the
propelling plant and the steering sysuem.

The function of the propelling plant is to provide the live 
wheels with the torque which will yield the required vehicle 
acceleration or deceleration irrespective of •‘"he external forces 
exerted on tiie vehicle, e.g. gravi ta tionaJ. forces. Coulomb friction 
and drag forces. On conventional vehicles, the torque delivered 
by the propelling plant is generally controlled by a clutch, a 
brake and an accelerator pedal together with a change gear lever.

The function of the steering system is to orientate a set 
of wheels relative to the others so as to give birth to road 
reaction forces which will cause the vehicle motion to change its 
direction. Commercial vehicle steering is generally controlled by 
the rotation of a steering-wheel. On certain vehicles, especially 
track vehicles, the propelling plant is also used to steer the 
vehicle. This extra function increases its complexity and favours 
the use of designs which lend themselves to this function, i.e. the 
hydrostatic transmissions.

A vehicle is said to be operating under normal conditions if 
its wheels never fail to adhere to the r-oad surface. The preclusion 
of vehicle skidding or of any relative motion between the part of the 
wheel in contact with the road surface and the road surface brings 
some constraints regarding the number and position of the live wheels 
with respect to the load.



102. The main requirement of the propelling plant is to provide 
the live wheels with the level of torque which is compatible with 
the demanded vehicle acceleration and rate of acceleration (or 
deceleration) over a wide range of wheel speeds. Otlier require
ments may be the storage of energy released during vehicle braking 
or the production of power for ancillary equipment such as that 
mounted on refrigerated lorries of air-conditi-oned coaches.

Propelling force magnitude and live wheel speed requirements 
are intrinsically connected to vehicle ratings and ranges of 
applications. For the purpose of establishing classes of similar 
requirements, vehicles can be classified into two main categories : 
on-road and off-road vehicles. These categories can be in turn 
sub-divided to refine classification. On-road vehicles can come 
under the following headings : coaches, city buses and vehicles of 
categories N^, and which respectively cover goods carrying 
vehicles below 3500 kg GVW, between 3500 and 12000 kg GVW, and over 
12000 kg GVW. Furthermore, these different types can be long- 
range, medium-range and short-range vehicles. Off-road vehicles
include earth-moving, material-handling, construction and 
agricultural equipment.

103. Propulsion requirements must be met at the minimum cost. 
Propulsion cost is made up of the production cost of the propelling 
system and its running cost. An effective way of cutting down 
development and production unit costs is to employ modular design.
It is sensible to split the propelling system into the source of 
power or prime-mover and the transmission. Modular design can be 
pushed a step further by breaking these two units into functional 
subunits, e.g. the transmission can be separated into the brakes, 
the retarder, the clutch and the linking element.

Nowadays, development and production unit cost considerations 
certainly play a major role in justifying the dichotomy of power 
generation and power transmission which has always been an ever
present feature of self-powered vehicles. This dichotomy finds its 
origin in the early developments of the automative industry. The



major obstacle which had to be overcome before the first self- 
propelled vehicle could be built was to generate the required 
propelling power in the first place. With the technology available 
at the time, transmitting the power produced was comparatively easy 
and did not inhibit the would-be inventors from deploying searches 
for sources of power in all directions. The reciprocating movement 
of Cugnot's steam engine was readily converted into a rotary one and 
transmitted to the front wheel of its three-wheeled artillery tractor 
by a conventional crank-connecting rod system, giving birth to the 
first ever self-propelled vehicle. The rotary movement of the brain
child cf Carl Benz and Gottlieb Daimler, the two most important pioneer 
contributors to the gasoline-engine automobile, was equally matched. 
This was the time when both vehicle and transmission had to be adapted 
to the only source of power available. With the developments since 
undergone by propelling systems, the situation has been reversed and 
it is even possible, now, to tailor the propelling system of any type 
of vehicle to the most exacting of requirements. Yet, the dichotomy 
of power generation and transmission still subsists.

104. What follows is a simplified view of how propelling systems are 
currently designed. In the first place, the prime-mover designers 
examine new avenues of development in their search for greater 
efficiency and increased power, leading to the emergence of sources 
of power exhibiting relatively different characteristics. For 
example, while exhaust turbocharging of diesel engines can improve 
their efficiency and the quality of their exhaust gas, it 
considerably modifies their torque characteristics. Then, the 
transmission designers select the prime-mover the most suitable to 
meet the requirements of the prope]ling system and develop their 
transmissions so as to produce the required propulsion at minimum 
costs. Once the transmission is built, the prime-mover designers 
put the finishing touch to their product in order to improve 
further the matching of the two units.

This approach to the design of propelling systems places most 
of the responsibility of matching the two units on the transmission 
designers. While cutting down development and production unit 
costs, this division between the prime-mover and the transmission



may not generally lead to the optimum power pack as far as 
efficiency is concerned. Tlie worldwide oil crisis is bound to 
bring about ever increasing diesel fuel prices, causing a corres
ponding increase in the running cost of propelling systems.
Increasing their overall efficiency is therefore more and more 
crucial. Substantial savings of fuel are the most likely to be 
achieved by improving the matching between prime-mover and 
transmission and by complementing propelling systems with 
regenerative systems.

The considerable research recently undertaken in this field 
seems to indicate that transmissions are likely to undergo major 
developments. Proposed new types of transmission proliferate, 
in particular, the infinitely variable speed ratio transmissions 
which are particularly suitable for optimum matching. Another way 
of optimising matching is to alleviate the. division between prime 
mover and transmission. Hybrid engines are such examples.
Whichever the types of systems adopted, they are all based on 
modular design.

105. What follows is a detailed insight into the vehicle 
propelling systems currently produced or undergoing development.
A special emphasis will be placed on their control. Details of rhe 
vehicle prime movers, the transmissions and hybrid prime movers will 
be presented.
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INTRODUCTION

106, The vehicle prime movers which are currently available to be 
commercially exploited are the reciprocating internal combustion 
engine, the gas turbine and the Stirling engine, either as a linear 
or rotary piston engine with external combustion. In heavy 
commercial vehicles the reciprocating internal combustion engine, 
the diesel engine in particular, holds the commanding position. 
Despite great progress in development, the gas turbine has reached 
only an experimental stage in this field. The Stirling engine and 
the gas turbine are being actively considered because of their 
cleaner exhaust, but they have not yet reached the production stage. 
One of the reasons is the cost of the power produced. Their 
initial or operating costs, or both, are noticeably higher in 
comparison with the internal combustion engine (1).

The internal combustion engine has undergone and is still 
subject to major developments for a variety of reasons. It must 
have a greater thermal efficiency. The energy crisis has made it 
clearer than before that fuel from crude oil will not be at our 
disposal for ever. The harmful elements of the exhaust gas must 
be reduced. The necessary demands for greater environmental 
protection set new levels of permissible gas emissions.

The diesel engine is the engine which converts the chemical 
energy of fuel into mechanical power over a wide output range with 
the highest efficiency. The harmful emissions of diesel engines 
can be reduced by the weakening of the mixture, that is by excess 
air and late ignition timing. However, both reduce the power 
output. Supercharging can compensate or even more than 
compensate for this loss of performance. The most important form 
of supercharging is that of exhaust turbocharging.

However, there are still problems to solve, such as the 
improvement of the torque characteristics and acceleration. The 
"Comprex", utilising wave-effects to supercharge, is superior to 
the turbocharger in this respect.
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Certain varieties of exhaust turbocharging will provide 
opportunities to improve the efficiency and, as already mentioned, 
the exhaust gas quality.

107. Only diesel engines, either naturally aspirated or exhaust- 
turbocharged will be discussed in this chapter since they have 
found almost universal acceptance as prime movers for commercial 
vehicles, at the present time and for the near future, by engine 
builders and users.

108. Commercial vehicles which use diesel engines range from 
aircraft towing tractors to long-range heavy-duty trucks, with fork 
lift trucks, tractor shovels, dump trucks as intermediate stages.
Some applications require similar engines in terms of both ratings 
and engine characteristics. In general, it is not economic to 
build from scratch a complete engine meeting the specifications 
required to suit each separate vehicle. To keep the unit production 
cost down, the requirements can only be met in volume production by 
the provision of a base engine unit having the necessary fundamental 
design features, with the separate addition of the various accessories 
required to complete each individual installation (2).

A survey of a particular sector of the commercial vehicles 
market will inform the engine designer about the requirements for the 
engine power range, its capabilities in terms of speed and torque,

, its anticipated overhaul periods and its total life time. Mechanical
and economic factors will guide him in determining the type of 
combustion system, the maximum pressure and temperature, the con
figuration and the number of cylinders. For instance, while small 
diesel engines such aS those fitted on cars or vans may feature 
indirect injection, larger diesel engines generally operate with 
direct-injaction systems, with in-line fuel injection pumps preferred 
to distributor pumps at the bigger end of the truck market.

Having gathered all the information he could get, the engine 
designer will build the base engine unit which comprises all the 
components that are not easily interchangeable on an application-by- 
application basis. For that, he will have to anticipate the
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type and design of the expected required accessories so that the 
design allows them to be fitted.

The following stage in designing the engine consists in 
selecting and adjusting the accessories, especially the fuel 
injection equipment, in order to obtain the type of engine rating 
characteristics required for a specific application.

How easily these characteristics can be modified is of the 
greatest importance for the transmission designer when the time 
comes for him to refine matching of engine and transmission. This 
is why, in the analysis of diesel engines which follows, a particular 
emphasis W311 be placed on the study of the parameters upon which the 
engine characteristics are dependent.

Engine characteristics are a function of :
i) the amount of fuel injected per stroke, the injection 

timings and duration.
ii) the weight of air available per stroke.

To ease the analysis of this function, only variable i) 
will be changed in a first step. This case study corresponds to
Chat of a naturally-aspirated engine if the speed-dependent air 
pressure losses are neglected. Turbocharging will then be
investigated.

NATURALLY-ASPIRATED ENGINE

1G9. It is quite common for a 2800 rev/min truck engine to be 
developed to suit a 2000 rev/min engine for a tractor and to change 
the Fuel Injection Equipment accordingly to give the required torque 
versus speed curves which are depicted in Figure 1 (2). The
curve corresponding to the high-speed rating is duplicated in 
Figure 2 with notations added to it in order to help understanding 
of the typical characteristics of a given torque against speed 
curve. The speed range is confined to speeds lying between the
idling speed and the maximum speed for various reasons. At low
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speeds, the mixing of fuel with air becomes very poor, impairing the 
engine thermal efficiency, causing an excessive emission of smoke (3) 
and leading sometimes to fouling of injectors. Furthermore, unless 
a huge flywneel is coupled to the crankshaft, the engine will vibrate 
excessively. At high speeds, dynamic forces which increase as the
square of engine speed become intolerably large. It also becomes 
increasingly difficult to provide the necessary airflow to the engine.

Torque characteristics

llO. The corque curve is shaped by tailoring the fuel delivery to 
the engine. A common need for a vehicle diesel engine is a 
15 - 20 per cent torque back-up from maximum speed to peak torque 
speed which is about 45 per cent of the full load speed (4). The 
reason for it is that the degree of tractive effort which results 
facilitates a favourable driving condition on vehicles equipped with 
conventional gearboxes by reducing the number of gear changes and 
gear ratios. This torque back-up is obtained by increasing, with
reduction of speed, the amount of fuel injected per stroke 
accordingly. This means that the fuel to air ratio increases.
It also happens that at constant fuel per stroke, smoke increases 
rapidly with reduction of speed because the mixing of air with fuel 
deteriorates. Black smoke, in particular, is formed when there is 
a deficiency of oxygen in the vicinity of a burring droplet of 
fuel (3). Black smoke will therefore tend to form with inc.cease of 
fuel to air ratio and with reduction of speed. Smoke legislation is 
such that it is necessary to limit the air to fuel ratio to 22 to 1 
at the peak torque speed and to increase this ratio rapidly as the 
speed falls from the peak torque to the idling speed.

Once the maximum engine speed is given, the shape and the 
position of the maximum torque curve are known. The fuel delivery 
to the engine is tailored accordingly, generally by means of a 
maximum torque control system built into the Fuel Injection Equipment. 
The amount of fuel iiijected and its timing are controlled by the fuel 
injection pump. The study of the control aspect of a Fuel 
Injection System may consequently be reduced to that of its injection 
pump.
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Fuel injection pumps

111. Fuel injection pumps fall chiefly into two categories :
the in-line and the distributor types (1) whose fundamental difference 
lies in the injection pumping principle on which they work.

Injection pumping principles.

112. The in-line type of pump employs one pumping element for each 
cylinder. Shown in Figure 3 is the model Majormec marketed by
C.A.V. (5). The engine drives its camshaft, each cam operating an
individual reciprocating pumping plunger through the medium of a 
tappet roller. The plunger is pushed upwards by the action of the 
cam and moved downwards by that of a return spring which has to be 
compressed by the upward stroke. The camshaft rotation provides a 
constant stroke of the pump plunger. The volume of fuel which will 
enter the pump cylinder at each stroke v;ill therefore be constant.
The amount of fuel which is injected into the engine is varied by 
allowing part of it to escape during the injection stroke. Figure 4 
shows a pump plunger and a cross-section of. its mated plunger barrel. 
Thb barrel houiaing the plunger has two holes in the side drilled 
diametrically opposite each other. One hole is tne inlet port which 
allows fuel oil to enter the pumping chamber. The other ho"* e is 
the spill pert whose main function is to permit cut-off of fuel 
injection. Both ports open into the fuel chamber of the pump.
In position A, the pump plunger is at the bottom of its stroke and 
fuel oil can enter through the barrel ports either by gravity flow 
from an overhead fuel tank or under feed pressure from a fuel feed 
pump. Filling of the pump element chamber is completed before the 
rising pump plunger reaches position B. At that position, fuel 
injection starts since the only outlet of the fuel trapped in the 
chamber is through the delivery valve. A hole is drilled vertically 
in the top face of the plunger and this hole links up with a very 
accurately positioned helical groove machined in the side of the 
plunger. Fuel injection stops when the rising pump plunger reaches 
position C. Here the upper edge of the control helix uncovers 
the spill port, allowing the high pressure oil above the plunger to 
flow down through the central hole in the plunger and out through the 
helix and spill port into the fuel chamber. Two springs, one
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contained in the delivery valve and the other in the injector cause 
the injection to be terminated instantaneously, tliereby eliminating 
any possible dribble of the injection spray. Point C of cut-off 
of injection and, consequently, the amount of fuel injected can be 
varied by rotating the pump plunger within its barrel by means of a 
fork assembly and a control rod.

113. The distributor type of fuel pump employs a single element 
having twin opposed plungers with a transverse bore in a central 
rotating member which acts as a distributor and revolves in a 
stationary member known as the hydraulic head. A cut-away view
of a D.P.A. C.A.V. pump is shown in Figure 5 (6). The pump plungers 
are actuated by lobes on a stationary internal cam ring which is 
mounted in the pump body and whose number of lobes is a submultiple 
of the number of engine cylinders. As the rotor turns, the stator 
inlet port is cut off and the single outlet port in the rotor
registers with an outlet port in the hydraulic head. At the same
time the plungers arc forced inwards by tlie rollers contacting the
cam lobes and fuel under pressure is pushed into an injector. As
the rotor continues to rotate, the following rotor inlet port 
registers with the stator inlet port and tlie fuel under metering 
pressure which enters the rotor central bore moves che plunger 
outwards. Figure 6 shows the fuel injection system. Fuel feed 
pressure is raised to the transfer pressure by a vane pump driven by 
the rotor. A regulating valve maintains a predetermined relationship 
between transfer pressure and speed of rotation of the rotor by 
returning part of the fuel to the vane pump inlet. A pressure drop 
occurs as the fuel at transfer pressure passes through the orifice of a 
metering valve which controls the quantity that flows to the pumping 
element, reducing pressure to a level known as metering pressure.
The outward travel of the opposed plungers is determined by the 
setting of the metering valve. Consequently, the rollers which 
operate the plungers do not follow the contour of the internal Ccim 
ring but contact the cam lobes at points which vary according to the 
degree of plunger displacement. Only the end of injection occurs at 
fixed points.
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Fuel supply regulation.

114. In distributor fuel pumps, the volume of fuel passing into 
the pumping element is controlled by the transfer pressure, the 
position of the metering valve and the time during which an inlet 
port of the rotor is aligned with the metering port in the 
hydraulic head. Asa result, when the Fuel Injection equipment 
features such pumps, the amount of fuel injected per stroke declines 
sharply with increase in engine speed for a constant metering valve 
setting. This is illustrated by Figure 7 that shows the 
characteristics which have been determined experimentally by 
Hargreaves (7) for the C.A.V. 3262L 3505 model.

115. When the Fuel Injection Equipment features an in-line pump, 
the amount of fuel injected per stroke is approximately proportional 
to fuel rack position, but does depend to some extent on the engine 
speed. This is illustrated by Figure 8 which shows the sready- 
state torque characteristics of the Perkins P3 engine used by 
Bowns (8).

116. Figure 9 gives the typical axle torque-speed characteristics 
for a 40 tonne vehicle (9). If a conventional stepped-ratio 
transmission is placed between the axle and the engine, controlling 
the latter by adjusting the fuel metering valve of a D.P.A. pump could 
be satisfactory when the engine is loaded dve to the stabilising 
properties of this pump. On the other hand, disengaging the clutch 
for a gear cnange would lead to exceedingly high engine speeds.

When the Fuel Injection Equipment fitted to the engine features 
an in-line pump, the self-regulation of the axle load is not sufficient 
to prevent the engine speed from fluctuating in a random manner.
Breaking the transmission line would invariably lead to engine over- 
speeding.

To obviate these problems, diesel engines, whether fitted with
D.P.A. or in-line pumps, are always controlled by means of a fuel 
injection pump governor which is normally of the speed-sensitive type.



An original met±iod of engine governing wortli mentioning is 
that attempted by Downs (8). This method, known as frequency 
entrainment, basically consists in oscillating the fuel rack (or 
metering valve), the engine speed adjusting itself to the frequency 
of oscillation. However, practical tests showed that frequency 
entrainment was hard to produce at high engine torques and when 
obtained, was sometimes accompanied by an unacceptably large low 
frequency speed oscillation.

117. Common types of pump governors are the mechanical flyweight 
and the hydraulic types. A mechanical governor is depicted in
Figure 6. In this case, the governor arm actuates the metering 
valve of a distributor pump but it could equally well control the 
^rotation of a pump plunger of an in-line fuel pump. The governor 
control arm is free co pivot about a fulcrum and is held in contact 
with the end face of the thrust sleeve of the weight assembly.
As the weights move out radially under centrifugal force, they 
axially push the thrust sleeve and rotate the control arm to an 
equilibrium position where the force exerted on this arm by the 
weights will exactly balance that of the throttle lever spring.
Speed is selected by moving the throttle lever. When the lever is
moved to increase speed, the spring tension which acts on the governor 
arm will increase and rotate the arm and consequently move the 
metering valve. More fuel will be injected into the engine causing 
an increase in engine speed. Centrifugal forces will rise, tending 
to counter-rotate the arm. After the transient response time, a
new stable equilibrium position of the governor arm is reached.

The connection between the metering valve and the governor arm 
consists of a spring-loaded linkage hook allowing for overriding shut- 
off control which can shut down the engine instantly. The governor 
also generally features an anti-stall device which limits excessi^^ 
overshooting of the normal idling position.

The governor fly\feight assembly is mounted on the drive shaft 
of the pump and is contained entirely wi+hin the pump body. The 
governor mechanism is enclosed in a housing mounted on the pump body.
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In a hydraulically governed pump (Figure lO), the whole 
governor is contained in a small housing mounted on the pump body, 
the metering valve being operated by fuel at transfer pressure.
The pumping and distribution section of the pump is generally 
similar to the basic mechanically governed pump but its overall 
size is smaller, as there is no flyweight mechanism.

Both governors have their particular advantages and dis
advantages. While the flyweight system gives a better speed
measurement, power to operate the fuel bar is more easily obtained 
hydraulically. In a mechanical governor, this power is supplied 
by the flyweight governor which also acts as a speed measuring 
device. Welbourn, Roberts and Fuller (lO) argue that this 
mixture of separate functions makes a satisfactory design difficult. 
The running speed and size of the governor are generally a compromise 
between power available to move the fuel rack and both damping and 
friction which result from the increase of load on +"he bearings.
The smaller the governor effort available, the larger the time delay 
between the commencement of fuel pump delivery and the point at which 
torque begins to be developed. Damping, friction and time delay all 
have an effect on the dynamic response of a governed engine. The 
higher their values, the more Vinstable will be the engine-combination 
system (8) and (10) and the more prone will be the engine to 
hunting (10). A possible way of improving the characteristics of a
mechanically governed engine is to integrate a hydraulic power 
amplifier with the governor. Ouch an example is the governor Ard- 
leigh type 300 manufactured by Ardleigh Engineering Co. Ltd. This 
governor is shown in Figure 11.

Control of injection timing.

118. To ensure optimum performance, a diesel engine requires 
advance of injection timing as engine speed increases. Too early 
injection at engine starting contributes to difficult starting and 
a noisy engine at low speed while insufficient advance of injection 
timing at high engine speed means a reduced maximum output power.
To comply with these requirements, a high-speed diesel engine may
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require a variation, with speed, of injection timing of up to 12 
crankshaft degrees.

Furthermore, injection timing must be modified as the engine 
torque varies since the duration of injection decreases with 
reduction of torque. As fuelling is decreased, the travel of the 
plungers and rollers of the distributor type of pump is reduced 
proportionately. Contact on the lobe of the cam ring comes nearer 
to the peak and injection timing is correspondingly retarted. On
the in-line type of pump, it is the opposite. With a fixed drive 
setting, it is the point of commencement of injection which is always 
at the same fixed position vis a vis the crankshaft. Relative to 
the former type, injection timing is advanced as fuelling is reduced.

Generally, fuel injection pumps may feature start-retard, speed 
and light-load advance mechanisms. On distributer fuel pumps, 
injection timing is controlled by rotating the cam ring. Figure 12 
shows an automatic speed advance mechanism. The position of tlie 
ball-ended cam advance lever (4) is a function of the transfer 
pressure on the left hand side end of the piston (5) which produces 
a force that balances the spring force. Since transfer pressure is 
approximately proportional to engine speed, the advance angular 
rotation of the cam ring (1) is also proportional to engine speed.
Two springs in series of very different rating are used, the lighter 
one to provide speed advance between start and idling speed, and 
the heavier one no produce speed advance in the working speed range. 
When load advance is combined to speed advance, a second stage is 
added to the piston and fuel under pressure proportional to load 
joins its force to that of fuel under transfer pressure.

On in-line fuel pumps, control of injection timing is more 
difficult. Speed advance is nevertheless possible and is generally 
achieved by fitting an auto-advance coupling. Such a coupling 

introduces a phase angle between its output and input shaft which is 
proportional to its speed. A pictorial view of uhis coupling is 
shown in Figure 13. As the engine speed increases, the two 
weights (6) which are held together by means of two coiled springs (7) 
under tension tend to slide apart. The liaison between the weights
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and the two flanges (3) and (11) is of key-type. The weights 
slide radially on flange (11). On flange (3), the weights slide 
along a key which is not radial, causing a relative rotation.

Maximum fuel adjustment.

119. The major controlling factor on the shape of the engine 
torque speed curve is always the delivery characteristic of the 
fuel injection system, provided that sufficient air is available 
for complete combustion. When the throttle lever is fully 
rotated, the spring force is maximum (see Figure 6) and the metering 
valve of the control rod of the in-line pump plungers are at full 
displacement, allowing the maximum quantity of fuel to be injected. 
However, as speed increases, governor centrifugal forces which 
oppose the spring force increase (as the square of the speed) and 
close the metering vftlve or the control rod correspondingly causing 
a drop in the amount of fuel which is injected. In a distributor 
fuel pump, a further drop is caused by the pump advance. When the 
cam is rotaued by the advance device (see Figure 12), a phasing is 
introduced between registration of the rotor and the hydraulic head 
outlet ports and inwards motion of the plungers, and prevents all 
the fuel trapped between the plungers from going to the injectors.

This explains the shape of the engine torque curve for speeds 
lying between the peak-torque speed and the maximum speed. The 
difference of torque between these two speeds is determined by the 
throttle lever spring rating.

How fuelling is decreased as engine speed falls away from 
the peak-torque speed is not explained by Fuel Injection Equipment 
manufacturers. They simply state that this is difficult to 
achieve and that an independent torque control system is required.
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Efficiency

120. The brake thermal efficiency of an engine is the proportion 
of thermal energy of the fuel injected that is available for work 
outside the engine. It is the product of indicated thermal 
efficiency and mechanical efficiency.

121. Thermal losses between the potential thermal energy of the 
fuel injected and the thermal energy which is converted into 
internal mechanical work are made of ;

• incomplete combustion of the fuel injected into the engine

. heat rejected by exhaust gases

. heat transfer between the charge and the chamber walls 
resulting in heat losses to the cooling system and 
to oil

. other heat losses such as, for instance, the part of heat 
absorbed in the dissociation at high temperatures of 
CO^ and H^O which is not returned during the expansion 
stroke.

For complete combustion, each molecule of fuel injected must 
be provided with sufficient oxygen. In order to assist in the 
supply of this oxygen at very high speeds, the air is introduced 
into the cylinder at high velocity and the chamber designed to 
create a high degree of swirl. The several methods used on the 
four-stroke diesel engine to obtain the mixing required fall mainly 
under two headings : direct and indirect injection (11).

In a direct injection combustion system, the chamber is 
normally formed in the piston crown and an air swirl is initiated 
by the inlet valve throat and amplified as the piston moves up the 
cylinder. In an indirect injection combustion system, part of 
the combustion takes place in a separate combustion chamber wtiich 
is connected to the cylinder by a small orifice. With the latter 
system, a better utilisation of air is possible and up to 90% can 
be used to burn fuel without producing excessive smoke instead of 
75% for the former. However, heat losses and pumping losses are 
higher by lO to 15% and this explains why direct injection engines
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are generally preferred in heavy road transport applications. 
However, their rotational speed is limited to 3000 rev/min owing to 
difficulties in providing the correct fuel and air movement over a 
wide speed range.

Figure 14 shows the distribution of heat produced by the 
combustion of a given quantity of fuel. The proportion of heat 
converted into internal mechanical work can be increased to the 
detriment of heat rejected witli exhaust gases by augmenting the 
compression ratio. This is inherently accompanied by an increase 
of maximum pressure and temperature values. The proportion of 
heat transferred to the cooling system is reduced by lowering the 
high temperature of the charge and also by increasing the engine 
speed.

I122. Mechanical losses arise from internal friction and air 
pumping (12). Internal mechanical friction is a function of the 
maximum pressure for this, to a large extent, determines the weight 
of the moving parts and the friction of the piston rings against 
the cylinder walls. However, mechanical losses due to the 
viscosity of the oil film and those due to the air pumping work in 
filling and emptying the cylinder are independent of tlie working 
pressure. The greater the mean effective pressure, the lower the 
relative values of viscous and air pumping losses will be. From 
all these considerations, it follows than the lower the ratio of 
maximum to mean effective pressure, the higher will be the 
mechanical efficiency of the engine.

123. Figure 15 depicts iso-fuel consumption contours of a typical 
naturally aspirated diesel engine. This map shows a region of
lowest specific fuel consumption (highest brake thermal efficiency) 
at a relatively low engine speed with a relatively high brake mean 
effective pressure. This region is evidently the one in which 
the product of indicated and mechanical efficiency is highest.

Moving from the region of lowest s.f.c. along a line of 
constant engine speed, as b.m.e.p, decreases, the fuel to air ratio 
diminishes, combustion temperature falls off causing a diminution
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in heat losses to tho cooling system and thereby an increase in 
indicated thermal efficiency which is, however, outweighed by the 
reduction in mechanical efficiency due to a smaller ratio of 
b.m.e.p. to friction mean effective pressure since f.m.e.p. remains 
nearly constant (13'. As b.m.e.p. is increased from the highest 
brake thermal efficiency point along a lire of constant engine speed, 
the fuel to air ratio increases at such a rate that, partly due to 
incomplete combustion or less favourable combustion conditions, the 
indicated efficiency decreases faster than mechanical efficiency 
increases.

Moving from the region of highest brake thermal efficiency 
along a line of constant b.m.e.p., as engine speed increases, 
although the indicated efficiency augments because heat losses to 
the cooling system "Id iminish with engine speed in spite of increased 
convection of the charge, the brake thermal efficiency drops because 
friction resulting from the dynamic forces set up by the inertia of 
the piston assembly and viscous drag increase as the square of engine 
speed. As engine speed is reduced from the region of highest brake 
thermal efficiency along a line of constant b.m.e.p., owing to 
increasingly poorer spray characteristics at low speed, the reduction 
in indicated efficiency outweighs the fall in friction mean effecti’.ve 
pressure.

TURBOCHARGED DIESEL ENGINES 

Generalities on turbocharging

124. The purpose of supercharing is to increase the mass of air 
which enters the engine per stroke. Engine power is thereby increased 
without increasing its speed. Supercharging is characterized by the 
pre-compression of the charge of air outside the working cylinder.

There are different methods of supercharging and, for a four- 
stroke diesel engine, supercharging systems can be classified 
according to :
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1) the design of the compressor which pre-compresses the air.

2) the method of driving the compressor.

3) the type of connection between the supercharging unit and
the engine.

Of all the possible combinations of elements belonging to 
these three classes, a particularly favourable one - and the most
common on heavy-duty vehicles -, is that of a piston engine with a
turbocharger consisting of a radial flow-type compressor connected 
to an exhaust-driven turbine.

125. One advantage of exhaust turbocharging is that the resulting 
specific fuel consumption can be lower than that of the engine in 
its naturally aspirated state. The factors which contribute to 
a lower s.f.c. are :

a) mechanical efficiency increases with brake mean effective
pressure.

b) greater air to fuel ratios improve the indicated
efficiency.

c) charge air cooling reduces the initial temperature, hence
the temperature range through the whole cycle and 
the resulting heat losses.

d) when the efficiency of the turbocharger is high, the boost
pressure will be greater than the turbine pressure 
and the aij., when entering the combustion chamber, will 
yield mechanical work on the crankshaft. This is 
illustrated by Figure 15a which shows a typical graph 
of cylinder B.M.E.P. versus swept volume when the 
turbocharger efficiency is high.

In this case, the pumping loop is positive and adds to nett 
cycle work, hence a high thermal efficiency. Conversely, if the 
turbocharger efficiency deteriorates sufficiently, the turbine 
pressure becomes greater than the boost pressure, causing the 
pumping loop to be negative (Figure 16b). The specific fuel 
consumption will consequently fall more sharply than in the case of
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a naturally aspirated engine as the engine operating point moves 
away from its optimum value, thereupon th^ greater importance to 
force the engine to operate in its optimum zone.

Other advantages of turbocharging are, for a given output
power :

i) reduced^space requirement.
ii) lower weight to power ratio.

iii) lower cost per unit output.

iv) smaller cooling system (less heat is lost).

v) the exhaust noise is reduced by the exhaust turbine.
vi) less derating with reduced ambient air density.

vii) lower emissions with certain controlled combustion 
processes.

viii) the greater the density, the shorter the delay period, 
hence the smoother, more controllable and more 
complete the combustion.

126. The disadvantages of turbocharging are :
1) compressor noise.

2) poorer free acceleration.

3) more difficult use of engine braking.
4) greater mechanical and thermal loading of the engine.

Mechanical and thermal loading practically limit the degree 
of turbocharging. The most sensitive parts to thermal loading
are the piston crown and the areas around the valves. Thermal 
loading will be limited by the efficiency of the cooling system and 
the strength of the aluminium alloy used for pistons. Mechanical 
loading is limited by the tendency of the maximum cylinder pressures 
to cause ;

1) overloading of the bearings.

2) scuffing of tlie piston rings and heavy liner wear.



3) leakage of the cylinder-head joints.

The exhaust turbocharger

127. The turbo-components that are or have been used in conjunc
tion with automative engines may be divided into two classes 
according to whether or not they give a positive displacement of a 
known volume of air in each complete cycle. These two classes 
are susceptible of further subdivision, the latter in particular 
can be divided into ciiose based on radial flow of air and those 
based on axial flow.

All exhaust-driven turbochargers usually embody compressors of 
the centrifugal type, but the turbine may be either an inward radial 
flow or an axial flow type depending upon the size and utilisation. 
The main reason for uhis universal use of the centrifugal blower in 
turbocharging is that it can achieve the required oressuze ratio in 
a single stage. The rotating body of the turbocharger, the
turbine, shaft and impeller of compressor assembly, has a diameter 
as small as possible. Since tip speed must be high enough for 
satisfactory expansion of tlie exhaust gases, these impellers and 
their turbines run up to extraordinarily high speeds, as much as 
125,000 RPM.

The coiapressor.
128. A cross-section of a radial compressor, the type of
centrifugal compressor used on diesel engines, is shown in Figure 17. 
In construction, it is simple. The air enters the casing (4) and 
approaches the rotating impeller (1) axially. In the impeller, the 
fluid velocity increases by momentum transfer from the blades, and 
this velocity is converted into pressure partly in the impellez', 
partly in the diffuser (2) and the scroll (3). Shroudless impellers 
of the type shown in Figure 17 are preferred for charge compressors, 
the flow channel being formed by both the impeller and the casing.

The easiest impellers to make are those with straight radial 
blades. However, shock losses at the inlet can be reduced by 
curving the blades backwards or forwards. Of these two types,
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the compressor impeller with backward curved blades, as shown in 
Figure 18, is the most efficient (14).

The standard method of compressor performance presentation is 
the form of a map in which the ratio of delivery to inlet total 
pressure is plotted ^gainst dimensionless air macs flow with 
dimensionless impeller speed as the parameter and with superimposed 
contours of constant total to static efficiency.

Figure 19 shows a typical radial compressor operating map.
This map is divided Ly the surge line into two zones, one stable and 
another, unstable. Surge occurs at some critical point that varies 
according to the mass flow and the pressure ratio, when any further 
attempt to reduce the flow through the impeller results in an 
instantaneous reversal of flow. The air then travels up the face 
of one diffuser vane, turns away in a turbulent manner and comes 
back along the opposite side of the adjacent vane. This condition 
is extremely unstable and can lead to the total destruction of the 
compressor. The surge line can be shifted sideways by varying the 
blade angle a of the diffuser inlet and this is illustrated in 
Figure 20 (1). Alternatively, diffusers can be vaneless.
Compressors incorporating such diffusers offer the broadest operating 
range to the detriment, however, of the peak efficiency.

In the stable zone, the operating range of the compressor is 
limited by the minimum acceptable efficiency curve and by the 
maximum possible angular speed line. The maximum speed limitation 
is that of the blade tip velocity which exceeds the speed of sound.

Within the operating range, lines of constant speed are 
almost horizontal near the surge limit and fall off rapidly as the 
operating point moves away from it. Along a throttling line of 
constant flow area, i.e. nearly a parabola according to the 
relationship between pressure drop and rate of flow in the nozzle, 
the delivery head is proportional to the square of impeller speed, and 
the volume flow rate is directly proportional to impeller speed.

Contours of constant efficiency are grouped along a 
throttling line that is more or less to the right of the surge
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limit depending on the blade angle a of the diffuser inlet.

Heat losses to the surroundings are very small. Almost all 
the friction flow losses will be dissipated in the fluid, raising 
its temperature.

The turbine.

129. A cross-section of a turbocharger, the VTR 501 type (15), is 
depicted in Figure 21 and shows how similar in construction a 
compressor and a turbine are : the turbine inlet casing (1),
nozzle ring (2) and outlet casing (3) are respectively the counter
parts of the compressor outlet casing (4), diffuser (5) and inlet 
casing (6). In this turbocharger, both compressor and turbine are 
radial and this is the configuration which is generally found on 
vehicle diesel engines. The axial type of turbine is not as 
efficient as the radial type for the power range of these engines. 
This type is however preferred to the radial type on bigger engines 
such as for instance, locomotive traction engines.

Although the turbine is similar in construction to the 
compressor, having flow which first enters nozzle and then rotor, 
rather than first rotor and then diffuser, yields a simpler flow 
configuration and eases the theoretical analysis of turbi.ne 
performance.

The standard method of turbine performance representation is 
in the form of two maps, representing respectively dimensionless 
mass flow and torque on a base of dimensionless speed with total to 
static pressure ratio as parameter and, in the case of torque maps, 
with superimposed contours of constant total to static efficiency. 
Typical mass flow and torque maps are shown in Figure 22.

Exhaust gas energy extraction.

130. Two techniques can be used to extract taiergy from extract gases 
They are ;

1) Constant-pressure turbocharging
2) Pulse turbocharging
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With the former, the exhaust gases of all cylinders are piped 
into a large common receiver, so that the pressure pulses are 
smoothed out. The exhaust gas flows to the turbine at practically 
constant pressure.

With Idle latter, pressure pulses caused by the discharge of 
cylinders are conveyed to the turbine. This is achieved by al
locating a manifold to each or a group of in-phase cylinders and by 
dividing the turbine entry by as many sectors as there are manifolds. 
The overriding criterion in cylinder and Kanifold grouping is the
time interval between cylinders discharging into the same manifold 
and turbine entry sector which should generally be less than 240° in 
order to avoid interference between cylinders.

Most iiurbocharged diesel engines operate on the pulse system, 
either in its pure form or in modified versions, e.g. multipulse and 
pulse converter systems.

While constant-pressure charging permits simpler exhaust ducts 
and a free arrangement of the turbochargers which is in principle the 
same for all numbers of cylinders, less effort is made to preserve 
kinetic energy and the energy available for expansion through the 
turbine is usually lower than that obtained with a pulse system, 
particularly at part load. Under these operating conditions, pulse 
turbocharging is superior to its constant pressure counterpart as 
regards specific fuel consumption and engine acceleration 
characteristics. However, as engine rating increases, pressure
waves of very large amplitude are developed in the exhaust system and 
it becomes increasingly difficulk to use this energy efficiently in 
the turbine. As a result, some highly rated engines now use the 
constant pressure turbocharging systems.

Hybrid systems have been developed in order to combine some of 
the virtues of constant pressure and pulse turbocharging.

Watson (16) claims that multi-entry pulse converters increase 
the performance of the turbocharging system on some highly-rated diesel 
engines. Moreover, the multi-entry pulse converter enables a single 
entry turbine to be fitted to engines that would normally use twin or 
triple entry turbochargers. This enables waste-gate and variable
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geometry turbine systems to be fitted with minimum complication but 
without losing the benefits of a normal pulse manifold.

Torque characteristics of exhaust turbocharged engines.

Basic torque characteristics.

131. The torque speed curve is dependent upon the interaction 
between the turbocharger, manifolding, fuelling curve and the 
combustion characteristics of the engine. For truck applications, 
the main aims are those of obtaining adequate torque back up over a 
wide enough speed range while still gi ̂ ing the required maximum power 
and specific fuel consumption. Reasonable torque back up is 
essential when the truck features a conventional gear box, in order 
to reduce the need for continual gear changing (refer to paragraph 110) 
With thermal and mechanical loading, noise, smoke and emissions 
constraints applying throughout the engine operating range, the turbo
charger characteristics imply that only a compromise can be achieved 
between the engine torque speed curve and specific fuel consumption.

The method used by Ricardo Ltd. (17) to achieve turbocharger 
matching consists in selecting tlie compressor and turbine to give the 
required boost at the desired peak torque speed. This, therefore, 
means that the best turbocharger efficiency should be aimed for in 
this region. Below this speed, boost will fall off rapidly due to 
the combination of reduced available exhaust energy and falling 
turbocharging efficiency. Beyond this speed, boost wi11 climb at 
least linearly due to the rapidly increasing available exhaust energy. 
The only way of limiting the boost at high speed w.i th fixed turbo
charger geometry is by reducing the fuelling and careful fuelling 
curve development is therefore required to give the desired torque 
back up and also control the ooost at the rated speed. Figure 23 
shows typical engine performance characceristics which can be 
achieved by adopting this type of turbocharger matching.

Improvement of torque characteristics.

132. The torque characteristics can be improved in a number of ways
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requiring widely ranging degrees of effort. Two techniques which 
are currently retaining much attention take their origin in the 
following consideration :

Low-speed boost can be enhanced by fitting a smaller turbine 
housing. Unfortunately, a small turbine will create a higher back 
pressure at high engine speed, causing the specific fuel 
consumption to deteriorate. The question arises as how advantage can 
be taken of the enhanced low-speed performance of the re-matched engine 
without the penalty at the high-speed end. Two possible solutions 
are the use of an exhaust waste-gate or a variable geometry turbine.
With the latter, the back pressure, and consequently the speed of the 
turbine, are controlled by the variations in nozzle area as the vanes are 
altered in pitch (Figure 24). With the former, some of the exhaust gas 
is routed around the turbine at high engine speed and load (Figure 25), 
Although sources of losses, these two systems have been commercially used 
on several occasions, when torque characteristics are of prime 
importance.

Aerodynamic difficulties associated with the transonic compressor 
flow regime and stress problems associated with excessively high wheel 
peripheral speeds limit the operating field of a variable geometry 
single stage turbocharger. Ghadiri and Wallace (18) have shown that, 
for B.M.E.P. values in excess of 18 bar, current operating limitations 
of the turbo-components necessitate a switch to fixed geometry 2-stage 
turbocharging.

Typical improved torque curves obtained with an exhaust waste- 
gate, a variable geometry single stage turbocharger and a fixed 
geometry two stage tnrbocharger are shown superimposed to the torque 
curve of a typical diesel engine fitted with a fixed geometry’' single 
stage turbocharger in Figure 26. Other forms of engine derating at 
high speed, such as Mack Maxidyne's system or a blow-off system placed 
on the inlet side, would lead to torque curves similar to that 
obtained with an exhaust waste-gate.
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COMPOUND ENGINES

133. With an exhaust turbocharger, the turbine pressure ratio 
adjusts itself according to boost pressure, exhaust temperature and 
turbocharger efficiency. Because this pressure ratio is small 
compared to the expansion ratio in the cylinder, the temperature of 
the exhaust gas leaving the turbine is still high (1). An 
increase in the pressure ratio, while raising the displacement work 
during the exhaust stroke can increase the turbine power output to 
the point where it exceeds the compressor power demand.

At this stage, there are two possibilities :

i) The back-pressure is further increased, to the point where 
the exhaust turbine is developing as much power as the engine itself. 
At this point, it becomes logical to transpose the duties of the 
turbine shaft and the crankshaft and to use the turbine shaft for 
propelling the vehicle.

ii) The excess power can be added to the engine output. In 
order to retain the interaction between the free-floating turbo
charger and the engine under varying operating conditions, the 
excess power can be extracted from exhaust in a separate turbine 
stage coupled mechanically to the crankshaft (1). Such an arrange
ment is shown in Figure 27.

134. It is possible to devise more complex combinations of piston 
engine and turbo-superchargers. This has been chiefly done at 
research level in the form of the Differential Compound Engine (DCE). 
Professor Wallace, working at the University of Bath, first reported 
the concept of a DCE for vehicle applications having approximately 
constant horse-power and stepless transmission, in 1963 (19).

The experimental work which followed his thermodynamic analysis 
was carried out on the DCE whose basic arrangement is shown diagram- 
matically in Figure 28 (20). The heart of the plant is the fully 
floating epicyclic gear train which connects the three basic elements, 
namely the engine, the turbine and the compressor. The engine, an 
opposed piston two-stroke compression ignition engine, drives the 
annulus; the sunwheel drives the two positive displacement type
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compressors mounted in parallel while the planet carrier is 
coupled to the output shaft into which are geared both the main 
power turbine and the auxiliary (or stall) turbine.

This arrangement proved to secure particularly high torque 
at low output shaft speed. This is clearly illustrated by 
Figure 29 which gives the engine torque-speed characteristics 
obtained for a specific design point rating (20). In addition, its 
engine rating represents an increase of approximately 150% over the 
corresponding naturally aspirated engine. Another attractive 
property of the DCE is that, as a result of surplus power being fed. 
back to the output shaft, overall efficiencies can be greater than 
engine efficiency leading to engine brake thermal efficiencies 
exceeding 42-43% in the neighbourhood of the design point.

135. An improved version of the DCE (21) in terms of fuel economy, 
dynamic response and emission and noise levels is shown diagrammatically 
in Figure 30. The basic layout of the plant is similar to that of 
Figure 28, the main differences being a) the substitution of a 6- 
cylinder 4-cycle engine for the opposed piston two-cycle engine and
b) the incorporation of variable nozzles in the geared exhaust turbine 
and of controllable engine bypass for air delivered by the compressor 
surplus to engine demand. The provision of these variable geometry 
features considerably enhances the operational flexibility of the plant 
which can now be controlled by simultaneously adjusting three inputs, 
namely, fuel rack position bypass valve setting and turbine nozzle 
setting. In particular, this multiplicity of engine operating 
controls enables any combination of output shaft speed and torque to be 
met so as to optimise certain criteria, e.g. maximum overall efficiency.
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GENERAL FEATURES OF POWER TRANSMISSIONS 

FOR VEHICLES

FUNCTION

201. A transmission for wheeled vehicles can be functionally 
defined as being a power link between the source of power and the 
live wheels. Power can be either delivered to the live wheels or 
taken from them. Power coming from the wheels can be stored and 
used later or simply dissipated.

As a conveyor of power from the prime mover to the live 
wheels, a transmission can be regarded as an interface which has 
engine torque and speed as inputs and who=e outputs are the torque 
and the speed of the wheels. An ideal transmission would, among 
other things, transmit its input power integrally and without 
introducing any time lag, while allowing uhe prime mover to produce 
it at maximum efficiency.

Other requirements of the transmission are determined by 
considering the transmission as part of the propelling system. An 
ideal propelling system would be capable of instantaneously supplying 
the torque demanded by the control system, regardless of the previous 
operating conditions of the prime mover. For that reason, an ideal 
transmission should not hinder the prime mover in changing its level 
of power. If necessary, it could even help the prime mover overcome 
its inertia by supplying it with energy taken from the vehicle.

Although this would slow down the vehicle during the prime 
mover acceleration phase, global vehicle acceleration capabilities 
would be enhanced. The reduction in vehicle speed could be limited 
to an acceptable level. However, given the lower power to weight 
ratio of commercial heavy duty vehicles, it is most unlikely that it 
would be necessary to resort to such artifices to improve vehicle 
acceleration capabilities.

202. Power and torque ratings are determined by the type of 
applications for which the transmission is to be built. Its
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specifications in general are expressed by minimum levels of 
vehicle performance to be achieved regarding :

i) maximum speed on level road
ii) grade ability
iii) acceleration capabilities
iv) retardation/braking capabilities

However, in practice, a transmission is not ideal. A 
transmission is not 100% efficient, it occupies a certain volume, 
it adds some weight to the vehicle dead weight, it introduces a 
torque time lag, it generates noise and vibration, it is not fully 
reliable. While still meeting the vehicle performance 
requirements, two different transmissions will display different 
qualities. The art of selecting a transmission for a given duty 
cycle consists in establishing a list of quality criteria relevant 
to the duty cycle considered and weighing the pros and cons of one 
transmission against the other. Indeed, it is most unlikely that 
a transmission optimises all the quality criteria at the same time.

DESIGN
203. Functional requirements set aside, the design of transmissions 
for vehicles is influenced by economic factors such as :
a) the production cost, b) the running cost and c) the service 
rendered to the customer.

a) Production unit cost depends on, among other factors, the 
nature and the complexity of the transmission and the number of units 
to be produced. Production unit cost can be reduced by increasing 
the number of parts shared in common by different transmissions.
A corroborative example is the Allison AT-MT-HT family of automative 
transmissions. In 1970, Detroit Diesel Allison (1) began production 
of a family of three new automatic transmissions. Although the 
range of rating and application requirements of the on-highway heavy 
duty vehicles for which they were designed was very wide, their 
modular design allowed a maximum use of common machine tools in 
producing similar parts for the different series.
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b) Running costs include:

i) the fuel consumption which resulcs directly from the 
overall prime mover - transmission system and the weight of the 
transmission.

ii) maintenance costs which fall into three categories : 
scheduled maintenance, overhaul and unscheduled maintenance.
Scheduled maintenance covers preventive maintenance, tuneups and 
adjustments which are required on the basis of mileage. Overhaul 
covers planned rebuild of components. Unscheduled maintenance 
covers repairs due to component failure. The nature and the 
complexity of the transmission will have a direct effect on the 
factors upon which maintenance costs are dependent : reliability of 
components, costs of components to be replaced, ease of replacing 
them, qualification of the Mechanics required, difficulty in finding 
faults, down cimes.

c) The service rendered to the customer can take the form
of :

i) greater facility of operation
ii) reduction of noise
iii) greater levels of vehicle performance

iv) reduction of downtimes through increased reliability

v) improvement of the working environment.

204. The great leap forv̂ ard made recently by some technologies 
such as electronics and hydraulics has opened up new vistas of 
transmission design. In particular, the advent cf micro-processors 
has revolutionized vehicle control systems. It is now quite easy 
to envisage a commercial vehicle which has its on-board micro
processor computing all sorts of variables such as vehicle load, road 
speed, fuel injection timing, fuel flow, ambient temperature, humidity 
and drag forces, in order to produce the optimum settings of fuel 
injection and gearing to make the vehicle function at maximum efficiency 
under all conditions. Yet, defining the optimum settings of fuel 
injection and gearing would serve no purpose if it were not possible 
to adjust the gearing accordingly. Transmission manufacturers, well
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aware of the dramatic fuel savings potentially achievable, are now 
directing their main efforts towards interfaces between the prime 
mover and the live wheels offering a greater choice of gear ratios, 
the ultimate being the continuously adjustable speed ratio 
transmission. This shifting of priority has also been facilitated 
by the across-the-board technological progress made in mechanics, 
electricity and hydraulics during the last few decades. Many 
continuously adjustable ratio transmissions which could not be 
considered for vehicle applications not so long ago have now reached 
acceptable levels of reliability, efficiency and compactness.

205. In the present state of the art, the power transmissions wich 
possible vehicle applications fall into two categories : hydraulic
and mechanical transmissions. In spite of being comparatively 
efficient and having a highly adaptable configuration, electric 
transmissions are banned from the road vehicle market owing to their 
poor power to weight ratio. Successful applications are neverthe
less found where weight is of secondary importance such as on diesel 
locomotives.

Continuously adjustable speed ratio transmissions based on 
mechanical components tend to be slightly more efficient than their 
hydraulic counterparts. On the other hand, hydraulic transmissions 
are very attractive in that they achieve speed modulation by 
processing mechanical power into hydraulic power and then reconverting 
it into mechanical power. Hydraulic power has the advantage of 
being more easily conveyed to various power points of the vehicle, 
and of being more easily converted into either linear or rotary 
mechanical power. Hydraulics and mechanical units are of comparable 
compactness. It seems that the configurations optimum for 
commercial vehicles applications are those which are based on a fully 
epicyclic gear train.
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206. Mechanical power transmissions may be classified into two 
categories : the mechanical drives with discrete speed ratios and the 
steplessly variable ratio mechanical drives. The former may be sub
divided according to wnether or not gear changes are accompanied with 
an interruption of the tractive force. Within the latter, distinction 
may be made between drives with continuously adjustable ratio and those 
with continuously variable ratio.

MECHANICAL DRIVES WITH DISCRETE SPEED RATIOS.

Conventional gearbox

Description.
207. The conventional gearbox is a purely mechanical transmission 
which is, in its simplest form, composed of a clutch coupled to the 
input shaft of an arrangement of gear sets. All the gears rotate 
at fixed ratios to the input shaft. Ratio selection involves 
connecting the output shaft to one of the gears. The sequence of
the operations necessary to achieve a gear change is :

i) disengagement of the clutch, ii) selection of neutral,
iii) modification of engine speed for synchronisation, iv) engagement 
of new gear ratio, v) weighed engagement of the clutch. These 
operations are generally initiated by the driver. The choice of
the gear ratio among the ratios which do not violate the upper and 
lower operating speeds of the engine and the time at which the gear
change is to be performed is left to the driver's audio appreciation.
An interruption of the tractive force accompanies any upshift. The 
number of gear ratios is generally a compromise between a reduced
number of gear changes to be carried out by the drî '̂ ’er and an
increased performance of the vehicle, together with an increased 
smoothness in gear shifts.

In its simplest form, the conventional gearbox is a manually 
synchronised transmission. The driver is responsible for both 
achieving and detecting synchronous speed. This requires a great 
skill from the driver. The unit can be subject to abuse since the 
driver may attempt to engage the gearing when it is not at synchronous
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speed. To overcome any possible maltreatment of the gears of this 
kind, transmission manufacturers developed synchronisers.

Synchronisers.

208. Synchronisers employ shifting forces generated by the driver's 
application of a force at the shift lever. The force application 
is transmitted through a friction surface to the selected gear. The 
torque generated by this contact is used to change the speed of the 
gearing. This torque also acts against an integral mechanical 
arrangement which prevents jaw clutch engagement until synchronous 
speed is reached. When identical rotational speed is reached the 
prevention mechanism causes a further displacement past synchronous speed 
which releases the jaw and allows it to engage with the mating member in 
the gear.

The amount of synchronising work to be done is a function of the 
synchronising torque and the magnitude of the ratio step over which the 
synchronising process is spread. As the size of the transmission and 
the clutch increases to handle the greater overall ratio requirements 
and greater torque capacity in large vehicles, the design of a satis
factory synchronising system becomes more difficult and the synchronised 
force required becomes greater.

A gear change is accompanied with an interruption of the 
tractive force as was the case for manually synchronised transmissions 
which are commonly called unsynchronised transmissions.

The sequence of operations carried out by the driver during the 
gear change is identical to that of unsynchrcnised transmissions. The 
only difference between the two transmissions, as far as the driver is 
concerned during the gear change, is that unsynchronised transmissions 
require less driver effort but more driver skill for equal performance.

209. Most major transmission manufacturers have invested in the 
development of systems to reduce the skill and effort in shifting 
mechanical transmissions. RENAULT (2) in particular has recently 
developed an automatic control system for routine gearbox and clutch
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operations in vehicles. Although the automatic control system 
was first developed using a gearbox with mechanical synchromesh,
RENAULT decided to adapt this controller to a gearbox without 
mechanical synchromesh due to the fact that mechanical synchromesh 
devices are unsuitable for gearboxes transmitting very high torques.

A conventional gearbox fitted with such an automatic control 
system is rendered fully automatic. The control system always 
selects the highest ratio among the authorised ratios which are all 
those which uan be used without violating the upper and lower 
operating speed limits for the engine. Should the driver trigger 
the kick-down option by kicking down on the accelerator pedal, the 
lowest of the authorised gear ratios is selected to enable the engine 
to produce its maximum power. The gear changing operations are 
carried out automatically, following this sequence ; decision to 
change gear; disengagement of the clutch; selection of neutral; 
modification of motor speed; engagement of new gear ratio; 
weighted engagement of the clutch. For the gearbox with 
mechanical synchromesh, a synchromesh control system was designed in 
order to maximise the useful life of the components while minimising 
the time taken to change gear. During the synchronisation process, 
a control law is applied which imposes constant-power energy dis
sipation. Then, at the end of the synchronisation a very high load 
is produced to ensure positive engagement of rhe dog clutch.

This method of automating a conventional gearbox can be 
criticized concerning the way it handles the gear selection. 
Nevertheless, it has the advantage of showing the problems encountered 
when the routine gearbox and clutch operations are to be automated. 
These problems fall into two categories : a) selection of gear ratios,
b) sequential execution of a certain number of gear change operations.

Helical gears.

210. The advent of synchronisers is only one of the various 
developments conventional gearboxes have undergone since the early 
days of the automative industry. An early development of spur 
gearboxes was the fitting of helical gears to reduce noise. Apart 
from making machining more difficult, a major disadvantage is that
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shafts and bearings must be bigger and therefore heavier to support 
the axial thrust. This explains why, in order to save weight, the 
trend is nowadays to go back to spur gears and to adopt alternative 
methods to reduce noise such as modification of tooth profiles and 
planetary counterphasing whose principle will be described later on.

Compound gearbox.

211. Noise reduction and weight saving have been some of the 
reasons for the post-war developments in conventional gearboxes. At 
the end of the second World War the ab’indemt supplies of cheap 
aluminium led to the use of this material for gearbox casings to 
reduce weight. However, one of the major breakthroughs on weight 
saving of multi-speed gearboxes occurred in 1953, when Fuller 
transmissions introduced the Road Ranger gearbox (3). Thij box was 
based on the principle of using a close ratio main box followed by a 
two speed range box. The principle of placing two gearboxes in 
series is quite attractive since it makes better use of the available 
sets of gears. Instead of n gear ratios corresponding to the n 
sets of gears, the compound gearbox has p x q gear ratios, q being the 
number of gear sets of the first box, p the number of gear sets of the 
second box. Compound gearing can take the form of a range extension 
in which the first box or main box is shifted through a series of q 
ratios. The second box or auxiliary box is then shifted and the 
sequence of shifting in the main box repeated. q compound shifts 
are involved in the complete sequence. Compound gearing can be 
arranged differently whereby the number of compound shifts will be 
greater than q. Particular attention is drawn to the number of 
compound shifts since manual control of compound gear sets involves 
the use of independent shift levers for each of the gearing sections.
A compound shift requires considerable driver skill and practice.
Vîhether done manually or practically, a compound shift requires a 
first synchronisation of rotational speeds between tlie output shaft 
and the connecting shaft and a second synchronisation of rotational 
speeds between the connecting shaft and the input shaft when the 
compound gearbox comprises two gearing sections. Acceleration of 
the connecting shaft can only come from the input side of the gearbox 
or from an external powered system since the output shaft speed which is
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proportional to the vehicle speed remains nearly constant during a 
gear change.

While the placing of two gearboxes in series allows a great 
saving in weight over a unique gearbox of equivalent spread of gear 
ratios, control of gear changes becomes much more difficult. An
other way of saving weight, applicable to both the single stage gear
box and the compound gearbox, consists in splitting the layshaft or 
connecting shaft into two twin layshafts.

Twin layshaft gearbox.

212. Using twin layshafts to share the gear loads allows the face 
widths of all gears in the box to be reduced by half, allowing a 
considerable shortening of the gearbox. The mainshaft and its 
supports are much simpler and lighter because the mainshaft gears are 
balanced between the layshafts. The only stress which exists in the 
mainshaft is a torsional stress since no lateral reaction acts on this 
shaft.

Planetary counterphasing.

213. An additjonal advantage of the use of twin layshafts is that 
gear noise can be reduced by applying planetary counterphasing.
Planetary counterphasing (4) consists in positioning the planet gears 
angularly in order to achieve the optimum meshing conditions between 
them and the sun so that mesh vibrations due to tooth profile tolerances 
and elastic deflections during operation tend to cancel one another.
In the case of one mainshaft intermeshing with two twin layshafts, this 
means that it is possible to choose the number of teeth of the mainshaft 
judiciously so as to have the pinions of the layshafts at different 
points in their mesh period. When the first pinion experiences an 
entry impact, the second must be in time half way through two succes
sive entry impacts pertaining to this second pinion, and that 
irrespective of the number of teeth in mesh.

Theoretically, the dynamic force f^ resulting from mesh 
vibrations between the mainshaft gear and the layshaft pinion can be
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expressed as a simple Fourier series :

f- = A + E A sin (hwt H- hf + t/;h) 
h=l 1

where A^ = steady-state load amplitude 

h = harmonic component number 

A^ = amplitude of a given harmonic

= pinion No. 1 mesh timing phase angle 

= harmonic component phase angle 
W = mesh frequency.

The total lateral and torsional vibrations of the main shaft
gear is F = f, + f and M = r (F + f ) where r is the base radius. 

j .  2  JL 2

With similar disturbances at each pinion, the resultant lateral and 
torsional vibrations depend on the pinion phase angles 4̂, and 4̂  j 
and can therefore be minimised by a judicious choice of 4̂, and 4̂  *

Future developments.

214. The various developments and improvements through which 
conventional gearboxes have gone have firmly established them in the 
automative market. So much so that conventional gearboxes have 
the lion's share in the market of medium and heavy goods vehicles : 
they take 90% of it. However, it seems that there is a trend for 
vehicle manufacturers to develop other types of transmissions 
outperforming conventional gearboxes in some instances for many 
reasons :

i) tractive force interruption during gear changes impairs 
vehicle performance and is in some cases inadmissible.

ii) although the efficiency of a mechanical transmission is 
very high, overall engine-transmission efficiency is somewhat 
reduced by the fact that, in each gear, a mechanical gearbox has 
a fixed ratio of engine speed to travelling speed. Thus, the
engine can deliver the output required by the particular operating
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conditions only at an engine speed which in general will not give 
optimum fuel consumption. This optimum engine speed can be neared 
by increasing the number of gear ratios but this will mean increasing 
the number of gear changes with all the problems associated with 
them; decrease of life time of the transmission components and, 
when a tractive force interruption accompanies a gear change, a loss 
in output power and consequently productivity of the transmission.

iii) Although automation of gear changes is possible, most 
gearboxes have remained manually controlled. Control systems that 
preserve the simplicity of a mechanical transmission but eliminate 
the skill and effort of the driver have long been sough. Apart 
from quite recent developments, they have proved to be complex, 
costly and sometimes prone to malfunction. This means that 
alternative transmissions may achieve equal or even better levels of 
performance than a fully-automated gearbox while being commercially 
competitive when automatic transmissions are required.

Automation is necessary when the number of gear changes 
becomes so large that it can be detrimental to both safety and 
driver fatigue. This is particularly true in congested traffic 
conditions. On journeys within conurbations it is not uncommon for 
the driver to depress the clutch tv/elve times per kilometer (5} .

Gearbox automation is also necessary when the audio-appreciation 
of the appropriate time of gear changing is prevented by external 
pertubations. Such is the case of aircraft ground hardling equip
ment. The noise that exists during a typical aircraft turnround 
will often entirely drown vehicle engine noise (6). Under these 
conditions, it is very difficult for the driver to select the 
appropriate gear ratio.

in the particular instance of aircraft towing tractors, even 
a fully-automated gearbox might not meet the requirements yet. 
Stepped-ratio mechanical transmissions cannot provide the high degree 
of smoothness in acceleration from rest which is necessary to 
minimise undue stress to aircraft structure and undercarriage 
components.



69

The list of particular applications requiring full automation 
of gear changes coupled with special performance requirements is 
very long indeed. This partly explains why no fewer than 13 
companies in the U.S.A. and Western Europe (7) are at present 
engaged in the development and the production of automatic trans
missions for commercial vehicles.

Mechanical gearboxes more suitable for automatic control than 
the different types of convention gearbox described so far are the 
power shift gearbox and the continuously variable ratio mechanical 
drive. Tiiese two types will now be presented.

Power shift gearbox
215. The term power shift generally applies to a mechanism which 
effects a ratio change withouc interrupting production of engine 
power. The most cormüon means of doing this is to release one 
friction clutch while applying another friction clutch.

Both epicyclic gearing and parallel shaft gearing are used 
in friction shifted transmissions. In parallel shaft arrangements, 
all clutches are of the rotating t^pe. In epicyclic gearing, some 
of the ratios are established by clutching one of the members to the 
case. Frequently, friction elements arc either multi-disc 
clutches or band brakes. Friction elements undergo severe working 
conditions during a power-on upshift because they must either trans
mit or dissipate both the engine power and the "inertia" power released 
by the decrease in engine speed. The slipping time and the energy 
dissipated are functionsof the input side angular velocity before 
slipping occurs between friction surfaces, the input side angular 
velocity when the gear change is completed, the inertia of the engine 
and the components coupled to it which are upstream the clutch, the 
torque capacity of the clutch, the engine torque and the band brake 
torque.

The control of the engagement of oi.e friction clutch whilu 
releasing a second one at the same time must ensure that the two 
operations are carried out synchronically. Since quasi-perfect
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synchronisation is required, the control of shifting is fully 
automatic. Power shift epicyclic gearboxes mostly found on public 
service vehicles are generally equipped with electro-pneuraatically 
powered shifting systems (8).

Selection of gear ratios can be left to the driver, in which 
case the power shift epicyclic gearbox is referred to as semi- 
automatically controlled.

216. Semi-automatically controlled power shift epicyclic gearboxes 
can be fully automated.

Automatic controls for electro-pneumatically controlled 
epicyclic gearboxes which have been used for some time fall into two 
categories ; a) speed responsive where gear changes are effected at 
pre-determined vehicle speeds, and b) an improved version of a), speed 
and throttle responsive where gear changes occur at certain throttle 
openings within a range of vehicle speeds (8).

The speed responsive control system comprises a magnetic pick
up mounted on the propeller shaft which signals to the electro
pneumatic shifting system when the appropriate change point is 
reached, and an electronic circuit which guarantees that gear changes 
are carried out following the proper sequence under all circumstances.

The throttle responsive control system has a throttle opening 
transducer in addition to the magnetic pick-up. The electronic part 
monitors throttle opening and gives, between defined upper and lower 
road speed limits, the change points which now depend upon the style 
of driving employed.

Automatic controls could be mere refined, the main criterion 
for gear selection being choosing the gear ratio that minimises fuel 
consumption. If the control system is to be assessed by this 
criterion, the throttle responsive system is much better than the 
speed responsive system but it is more complex, too.

217. Power shifted units usually make use of a hydrokinetic
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coupling or a hydrokinetic torque converter. The torque converter 
is generally accepted because of its ability to extend the range of 
the transmission.

STEPLESSLY VZiPiIABLE RATIO MECHANICAL DRIVES

218. Although the principles of steplessly variable ratio mechanical 
drives have been known for some time, their introduction into the 
Automotive market is only recent and is mainly due to equally recent 
technological developments in friction and wear properties of materials 
which are making up the rotating parts. However, such drives are 
still confined to the car market because of limitations on the level of 
power transmitted. But, because these transmissions are presently 
undergoing great developments, they may well be fitted on heavy-duty 
vehicles soon, judging by the figures of 75 KW (and even 300 KW) which 
have already been put forward by some manufacturers, e.g. Van Doorne.
A brief presentation of such transmissions is therefore fully justified 
within the work of this thesis.

A first criterion for classification of these drives is how 
the speed ratio is altered, whether it is externally adjustable or 
intrinsically variable.

Externally adjustable SVRM drives embrace different types of 
drives, the most widely used being the V-belt, roller/ball contact and 
intermittent drives.

Intrinsically variable SVRM drives are by far scarcer and the 
only example which is worth quoting is a mechanical torqî e converter 
which has recently been developed by Sir F. Williams (15). This 
drive has not been, if it will ever be, commercialised yet.

Continuously adjustable ratio^mechanical drives 

V-belt type drives.
As the name suggests, this transmission consists of a V-belt 

drive system. The speed ratio is varied by altering the effective
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diameter of the pulleys. This is practically achieved by co
ordinated opening and closing of opposing pulleys Among the possible 
pulley configurations, the most successful for higher power is that in 
which there are two pulleys with fixed axes. A subdivision of this 
family of V-belt drives can be based on the type of pulley opening 
and closing mechanisms together with the V-belt design ;

a) Positively Infinitely Variable Drive (PIV drive)

220. This transmission is unique in providing a positive drive.
Figure 1 shows the belt arrangement.

The belt of this unit is a chain whose links carry packs of 
equal width slats. The thin slats are free to move laterally 
across the chain and engage conical sheave faces which have radial 
grooves. A tooth land of ore sheave is directly opposing a groove 
of the other, forcing the slats corresponding to its own width into 
this groove (see Figure 10). In order to have a perfect fit 
between the sheaves and the slats, the slat height and thickness 
should theoretically be infinitely small. However, general resilience 
gives reasonable load sharing with the practical dimensions used.

The ratio control of a Fairchild PIV drive (9) is achieved by 
coordinated opening and closing of opposing sheaves, by means of a 
mechanical linkage (see Figure lb) which ensures that the opening of 
one pulley is always equal to the closing of the other. The chain is 
tensioned by spring-loaded shoes resting on the slack span.

A possible drawback for heavy-duty lorry applications is that 
the two pulleys must rotate when a ratio change is to take place.
The characteristics of PIV drives presently used industrially are a 
maximum power equal to 50 kW, a ratio change of 6 to 1 and an 
efficiency of 90%.

b) Van Doorne Transmatic Unit (10).

221. A schematic diagram is shown in Figure 2,

The belt design is based on a functional dichotomy : two
separate tension and thrust members compose the belt. The tension
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member consists of a number of very thin endless bands of maraging 
steel which carry the thrust member which is made of carbon steel thrust
blocks which are free to slide along the bands. These blocks are 
tapered on their sides to suit the 20° included angle of the pulley, 
on one other face to allow the belt to wrap around the pulley.

Since the torque is transmitted by friction, high lateral forces 
must be applied to the pulley halves. A hydraulic system is therefore 
used to actuate the pulley halves.

The lateral forces applied to the pulley halves tensions the 
belt. The combination of lateral and radial forces on the blocks 
permits to transmit torque from the pulley to the belt. Thrusu is tiien 
transmitted from block to block, conveying torque to the second pulley.

Coordinated opening and closing of the sheaves of opposing 
pulleys can be achieved by oil transfer from one pulley to the other.
The speed ratio varies accordingly.

An overall efficiency of 93% is reported for powers up to 100 kV7 
over a ratio range of 3 to 1.

c) GKN Variator (11).

222. The V-belt is a chain which looks more like a conventional chain 
than the Van Doorne Transmatic chain. It is composed of three parts; 
the pins, the link plates and the retaining links. The hardened 
profiled pins are protruding out of the links and transmit power by 
friction against the pulley faces. The link plates provide the 
tensile strength of the chain while locating the pins by means of slots. 
The retaining links fit over the link plates and have two functions ; 
they prevent the chain from coming apart in service and they providt 
the chain with torsional stiffness.

The ratio and the contact loads on the chain link pins are 
controlled by hydraulic pressure in the pistons of the two moveable 
sheave elements as depicted in Figure 3. The hydraulic system is 
very similar to that of Van Doorne Transmatic unit.
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The quoted specifications are a ratio range of 6 t) 1, an 
overall efficiency of 90% and a maximum power of 45 kW.

223. In all types of V-belt drives, the output speed can be 
adjusted and maintained constant over the torque range. But, in 
automotive transmissions, a torque dependent output speed can be 
justified in order to match better road requirements to engine 
characteristics. The belt drive ratio will change automatically 
if the driver pulley has spring-loaded sheaves. In this case, an 
increase in the torque transmitted will cause the driven pulley 
sheaves to open, decreasing the effective diameter of the driven 
pulley.

Rolling contact type drives.

224. The distinguishing feature of rolling contact drives is that 
rotary motion is theoretically transmitted from one metallic part ro 
another metallic part by friction generated through a point or line 
contact. Speed changes are then made possible by altering the 
position of the point or line of contact relative to the centres of
the rotation of the driving and driven members. In order to
feature a fixed arrangement of their rotating input and output shafts, 
these drives generally employ intermediary members between the driving 
and driven components, so that force is transmitted through pairs of 
contact points or lines or contact in series. These intermediary
members may be rings, cones, balls or rollers.

Among the plethora of rolling contact drives which have been 
developed and commercially used, those which are the most likely to 
be adapted one day to heavy-duty vehicle applications are the FU 
unit and the PERBURY unit.

1) FU Variable-speed Unit (12).
225. This unit was originally developed in France by "la Société 
des Fabrications Unicura". The operating principle of a single 
roller FU unit is illustrated in Figure 4a. A double-conical
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roller is mounted between an input and output plate. The speed 
ratio is altered by vertically changing the position of the roller.
It is interesting to note that an infinite speed ratio can be 
obtained, the condition being that the roller contact point 
coincides with the centre of one plate.

The same operating principle applies to larger units, in which, 
however, four rollers are employed as indicated in Figures 4b and 4c. 
Contact pressure is applied to the external plates by an automatic 
pressure-regulating system which is composed of mating cam surfaces 
in the split output shaft. As the load increases, these surfaces 
act on each other, increasing the pressure between the conical rollers 
and plates to provide the necessary torque without slip. This drive 
can transmit up to 100 kW over a ratio range of 6 to 1 with a quoted 
efficiency of 90%. In this type, the design does not allow for an 
infinite speed ratio as in the previous unit.

2) PERBURY Variable-speed Unit (13).
225. A cross-section of a PERBURY unit is shown in Figure 5. Two 
sets of 3 rollers are mounted between toroidal-shaped discs. The 
rollers are able to assume different angular positions to change the 
speed ratio. Axial loading of the discs and rollers is effected 
hydraulically by means of a special unit.

Although initially designed to transmit powers of 75 kW over 
a ratio range of 5 to 1, it underwent several tests at 150 kW with 
an efficiency of 92% during PERBURY rig tests which showed that 
higher powers are possible.

Intermittent drive.
227. The simple continuously adjustable drive depicted in Figure 6 
is characteristic in that it transmits rotary motion intermittently. 
The input shaft carries an adjustable throw crank which drives the 
output shaft by means of a linkage mechanism, a fixed-throw crank and 
a ratchet, all placed in series. The output shaft speed is a
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periodical function of time which equals zero half the time.
The ratio of input shaft speed to mean output shaft speed can be 
adjusted by altering the throw of the input shaft crank.

228. Amazingly enough, such a drive is the heart of a transmission 
which has been built for a U.S. Army tank. This transmission,
known as MECHANA-POWER (14) is shown in Figure 7.

The variable throw crank is composed of a secondary crank 
shaft 3 which is journalled in input shaft 1 and eccentric to the 
centreline. The throw is equal to the distance between crank pin 4 
and the centreline and is adjustable by rotating secondary crank 
shaft 3. Detail B of Figure 7 shows the extreme values of the throw.

Counter weights 8 and 9 balance the mass off-centre to the 
centreline of the secondary and primary cranks respectively. A 
connecting rod 11 connects crank pin 4 to fixed-length lever arms 12 
which drive the hydraulic ratchets. 13 is a bearing.

Power flows from the engine through the variable throw crank, 
connecting rod 11 and lever arms 12 to the ratchet rotor shaft. When 
the hydraulic ratchet is engaged, power is transmitted to its housing 
which is gear coupled to stator gear 14. When the housing turns, the 
carrier which is part of the output shaft is forced to turn.

Surprisingly enough, the output speed ripple is relatively small 
and can in most instances be absorbed by the hysterisis and overall 
resilience of the drive system.

The specifications of this intermittent drive configuration are ;

. Output speeds range from 2.5 times engine speed down to 
zero for both forward and reverse.

.. Measured efficiency ranges between 92% and 96%.

... The transmission drives from either the input or the output 
end.
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Continuously variable ratio mechanical drives.

229. Although still at the development stage, a CVRMD which is 
worth mentioning is a mechanical torque converter which has been 
developed by Sir Frederic Williams (15) for an automobile 
transmission.

This torque converter, depicted in Figure 8a comprises a 
pulsator unit, which produces an alternating torque, in series with 
a sprag-type which is used to rectify this torque and to transmit 
it to the converter output shaft.

Figure 8b shows a cross-section through the torque converter. 
The engine rotates the outer* case whose end plates carry axles on 
which the outer gears are free to revolve. These outer gears 
carry unbalanced weights and mesh with the inner gear which drives 
an output shaft. The alternating torque is produced by the 
centrifugal force which acts on the rotating weighcs. Figure 6c 
shows the two angular positions of the weights for which the output 
shaft torque takes extreme values. Since the magnitude of the 
torque is determined by the centrifugal force acting on the 
unbalanced weights, the peak torque is proportional to the square of 
engine speed and to the mass of the unbalanced weights.
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230, Hydraulic power transmissions convert mechanical power into 
either hydrokinetic energy or hydrostatic energy which they trans
form back into mechanical energy. This transfer of energy is 
controlled so that the transmission meets the requirements in input 
to output speed and torque ratios. Hydraulic power transmissions 
are classified into two families according to whether the energy 
stored in the fluid of the hydraulic power link is hydrokinetic or 
hydrostatic.

The hydrostatic drive requires extra parts for the selector 
mechanism, whereas the hydrokinetic device can make use of its 
natural tendency to race in order to provide an automatic change 
speed law.

HYDROKINETIC DRIVES.
231. A typical feature of hydrokinetic power transmissions is that 
the working flujd, usually thin mineral oil, flows in closed-cycle 
conditions around the path of an annular vortex (16). Kinetic 
energy is imparted to the fluid by a pump member and this energy is 
transferred to a turbine or other vaned members which it encounters 
in flowing around its cycling path. It follows that hydrokinetic 
drives are essentially integral units, with the pump and turbine 
elements contained in a common casing.

To change the power transmitted, a change of flowrate is 
necessary, which in general is produced by a change in prime mover 
speed.

A variety of different types of hydrokinetic transmissions 
can be constructed by varying the shape of the blading and the 
position and number of the vaned members. The various types 
obtained in this way fall into three categories : fluid couplings,
fluids converters and fluid converter-couplings.



80

Fluid Coupling 

Description.

232. The simplest form of hydrokinetic machinery is the fluid 
coupling which consists of only two members, a pump or impeller and 
a turbine or runner. Figures 9.a and 9.b respectively show a 
schematic cut-away view and a radial cross-section of the arrange
ment. These two members are identical saucer-shaped discs fitted 
with radial flat vanes for directing the flow of fluid. When the 
pump is filled with fluid and rotated, the liquid is flung outwards 
under centrifugal force, constrained by the vanes and the saucer 
periphery. It passes across the gap between the two elements at 
the outer periphery. A speed difference between pump and turbine 
is essential in order to create the negative gradient of pressure 
causing the fluid to circulate. In circulating radially inwards 
through the vanea of the turbine, it produces a torque since its speed 
component tangent to the circumference of the pump is greater than the 
vane speed. Figure 9.a shows the helical flow of fluid around a tore. 
It is common practice to materialise this tore by inserting a hollow 
core or a guide ring. The purpose of this guide is to assist in 
establishing fluid vortex circulation when a torque is applied to the 
coupling.

233. The impeller acts as a centrifugal pump and hence the horse
power input to the fluid coupling is equal to the product of the 
quantity of fluid discharged into the runner per unit time and the 
change in moment of momentum of this fluid as it passes through the 
impeller vanes. As the fluid coupling consists of only two elements, 
this same fluid must pass also through the runner, suffering a corres
ponding change in moment of momentum. Input torque is therefore 
always equal to output torque. Then, the losses take the form of a 
speed difference between pump and turbine. The ratio of this speed 
difference to the input speed is generally referred to as the percent
age of slip. Efficiency is therefore equal to the ratio of output 
speed to input speed except when the torque transmitted tends 
towards zero. Performance of a typical fluid coupling is depicted
in Figure 10.

234. For a given oil filling and for the same slip, the fluid
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coupling obeys tho. same fundamental laws as all centrifugal machines;
*the horse-power transmitted is proportional to

i) the fifth power of the profile diameter of the annular vortex
ii) the cube or the input speed
iii) the density of the working fluid

* this is no longer the case if the effect of change in oil tempera
ture is taken into account (17).

For a given slip and the same oil filling, it follows that the 
torque transmitted will be proportional to the square of input speed.

Matching a fluid coupling to an engine.
235. Given a fluid coupling, the proportionality between torque 
transmitted and input speed applies in particular to the case when 
the turbine is held stationary. This law is of major importance 
when selecting the optimum coupling size for obtaining the best
match on a vehicle between a petrol/diesel engine and a coupling. Zero 
turbine speed corresponds to a vehicle being at a standstill.
Figure 11 compares the input torques, required by each of three sizes 
of a given coupling to accelerate a vehicle from rest, with the 
maximum output torques of two engines. The intersection of the 
engine and the coupling torque curves is the breakaway operating 
point of the engine and coupling. If the engine operating speed is 
increased, the torque at idling speed, which determines the tendency 
of the vehicle to creep when stationary with a gear engaged, will be 
reduced but the effective working range of tiie engine is also reduced, 
and the heat generated in the fluid coupling at the operating point is 
increased. The coupling size is therefore selected by making a 
compromise between a reduced idling drag torque and a wide working 
range of the engine.

Variable oil filling fluid coupling.

236. If the oil filling is modified by changing either the mineral 
oil contained in the coupling or its amount, the torque transmitted 
for a given slip at a given input speed will be altered. While 
replacing the oil when the coupling is operating is not feasible
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practically for various reasons, it is relatively easy to alter the 
amount of oil in the coupling. Modification of this amount is 
generally achieved by a system involving a scoop tube (18). The 
two designs principally used in modern practice are designated scoop 
control and scoop trimming.

237. Figure 12 shows a typical scoop-control fluid coupling in 
section. In operation, the reservoir, tlie inner casing and the 
impeller are driven in rotation. Under the centrifugal effect of 
rotation, oil escapes continuously from the inner casing through 
leak-off nozzles disposed in the casing periphery. It is then 
fed back into the impeller via the scoop tube, a cooler and its 
piping if fitted, and the moving collector ring mounted in the inner 
casing.

The dynamic head at the scoop tip provides the energy required 
to circulate the oil against the resistance of cooler and piping.
The amount of oil retained in the rotating reservoir and not returned 
to the working system is determined by the scoop-tube setting.
This setting is adjusted by an external lever linked to the tube 
body.

238. Figure 13 shows the section of a typical self-contained scoop- 
trimming fluid coupling. In operation, the circulation pump 
delivers oil from the sump through an oil cooler into a chamloer on 
the back of the impeller, in the output end housing. The oil then 
passes through the annular space between the impeller bearing sleeve 
and the runner shaft into the working circuit. Oil is discharged 
from the working circuit by the scoop tube, via the scoop chamber.
The oil quantity within the working circuit is controlled by the 
scoop tube setting, as in a scoop-control coupling. Since the 
circulation pump can accommodate greater rates of oil flow for 
cooling, the scoop-trimming can transmit more power than the scoop- 
control coupling.

239. The addition of this extra variable widens the scope of the 
controllability of a system consisting of such a coupling coupled to 
a petrol/diesel engine. Figure 14 shows the characteristic curves 
of a variable filling coupling (15) and (19). In the upper chart
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different fillings. The transmitted torque increases with the
amount of oil in the coupling. Controlling the amount of oil in 
the coupling enables the coupling to meet a given output torque

by operating with different values of slip percentage lying within 
what is called the output torque slip range. In the lower chart 
of Figure 14 are plotted iso-input-speed output speeds against the 
percentage of slip. To a given output speed will correspond a
range of slip percentages which is a function of the range of engine 
speeds. If the output torque is high enough, the range of 
operating engine speeds will be reduced, narrowing the engine speed 
slip range to that of engine torque. From that it follows that 
for a given output power it is possible to run the engine at different 
speeds within a range corresponding to a range of slip percentages 
which is the intersection of output torque, engine speed and engine 
torque slip ranges. The engine speed is selected so that the
product of engine and coupling efficiencies is maximised in the 
permitted range of engine speeds. A control system becomes 
necessary to determine optimum degrees of filling for minimum tendency 
of the vehicle to creep when stationary and for minimum fuel consump
tion under other operating conditions.

Fluid convertor

240. A fluid converter is a fluid coupling to which a reacting 
member has been added. A cross-section of this arrangement is 
shown in Figure 15, In most types of fluid converters the reactor 
collects the working fluid as it leaves and re-directs it into the 
pump. It then becomes possible to use curved vanes in the turbine 
so as to augment the change in moment of fluid momentum in it and 
consequently to increase the torque developed on it and bring about 
some torque conversion (16). This leads to a complementary 
curvature on the reactor blades in order to deliver the fluid into the 
pump in an acceptable direction. Torque will therefore be 
developed on the reactor which must he held stationary and usually 
forms part of the casing.

The output torque is equal to the sum of the input and 
reaction torques. To a given operating turbine speed corresponds
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one set of blade angles which yields maximum efficiency. This 
operating point is referred to as the design point. The 
efficiency curve which is depicted in Figure 16 conforms roughly 
to a parabola. The fall in efficiency values as speed diverges 
from optimum turbine speed is due to the fact that increasing shock 
losses are developed as the working fluid meets the various blades 
and vanes at more incorrect directions.

The value of peak efficiency varies with the design point, 
increasing as speed ratios get larger. At the same time, however, 
values of torque conversion decrease. A compromise between 
acceptable efficiency and good torque conversion explains why the 
maximum value of torque conversion which occurs at zero turbine 
speed and which is usually referred to as the stall torque ratio 
seldom exceeds four times the value of input torque for simple three- 
element converters.

In order to increase the torque conversion ratio a number of 
stages may be added to the basic design. A stage consists of a 
turbine and a reactor. Such converters are called multi-stage 
converters.

Fluid converter-coupling.

241. A converter-coupling is a converter whose reactor can be 
released. The converter will then operate as a coupling. This
facility allows the retention of high coupling efficiency when the 
converter operates at high output to input speed ratios, near the 
racing condition. Figure 17 shows the efficiency curve which has 
been plotted against turbine output speed in order to reveal more 
accurately the mode of the transition from converter to coupling (16).

When the converter-coupling operates as a coupling, the 
reactor which is released into rotation introduces some additional 
friction in the fluid circuit so that it is very difficult to obtain 
a turbine speed greater than 0.95 times pump speed. The most 
convenient method of controlling the reactor member is to use a free
wheel unit built into the reactor member. Conditions of equilibrium 
ensure that the torque on the reactor changes direction when the output
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torque has fallen to the value of input torque so that the 
introduction of the freewheel unit provides an automatic method of 
changing from converter operation to coupling operation at the 
correct time.

242. The reactor is the member which is tne most subjected to wide 
changes of fluid flow entrance direction. This member can be 
divided into a number of elements which adjust themselves to the 
changing flow. In this way, the elements of the reaction member 
enable the operation of re-directing the flow to be carried out 
in a number of distinct phases, giving rise to the use of the term 
polyphase converter-coupling.

Pump and turbine members may also be divided into a number of 
these elements which may rotate at different speeds by the 
introduction of extra freewheel units in order to reduce fluid 
entrance losses.

Reversibility of operation.

243. If the hydrokinetic power transmission and the engine are used 
as a means of retardation in order to assist the brakes, power will 
be transmitted from the turbine to the pump before being absorbed 
by the engine. Forward and reverse performances of a fluid 
coupling are identical. Most converter turbines will operate as a 
pump and in converters with fixed reaction members, a very 
considerable amount of brake effort is available, but if the reaction 
members are mounted on freewheel units, the reverse operation will be 
similar to that of the fluid coupling. In this case in particular, 
an additional low gear mtio may be necessary to get the required 
amount of retardation.

HYDROSTATIC DRIVES.

Introduction.

244. Hydrostatic transmissions in their simplest form comprise a 
positive-displacement pump supplying pressurized fluid to a positive-
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displacement hydraulic motor.

It could be argued (20) that the word hydrostatic should only 
be used to designate the hydraulic systems in which pressure is 
transmitted through a virtually static column of hyaraulic fluid; 
and that hydraulic systems incorporating a pump and a motor which 
subject the fluid to a degree of both movement and pressure should 
be referred to as hydrodynamic systems. It is, however, common 
practice to refer to the latter systems in which the pressure energy 
is preponderant as hydrostatic.

In hydrostatic transmissions, mechanical energy from a prime 
mover is i) changed into pressure energy in the fluid by the 
positive-displacement pump, ii) transported by the fluid in pipes 
to the hydraulic motor and iii) transformed back irto mechanical 
energy.

245. Hydrostatic drives can be supplied either as package-type 
units, with the pump and motor units combined in one casing, or as 
dispersed systems, the pump and the motor being two separate units.
Having two separate units is an advantage in many applications, as 
the motor can be installed at some distance from the pump. Tnis allows 
in particular saving in space in cramped locations. It also enables 
the engine-transmission system to employ a direct wheel drive, i.e. no 
gearing is interposed between the driven wheels and the hydraulic 
motor. Since this motor can be mounted within the driven wheels, 
the direct wheel drive concept naturally leads to a better integration 
of the transmission within the overall design of a vehicle.

Classification and descriptions.

246. Hydrostatic pumps may be classified as follows (21): 

1) Reciprocating pumps

a) axial piston types
b) radial piston units
c) in-line piston pumps
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2) Rotary pumps

a) gear units : i) external gears, ii) internal gears
b) vane units

Piston pumps

247. In the axial-piston pump, the cylinders are parallel to 
the axis of their block, and set ar^unt it, as illustrated in 
Figure 18. The pistons are acted on by an angled-drive mechanism 
so that the relative rotation of either the shaft or the block 
causes them to reciprocate. The angled-drive mechanism can either 
feature a swash or cam plate (Figure 19) oz work on the bent axis
principle (Figure 20). In some designs che block is stationary,
and valves are incorporated to control the inlet and outlet flows (20); 
in others the block rotates and the open ends of the cylinders sweep 
over kidney-shaped inlet and outlet ports.

In the radial-piston design, the pistons reciprocate in 
radial bores in a rotating block. The outer end of each piston 
bears against either a stationary ring mounted eccentrically so as 
to provide the reciprocation (Figure 21) or, alternatively, a station
ary multi-lobo cam (Figure 22) (22). The inner end. of each cylinder
opens into an axial bore, inside which is a stationary spindle 
containing ports for the entry and exit of the fluid.

The in-line piston pump is relatively simple compared with the 
axial and radial types: the pistons are simply linked by connecting
rods to a single crankshaft.

Gear pumps.

248. Figure 23 shows a section of a conventional gear-pump. Two 
identical gears are in mesh, one driving the other, and the fluid is 
carried round while trapped in the space between the teeth and the 
casing. This type is generally referred to as the external gear 
pump.
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Among the variations on this theme are pumps with helical 
or even double-helical teeth (Figure 24) and pumps in which the 
rotary elements are lobed rather than toothed.

Internal gear-puraps are characterized by the fact that, for 
reasons of compactness, one gear rotates within the other. They 
can either feature a crescent-shaped member placed between the inner 
and outer gears (Figure 25) or have no separating member (Figure 26).

Vane pumps.

249. The basic vane-pump depicted in Figure 27 consists of a rotor 
that is slotted to take sliding vanes, rotating eccentrically in a 
circular casing. Oil enters at a point where the volume between 
adjacent vanes is expanding and is carried round until it is 
discharged near the full-contraction point. The tips of the vanes 
are held in contact with the casing by centrifugal force and if 
necessary, by springs or by hydraulic fluid pressurized against tlie 
backs of the vanes. Forces produced by eccentricity of the rotor 
can be balanced by fitting a second rotor of opposite eccentricity.

Operation as a motor.

250. Axial piston and radial piston pumps, provided that they have 
ported valving and hydrostatic bearings, can be operated as motors (23) 
Gear and vane pumps can also be operated as motors. Both have, except 
for the roll-vane units, relatively poor starting characteristics but 
are very satisfactory if used with loads which require low torques at 
low speed. With all motors, the starting torque is lower than that 
for slow continuous running.

Suitability for hydrostatic vehicle transmissions.
General considerations.

251. The main criteria upon which the choice of a hydraulic pump 
or motor for a given application is based, are the operating speed, 
the delivery, the system pressure, the power to weight ratio, the
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compactness, the efficiency and the purchasing and running costs.

For vehicle applications, the hydraulic drives must also meet 
specific requirements such as ;

i) smooth vehicle acceleration (without any jerkiness,

ii) all the power available can be transmitted when it is 
necessary to do so

iii) a high level of overall engine-transmission system 
efficiency is essential.

252. Requirement iii), in particular, implies that at least, one 
unit of the hydraulic drive is of variable delivery. Variation of 
the transmission speed ratio which is essential with conventional 
prime movers (Chapter 2), obtained by ways other than that which 
makes use of variable displacement units, is unacceptable on the 
grounds of power economy. It is true that the efficiency of 
hydraulic drives consisting of fixed displacement units, a by-pass 
and flow control valves can be improved to a great extent by the 
use of accumulators and special valve systems (24), but it may well 
happen in such a case that the combined cost of the fixed-delivery 
pump and necessary ancillary equipment will approach or even exceed 
that of an equivalent variable-delivery pump.

The delivery of axial piston pumps can be varied by 
adjusting the angle of action of the drive, thereby modifying the 
stroke of the pistons. Tn the radial piston pumps which feature 
an eccentric ring, the stroke of the pistons is altered by moving 
this eccentric ring laterally. In vane pumps, variable delivery 
is achieved by the same method. Contrary to all these pumps, the 
delivery of gear pumps cannot be varied and this explains why they 
are not commonly used for variable speed drives.

Ratings of hydrostatic pumps.

253. One advantage of tlie piston pumps over any other type is that 
they have a higher pressure capability and will commonly operate at 
350 bar, giving an extremely compact installation (23).
Because of strength limitations and unbalanced pressure effects.



90

the gear-type units with fixed side plates have been largely 
confined in operating range to relatively low pressures, of the order 
of 150 bar. However, the designs featuring balanced pressure
plates can operate at pressures in excess of 250 bar in some cases. 
Vane pumps and motors are subject to much the same limitations as 
the gear types, but with proper balancing of pressure forces, they 
have achieved pressure ranges up to 250 bar (21).

As far as the speed of rotation is concerned, tlie axial and 
radial piston types, the gear type and the vane type have more or 
less the same ratings, with maybe a tendency for the axial piston 
units to be capable of higher speeds. Such units usually operate 
in the speed range of 500 to 5000 r.p.m.

Axial and radial pistons units are generally the most 
efficient. A contributing factor to the lower efficiency of gear 
and vane pumps or motors is that their leakage rates are higher than 
those of the piston units.

Prices of hydrostatic units are very difficult to fix, but a 
general indication of relative costs of the different types in 
ascending order would be as follows : 1) external gear, 2) vane,
3) internal gear, 4) axial piston and 5) zadial piston (21).

In spite of generally requiring boosted suction lines with a 
resultant increase in system complexity and cost, the piston pumps or 
motors are the most suitable for hydrostatic vehicle transmissions.

Use of piston pumps and motors as hydrostatic vehicle trans
mission units.

254. In general, hydrostatic pumps are axial-piston variable dis
placement units. Depending on the type of vehicle applications, 
hydrostatic motors can have either fixed or variable delivery, in 
the form of either axial or radial piston units. As mentioned in 
(17), the motor of a hydrostatic drive can be installed near the 
pump in a closed-type configuration or at some distance from it.

In the latter case, two or more motors may be used, e.g. one
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per driven wheel. They may drive the driven wheels either directly 
or indirectly through gearboxes. In the first case, they are 
characterized by high torque capabilities and low speeds of rotation. 
The relative merits of high-torque low-specd motors and high-speed 
motors with gearboxes are of a very different nature :

i) On the one hand, high-torque low-speed motors are usually 
cheaper and quieter than the combination high-speed motor and gear
box (23). Further, the free wheel capability and hub-mounted 
versions offered by some manufacturers facilitate a better 
integration of the transmission within the overall vehicle design.

ii) On the other hand, for similarly rated units, higher 
corner horse-power value is obtained by multiplying together the 
maximum torque and speed capabilities of the motor, or its fluid 
pressure and displacement. Moreover, most high speed motors can 
be obtained with variable displacement. In contrast, this is
generally not the case with low-speed motors, although in some makes, 
provision is made for two-speed operation.

Basic configurations of variable displacement systems.

255. Various transmission output characteristics can be achieved by 
selecting different combinations of fixed and variable delivery units. 
The two most common arrangements are a variable displacement pump 
driving a fixed displacement motor and a variable displacement pump 
driving a variable displacement motor. Of these two configurations, 
the former is perhaps the more usual form of hydrostatic transmission.

Variable displacement pump with fixed displacement motor.

256. By varying the pump displacement, a continuous variation in the 
flowrate of the fluid which circulates between the pump and the motor 
can be achieved in either direction. This continuous variation in 
flowrate provides an infinitely variable output from zero to full 
speed in either a forward or reverse direction. The transmission 
characteristics obtained with this configuration are depicted in 
Figure 28.

The top graph shows the curves of system pressure, maximum
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transmitted torque and power against speed ratio. From line 1 to 
2, the output torque, which is limited by the system pressure, is 
constant and maximum. The transmitted power and the output to 
input speed ratio increase with pump displacement. At line 2, 
transmitted power is equal to maximum prime mover power. From 
line 2 to 3, the transmission input power is constant and increasing 
the pump displacement results in a pressure drop and consequently a 
decrease in output torque.

The bottom graph illustrates the pump/motor stroke relation
ship versus uutput to input speed ratio in the case of two units of 
equal capacity.

Variable displacement pump with variable displacement motor.
257. Variable displacement motors are frequently employed to extend 
the speed ratio range over which full power can be transmitted.
Figure 29 illustrates a system of this type.

Between lines 1 and 3, the top graph shows curves identical 
to that of the previous system. The speed ratio range delimited 
by lines 3 and 4 is the extension of the range over which full power 
can be used, brought about by employing a variable displacement 
motor. Since the pump displacement remains uncnanged over the 
range extension, the system pressure is constant at constant input 
pressure.

The bottom graph, by showing the pump/motor stroke relation
ship versus speed ratio over a speed ratio range equal to that of 
the previous system, illustrates the reduction in pump size which 
is made possible by using a variable delivery motor instead of a 
fixed delivery one.

Adaptation of the basic configurations to constant torque, 
constant speed and constant power systems.

258. The transmission output characteristics of the two 
configurations just mentioned can be tailored to meet particular
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control requirements by relating flow and pressure to input and 
output conditions. Constant transmission output torque, output 
speed and output power are examples of particular characteristics 
which can be achieved with relatively simple control systems.

Constant torque systems.

A constant output torque can be obtained with the variable 
displacement pump fixed displacement motor configuration by forcing 
the pump to operate at constant pressure. This can be achieved 
by using a simple hydraulic compensator which senses hydraulic 
pressure and adjusts the angle of action of the pump driving 
mechanism.

Constant speed systems.
The same pressure compensator control in conjunction with the 

same unit configuration as before can provide constant speed drive. 
The only additional feature which is required is an orifice 
inserted in the high pressure line in order to produce a certain 
pressure drop at the required flow (26). This pressure drop is
fed back to control the angle of action of the pump driving mechanism, 
Any deviation from the required flow will cause a change in pressure 
drop. Because only the pressure drop of the orifice is measured, 
this method of control is insensitive to variations in the load 
pressure. By utilizing several orifices in parallel, it is 
possible to achieve a range of constant speeds.

Constant power systems.

In a variable displacement pump fixed displacement motor 
configuration, constant power is achieved by making constant the 
product of pump pressure and flow. A simple way in which this may 
be carried out is by means of a pressure sensitive control system 
which combines the pressure measurements of the constant speed and 
torque controllers and adjusts the hydrostatic pump displacement 
accordingly. A more complex method consists in using a
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sophisticated control system which senses prime mover conditions and 
alters the pump accordingly.

Influence of the variability of hydrostatic unit efficiency 
on output characteristics.

The output characteristics of the systems which have just been 
described are not truly constant due to variations of efficiency with 
different operating conditions. For instance, in a constant power 
system, the output power is the product of the power which is made 
constant and the efficiency of the motor which is a function of loa-i 
torque and speed. However, in a first order approximation, the 
output characteristics of such systems can be considered to be 
constant.

Control of hydrostatic drives for venicle applications.
259. In the commercial vehicle field, the use of constant output 
characteristic systems is confined to a very limited number of 
applications. An example of such applications is a vehicle driven 
continually at maximum speed on a motorway.

In general, because of the relatively important variations 
in load torque and speed and of the nature of the prime mover 
torque vs speed characteristics (Chapter 2), the overriding control 
requirement in most commercial vehicle applications is a satisfactory 
matching of the load with the prime mover. Since the operation of 
a fixed displacement hydrostatic drive is comparable with that of a 
fixed ratio gearbox, the procedure adopted for the adjustment of the 
pump displacement and/or the motor displacement will be similar to 
thç gear changing sequence of a conventional gearbox transmission.

As the operator actuates a gear change lever to adjust the 
speed ratio of a conventional gearbox, he may, in a similar way, 
vary a lever which alters the pump displacement. For very small 
pumps, this lever may be attached directly to tlie pump swash plate 
or cylinder block, but, in general, the pump has a follow up servo to 
avoid the effects of fatigue and lever-vibration on the operator (21).
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260. Although satisfactory, this control system is very crude,
A hydrostatic transmission is not as efficient as a mechanical 
geared transmission. When a hydrostatic transmission is used in 
place of a mechanical one with no alterations in the control of the 
prime mover transmission system, overall efficiency is less. This 
can be remedied by using the variability of the hydrostatic trans
mission ratio to its best advantage by allowing the prime mover to 
operate at or near conditions which maximise the overall efficiency. 
In some cases of vehicle applications, the increase in prime mover 
efficiency outweighs the loss in transmission efficiency incurred by 
the use of a hydrostatic transmission in place of a geared 
mechanical transmission, resulting in a lower fuel consumption of 
the prime mover-transmiseion system.

Control systemo optimising the prime mover-transmission system 
for minimum fuel consumption vary widely in design and in the degree 
of completeness of optimisation. They can be pneumatic, hydraulic, 
electronic, mechanical or a combination of these forms. According 
to the optimizing strategy on which they operate, they may be classi
fied in two categories :

i) the scheduled optimal or near optimal controllers, where 
the system is scheduled for any arbitrary loading condition,

ii) the self optimising controller or on-line optimiser which 
compensates for detuning and for operation, which is near but not 
quite optimal.

Scheduled optimal or near optimal controllers for minimum 
fuel consumption.

261. A pre-requisite for the construction of this type of 
optimiser is the knowledge of the relationships between the input 
or output conditions and the displacements of the pump and the motor 
which maximise the overall engine-transmission system efficiency.

These relationships can be established by either the 
optimisation of a mathematical model or experimental tests carried 
out on the prime mover-transmission system proper in accordance with 
a pre-determined optimising procedure.
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Alternatively, they can be derived trom the knowledge of the 
maximum efficiency line of the prime mover; for, provided that the 
hydrostatic transmission operates in the part of the torque-speed 
range which corresponds to maximum transmission efficiency, the 
relationships which maximise the overall efficiency are very close to 
those which maximise the engine efficiency.

The function of a scheduled optimal or near optimal controller 
for efficiency is to sense the input or output conditions and to 
evaluate the values to be imposed on the fuel quantity regulating 
system and on the displacements of tlie pump and the motor, through 
the stored relationships. These can be stored in a mechanical or 
an electronic form, using either digital or analogue equipment.

Three systems will now be described to illustrate the scheduled 
optimiser. Between them, they embody the principal features of tlie 
different types.

Mechanically scheduled optimiser for maximum overall system 
efficiency.
262. The heart of the scheduled optimiser proposed by Bosh (27) is 
a three-dimensional cam which serves as a reference source for the 
optimum control of the prime mover-transmission system. The prime 
mover is an internal combustion engine and the hydrostatic trans
mission includes a variable displacement pump and a variable 
displacement motor. The cam is shown in a section through the 
optimiser (Figure 30). The diagram of the hydrostatic transmission 
is also represented. The cam is movable both in rotation and 
axially. Its rotation is controlled by the operator through an 
external lever 17. Its axial displacement is adjusted by the line 
differential pressure. The Ccim carries three separate curved
surfaces against which three followers rest. The position of the 
followers is used to control the fuel quantity regulating system of 
•the internal combustion engine and the displacements of the pump and 
the motor. The curved surfaces are determined by calculation and 
are such that the overall efficiency is maximised for any arbitrary 
steady-state output conditions. In the central position of the
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adjusting lever 17, the transmission pump is set at zero displacement 
and the transmission is in neutral. Rotation of the cam in one 
direction corresponds to forward vehicle speed and rotation in the 
other direction corresponds to reverse vehicle speed.

In any position, the cam provides the relationships between 
a fuel quantity regulating parameter, the line differential pressure 
and the displacements of the pump and the motor which maximises the 
overall efficiency. A noteworthy remark is that the same result 
could be obtained by sensing engine speed instead of line differential 
pressure on condition that the shape of the curved surfaces are 
altered appropriately.

Fluidically scheduled optimiser.

263. In contrast to Bosh's controller, the prototype vacuum speed 
controller successfully developed by K.N. Reid and RL. Woods (28) 
does not maximise the overall system efficiency for any arbitrary load 
conditions but only for a range by causing the transmission to maintain 
a specified engine power-engine speed relationship. The difference in 
degree of optimisation completeness between the two controllers is 
illustrated in Figure 31 which shows a typical engine performance map.
If the hydrostatic transmission were ideal, the optimum relationship 
between engine power and speed would be the dashed line. In the 
real case, this relationship is not a single line but a region (shaded 
area). By approximating this region to a central line, the degree 
of optimisation achieved, although better than that of optimum engine 
operation, deteriorates as the load conditions depart from their 
nomina], values.

This approximation is possible for applications where vehicles 
operate most of the time within their nominal range, or if the 
controller simplification can justify the less in performance.

The block diagram of the optimised engine-transmission system 
is shown in Figure 32. The engine used to drive the transmission is 
a spark ignition internal combustion engine rated at 13.5 H P. The 
hydrostatic transmission, rated at 18 H P, comprises a variable dis-



placement pump and a fixed displacement motor.

In operation, an optimum or desired value of manifold vacuum V^, 
is generated as a function of engine speed S^. A comparison of the 
actual and desired vaoium signals V and V produces an error signal 
which automatically adjusts the speed ratio until the two vacuum 
signals coincide.

The fluidic elements which make up the control circuit are all 
driven on compressed air. The power amplifier used in conjunction 
with the controller is driven on hydraulic fluid supplied by the 
auxiliary make-up in the transmission. The air-to-oil interface is
realised by a pneumo-hydraulic valve. Apart from the power
amplifier, all the components of the controller operate pneumatically, 
including the engine speed sensor, the function generator and the 
summing junction. The engine manifold vacuum-speed relationship is 
stored in the function generator in the form of a fluidic circuit.
This function generator consists of a single centre-dump proportional 
amplifier. Adequate match to the optimum vacuum-speed relationship 
is provided by tuning cf bias and supply pressures and by using two or 
more amplifiers in cascade with passive resistors.

Electronically scheduled optimiser.

264. The engine-transmission system and the scheduled optimal controller 
proposed by the Military Vehicles Engineering Establishment a+- Ascot and 
investigated by T.K. Adeoye (29) at Bath University are very similar 
to that developed by Reid and Woods. In fact, Adeoye did research 
work on two configurations, one comprising a petrol engine driving a 
variable displacement pump coupled to a fixed displacement motor 
(Figure 33), the other being driven by a diesel engine instead of a 
petrol engine (Figure 34). Except for the function generator input 
and output variables, the control strategy is identical to that used by 
Reid and Woods. In the petrol engine configuration, an optimum or 
demanded value of engine speed is generated as a function of engine air 
consumption. A comparison of the actual and optimum or demanded engine 
speed values produces an error signal which automatically adjusts the 
pump displacement until the two speed signals coincide. In the diesel
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engine configuration, the engine fuel injection pump rack position is 
used instead of the engine air consumption signal.

In contrast to Reid and Wood's controller which was operating 
essentially pneumatically, Adeoye's sensors and control systems are 
electronic. The air consumption is measured by a nozzle venturi 
and a pressure transducer. The engine speed is measured by a d.c. 
tachogenerator. The fuel injection pump rack position is measured 
by means of a L.V.D.T. type transducer. The pre-determined air 
consumption-speed or fuel rack position-engine speed relationship is 
stored in the form of an electronic circuit. This circuit is shov̂ n 
in Figure 35. It consists essentially of diodes, amplifiers and
resistances. The function generated is made up of a series of
straight line segments as shown in Figure 35. The shape of this 
function which results from the insertion of non-linear networks in 
the feedback of operational amplifiers dictates the approximation to 
be made on the optimum relationship.

Self-optimising controller.
265. Self-optimising controllers or on-line optimisers are control
systems which set the different control variables of the prime raover- 
transmission system following a certain sequence so that the final control 
values are the values which maximise the overall efficiency. The
sequence is determined by the optimisation technique adopted. In
relation to the scheduled optimisers, self-optimising controllers require 
additional sensors, e.g. a fuel flow meter, one or more speed pick-ups, as 
well as calculating facilities. A condition for satisfactory operation 
of the self-optimising controllers it that the period of change, of 
transmission input or output conditions is large compared with the time 
necessary to complete the optimisation of a given operating point.
For rapid transient operating conditions, it may be necessary to override 
the optimiser which would otherwise set control values incompatible with 
safe operation of the components of the overall system. Overriding 
control values may be provided by a coarse scheduled optimiser.

Such a system has been experimented by Edge (41) at Bath 
University on a development test rig. This test rig consists of a 
diesel engine driving a hydrostatic transmission composed of a variable
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displacement pump and a variable displacement motor. The diesel 
engine is fitted with an in-line injection pump whose fuel rack is 
controlled by an electrohydraulic actuator. Two similar actuators 
vary the hydrostatic unit displacements. A P.D.P 8/E computer was 
used to control the engine-transmission system and to perform the 
optimisation. The basic technique used to optimise a given operating 
point employs an iterative process which changes either the pump or 
motor displacement by a specified step size and resets the output speed 
to the required value by changing the engine speed. At each step the 
fuel flow is determined and compared with the last value obtained.
For a decrease in fuel flow the iteration continues the change of dis
placement in the same direction. For an increase in fuel flow, the 
displacement step length is halved and the direction of change is 
reversed. This iterative process continues until the minimum is 
found.

Advantages and disadvantages of hydraulic drives.
Advantages.

266. One immediate potential advantage is a stepleFsly variable trans
mission which enables accurate matching of the load with tlie available 
power. This aspect allows, in particular, optimisation of the overall
engine-transmission system for minimum fuel consumption as described 
before. It also permits vehicle acceleration at maximum engine
power and a greater smoothness in acceleration.

Another potential advantage of hydraulic drives is hydraulic 
braking and power regeneration. Indeed, a closed circuit hydro
static transmission as distinct from an open circuit transmission can 
reverse the power input. When the vehicle is decelerated or when the 
wheels are overrunning, the motor becomes a pump, and thereupon a 
potential source of power.

Hydraulic braking.
In a vehicle equipped with a conventional gearbox, braking can 

be performed by the brakes, the engine or a combination of both.
The braking torque provided by the engine is a function of the rate cf
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increase in its speed, its speed and, in some cases, the exhaust 
valve position. Besides having an adverse effect on the engine 
life time, engine braking generates a torque which is generally small 
compared with the torque provided during vehicle acceleration.

In the case of the hydrostatic transmission, there is another 
form of braking available : since the hydrostatic motor becomes a
pump when the wheels are driving the transmission, by setting tlie 
displacement of what was previously the pump, to zero, and by control
ling the level and rate of rise of the pressure in the line connecting 
the hydraulic motor to the pump by means of a control valve, any degree 
of hydrostatic braking can be obtained. The retarding torque obtain
able with hydrostatic braking is comparable with the vehicle 
accelerating torque. However, the drawback of hydrostatic drive is 
heat dissipation.

Power regeneration.

By suitable circuit design, some of the energy available during 
vehicle deceleration can be stored and fed back into the system at 
appropriate times. Cunningham, Jackson and McGillivray (30) have 
demonstrated that a converted Land Rover driven around Glasgow and East 
Kilbride in much the same way as a bus, showed fuel savings in excess of 
30 per cent. An important bonus is that energy storage should have a 
tangible effect on brake maintenance costs. However, the additional 
weight and complexity in tlie transmission system brought by power 
regeneration limit its potential use to a limited number of appli
cations .

Other noteworthy advantages result from the fact that power is 
transmitted by a fluid which is transported by pipes. A direct 
consequence is the design freedom which assists vehicle designers in 
ensuring optimum ground clearance, good visibility and good weight 
distribution.

Disadvantages.

267. The major disadvantages of hydrostatic drives for vehicle
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applications are :

i) The efficiency of hydrostatic transmissions is 
substantially less than that of mechanical transmissions and, 
furthermore, the torque-speed range over which reasonable efficiency 
is available, is limited.

ii) Hydrostatic transmissions require complex control systems.

iii) Hydrostatic transmissions have not yet reached a sufficient 
degree of development. This fact contributes to high initial costs 
and the lack of general knowledge of maintenance procedures and 
hydrostatic unit repairs.

Disadvantage i) can be partly remedied by combining hydro
static units with mechanical components with the view to taking 
advantage of their high efficiency. Hydromechanical transmissions 
will be described in the following section.

The major technological developments which are currently 
taking place in Hydraulics and Electronics are bound to alleviate 
disadvantages ii) and iii) in the future.
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INTRODUCTION

268. Because hydraulic and mechanical transmissions have comple
mentary advantages, iu is quite natural to combine them so as to 
improve the performance of either type.

For instance, while stepped-ratio mechanical transmissions are 
a cheap and well-established means for transmitting mechanical power 
at high efficiency, they offer only a limited number of ratios and, 
gear shifting, essentially manual, is generally accompanied with an 
interruption in the tractive force. The integration of fluid 
converters or converter-couplings normally leads to higher starting 
acceleration together with a reduction in the number of gear ratios 
and gear shiftings, resulting in a great simplicity and ease of 
operation. In particular, it permits semi or full automation of 
engine-transmission systems. However, because power is transmitted 
more efficiently mechanically than hydraulically, one prevailing 
design consideration will be the minimisation of power transmitted 
hydraulically both in proportion and in time.

Similarly, while hydrostatic transmissions are satisfactory for 
applications in which the control requirement prevails over that of 
efficiency, they are not suitable for vehicle applications requiring a 
highly efficient supply of power. The reason is that, in spite of 
allowing optimisation of the prime mover-transmission system for 
minimum fuel consumption, the efficiency of hydrostatic drives is 
noticeably less than that of mechanical drives. Because of the 
two power conversions involved, and since individual pumps and motors 
already achieve maximum efficiencies of the order of 96 per cent, 
further significant improvement is unlikely. More efficient 
transmissions can nevertheless be obtained by using them in 
conjunction with mechanical systems.

269. The ways in which mechanical systems can be combined with 
hydraulic drives may be classified in three categories : series 
connection, shunt connection and series-shunt connection.

In a serial arrangement, the gear ratios are inserted in the
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transmission line before, or after, the hydraulic drive and serves as 
a torque amplifier. Most combinations of fluid converters and 
couplings with mechanical transmissions are of this type.

An alternative method cf combining gearing with hydraulic 
drives is the shunt or split-torque arrangement. This arrangement is 
built around epicyclic or planetary gearing which directs the 
transmission input power into mechanical and hydraulic paths, enabling 
a proportion of the power to be transmitted mechanically at a higher 
efficiency, whilst retaining the variable ratio facility. Hydrostatic 
units are particularly well suited to shunt connections.

A series-shunt configuration is an arrangement in which tlxe 
hydraulic drive can be either connected in series or in parallel to 
the mechanical transmission. Switching over from one type of 
connection to the other is generally achieved by releasing a first 
clutch and simultaneously engaging a second clutch. This type of 
configuration is less common than the first two.

270. The nature of the control problems encountered when controlling 
hydromechanical transmissions is closely related to the type of 
hydraulic units used in conjunction with the mechanical systems.
Although all hydromechanical transmissions provide a continuously 
variable speed ratio, in some cases it is possible to adjust this 
ratio in a controlled manner, in others it is not. Except for the 
converters with scoop-trimming or scoop-control, hydrokinetic drives, 
e.g. torque converters or fluid couplings, on their own produce a 
power-speed characteristic that it is not possible to vary during 
operation. This means +-hat there can be no requirement for a 
system controlling the hydraulic drive. On the other hand, a 
control system may be associated with the rest of the transmission to 
program, for example, advantageous automatic shifts which ensure high 
driving performance and high economy. In contrast to hydrokinetic 
drives, hydrostatic transmissions are characterized by a continuously 
adjustable speed ratio. As transmission output conditions change, 
hydrokinetic systems automatically adapt their speed ratio to the 
new conditions whereas hydrostatic systems require a control system 
which senses the output conditions and adjusts the speed ratio, with 
a view to optimising the prime mover transmission system for given
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criteria if it is to be used to its best advantage. Since the 
transmission speed ratio is continuously adjustable, this 
optimisation will be much more refined than that of hydrokinetic- 
mechanical transmissions and, consequently justify much more 
sophisticated optimising techniques.

A number of hydromechanical transmissions will now be 
described in order to identify the problems associated with their 
control. Because of the dichotomy of the transmissions employing 
hydrokinetic elements and that using hydrostatic elements, each class 
will be presented in turn.

CONFIGURATIONS EASED ON CENTRIFUGAL TYPE HYDRAULIC UNITS.

Serial arrangement.
Semi-automatic transmissions

271. A typical arrangement is that consisting of a torque converter 
and a clutch combined with synchromesh gearbox. Examples include 
the ZF.Transmatic, the Fiat 300 and the Idiomeccanico (7). The 
lay-out of the ZF.Transmatic is diagraramatically illustrated in 
Figure 36. The fluid element used is a converter-coupling and
comprises an impeller, a turbine, a reaction member with a free- 
running element and a lock-up clutch. The impeller is driven by 
the engine and the turbine is coupled to the synchromesh gearbox input 
shaft via a hydrodynamic retarder and a shift clutch. As the 
vehicle is accelerated from rest, tlie converter-coupling operates as a 
converter. As vehicle speed increases, the converter torque decreases
from 2.5:1, its maximum value, to 1:1, when the torque converter 
becomes a fluid coupling, the reaction member commencing to free-wheel. 
As vehicle speed further increases, the relative speed between the 
impeller and the turbine decreases. When it is small enough (5-10 
per cent), the lock-up clutch is engaged and the following changes in 
transmission speed ratio are obtained by the synchromesh gearbox, the 
converter being by-passed. Provided that engine speed is less than 
a certain value, the lock-up clutch can be unlocked to provide kick- 
down boost in vehicle traction.

Because the converter-coupling period of utilisation is
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confined to the critical part of the starting phase, the increase in 
fuel consumption is relatively small. On the other hand, the 
torque conversion of 2,5:1 brought by the converter-coupling leads to 
a reduced number of gear ratios, together with a smoother vehicle 
acceleration during the starting phase.

This type of transmission is commonly referred to as semi
automatic, for the speed ratio is changed automatically during the 
starting phase and manually when the transmission is reduced to the 
synchromesh gearbox.

Fully automatic transmissions without tractive interruption.
272. The use of an epicyclic gear set in place of a synchromesh 
gearbox in a serial arrangement offers two advantages : i) it 
permits hot-shifts and ii) it facilitates full automation of the 
prime mover-transmission system.

Typical examples of such transmissions are the ZF KP 500 (31), 
the Allison MT 640 (1) and the transmission investigated by 
J.M. Myers (32) at Bath University.

273. The arrangement of the 4-speed version of the ZF HP 500 is 
shown in line diagram in Figure 37. The hydraulic part is identical 
to that of the ZF.Transmatic. The planetary gearbox, whose input 
shaft is coupled to the converter-coupling impeller via a hydrodynamic 
retarder, comprises 3 epicyclic gear trains, 3 fixed multi-dice 
clutches and 2 rotating multi-disc clutches. Speed ratio changes are 
achieved by selecting different combinations of engaged and disengaged 
clutches. The power pa^hs and the combinations of engaged clutches 
corresponding to the different modes of operation of the transmission 
are depicted in Figure 38.

Full automation of the speed ratio changes, which is highly 
desirable for city bus applications, normally results in relieving the 
stress placed by manual shift gearboxes on the driver, a better shift 
quality and a better management of the engine-transmission system for 
increased efficiency and longer service life. Automation of the- 
ZF HP 500 is achieved by an electro-hydraulic control system. An
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electronic module, based on IC chips and a digital system, programs 
the gear change points and overlap times of the clutches. The 
clutches are engaged and disengaged by electro-hydraulic actuators.
An example of installation of the automatically controlled ZF HP 500 
on a city bus is shown in Figure 39. The gear which is 
automatically selected is a function of vehicle speed accelerator 
pedal position and demanded operating range (Forward or Reverse).
Figure 40 depicts two examples of shift sequence. The engine speed- 
vehicle speed relationship when in first gear is characteristic of 
the fluid converter-coupling operation. In higher gears, the lock
up clutch is engaged and the vehicle speed is proportional to the 
engine speed between gear changes. The purpose of the hysterisis 
which can be observed between up and down shifts is to avoid the 
shift unstability which might otherwise occur when the steady-state 
operating point of the transmission lies in the vicinity of the gear 
change points.

274. The AT-MT-HT family of Allison automotive transmissions 
employs a hydraulic arrangement identical to that of the ZF HP 500 
and the same number of epicyclic gear trains and clutches for an
equal number of speed ratios. The two transmissions differ in the
configuration of their planetary gearbox and in their controls.
The 4-speed version of the Allison planetary gearbox is shown in line
diagram in Figure 41. Forward input to the three planetary sets 
of the gear train is provided through the rotating clutch designated 
FWD. The forward speed ratios are obtained by application of one 
of the clutches denoted by 1st, 2nd, 3rd and 4th. The rotating 
clutch FWD being disengaged, reverse range is obtained by engaging 
the rotating clutch 4tn and the stationary low range clutch 1st.

Engagement of the different clutches is achieved by means of 
hydraulic actuators. These actuators can be controlled either 
manually or automatically.

The control system which provides automatic shift is entirely 
hydraulic and comprises a hydraulic governor which senses transmission 
output speed, shift signal and clutch relay valves, an engine throttle 
modulator valve, an inhibit valve, clutch trimmer and trim boost valves
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and a lock-up clutch valve. The way in which these components are 
arranged is shown in Figure 42.

The points at which gear changes take place are a function of 
vehicle speed and throttle setting. The vehicle spee^ is sensed by 
the hydraulic governor, and the throttle setting by the modulator 
valve, and the two pressure signals are fed to the shift signal valves, 
which initiate the shift from one range to another. The governor 
pressure, augmented by the modulator pressure, works at the head of 
these valves and is balanced by pre-selected springs. When the 
pressure force becomes greater than the spring force, a shift is 
initiated. Separate shift valves with a specific spring and relay 
valves are provided for each clutch. The clutch relay valves are 
hydraulically interlocked to eliminate the possibility of applying two 
range clutches simultaneously.

The purpose of shift modulation is to modify the vehicle speeds 
at which shifts take place, according to the throttle setting so as to 
have full throttle downshifts set at speeds which prevent engine 
lugging while closed throttle shifts are at minimum engine speed in 
order to improve fuel economy, reduce engine noise level, and to 
minimise the energy involved in the shift. If, for instance, the 
modulator pressure is inversely proportional to the throttle setting, 
an increase in throttle setting will cause a reduction in modulator 
pressure and the governor pressure must increase to force the shift 
v a l v e  to shift. The overall effect of the modulator on shift points 
as a function of governor pressure and vehicle speed is shown in 
Figure 43. During vehicle acceleration, the maximum rate of 
acceleration will be obtained by widely opening the throttle while 
minimum fuel consumptJ-on will correspond to an appropriately partly 
closed throttle.

The function of the inhibit valve (refer to Figure 42) is 
to prevent inadvertent manual downshifts at speeds which would damage 
the drive train, e.g. selection of too low a range leading to grossly 
overspeeding the engine.

The function of the trimmer valve which is provided for each 
of the clutches is to improve shift smoothness and quality by
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regulating a programmed pressure rise at the on-coming clutch. To 
further enhance the programmed clutch pressure rise, the initial trim 
pressure level is varied by the trim boost valve in proportion to engine 
throttle setting.

The lock-up shift valve controls the automatic shift from 
converter to lock-up. This valve is itself controlled in position 
by the governor pressure augmented by the modulator pressure which acts 
against its spring thereby providing the same engine throttle modulation 
as for the range shifts.

275. The engine-transmission system investigated by Myers (32) at 
Bath University was provided by British Leyland Truck and Bus for 
comparison between experimental and predicted results, as a typical 
passenger engine-transmission system. It consists of a Leyland 520 
turbocharged diesel engine coupled to a pneumocyclic compound epicyclic 
gearbox via a fluid coupling unit. The compound epicyclic gearbox 
(Figure 44), with its five epicyclic gear trains compounded together in 
the conventional 'Wilson' configuration to give five forward ratios plus 
reverse, typifies the semi-automatic systems presently used in most 
British road passenger vehicles. It is also used in fully automatic 
form. The forward top gear is obtained by engagement of the only 
rotating clutch. The reverse gear, the forward low gear or any of 
the forward intermediate gears are obtained by the application of their 
corresponding stationary clutch. Stationary clutch (or brake) and 
rotating clutch actuations are achieved pneumatically via individual 
mechanical lever mechanisms.

This engine-transmission system can be automated in a way 
similar to that adopted by either Detroit Allison Corporation or by 
Zahnradfabrik Friedriuhshafen.

Shunt arrangement.

276. Shunt arrangements, also known as split-torque or 
differential arrangements, are generally based on the property of 
epicycling gearing to add algebraically speeds of its various 
inputs and outputs, and consequently powers. In fact, if a simple
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epicyclic gear train if considered, it can operate in three modes :

i) two inputs and one output

ii) one input and two outputs

iii) one input, one output and one reaction member

+ 301)2 = Yü)g yw yui

This three-element epicyclic gear train operating in the first mode 
can be used to split a power path into two paths. Similarly, when 
operating in the second mode, it can be used to tie two paths together.

When combined with the usual torque-converter, it is used as a 
torque divider when located in front of the converter (Figure 45a) and 
as a torque combiner when located behind it (Figure 45b) (33). In the
former case, one of the epicyclic gear members is connected to the trans
mission input while the second member drives the impeller of the torque 
converter and the third member is coupled to the transmission output 
shaft which is also connected to the turbine of the converter. In the 
latter case, one of the gear members is connected to the transmission 
output shaft while the second member is driven by the turbine of the 
torque converter and the third member is coupled to the shaft common to 
the transmission input and to the converter impeller.

These two combinations form the basis for many others, leading 
to designs of widely ranging complexity.

Compared with the serial arrangement, the shunt arrangement of 
hydrokinetic elements and epicyclic gearing, by generally providing a 
mechanical power path in parallel to the hydrokinetic path, leads to a 
greater efficiency. A disadvantage, however, is that the stall
torque ratio is lowered and the speed range is reduced. Two examples
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of such arrangements are the Voith DIWA transmission, type D851 (34) 
and (35), and the *Barske' transmission simulated by Huckvale (36).

In some cases, an epicyclic gear train can be combined with 
hydrokinetic elements in a shunt arrangement so as to tie two 
hydraulic power paths together, the final objective being an increase 
in converter maximum torque ratio and speed ratio. An example of 
such an arrangement is the Renk Doromat transmission (34) which has 
been specially developed for city and suburban buses. The chief 
advantage of this arrangement is that the resulting wide converter 
operating range leads to a very simple epicyclic gearing and few 
speed ratios (3 in the case of the Renk Doromat). However, a
grave consequence is the substantial deterioration in vehicle fuel 
consumption.

Hydraulic-hydraulic torque-splitting : the Renk Doromat
Transmission.

277. With this transmission design, the accent is on simple 
mechanical design and a low shift frequency during driving. The 3- 
speed version which is shown in line diagram in Figure 46 consists 
of a two-step single phase torque converter coupled to a simple 
epicyclic gearbox. As the vehicle is accelerated from rest, the
torque converter operates over the first half of the speed range and 
is then by-passed by the lock-up clutch. The operation cf the torque 
converter is divided into two parts. During the first part, the 
reaction member is allowed to rotate and its reaction torque is 
reversed via the first epicyclic gear train and added to the turbine 
torque. With this hydraulic-hydraulic power splitting, a torque 
multiplication of approximately 6:1 is obtained. At a pre
determined speed ratio of impeller to turbine, the reaction member is 
stopped in rotation by application of its associate brake and the 
operation of the converter enters its second part. If the 
transitory speed ratio is judiciously selected, the change-over will 
not be accompanied with any variation in engine loading. At the 
end of its operating range, the converter is by-passed by the lock-up 
clutch and power is transmitted entirely mechanically.

Another feature of the transmission which contributes to a
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simple design is that the converter can also be used for braking.
Two levels of braking torque can be achieved by the following two 
combinations: i) low brake torque : converter impeller coupled
and reaction member stationary, ii) medium brake torque : converter 
impeller coupled, reaction member rotating in opposite direction via 
the first epicyclic gear train. These two combinations correspond 
to the two raoaes of converter operation.

Hydraulic-mechanical torque-splitting.
Voith DIWA transmission, type D851.

278. The most extensively used automatic transmission in European 
city buses is the Voith differential-torque converter transmission 
based on the hydrodynamic-mechanical power splitting principle (34).
The arrangement of the 3-speed version together with the power flow 
paths corresponding to the different gear selections are shown 
diagrammatically in Figure 47. The power splitting is obtained 
through the epicyclic gear train located in front of the torque 
converter. The epicyclic gear train input, the ring gear, is 
coupled to the engine. The power on the planet carrier is transferred 
mechanically to the transmission output shaft, while that on the sun 
gear is transmitted hydrodynamically via the torque converter (Figure 
47b). This torque converter features an axial turbine which, because 
of the epicycling gearing arrangement, rotates in a direction opposite 
to that of the impeller. The power transmitted via the torque
converter is combined with the power transmitted mechanically to the 
output shaft by the epicyclic gear train located just behind the 
converter.

The ratio of power transmitted hydrodynamically to that trans
mitted mechanically is a function of vehicle speed. As vehicle speed 
increases from zero, the proportion of power transmitted mechanically, 
which was zero initially, increases and less and less power is trans
mitted hydrodynamically. When the power transmission becomes purely
mechanical, at approximately 40 per cent of maximum vehicle speed, the 
converter is by-passed by clamping the impeller shaft. This results 
in a different soeed ratio.
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Because of the differential arrangement, the operation of the 
contra-rotating torque converter is characterized by a high degree 
of efficiency over a wide speed range at the higher speed end.

As in the Renk Doromat transmission, the converter can also be 
used to brake the vehicle. Braking in 2nd gear and in 3rd gear is 
illustrated by Figures 47g and 47f. The heat released in the
converter during braking is dissipated via a heat exchanger.

A 4-speed version, the D854, can be obtained by introducing a 
further epicyclic gear train in front of the torque converter. This 
enables the transmission to be employed in both city and intercity 
buses with top speed of 80-110 km/h.

The Voith DIWA transmission type D851 is fully automatic. Full 
automation is achieved by means of an electronic-hydraulic control system 
very similar, in principle, to that of the ZF HP 500 or the Allison D640 
transmission. An electronic unit programs the automatic shift 
operations for high economy and high driving performance. The automatic 
upshifts and downshifts are not only a function of vehicle speed, but can 
be influenced by the accelerator pedal position so that they are induced 
at a lower or higher vehicle speed, depending on the operating state of 
the engine. Moreover, by depressing the accelerator pedal past the 
full-throttle setting (kick-down), 1st and 2nd gears can be retained 
for higher speeds. In order to avoid any shift hunting, the downshift 
vehicle speeds are lower than that of the upshifts corresponding to the 
full throttle. The converter brake is normally controlled ny the 
vehicle brake pedal. However, a handlever C c in  be used alternatively 
for continuous braking.

Barkse transmission.

279. Another transmission based on the hydrodynamic-mechanical torque- 
splitting principle which, although it has not reached the production 
stage yet, has promising features in terms of output torque, efficiency 
and simplicity, is the design proposed by Barske and simulated by 
Huckvale at Bath University (36). This transmission is shown in 
Figure 48. It consists essentially of an epicyclic gear train
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combined with a hydrokinetic drive in a shunt arrangement. The 
hydrokinetic drive comprises a high speed centrifugal pump which 
drives a positive displacement gear motor. The transmission input 
is the planet carrier shaft and is coupled to a speed governed prime 
mover. Power coming from the prime mover is directed into a 
mechanical path via the ring gear and a hydrodynamic path via the sun 
gear. This sun gear is directly coupled to a single-stage centri
fugal pump impeller. This impeller is of open bladed construction 
which is shrouded by a member that is free to rotate independently of 
it. The purpose of the shroud is to reduce the windage friction 
losses of the pump impeller to more acceptable proportions. The 
oil, set in motion by the pump impeller, passes through one or more 
diffusers, on to the working faces cf the gear motor which is 
coupled through transfer gearing to the output shaft. After passing 
through the motor, the oil is piped back directly into the eye of the 
pump impeller.

The operating characteristics of the gear motor can be made 
similar to that of a two-speed radial-piston Foclains motor (22) by 
connecting and disconnecting an auxiliary gear motor also coupled to 
the output shaft. This auxiliary motor is shown dotted in 
Figure 48. A control valve may be used to regulate the oil flow 
so as to cut the motor in and out at pre-determined output speeds, 
thereby providing high output torques at starting and lov/ output 
shaft speeds.

The chief advantage of this type of transmission is the 
simplicity of the control system required. This simplicity is due 
to the ability of the transmission to meet changing load conditions 
automatically. Apart from the auxiliary control valve, the only 
driving control available to the driver is the engine speed.

On the other hand, this design entails great care to match 
the various components. In particular, the shape of the maximum 
torque curve for the engine has a profound influence on the operational 
range of the transmission. In fact, this aspect of component 
matching, and others, can be related to the property of the transmission 
to automatically compensate for increasing load conditions by slowing
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up, when the engine speed is maintained constant. This can be 
illustrated by considering a vehicle travelling at constant speed and 
meeting a hill. If the engine speed is fixed, the output shaft 
torque must be increased. This torque increase can only be met by 
a corresponding increase in hydrostatic pressure to the gear motor. 
This, however, is only possible if the centrifugal pump speeds-up, 
causing a reduction in output shaft speed. This means that, in 
order to keep the vehicle speed constant when meeting a hill, the 
engine speed must be increased, even if the engine could meet the new 
load demand before being speeded up.

CONFIGURATIONS BASED ON ONLY POSITIVE DISPLACEMENT HYDRAULIC UNITS.

280. Hydromechanical configurations based or only positive dis
placement hydraulic units, in contrast to that based on hydrokinetic 
elements, are seen as improved versions of hydrostatic drives rather 
than as improved mechanical systems. This explains why mechanical 
and hydrostacic elements are invariably arranged in shunt or shunt- 
series configurations. Indeed, whilst hydrostatic drives offer 
many advantages, e.g. a steplessly variable speed ratio transmission 
resulting in the possibility of matching the load to the prime mover 
accurately and of optimising the engine-transmission system for 
given criteria such as minimum fuel consumption, they are substantially 
less efficient than mechanical transmissions and the range over which 
they can operate at a relatively high degree of efficiency is limited. 
Hydromechanical configurations have been chiefly developed to alleviate 
these shortcomings by providing an additional path where a proportion 
of the prime mover power is routed to be transmitted mechanically at 
higher efficiency.

Since power is transmitted mechanically much more efficiently 
than hydraulically, the main objective will be to maximise the pro
portion of power transmitted mechanically. When a single epi-cyclic 
gear train is combined with a hydrostatic drive, this proportion is 
limited due to the fact that the ratio of output speed variation 
available is a function of the amount of power which can be 
transmitted hydraulically (37). A decreased hydraulic power 
results in a decreased speed
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range. From that, it can be seen that hydromechanical designs will 
be a compromise between high efficiency and simplicity.

Apart from the reduction in the output speed range and the 
output torque multiplication, mechanical compounding does not alter 
the basic characteristics of pure hydrostatic drives, namely a step
lessly variable speed ratio and the possibility of controlling it.
In fact, it can even be said that the general idea behind hydrostatic- 
mechanical transmissions is to exploit the capability of hydrostatic 
drives to force the prime mover to operate at optimum speeds and the 
property of mechanical drives to convey power at high efficiency, so 
as to provide an interface between load and prime mover which would 
lead to an improved version of the power plants presently available.

281. The conditions which must be met in order to get the most 
efficient power plant are essentially i) the various components must 
be of the best quality ii) they must be appropriately sized and 
matched, in an optimum arrangement, and iii) owing to the fact that a 
demanded output shaft condition can be met with a wide range of prime 
mover operating conditions, the control system must be capable of 
selecting the optimum one for maximum overall system efficiency.
While the first condition is primarily a function of the technology 
presently available and unit costs, meeting the other conditions 
ii) and iii) is the transmission designer's responsibility. The 
problem of optimising both a) the component size and arrangement and 
b) the operating conditions, that faces the transmission designer is 
very complex. Its complexity can be illustrated by the following
simple iterative method which could be devised to solve it :

i) select one arrangement and the size variables

ii) optimise this transmission for minimum fuel consumption
for the duty cycle considered

iii) change one of the parameters referred to in i) and
repeat ii) and iii) until optimum transmission is found.

However, solving it is an essential requirement if maximum 
efficiency is to be achieved. In the case of just the optimisation
of a given arrangement of components of given size, Bowns et al (38)
have shown that an optimised and a non-optimised engine-transmission
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system could differ in overall efficiency by a value in excess 
of 10 percentage points.

Although many other combinations of hydrostatic units and 
epicyclic gears are possible, including split-tcrque and split- 
speed systems, the two hydromechanical transmissions which will 
now be described, namely the shunt transmission and the dual mode 
transmission, typify the geared shunt transmissions which have 
been developed so far. Together with the description, will be 
given an indication on the criteria guiding the choice of the 
components and of their arrangement, as well as those governing the 
optimisation.

The shunt transmission.

282. A typical gear shunt transmission is shown diagrammatically 
in Figure 49. The engine drives the input shaft which is 
connected to the annulus of a fully floating epicyclic gear train 
and the output is taken from the planet carrier. The hydrostatic 
transmission is connected between the epicyclic sun gear and the 
output shaft.

The variation of the output shaft speed relative to the 
input shaft »peed, i.e. the planet carrier speed relative to the 
annulus speed, is achieved by adjusting the speed ratio of the hydro
static drive (in other words, the ratio of sun gear speed to
annulus speed). A consequence of adjusting the hydrostatic drive 
speed ratio is that it alters the proportion of the engine power 
which is taken directly by the gears to that which is transmitted 
through the hydrostatic drive. This can be illustrated by 
considering the case when all the epicyclic gear train shafts rotate 
in the same direction. If the engine speed is kept constant, the 
annulus speed is constant and any increase in output shaft speed 
(planet carrier speed) can only result from a reduction in sun gear
speed. This is obtained by reducing their ratio ttirough the
hydrostatic drive. Because of the gear arrangeaient, the reaction 
torque on the sun gear provided by the pump is always proportional 
to engine torque. For constant engine power at constant engine



119

speed, an increase in output shaft speed will therefore cause a 
reduction in the amount of power transmitted hydraulically, as long 
as the three epicyclic gear train shafts rotate in the same 
direction.

283, In fact, an interesting operating point is the point where 
the sun gear speed is zero. This occurs when the motor is at zero 
displacement, the pump being at some displacement different from 
zero. In this locked reaction mode (37) no power is transmitted 
hydraulically and the transmission is operating at maximum efficiency. 
However, owing to the hydraulic losses generated by the existence of 
the hydraulic pressure necessary to create the reaction torque on the 
sun gear, the transmission system is not entirely equivalent to a 
purely mechanical transmission.

This 'nul point' or all-mechanical point of operation (39) can 
be made to correspond to a given transmission ratio by appropriately 
choosing the gear ratios of the epicyclic gear train. The value of 
the 'nul point' transmission ratio and the size of the hydraulic units 
are determined by the duty cycle. If the objective is to minimize
the quantity of fuel burnt over a given duty cycle, they will be given 
the values which lead to the engine-transmission system whose 
optimised form consume the least fuel over the cycle.

This 'nul point' also marks the transition between a non- 
recirculative mode and a recirculative mode of operation. In the 
non-recirculative mode of operation, power flows in both the 
mechanical and the hydrostatic branches from the engine to the output 
shaft and the total power transmitted is the sum of the power trans
mitted mechanically and that transmitted hydraulically. At the 
'nul point', all the engine power is conveyed along the mechanical 
path only. As output shaft speed is further increased, the sun 
gear rotates in an opposite direction. Since the sun gear torque
is proportional to engine torque, the hydraulic power changes of 
sign and the hydraulic branch now conveys power from the output shaft 
to the engine. As a result, more power than is actually produced
by the engine is transmitted in the mechanical path, the difference 
between the two being the power which recirculates in the transmission.
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This mode of operation is much less efficient than the non- 
recirculative mode and is consequently limited in practice to the 
vicinity of the 'nul point'.

284. The advantage of combining a unique epicyclic gear train, 
with a hydrostatic drive in a shunt arrangement is that transmission 
efficiency can be substantially improved while the transmission 
system remains relatively simple in design and continues to exhibit 
the basic properties of a hydrostatic drive, namely, possibility of 
optimisation of the engine-transmission system, hydraulic braking, 
hydraulic power regeneration and ease of control.

Transmission efficiency can be further improved by reducing 
the proportion of power transmitted hydraulically to that trans
mitted mechanically. Since a reduction in this proportion leads 
to a decrease in the range of overall transmission speed ratios 
(refer to 280) , the use of smaller hydrostatic units entails 
additional gearing or gear ratios. Gearing can be added in the 
form of a stepped-ratio gearbox (39). Alternatively, more 
epicyclic gear trains can be used. An example of a multi-epicyclic 
gear train transmission is the double differential system manufactured 
by Lucas Aerospace (21). This system i«̂ shown diagrammatically i n 
Figure 50. The prime mover drives the rings of the two epicyclic 
gear trains. The hydrostatic drive is connected between the two 
sun gear shafts. The two hydrostatic units which make up the hydro
static drive are variable displacement units. In contrast to the 
shunt arrangement based on only one epicyclic gear train, the double 
differential has two all-mechanical points of operation instead of 
one. These occur when either one of the two units is at zero dis
placement and the other is at some displacement different from zero.
As a result, the range of transmission speed ratios over which a 
high degree of transmission efficiency can be maintained is much 
wider than in the case of the shunt arrangement exhibiting a unique 
operating point of maximum efficiency.

The Dual Mode Transmission.

The hydromechanical transmission developed by the Sundstrand
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Corporation (40) is a single differential shurt transmission whose 
mechanical branch can be disconnected to provide a mode of 
operation entirely hydrostatic. This mode of operation is 
assigned to low vehicle speeds and synchronously shifts into a 
hydromechanical mode as vehicle speed is increased to a pre
determined value. Switching over from one mode to the other is 
accomplished by means of two clutches.

The provision of an extra mode of operation, which requires 
only two clutches in addition to the basic shunt arrangement, 
enables the range of transmission speed ratios to be widened.
Conversely, small hydrostatic units can be selected for the same
range of transmission speed ratios.

The basic layout of the system is shown in Figure 51. The 
engine drives the planet carrier of an epicyclic gear train through 
a clutch (B), and also drives the annulus through a first gear train, 
the hydrostatic drive and a second gear train. The output is taken 
from the sun gear which may be locked to the annulus by means of a 
second clutch (A). Of the two hydrostatic units, only tlie unit 
nearer the engine is of the variable displacement type.

At rest, the variable displacement unit is set to zero dis
placement. Clutch (B) is disengaged and clutch (A) is engaged.
The vehicle speed is increased by increasing the displacement of the
variable unit, up to its maximum value. Over this range of vehicle
speeds, the transfer of power is entirely hydrostatic. When tlie 
variable displacement unit is set to maximum displacement, the 
capacities of the hydrostatic units and the gearing are such that 
elements of the mechanical branch on both sides of the clutch (B) 
rotate virtually at the same speed. A synchronous mode change from 
hydrostatic to hydromechanical can now be obtained by engaging 
clutch (B) and disengaging clutch (A). The vehicle speed is then 
further increased by decreasing the displacement of the variable 
unit to zero. At this point, the power is transmitted entirely
mechanically. A noteworthy remark is tliat up to this point, the
hydraulic power flows from the output shaft to the engine and the 
transmission operates in a recirculative mode. The vehicle speed
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is increased beyond this point by increasing the displacement of 
the variable unit negatively. Under these operating conditions, 
the engine power flows in both hydraulic and mechanical branches 
in the same direction.

According to Ross (40), the hydromechanical transmission 
schematic is a compromise between first cost and efficiency.
Indeed, while reducing the amount of power transmitted hydraulically 
increases efficiency, it also requires more modes, more clutches, 
more shafts and more control complexity, resulting in higher first 
cost.

Another variable in the hydromechanical design is the number 
of variable displacement and fixed displacement hydrostatic units 
to be used. The simplest and cheapest way is to use one variable 
and one fixed displacement unit. For every additional variable 
unit, a control acuator and control logic must be added to the system. 
More than two hydrulic units require more gearing and often load 
division controls.

Another choice to be made regarding the transmission design 
is the type of the units making up the hydrostatic drive. Sundstrand 
Corporation decided to employ axial piston units featuring a rotating 
cylinder block on the grounds that tlney optimise the following 
criteria ; good efficiency, simplicity to package, long life and 
low first cost.

The control system used in conjunction with the Sundstrand 
dual mode transmissiun features four functional modules which 
respectively provide startup, driving-braking, mode change and 
protective or limiting controls.

The module which plays a key role in the overall vehicle 
performance is the driving-braking controller. Its block 
diagram is shown in Figure 52. Its principle of operation is 
identical to K. Reid and N. Woods' fluidic controller and to 
T. Adeoye's electronic controller (refer to 253 and 264 respectively). 
The position of the driver's accelerator pedal which controls the
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amount of fuel injected into the engine is fed into a function 
generator. The signal delivered by the function generator is then 
compared with the actual engine speed. The resulting error signal 
is used to adjust the variable unit displacement until the two 
signals coincide. The function generator which establishes a near
optimum relationship between engine speed and fuel control setting 
for minimum fuel consumption, consists of a simple cam. The cam 
profile is derived from the fuel consumption map of the engine and 
the operation of the fuel controller. The aim of the Sundstrand
scheduled optimiser is not to provide a very refined optimisation 
but generally to reduce the engine speed for part-load operation so 
that it follows more or less its line of maximum efficiency.
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FIGURE 25 : INTERNAL GEAR PUMP 
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FIGURE 27 : VANE PUMP,
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I ns t a l l a t i on  example  for  a ci ty bus

1 Program control switch
2 Electronic ZF automatic module
3 From compressed air reservoir
4 Solenoid valve for hydraulic storage (retarder)
5 Cooling water connections
6 Solenoid valve for retarder actuation
7 Compressed air line for retarder control 

(optionally by items 8 and /  or 13)
8 Foot pedal brake valve for retarder or service brakes
9 Electric terminal for remote thermometer

10 Mechanical linkage for gearbox oil pressure modulation
11 To fuel infection pump
12 Kick-down switch at accelerator
13 Hand lever valve for retarder actuation
14 Terminal of vehicle electrical circuit (2^ volt)
15 Electric terminal for starter interlock

neutral position switch 
reversing light relay 
kick-down switch

FTGURE 39 : EXAMPLE OF AM INSTALLATION OF AN AUTOMATICALLY-CONTROLLED ZF 
TRANSMISSION HP 500 ON A BUS.
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FIGURE 41 ; /ILLISON MT 640 4-SPEED PLANETARY GEARBOX



156

ê à
INHIUIT
VALVE

MAIN

INHIBITL_
•XI

MAIN

TRIM  BOOST 
VALVE

seconiA ^
C L U T C H  : THIRD

CLUTCH
CLUTCH RELAY 

VALVE
SHIf-T
VALVEEX

GOVERNOR OUTPUT

HYDRAULIC
GOVERNOR

VALVE ACTUATOR
MAIN

FIGURE 42 : ALLISON MT 640 HYDRAULIC CONTROLS
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f i g u r e 43 : EFFECT OF MODULATOR PRESSURE ON SHIFT POINTS.
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FIGURE 44 : SCHEMATIC CROSS-SECTION OF THE LEYLAND FNEUMOCYCLIC 
EPICYCLIC GEARBOX.
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output shaftinput shaft
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FIGURE 46 : SCHEMATIC ARRANGEMENT OF THE 3tSPEED RENK DOROMAT 
TRANSMISSION D 873.

A: EPICYCLIC DIVISION

B: EPICYCLIC COMBINATION

FIGURE 45 : BASIC EPICYCLIC SPLIT-TORQUE ARRANGEMENTS
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FIGURE 47 : BASIC ARRANGEMENT AND POWER FLOW DIAGRAM OF THE VOITH DIWA 
TRANSMISSION TYPE D 851.
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FIGURE 49 : SHUNT HYDROMECHANICAL TRANSMISSION.
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FIGURE 50 ; LUCAS AEROSPACE DOUBLE-DIFFERENTIAL HYDROMECHANICAL 

TRANSMISSION.
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FIGURE 51 : SUNDSTRAND DUAL MODE HYDROMECHANICAL TRANSMISSION.
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CONTROL MODULE.
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REVIEW AND CLASSIFICATION OF CONTROL PROBLEMS

VEHICLE DRIVER'S CONTROL

301. Vehicle drivers' controlling function is to steer the vehicle 
and adjust its speed to road and traffic conditions. Vehicle 
steering is generally achieved by rotation of a steering wheel which 
causes one set of wheels to form an angle with the other sets, 
thereby imparting road reaction forces to the vehicle. The vehicle 
speed is adjusted by controlling a prime mover-transmission system 
whose function is to provide the driving wheels with the torque 
required for safe and satisfactory vehicle driving.

Vehicle steering and speed controls are comparative : e.g. 
when controlling the vehicle speed, the driver anticipates by how 
much he must increase or reduce it and controls the prime mover and 
transmission accordingly. Vehicle speed can be controlled directly 
or indirectly. In the direct control, the propelling system control 
variable is its output speed, in the indirect control, it is its 
output torque. Because the control of vehicle speed is comparative,
a torque control system can be regarded as a power control system : 
any variation in torque leads to a change in power equal to the 
torque variation times the actual speed.

Vehicle speed control system.

302. As seen above, the vehicle speed can be controlled directly, 
i.e. the input and the output variables of the control system 
associated with the propelling plant are the demanded and the actual 
vehicle speeds respectively. Hence the following block diagram :

VEHICLESPEED
CONTROLLER

ENGINE
TRANSMISSION
SYSTEM

vehicle speed control system
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An example of a propelling plant controlled in this way 
is the engine-transmission system consisting of a speed-governed 
Diesel engine driving a stepped-ratio mechanical gearbox operating 
at a fixed gear ratio. When the driver depresses the vehicle 
accelerator pedal, he actually demands an engine output speed.
Since vehicle speed is proportional to engine speed at a fixed gear 
ratio, this control system can be considered to be a vehicle speed 
control system.

However, owing to the fact that a demand for a higher 
vehicle speed leads very often to a greater engine power, this control 
system could be loosely regarded as an engine power control system.

Transmission torque control system

303. The vehicle control system can be reduced from the vehicle 
speed control system afore-mentioned to its internal torque loop if 
the speed controller function is realised by the driver. With this 
new system, the driver, instead of demanding a vehicle speed, directly 
demands the transmission output torque that will yield both the 
desired vehicle speed and the desired vehicle speed gradient.

TORQUE
CONTROLLER

ENGINE
TRANSMISSION
SYSTEM

Ttransmission oul’pul’

TRANSMISSION TORQUE CONTROL SYSTEM

An example of transmission torque control systems is the 
control system of an engine-transmission system comprising a petrol 
engine driving a stepped-ratio mechanical gearbox, when the transmission 
operates at a fixed gear ratio. By depressing the vehicle accelerator 
pedal, the driver controls tlie throttle opening to which corresponds a 
unique value of trcinsmission output torque for a given vehicle speed.
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Therefore, the driver's action onto the accelerator pedal can be 
considered as a demand of transmission output torque which can be 
referred to as the indirectly controlled variable.

Before starting a thorough and detailed study of tlie 
components composing those two loops, it is necessary to examine 
the vehicle response requirements.

VEHICLE SPEED RESPONSE REQUIREMENTS.

304. Safety reasons dictate that the vehicle speed response must 
be as fast as possible, which necessitates a vehicle acceleration 
to be as high as possible. Vehicle acceleration is proporhonai

("0 the difference between the transmission output torque and 
the resistance torque divided Vbe :

V (T - T )onrt transmission output resistance

When designing the control system, provision must therefore be made 
for the transmission to be capable of providing the maximum potentially 
available output torque at any given vehicle speed. Not only must, 
the vehicle acceleration (or deceleration) be as high as possible, but 
so must be the acceleration gradient. The following graph will help 
understand it :

2^ X vehicle acceleration 
^ at time t

'r- time
GRAPH OF GREATEST VEHICLE ACCELERATION

The transmission output torque and the resistance torque are plotted 
against time. At time t=0, the transmission output torque is T^^

The acceleration is equal toand the resistance torque is T .r i
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V =
- \. = k m (T . - T .). The fastest vehicle speed response is 

1 oi ri
suddenly required. At time t, the vehicle speed will be

t
V  = V. + —

1 m (T - T )dttransmission resistance

-̂ o y t.

(T  ̂ . . -T .  ̂ )dtmtransmission resistance

y

The vehicle speed at time t can only be maximised if the trans
mission output torque is brought to a maximum in the shortest time.

305. The part played by transmission torque transient time in vehicle 
speed response is tied with the ratio of prime-mover power to vehicle 

On a racing car, where this ratio can be as high as 
kW/ton, an improvement in transmission torque transient character-

gross weight. 
750

istics will be desperately sought because the vehicle speed response is 
very sensitive to it, the ratio of torque transient time t^ to the time 
t^ when maximum vehicle speed is reached being high.

CO

GRAPH OF GREATEST VEHICLE ACCELERATION FOR A RACING CAR

The graph of vehicle acceleration response to a step of torque 
demand of maximum magnitude for a 42-ton vehicle is quite different:

Ü77

GRAPH OF GREATEST VEHICLE ACCELERATION FOR A HEAVY-DUTY VEHICLE
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The ratio of t^ to t^ is much lower due to the much lower
ratio of prime-mover power to vehicle gross weight which is about 
240
~~22 kW/ton for a normally powered 32-ton vehicle.

While on a racing car a lot of effort and ingenuity will be 
focussed on achieving complete minimisation of transmission torque 
response time, such a degree of absolute refinement is not so crucial 
on heavy-duty vehicle and a control system causing the transmission 
to show good transient characteristics may be acceptable even though 
it does not minimise the transmission torque response time.

CONTROL AND OPTIMISATION CONSIDERATIONS.

One-variable control systems

306. When, for a given output speed, the transmission output torque 
depends only on one variable, the amount of fuel injected per 
combustion cycle for example, the control problem is relatively 
simple : the function of the control system is to change the fuel 
rack position FR from FRl to FR2 in such a way that the torque value 
is brought from T^ to the demanded value T^ in the shortest time.

Engine-transmission systems featuring such control systems are 
the systems with stepped-ratio transmissions. For, in general, there 
is only one transmission speed-ratio which can meet the torque require
ments. When this is not the case, a kick-down action is required *

N-variable control systems

307. When, for a given output, the transmission output torque is a 
function of more than one variable, controlling the transmission is 
much more difficult and it can be broadly said that the complexity of 
the control problem increases with the factorial of the number of 
independent controllable variables.

All the propelling plants with continuously adjustable speed 
ratio transmissions, fall into this category.
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Let ... v̂ ,T,tû) = O be the mathematical function
which relates the output conditions T and w, and the n controllable
variables ... to one another.

This function is the mathematical model of very complex units 
put together, e.g. a diesel or petrol engine and 2 hydraulic units.
Consequently, its order is very high, so that that it is almost
impossible to know it analytically.

Practically, g ( ) is evaluated at discrete values of 
v^, v^, ... v^, T and w by means of either a mathematical model or a 
test rig of the engine-transmission system.

In order not to bring any limitation to the choice of these 
discrete values and because mathematical theorems and properties can 
ne more readily applied, the mathematical study of this function will 
be based on its continuous form rather than on its discrete form.

Mathematical considerations.

308. Some of the problems encountered in controlling a n-variable 
engine-transmission system can be highlighted by the following 
mathematical considerations ;

i) since g(v^, v^, ... v^, T,co) = O holds true at all times, 
its first derivative with respect to time is always equal to zero :

but
dg m \ - ^  ^^i 9 g ^^n
dt (^l'^2''''^n' 9v dt "  8v. dt “  9v dt

1 1 n

9g dT 9g dm
9T dt ^ 9w dt

Thus,
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If “âT If.'dI +---+ I f I f  - ° Equation (1 )
1 i n

The implications of this equation will be discussed later,

ii) The following block diagram is common to all engine- 
transmission systems :

h inpuh 

conhrollable 

Variables

Torque disVu'-banceîj

Where T̂to is the transmission output torque

^road is the resisting torque

“to is the transmission output speed

^vehicle is the vehicle speed

m is the vehicle mass.

iia) The following relation therefore applies to all engine- 
transmission systems :

'\o - Tfoad'at

iib) * After steady-state operating conditions have been reached
(ŵ  (t) =cste, T (t) = T _(t)), the sine qua non condition for any to to road
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change in the transmission output speed is thaL: either T or TuO 2roâCi
oust change first.

** The maximum value of the first derivative of T , with 
dTrespect to time road is much lower than thie achievable value of

dTto
dt

dt

dT dT— road maxi << rr-to maxi dt dt

All this results in that any swift increase of vehicle speed
can only be achieved by a swift increase of up to its maximum value

dT
1 ) *r— to maximumat

T2) to maximum <=> g (V , ,..v ,T .,w) = OAm Ï1 rriflxi.

dTiic) Before investigating how — to can be maximised mathematically, 
it seems judicious, at this stage, to query the importance of its 
contribution to the speed response of a heavy-duty vehicle.

In order to quantify this contribution, let us consider a 
simplified but typical graphical representation of the tractive and 
road resisting forces plotted against the speed of a 32-ton lorry which 
is accelerated from rest to its maximum forward speed.

u

6000 -

r o o d

32-ton LORRY FORWARD SPEED
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Let us assume that it takes two seconds to increase the 
tractive force from zero to its maximum value (transmission output 
torque transient time). Then the value of v^ will be :

rt

h  “ m / '®'t ■ 48000 d t  = 1,33 m/s

This cursory calculation shows that the maximum increase of 
vehicle speed during the transmission output torque transient 
period corresponding to the maximum torque variation is of the order 
of the thirtieth of its maximum value. From that, it can be 
deduced that

do) dT^■r— «  — to maximum,dt dt

dTiid) How can be maximised?

Equation (1) states that :

ia. +È9ÎIE+ 3g dw
3v, dt 3v. dt dt 3T dt 3-a) t

1 i n
dTIn order to maximise — , it is necessary :

1 ) to change the n controllable variables as quickly as
possible so that ^^1 , ^^2 , ..., ^^n take maximum values.

dt dt dt

2 ) to choose v^, Vg, ... v^ so that a)

g(v^,V2 , ... v^,T w) = O is verified and b) the ratio

3g ^ ^ 1  ^  ^^i ^  ̂ ^n 9g dm
3v^ dt ••• 3v. dt ••• 3v„dt-3m- t

ia.DT
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Optimisation dilemma.

309. The difficulty in controlling multi-variable engine- 
transmission systems lies in the fact that there is not just one 
combination of tlie n controllable variables (v̂ , v^, ... v^) for 
which g (v̂ , v^, ...v^, T, w) = 0  but an infinite number of 
combinations of which only one is desirable because it optimises a 
given criterion.

Minimisation of fuel consumption.

310. In the present days of oil shortage and of energy conservation 
consciousness, the use of minimisation of the fuel consumption as an 
optimisation criterion is fully justified.

The fuel consumption of the engine is a function of the n 
controllable variables, the output torque and speed.

fc = f(v^, v^, ... v^, T, w)

Minimising the fuel consumption for a given output torque 
and a given output speed consists mathematically in finding the 
optimum combination (v̂ , v^, ... v^) which minimises the value of the 
function f(v^, v^, ... v^, T, w), subject to the constraint 
g (v̂ , v^, ...v^, T, w) = 0

The fuel consumption will be minimised over a duty cycle if 
the function f(v^, v^, ... v^, T, w) is minimised for all the values 
taken by T and w. Consequently, if t is the duration of the duty 
cycle, the integral

f(v^, v^, ... v^, T, w)dt will be minimum.

0)
Minimisation of f(v^, v^, ... v^, T, w) for values of T and 

continuously varying over the intervals ^T^, j, will
yield n continuous optimum functions v^(T, m), ^^(T, w) ...v^(T, w).
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If the function (T, w) is plotted against T and o), the 
following three-dimensional graph is obtained :

w

■optimum varying 
path

f(v^, v^/ ... v^, T, w)dt will be minimum if, and only if, 
for any given law of variation of T against w, each of 
the controllable variables follows its corresponding 
optimum varying path.

When the pair (T, w) sweeps the torque-speed map, each of the 
corresponding optimum controllable variables describes an optimum 
varying surface, A graphical representation of the ith surface is 
given below :

minimum fuel consumption 
varying surface

10

311.

Best vehicle acceleration performance.

It is also possible to single out a combination (v̂ ,
which satisfies the equation g(v^, v^, ... v^, T, w) = 0 by
maximising the vehicle speed gradient. The vehicle acceleration is



175

maximum if the transmission output torque is brought to a maximum in
dTthe shortest time. This implies that —  must be maximum.

Given an output torque T and an output speed w, maximising the 
vehicle acceleration consists in finding the optimum combination 
(v̂ , v^f ... v^) which maximises the value of

3g
3v^' dt 9v^ dt l£  ^3v dt n

9g dw 
9w dt

3T

this function can be more simply written as

dv ^ ^ 2h(v^, v^, ... T, w) since — ,

will be constant at the point (T, w) considered.

dvn dw
** dt' dt

dv
dt' dt' '(When maximum acceleration is sought, 

maximum values and is a very small constant).
n

dt take their

Maximisation of h(v^, v^, ...v^, T, w) over the torque-speed 
map will produce n maximum acceleration varying surfaces. The ith 
Maximum Acceleration (M.A) varying surface is represented graphically
below ;

maximum vehicle acceleration 
varying surface.

w
compatibility of minimum fuel consumption with good vehicle 

acceleration performance.

312. i) Irrespective of output torque and speed variations, the 
fuel consumption is minimum over any duty-cycle when
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f(v^, ... v^, T, ü))dt is minimum. In control terms, the
fuel consumption over any duty-cycle has been minimised if 
the control cystem has forced the set of n variables 

v^, v^, ... to move along the unique set of their n corresponding 
Minimum Fuel Consumption (M.F.C) varying paths.

Since the M.F.C. varying paths do not generally correspond
to the paths which maximise the transmission output torque 

dTgradient the engine-transmission system optimised for minimum 
fuel consumption is bound to produce a vehicle response slightly 
more sluggish than when it is optimised for best vehicle acceleration 
performance.

ii) For racing cars, the prevailing transmission assessment 
criterion is the obtention of the fastest car speed response since 
the best racing performances have to be achieved, regardless of the 
amount of fuel consumed.

iii) Two factors contribute to maximising the small possible 
improvement in vehicle acceleration during the transient period :

a) maximisation of the speed at which the n variables 
v^, Vg, ... v^ move along their varying paths ;

(Aw is relatively small compared with (T̂  - T^))

dvn
dt

This is equivalent to maximising the terms 
of the expression

dVi
dt' dt'
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9g
3v, Ü1dt ' I t - at 9v dt n

9g dw 
9(1) dt

9£9T

dT
dt

b) choice of the optimum varying path

* for shortest transient time.

CO w + Aw

values of
Mathematically, this is equivalent to finding the optimum 

9g 9g
9v' 9Vg'

3g ^  
9v, dt

Iv̂  ' which maximise the expression

9v^ dt

9T

9g dv
9v dt n

9g dw
9w t _ ^  
------~ dt

For ordinary cars, the two criteria may be of equal import
ance and the design of the control system will result from a 
compromise between acceptably-fast vehicle speed response and 
minimum fuel consumption.

For heavy-duty vehicles, fuel costs constitute an important 
part of their running costs and engine-transmission système will 
be severely assessed on their efficiency. Maximisation of vehicle 
rate of acceleration which is detrimental to its fuel economy is 
generally not desirable since vehicle speed response requirements 
are much lower than for cars and whether they can be met or not 
depends more on the design of the transmission than on full minimi- 
misation of its torque transient time.
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Given the long time constant of heavy-duty vehicle speed 
response, minimisation of fuel consumption is quite compatible with 
good vehic_le acceleration performance which is, in any case, not 
substantially worse than the best that can be achieved with the same 
transmission.

Qualitative analysis of the deterioration of vehicle 
acceleration performance caused by minimisation of fuel consumption.

313. i) The transmission torque transient time is small compared 
with the time constant of a heavy-duty vehicle speed response. 
Therefore, the change in vehicle speed over this transient period is 
small compared with the demanded change which is primarily a function 
of the difference between transmission output torque and road 
resisting torque which follows the transient period.

ii) Reducing the transient time to zero would only double the 
vehicle speed change AV^ which occurs during the transmission torque 
transient period. (integration of a rectangle instead of a 
triangle

improve men)" m A\/v/eViic\e

dT is a function which is by far more sensitive to 
dvvariations of __^ than to changes of varying paths.
dt

In conclusion, it can reasonably be said that the improvement 
in vehicle speed response which could be made by optimising for 
fastest vehicle speed response an engine-transmission system opti
mised for minimum fuel consumption is very small for heavy lorries. 
This improvement, in any case, cannot possibly justify the long and 
complex optimisation study attached to it.

Compromise between minimum fuel consumption and fastest 
vehicle speed response.
314. In light vehicles, where this improvement is more substantial 
and it is sought, it is still possible to compromise between minimum 
fuel consumption and fastest vehicle speed response ; the fuel
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dTconsumption can be minimised for values of less than a preset value
dT ' dT—  boundary and the vehicle acceleration is maximised when —  is toat dTbe greater than this preset value —  boundary.

It must be stressed that the use of two optimisers which jointly 
control the engine-transmission system is particularly difficult, 
especially in ensuring smooth operating conditions over the transient 
zone.
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CONTROL STRATEGY FOR MINIMISATION OF FUEL CONSUMPTION.

315. The engine-transmission system of heavy-duty vehicles can 
continuously operate at its best overall efficiency without 
noticeable impairment of the best possibly achievable vehicle 
acceleration performance.

An engine-transmission system can function continuously at 
its best overall efficiency only if its control system forces its n 
controllable variables to stay on, and to move along, their minimum 
fuel consumption varying surfaces.

A continuous operation at best overall efficiency requires 
that the control system initially knows the n minimum fuel consumption 
varying surfaces.

Only an intermittent operation at best overall efficiency will 
be achieved if the control system has to search for the optimum 
combination (v̂ , v^, ... v^) corresponding to the output conditions 
when the transmission is operating normally, by setting trial values 
before it can assign the optimum values to v^, v^, ... v^.

The two families of optimisers which correspond to these two 
types of operations are commonly referred to as scheduled and on-line 
types.

Scheduled optimisers

316. Controlling an engine-transmission system for a continuous 
operation at best or near best overall efficiency consists in findi.ng 
the n Minimum Fuel Consumption varying surfaces first and then 
designing the control system which will be fitted on the vehicle.

Search for the n minimum fuel consumption varying surfaces.

317. i) For each pair (T, w) of the torque-speed map corresponds 
a unique combination (v̂ , v^, ... v^) which minimises the fuel 
consumption. Mathematically, this unique optimum combination is 
the combination which minimises f(v^, v^, .. v^, T, w) subject to
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g(Vi, . '/ 0)) =  0

For each pair (T, w) n points of space can be made to 
correspond to each pair of values (T, w) by means of the n variables 
(v̂ f v^/ ... v^). When the pair (T, w) ranges continuously over 
the torque-speed map, each of the n points of space corresponding to
(v^, ... v^) describes a continuous M.F.C. varying surface.

ith M.F.C. varying surface

torque-speed map (hatched area)

point of space

w O)

ii) The search for these n M.F.C. varying surfaces can be 
carried out either on the transmission or on its mathematical model,

In the former case, fuel consumption is measured directly on 
a development test rig or on a transmission picked at random at 
the end of the production line. The degree of accuracy in 
measuring the fuel consumption corresponding to a given combination 
(v̂ , v^, ... v^, T, w) is of laboratory standard.

In the latter case, instead of being measured, 
f(v^, v^, ... v^, T, Ü)) is computed for each combination
(Vf, v^, ... v^, T, w). Engine-transmission systems are too 
complex to be modelled analytically and the equations of the M.F.C. 
varying surfaces cannot be worked out analytically since
f(v^, v^, __ v^, T, w) and g(v^, .. v^, T, w) are not known
analytically.

For a given pair of values (T, w) the same searching methods 
for finding the optimum combination (v̂ , v^, —  v^) will be used in 
both cases.
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The searching procedure for each pair (T, w) cannot be 
repeated infinitely and this explains that, any search of the M.F.C, 
varying surfaces starts with a discretisation of the torque-speed 
map :

rno-c.

torque-speed map

I

3
1
I

Mathematically, the computer is given an q-row p-column array 
of values (T; w) and will determine the n corresponding q-row 
p-column arrays of values of the n variables.

ith array :

V.

\
/ /  /

/

\ /  
% ; ^

/

/

, /
\ s

I 1 p-i

(The pairs (T , w.) which fall outside the torque-speed 
map will be discarded).

Experimentally, each point k, j is investigated in turn.
For each point k, j of the torque-speed map, T and w . arek J
maintained constant and the n controllable variables are altered 
according to a searching procedure and the fuel consumption is
measured until the optimum combination (v̂ , v^ 
variables is obtained.

.. V ) of these n n

The finer the grid of discretisation, the more accurate the 
M.F.C. varying surfaces. The number of discretised points that 
can be optimised is however limited by the searching time that can
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be afforded. Consequently, the more efficient the searching 
procedure and the greatest this number.

Broadly speaking, the searching procedure complexity increases 
with the exponential of n, the number of independent controllable 
variables. Given the importance of the problem, a whole chapter 
of this thesis will be devoted to the mathematical aspect of improv
ing the efficiency of the searching methods.

Design of the optimiser.
318. The control system optimiser can take different forms, either 
hydraulic, mechanical, electronic or any combination of these. 
Whatever its form, its role is limited to the following functions:

i) storage of the M.F.C. varying surfaces
ii) retrieval of values and their assignment to the n 

controllable variables.
These functions will now be described in detail :

Storage of the M.F.C. varying surfaces.
319. The M.F.C. varying surfaces can be stored either as dis
cretised surfaces or as continuous surfaces which are the fitting 
surfaces of those discretised surfaces v^ (T, w), ... v\(T, w) .. 
v^ (T, w) obtained from the searching phase of the optimisation for 
minimum fuel consumption.

Below is depicted the ith discretised surface which is
precisely the ith set of points of space corresponding to the
optimum values of v. (T , to.)i k 3

ÜJ
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Storage of discretised surfaces,

320. Discretised surfaces will normally be stored in optimisers 
of the micro-processor type.

The optimum values v. (T., w .) are stored in the memory of the
1 K 3

micro-processor as they are handled by the searching computer, in a
q-row p-column array of values (T , w.) :^ J

ith array

Storage of continuous surfaces.
321. The n continuous surfaces are the envelopes of the n dis
cretised surfaces.

Mechanically, these surfaces can be materialised by three-
dimensional cams which can be machined on N.C. milling machines to
which are fed the v. (T , w .) arrays of optimum values. The

i  Jc 3
smoothness of the machined envelope is function of the fineness of 
the discretisation.

Electronically, these surfaces can be stored in a micro
processor memory or generated by an analogue controller. In both 
cases, their equations must be known analytically beforehand.

The problem of finding these equations lies in fitting,
n times, a surface to the points v. (T , w.), k = 1, q-1; j = 1,

1 K 3
p-1 .

The complexity of the equation of this fitting surface will 
be a compromise between its ability to follow as closely as possible
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the topography of the envelope of the points (T , w . ) and theX Jc 3

simplicity of its implementation on the microprocessor. The 
constants of this equation will be determined by minimising the 
function :

k=q-l 3=p-l 

k=l 3 = 1

where v. (T , w .) is the value of the fitting equation at point i k 3
k, 3 and v. (T , w .) the value produced by the searching method at 

1 k 3
the same point k j.

S . is a power-sensitive factor : a given difference between * k, 3
V. (T , Ü),), the value assigned to the ith controllable variable, i k 3
and V. (T , (ii.), the optimum value, will yield different power losses 1 k 3
for different points k, j. The power-sensitive factor S . is thek / 3
amount of power lost per unit of difference at the point k,j.rThe integral of h^ with respect to time / h^ dt (which is

-'o
the real function to be minimised) is equal to the amount of energy 
which is lost by approximating the envelope of the ith discretised 
surface to its fitting surface of a given equation, when the engine- 
transmission system has been operating between the limits of the 
integral.

k,j

If the operation of the engine-transmission system is not
even throughout the torque-speed map, the power-sensitive factor S
ought to be multiplied by a factor F . whose value at point , .k, 3 k , 3
depends on the frequency of utilisation of point k,j during the 
duty cycle. This will ensure that/ h^dt is always minimised

when h^ is minimised.

Once the equations of the n fitting-surfaces have been 
obtained, they can be inserted in the computing programme of a micro-



186

processor or in the electronic circuit of an analogue optimiser 
as a subcircuit built by means of multiplier, summer and integrator 
amplifiers.

Retrieval of values and their assignment to the n 
controllable variables.

322. When the n stored M.F.C. varying surfaces are continuous, 
retrieving a combination of values (v̂  (T, w), ... v̂  ̂ (T, w) ... 
v^ (T, w)) corresponding to a given pair of values (T, w) consists 
in evaluating n functions :

*Mechanically, each of the n cam probes are moved towards the 
point (T, üj) and the corresponding ordinate v. (T, w) is measured 
directly.

*Electronically, the microprocessor computes the n values 
v^ (T, w), ... v^ (T, m) ... v^ (T, w) by solving the n equations 
of the fitting surfaces. The analogue controller automatically 
produces n voltage signals v^ (T, w) ... v^ (T, w) .. v^ (T, w) .. 
v^ (T, (o) .

When the n stored M.F.C. varying surfaces are discretised,
the investigated point (T, w) will generally be different from any
stored point (T , w .) and retrieving the combination of values 

k  J
v^ (T, w) .. v^ (T,w) ... v^ (T, w) will entail the retrieval of 
the combination of values v^ (T̂ , oj ̂ ) ... v^ (T̂ , ...
v^ (Tĵ , Wj ) corresponding to the points (T̂ , w . ) which are 
immediately surrounding the point (T, w), followed by a certain 
number of interpolations.

If a point (T, w) of the torque-speed map is surrounded 
by the points (T̂ , Wj), (T^^^, Wj), (T^^^, and (Tk'Wj+^) :
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T

a procedure for evaluation (T, w) can be :

1) retrieval of v. v. v. ,
''i <Vl' %+l'

Tl
w

11) two linear Interpolations.

- T

coj lo u>;,i <0J U)

''l “j+l' - ^1 “j>

''l<\+l' “jtl> - ^(Tk+l'Wj)
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iii) a third and final linear interpolation

\
0) u>

(T, w) = (T̂ , C D ) + k+ 1k+ 1

Updating of scheduled optimisers.

323. The drawback with the optimisers previously described is 
that the M.F.C. varying surfaces are searched once, when the engine- 
transmission system is brand new, and the stored M.F.C. varying 
surfaces are therefore final and unalterable.

Such rigid optimisers cannot possibly be compatible with a 
transmission whose efficiency is mutable with time, as its components 
wear out. Consequently, what was, at the beginning, a transmission 
which was continuously operating at best efficiency gradually becomes 
a transmission which is forced to operate all the time at an efficiency 
lower than its best efficiency.

Up-dating the M.F.C. varying surfaces is therefore a sine qua 
non condition for achieving a high degree of optimisation.

If the idea of continuous operation at best overall efficiency 
or at efficiency acceptably close to it is pursued, the following 
form of up-dating can be envisaged:

i) tests are carried out on a reference transmission in order 
to determine the law of mutation of the n M.F.C. varying surfaces.

ii) an up-dating scheduled plan is drawn out, for example :

Distance covered by 
the vehicle

Up-dating

2 0 , 0 0 0  miles 1 st
60,000 miles 2 nd
150,000 miles 3rd
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iii) practically, up-dating will consist in changing a circuit 
card of an analogue controller, or in altering the programme of a. 
digital microprocessor or in changing n three-dimensional cams of a 
mechanical optimiser.

324. So far, the prevailing idea in conceiving the optimiser has 
been, in order to achieve absolute minimisation of

r t

f(v^, ... v^, T, o))dt, to carry out the search for the optimum 
o
values of the n controllable variables and to optimise the engine- 
transmission system before it is actually installed onto the 
vehicle.

The role of the optimiser has been confined to that of a 
retriever of a combination of optimum values corresponding to a 
pair (T, w), from a data library.

However, minimisation of fuel consumption cannot be achieved 
by the optimiser afore-described owing to the fact that the function f
is not only a function of v^, v^, ... v^ T, w but is also dependent
upon the wear of its components. If F is a factor of utilisation,
f can be written as f(v^ ... v^, T, o), F) .

Minimisation can nevertheless be pushed a degree further by 
completing the optimiser previously mentioned with a built-in on
line searcher-corrector which will correct the values gushing from 
the optimiser.

The end product can be thought of as an improved version of 
either an optimiser which originally aimed at continuous operation at 
best efficiency or a completely different type of optimiser : the
on-line optimiser.
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On-line optimisers

325. Returning to the starting point of the study for minimising 
f (v̂  ... v^, T, 0)), the optimiser can be defined functionally as 
follows : for a pair of values of back-axle torque and speed (T, w) 
more or less constant over the period of time considered, it finds 
out and at the same time sets the optimum operating conditions.

Basically, this optimiser evaluates on the vehicle, the fuel 
consumption of the engine-transmission system for each combination 
of values (v̂  .. v^ .. v^) it tries. The new combination to be 
set is determined by the values of efficiency found for the 
previously tried combinations and the searching strategy which is 
adopted.

The operation of an engine-transmission system controlled in 
this way will be characterised by intermittent functioning at best 
overall efficiency interspersed with searching or optimising 
periods.

The rate of convergence to the optimum combination will 
obviously be the criterion for assessment of the optimiser since it 
determines the value of
rt

f(v^ ... v^, T, w)dt for a given duty cycle, 
fo

Stabler operating conditions cause the optimising periods to 
be relatively smaller compared with the spells of continuous operation 
at best efficiency, thereby increasing the efficiency of the engine- 
transmission system.

While this optimiser is well adapted to nearly steady-state 
operating conditions, it shows a poor performance for transient 
operating conditions, especially those for which the rate of change 
exceeds the rate of convergence to the optimum conditions : by not 
keeping up with fast changing operating conditions, the optimiser 
will assign values to the n variables which depart more and more 
from the optimum ones, causing the transmission efficiency to be 
lowered not only during transient periods, but also during the periods that



191

follow immediately because the search will start with values (v̂  
v^) very different from the optimum.

326, This system can be considerably improved by using a system of 
n times 2 boundary M.F.C. varying surfaces and by saying that each 
of the values (v̂  ... v^) necessarily lies between its two 
corresponding M.F.C, varying surfaces.

upper boundary M.F.C. varying 
surface

lower boundary M.F.C. varying 
surface

The closer the two boundary surfaces, the better optimised 
the engine-transmission system is. At the limit, when the boundary 
M.F.C. varying surfaces converge, the optimiser obtained is exactly 
the improved version of the optimiser of the first type which aims 
at continuous operation at best efficiency.

However, when the boundary M.F.C. surface storage in the 
optimiser is definitive, a gap between them is necessary to allow for 
the distortion of the ith optimum M.F.C. varying surface which must 
remain inscribed in this gap, between the two ith boundaries.

This gap can be zeroed if, and only if, the boundary surfaces 
are altered by the built-in searcher-corrector of the optimiser so 
that they follow the exact changing shape of the ith optimum M.F.C. 
varying surface.

Unfortunately, on-line updating of the optimum M.F.C. surfaces 
is not possible when they are stored in the following forms :

1) The M.F.C. surfaces are realized by 3-dimensional cams.
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2) Their values are retrieved by solving their stored 
equations, \which are either part of a prograimne or part of the 
electronic circuit.

327. Up-dating can be envsiaged when the M.F.C. surfaces are 
discretised and their values are stored in q-row p-column arrays 
providing that a series of interpolations is carried out prior to 
it. Interpolations are needed because the corrected points of the 
M.F.C. varying surfaces will be situated anywhere on the torque- 
speed map and will not generally coincide with the stored dis
cretised points. The updating value of a stored discretised point
of space V, (T , w .) can be interpolated if three pairs (T, w) of i Jc 3
the torque-speed map forming any triangle which contains the pair
(T , (Ü. ) are optimised. The area of this triangle should not K 3
exceed that of a square of the discretising grid if an up-dating 
value is to be obtained with high accuracy.

Wi
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PART 2 : MATHEMATICAL OPTIMISATION OF 

MULTI-VARIABLE SYSTEMS.

CHAPTER 4: ANALYSIS OF OPTIMISATION PROBLEMS

CHAPTER 5: OPTIMISATION PROCEDURES
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NOTATION USED

Scalars

a,b,c,d,h
a,3,y,ô,e

i,j,k,r

l,m,n,p,q

general scalars

integer subscripts 

positive integers 

coordinates of vectors 

Lagrange multipliers

Vectors

e
X

f,g,z,y,(p

nvector base cf E 
general vector 
general functions

Spaces
n Euclidean space 

general space 
convex space 
line segment

Matrices

A
H
J
I

general matrices 
Hessian matrix 
Jacobian matrix 
Identity matrix

Symbols

-  (X)

o (xo)

[ ]1 [*J
= +A 
mxn /

* (X*)
Vf (x)
^ (Â )

denotes a vector
is used when the point is optimum 
matrix abbreviation

defines a new point x 
gradient of f(x) 
transpose of matrix
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INTRODUCTION

401. The comprehensive mathematical description of the optimisation 
of multi-variable systems is ;

Maximise (or minimise) f(x^, x^, .... x^)
subject to g. (x - x_, .... x ) < or = b. with i = 1 ,2 , .... m 

1 1 2  n 1

f (x,, x_, .... X  ), function of the variables x, , x_, .... x 
1 2  n 1 2  n

quantifies the level of performance of the system. It may or may 
not be continuous. May or may not applies to other concepts such 
as differentiability, linearity, etc.... Furthermore, it may be a 
discrete-time function, e.g. when evaluated by using sampling data 
acquisition or/and processing techniques. For purposes of 
mathematical convenience, it is assumed that the corresponding 
continuous function exists.

The best or optimum level of performance is reached when f 
takes on an extreme value, either maximum or minimum. Improving 
the level of performance of the system will consist in increasing 
or decreasing the value of f. It is why f is generally referred 
to as the objective function or the cost function.

the g^ (x̂ , x^, .... x^) may also be functions similar to f
and the preceding remarks may apply to them. They identify the
system. Because of physical limitations or for design reasons,
they limit the possible choice of values of the variables x^, x^ ...
x^ which improve the level of performance. Often, the
g^(x^, x^, .... x^) are very simple functions such as nonnegativity
restrictions of the type x > 0  or inequalities of the type
min. < X . < max ..] ] ]

402. Inequalities of  ̂and > types can always be converted into 
equations by introducing slack and surplus variables respectively.
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For example, the inequalities g^(x^, x^, ... x^) <

^2' * * * ^n^ ^ ^ 2

are respectively equivalent to :
% 2 ' --- + %n+l = bl

92 (x̂ , %2, ... x^) - x^+2 = ^2

provided that the slack variable x^^^ and the surplus 
variables x satisfy

V i  > °
V 2  « °

This remark shows that inequality constraints and equality 
constraints are of different nature. The difference lies in the
introduction of a new variable. The freedom for a strict 
inequality constraint g to take different values does not hinder any
possible improvement in the level of performance since it does not
limit the choice in the variables. This is not so with equality
constraints. A degree of freedom in the way towards optimised 
conditions is lost per each equality constraint, so much so that 
there is no possible optimisation anymore when the number of 
equality constraints becomes equal to the number of variables.
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PROPERTIES OF FUNCTIONS OF SEVERAL VARIABLES

Characteristics of a n-variable function 

Existence of a maximum.

403. The notation f(x) is used to designate f(x^, x^, ... x^).
X is a point or vector of an n-dimensional space. For this space
to be Euclidean, the concept of distance between any two points of
this space has to be defined. The distance between two points in

2a two-dimensional Euclidean space E is found by use of Pythagoras' 
theorem. If the two points considered are x^ = (â , b^) and
x^ = (ag, b^) the distance between those two points is

=  (a^ - a^)2 + (b^ - b^)2

which is equal to the scalar product of (x̂  - x^) with itself,
obtained by multiplying the vector (x - x\) by its transpose
_ _ t ^(x̂  - x^) in the following order:

(x̂  - x^)^ (x̂  - x^) = (â  - a^)^ + (b̂  - b^)^

In an n-dimensional Euclidean space E^, the distance between 
any two n-component points x^ and x^ is :

*5
d = [ ( , = 2 - x / ( x 2 - %i)]

d =

the distance will be denoted by |x^ - x^|

If it is assumed that the value of x at which f(x) attains 
its maximum is actually in the set of values over which x is defined, 
a function f(x) takes on its absolute maximum or global maximum at a 
point X* if f(x) < f(x*) for all values of x over which the function 
f (x) is defined.

404. Cooper and Steinberg's (1) definition of a relative maximum is

Let f (x) be defined in some neighbourhood 6 about a point
— n x in E .
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—  1*1By a neighbourhood 6 of a point y in E it is meant all
points X in E^ such that d(y, x) < 6

_ . _ n
or |y - x | 2  = (y - x) (y - x) = Z (y-r x.)^ < 6 ^

i=j  ̂ ^

The function f (x) is said to have a relative maximum at 
x° if there exists ane, 0 < e < 0 , such that for all x satisfying 
O < |x - x°| < e, it is the case that

f (x) < f (x°)

if f(x) is strictly less than f(x°), the relative maximum is a 
strong relative maximum.

if there is at least one point x in the neighbourhood 6 for which 
f (x) is equal to f (x ) , the relative maximum is a weak relative 
maximum.

405. Another definition of a relative maximum is ;
— *“*0 if a function f(x) has a relative maximum at some point x ,

in a n-dimensional Euclidean space, E^, then there is a hypersphere
about X'° of radius e, even though e may be very small, such that
for every point x in the interior of this hypersphere :
f (x) < f (x°)

A hypersphere in E^ is what the sphere is in E^. A hyper
sphere in E with centre at a = (â , a^, ... a^) arid radius r is 
the set H such that

H = X / X e E^ and | x - a | = r j.

the interior of the hypersphere H is the set of points

= ̂  x/x e and |x- a| < rj
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convexity and concavity
— Y1406. A function f(x) is convex over some convex X in E if for 

any two points and Xg in X and for all X, O < X < 1

f ^Xx^ + (1 - XjXgj > Xf(x^) + (1 - X) ffXg)

In one dimension, a function is convex if the line segment
drawn between any two points on its curve fell entirely on or above 
the curve. The situation is similar in n dimensions. A
function z = f(x) is a hypersurface in n-dimensional space. It
is convex if the line segment which connects any two points 
^x^, zj and x^, z j  on the surface of f(x) lies entirely on or 
above the hypersurface.

The reverse situation holds for concave functions.

407. A set C is convex if for any two points x^ and x^ in C,
the line segment joining the points is in the set.

The line segment is the set :

L = “̂ x/x = Xx^ + (1 - XJXg, O < X < 1 J

Thus L is a subset of C, L C C

By convention, sets containing no points and sets containing 
only one point are also said to be convex.

Such a set can be visualized in E^ by a solid without holes
and with its boundaries that do not curve into the set.

A plane in E^ is a convex set.
A hyperplane is a convex set.

The set of convex functions over some convex set X in E^ is 
a convex function.

Let the functions f^{x), k = 1, ..., p be convex over X. 

PThen f(x) = Z f (x) is also a convex function over X.
1— 1 ^
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The concept convex is very important in constrained 
optimisation problems. As a matter of fact, a substantial amount
of theory can only be developed owing to the special properties of 
convex sets.

Unimodality.
408. Another characteristic of functions often referred to is 
known as unimodality.

A function is unimodal if there is some path from every 
point X to the optimal point along which the function continually 
increases or decreases.

The unimodality is strong when the straight line path from 
every point x to the optimum point is strictly increasing or 
decreasing.

A strictly unimodal function is a function which has only one 
maximum (or minimum).

Even when the function is not unimodal, it is always possible 
to find a hypersphere with centre at the local optimum and radius r, 
or a neighbourhood, in which the function will exhibit unimodal 
behaviour.

Necessary and Sufficient Conditions for f(x) to have a 
Relative Maximum.

Necessary conditions

409. f(x) is assumed to be continuous and to have continuous 
first and second partial derivatives.

If f(x) has a relative maximum at a point xo, there exists an 
e > 0  such that for all points x in a neighbourhood e of xo, f (x) < 
f (xo)

This applies, in particular, to points in this neighbourhood
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of xo of the form x = xo + h ej, O < |h| < e (e is the vector base 
of E^).

Thus f(xo + h ej) - f(xo) < O

If the two sides of this inequality are divided by the scalar h, 
depending on the sign of h, the two following inequalities are 
obtained

f(;o +_h_ij) ^ o when h ■> O
h

f (xo + h e )̂ - f (xo)
 ̂0 when h < O

Then lim
h-K)

f (x + h e J - f (xo)

thus 9f (xo)
3x = O with j = 1,2, ... n.

A necessary condition for xo to be a relative maximum (or 
minimum) is that the first partial derivatives of f(x) with 
respect to each of the n variables must vanish.

Sufficient conditions.

410. A sufficient condition for f (x) to have a relative maximum at 
9 f (xo )

  = O, j = 1 ,2 , ... npoints xo where

is that the Hessian matrix is negative definite.

The Hessian matrix of f(x) is the matrix of the n^ second
partial derivatives of f(x)

9^f 
9x:

H =
1

9^f 9^f
9Xj 9x^ 9x^

9^f
9x 9z h 1

9^f
9x'

9%f
9x.9x. 

1 ]
using matrix 
abbreviation 

J n X n

;
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the matrix H is said to be negative definite if its quadratic form 
F(y) = y^Hy < O for all y except y = 5

411. Taylor's theorem states that if f(x) is continuous and has
continuous first and second partial derivatives over an open 
convex set in then for any two points x^ and Xg = + h
there exists a 0, O < 6 < 1 such that

f (x̂ ) = f (x̂ ) + Vf(x^)h + J  hf.H ĵ 0x + (l-0 )x2j h

where Vf is the gradient vector and is defined by ;

, 9f 9f 9f
' air,' 37,........37

1 2  n

H is the Hessian matrix. The notation H ^0x^ + (l-^iXgj 
indicates that the Hessian matrix is evaluated at the point 
X = 0x^ + (1-0)x^ in E^

if Xg = xo + h, point in the neighbourhood E of xo, O < |h| <e; 

x^ = xo for which f(x) has a relative maximum

Taylor's theorem statement becomes ; 

f (xo + h) = f (xo) + Vf(xo)h + ^  h^ H ĵ 0xo + (1-0) (xo +he) J h

By hypothesis, the necessary conditions for the existence of
9fa minimum are satisfied : -—  = O, j = 1,2 ... n, and therefore - - dx

Vf (xo) = O

Hence
f (xo + h) - f (xo) = ^  h/ H ^0X0 (1-0) (xo - h)j h

1 -tThus i f — h H h is negative in the neighbourhood e for which 
O < I hi < e , f (xo) has a relative maximum at xo.
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CONVERSION OF CONSTRAINED OPTIMISATION INTO UNCONSTRAINED
OPTIMISATION

412. Implicit function theorem.

The two types of costraints to which maximisation of 
f(x) is subjected are :

i) inequality constraints g.(x^, x^, ... x ) < b^
or

ii) equality constraints g^(x) = bi >

Inequality constraints of < and ^ types can be converted into 
equality constraints by introducing new variables (refer to 402).

The constrained optimisation may now be defined by :
maximise f(x) subject to g^(x) = b^, i = 1 , 2  ... m
with the restrictions min^ < x^ < max, k = 1 , 2  ... n, n+1 ...

n+p.

Instead of maximising f(x) where x = (x̂ , x^, ... x^) subject 
to m equality constraints g^(x) = b^, i = 1 , 2  ..., m it seems that it 
should be possible to use the equations g^(x) = b^, i = 1 ,2 , ... , m to 
eliminate the first m variables.

In fact this is the case when the conditions of the implicit 
function theorem are satisfied.

The implicit function theorem states that if the rank r of
"Othe Jacobian matrix, J^, evaluated at the point x is equal to m,

then this is a necessary and sufficient condition for the existence
of a set of m functions x. = (f>. (x . , x .. x ), i = 1 ,2 ,..., m

1 1 m+i m+ 2  n
which are unique, continuous and differentiable in some neighbourhood
J. —oof X  .

The Jacobian matrix is defined as :
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J = m

h^i
3x7

9g,
3x,

9g,m
9x,

9x,

9g,m
9x,

Ü39xm

9 gm
9xm

This theorem therefore implies that must be a non singular 
matrix, viz. its determinant must be different from zero.

If the first partial derivatives of the equality constraints 
., m are not linearly independent, there will 

exist only r functions x^ = ^^r+1 ' ^r+2 ' ** ^ “ 1 ,2 ,... m,
where r, the rank of the Jacobian matrix is strictly less than m.

g^(x) = b^, i = 1 ,2 ,

413. Although in theory, when the conditions of the implicit 
function theorem are satisfied, the problem of maximising
f(x^, x^. x^) subject to the m equality constraints g^(x) = b^
is equivalent to and can be replaced by the unconstrained problem of
maximising h(x ., x  _, ... x ) where h(x ., m+l m+ 2 n m+l X  ) is o b t a i n e d  n
from f (x) by using the m equations g^(x) = b^ to eliminate the first 
m variable x^, x^, ... x^, in practice, assuming that f(x) and 
the m equations g^ (x) = b^ are known, it is sometimes impossible to 
carry out the elimination of x^, Xg, ... x^ by any known means because, 
as is the case for most existence theorems, the implicit function 
theorem gives no guidance as to how to proceed.

The following example illustrates the kind of difficulty 
encountered ;

maximise f(x) = 50 x^ + 31 x^ + 13 x^Xg 
subject to 3 x^ sin x^ + 8 Xg sin x^ = O.

The technique which follows can deal with such situations 
although it has some computational problems associated with it. 
Its theory is nevertheless of importance as it can be applied to
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computational methods for non-linear optimisation problems.
This technique is known in the mathematical world as the Langrange 
multiplier method.

Lagrange Multiplier Method.

414. The necessary conditions of the optimisation problem : 
maximise f(x^, x^, ... x^) subject to the m equality constraints 

X^,   X^) = b^, i = 1, ..., m are :

a) df (X) = I dx. = O
j=i j ^

In an unconstrained optimisation problem, the necessary 
conditions for f(x) to have a relative maximum was that all the first 
partial derivatives were equal to zero. This is no more the case 
in a constrained optimisation problem since a relative maximum 
could occur on the boundary of one or more of the constraints.

n 9g.(x)
b) dg, (x) = Z —— --- dx. = 0  for i = 1 ,2 ,... m

^ j=i ^

" dx. = O
The system (1) of m+l equations

df(x) = Z 9x. j
j=l

n
dg (X) = Z 3x. °

j=l ^
i=l,2, . . . m

is equivalent to the system (2 ) obtained by replacing the first 
equation by a linear combination of itself with other rows of the 
system :

m _ n / - - m 9g. (x) \
df (x)- Z X dg (x) = Z I -------- -Z X. —^ ---- I dx. = O

i=l j=l \ j i=l ^ j / ^
(2)

n 9g. (x)
dg.(x) = Z   dx. = O for i = 1,2,  , m

1 j=i ‘’̂ j ]

415. It has been assumed that the first m variables , x^y.'.x^
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can be eliminated. The remaining dx^ can therefore be regarded 
as independent variables. Thus if equation

n / - m (x)\ ̂ I 9f (x)  ̂ —  jdx. = O is to be satisfied, the

/ m (x)\
coefficients i|i5i - Z A.

I i=l ^ ] / j = mtl.........n

because it is possible to find A., i = l,2,....m such that

À I ■■ ¥ > - .  ■ •

Furthermore, it can be deduced that this last equation can only be 
satisfied if all the coefficients ( —  Z X_. ^gi

I i=l  ̂ 9x.]

for j = 1 ,2 , ... m are equal to zero since the dx., j = 1 ,2 , ....m are 
determined uniquely by the values of the dx^, j = m+l,...n from the 
equations g^(x) = b^, i = l,2 ,...m

Therefore the system (2) is equivalent to the system (3)

9f(x) “ 39i(x)- Z X. —r   O for j = 1,2, ... n

(3)

9x. . . i 9x.3 1=1 3

! _ n 9g^(x)
dg.(x) = Z — --- dx. = O for i = 1,2,... m

^ j=i ^I
which is a system of (n+m) equations in (n+m) variables, m X^ 
variables plus n x^ variables.

This system (3) can be replaced by the following equivalent 
system (4) :
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(4)

3F(x,X)
3x.

3F(x,X)
ax^

\  = O for j = 1,3,... n
3 1=1 1

- g^(x) = O for i = 1,2,...m

m
where F(x,X) = f(x)-t- Z X.

i=l ^
-  g^(x)J  i s  known as the

Lagrangian function. X^ are the Lagrange multipliers

416. Although the following optimisation problem proposed by 
C. Nelson DORNY (2) does not require the use of Lagrange's method for 
its resoltuion, it clearly illustrates how the optimisation is 
modified by the constraints and what the practical significance of 
the Lagrange multipliers is.

The Euclidean space chosen is E" A ball of weight w is
dropped onto the terrain determined by the paraboloid x^ - x^ - x^ = O
and the plane x^ = 1 as shown in figure 1 . If friction damps out 
the motion of the ball, it will eventually come to rest at some point 
which lies on both constraining surfaces. The point where it rests 
is that point where wx^, its potential energy relative to the origin, 
is minimised.

Figure 1

a

ball

constrained optimum

X
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The mathematical formulation of this problem is 
minimise tl 
subject to
minimise the potential energy f(x) = wx^

The Lagrangian function is :

F(x,X) = f (x) - Z X. Tb. - g (x)l =
i=l L ^ J

= wx^ - X^Cx^-x^-xZ) - Xgfl-Xg)

The necessary conditions are

3F(x,X)

9F(x,X)

3F(x,X)
3Xj_ = °

3F (x,X)

Solving this system of equations leads to : X^ = w, Xg = 1, x^ = O,
Ag = 2w, Xg = 1

The optimum point is x = (0,1,1)

417. It is interesting to note that, in this particular instance, 
the Lagrange multipliers X^ and X^ specify the magnitudes of the 
forces exerted by the constraints. In other words, they indicate 
how hard each constraint is working :

since the gradient V F(x,h) = O is a necessary condition, the 
following equation must be satisfied ;
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Vf (x) = Vg^(x) + X^7g^{x)

thus 0 -2x 0

0
+ ^ 2

1

w 1 0

The weight of the ball acting in the direction must be 
O

balanced by two forces, one of magnitude X^ and direction

other of magnitude X.
0 
-2
1

and direction

This is shown in Figure 2.

O
_2_
■/5
_1_
/5

, the

Figure 2

9]̂  (x)

Vf (x

X 3

o o
1 = 2w 1

o o

Generally, Lagrange multipliers indicate tlie sensitivity 
of the optimum value of the objective function to changes in each 
of the constraints.
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DIRECT SEARCH METHODS FOR UNCONSTRAINED PROBLEMS

INTRODUCTION

501. A direct search method is a method which relies only on
evaluating f(x) at a sequence of points x^, x^, ... x^. The
feedback to the strategy for selecting point x is provided byp+l
the value of f(p).

The clear advantage of such a method is that it can be applied 
to optimisation problems irrespectively whether f(x) is formulated 
mathematically or not, and whether the gradient of f(x), Vf(x), can be 
calculated or not.

Therefore, strategies devised from mathematical consideration 
can be implemented direct on real processes where f(x) is determined 
by measurement.

502. The question is how can the necessary and sufficient conditions 
for f (xo) to have a relative maximum at the point xo, be satisfied?

It has been established on page that these conditions are :

a) the first partial derivatives of with respect to each of 
its coordinates x^ are equal to zero ;

" f x^^~----  ^  °  j = l f 2 , -------,n.

and b) the Hessian matrix H is negative definite :

0 2 f (xo)\ —t — —H = [ —  — 1 negative definite <==> y Hy < O for all y
^  ̂ nxn except y = O belonging to the

Euclidian space considered.

The answer lies in the analysis of what can be learnt about the 
function by two successive evaluations.

If one coordinate x^ of the vector x is increased from x^ to
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Xj + AXj, the ratio of the corresponding change Af(x) to Ax^ is
equal to the secant PQ slope. This is illustrated by Figure 1

Figure 1
ûf.(x)

Providing that f(x) is continuous in a neighbourhood Ax about 
P, by definition, the derivative of f(x) with respect to x^ is given 
by :

lim
AXj-O

f (x + Ax . ) - f (x ) 
-

9f (x)

The necessary condition a) for f (xo) to have a relative 
extremum at point xo is a theoretical one. Practically, optimisation 
will be considered to have been achieved when 
9f(xo)- is less than £.

to which xo is to be known.
The value of e depends on the accuracy

Condition a) will be more than met if

SS =
f(x + Ax.) - f (x)

greater than, or at the limit equal to.

< e since secant slope SS is always 

9f(xo)

503. It is nevertheless interesting to note that, with real 
processes, it is not the value of e which is of importance to the 
control engineer, but that of e. Ax^. This can easily be shown
on the following optimisation problem. The function f(x) to be
maximised is the overall efficiency of an engine/transmission system.

In this instance, optimisation may be considered to be
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completed if the f (x) lies within 0 .1 % of the maximum (whose value 
is not known).

504. In direct search methods, condition a) therefore becomes 

|f(x + AXj) - f(x) I < a j = 1 ,2 ,....,n.

Attention should be drawn to the risk of failure of the 
method. This risk is shown in Figure 2.

Figure 2.

cc:

f (x + Ax J - f(x) < a does not imply that both values lie 
in the neighbourhood of f (xo) bound by the tolerances.

To limit the risk of failure, it is necessary to continue the 
search until Ax^ becomes small enough with regard to variations of

The value limit of Ax^ can only be determined by thef(x).
knowledge of f(x) or by experience.

505. The fulfilment of condition b), the Hessian matrix H is 
positive or negative definite, ensures that the stationary point is 
not a point of inflection but respectively a maximum or a minimum.

By evaluation only of the function, the stationary point found 
when f (x + Ax) - f(x) becomes smaller than a preset number is proved to 
be an extremum when the difference f(x + Ax) - f(x) undergoes a change 
of sign after having become smaller than a preset value.

The necessary requirements to which the direct search methods 
must conform in order to complete optimisation are :
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a) I f(x + AXj) - f (x) I < a j = 1 ,2 ,....n.

with Ax . < c .] ]
b) I f (x + AXj ) - f (x) j l̂f (x + 2AXj ) - f (x + Ax^ ) j < O jJ — 1 /2 ,.../R,

Several direct search methods will now be presented. A 
comparison of them will be made before applying them to real problems.

GRID SEARCH

506. Probably the simplest direct search method presented by 
G.R. WALSH (3) is to construct a grid of points, evaluate f(x) at each 
of these points in turn and take the least value of f (x). The points 
are obtained by dividing the region within which x lies into 
intervals.

The total number of function evaluations required is :

TL = n (q + 1 )
j=l 3

This method and all the following methods will be illustrated 
for n = 2 .

Figure 3 shows contours of iso-values of f(x) plotted against 
and x^ and the superimposed grid.

OC, win

"^ 1  win X ,w a x

Figure 3
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ny = (4 1) (4 + 1 ) = 25

The process must be iterative to reduce the number of function 
evaluations. The search starts with a coarse grid covering the 
region within which x lies. The vector x giving the least value of 
f(x) is determined and the search focusses on that point. A thinner 
grid is centred on this point and bounded by the neighbouring points 
belonging to the coarse grid. The iteration goes on until the mesh 
of the final grid becomes small enough to match the accuracy within 
which the optimum x is to be found.

2 grid

Figure 4

If the first grid was too coarse, the point x giving the 
least value of f (x) might be situated in a valley which is not the 
deepest should there be more than one valley covered by the grid. 
Therefore, the search might deviate from what is the optimum.

The more information about f(x), the more optimised the 
intervals are.

Assessment of this method.

507. Even with the iterative process, the number of function 
evaluations remains high. Furthermore, a large number of function 
evaluations take place for values of x far from the optimum.
Should the optimisation be held on the process itself, this would 
mean that the process would run at poor efficiency for a long time.

A great advantage is that the global minimum is always found. 

Instead of evaluating f(x) all over the grid, it is possible
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to confine evaluations to the interesting zone by directing the 
search. The directive strategy is :

1. Choose a point x^. Evaluate f (x̂ ) at x = x^ and at the 
points immediately surrounding it; i.e. at the points x + h ê  
where the ê  are the unit coordinate vectors and

he. =
X . . - X . .

3 maxi____jmin The quantity he^ is the grid spacing

on the X .axis. 
J

2. Let x^ be the point which gives the least value in 
step 1. If Xg = x^; reduce the grid spacing and repeat step 1. 
Otherwise, repeat step 1 using x^ in place of x^.

3. Continue until the optimum xo is obtained within the 
desired accuracy.

Figure 5 depicts the method.

Figure 5.

The figure above shows the concentration of funtion 
evaluations where f(x) is minimum. The evaluation converges to
the minimum or one of the local minimums when f(x) possesses 
several minimums. Unfortunately, the search cannot be directed 
towards the global minimum.

Although this method is considerably more efficient than a 
comprehensive grid search, the number of function evaluations 
required in each iteration is still prohibitive unless n is fairly 
small.
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UNIVARIATE SEARCH METHOD.

508. The search is directed by changing the variables one by one 
so that the function is maximised in the coordinate directions. The 
algorithm can be described as follows :

1. Choose an arbitrary starting point x^. Evaluate f(x ) o
and then move in the direction x^to the point x^ = x^ + h e^.
Evaluate f(x^) and compare it with f(x^) If f(x^) is greater
than f(Xg) keep moving in the same direction until f(x^^^) becomes 
less or equal than f(x^). In this instance, f is discarded
and the next move starts from f(x^) in the direction x^.

If f(Xĵ ) was less than or equal to f(x^), an attempt at 
moving towards x^ = x^ - hê  ̂would be made and would be pursued 
in that direction until f(x) stops increasing. The next move 
would be in the direction x^.

2. Repeat evaluations in the direction x^ until j = n. 
Then, from the last point, move again in direction x^ but with a 
smaller increment h.

3. The search stops when the optimum xo is obtained within 
the desired accuracy.

The algorithm is depicted in Figure 6 when the Euclidean 
2space is E .

Figure 6 .
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Cooper and Steinberg's (1) univariate search method consists in 
decreasing until a "fine" maximisation of f(x) is obtained in 
the direction x^ before any move is carried out in the direction

*j+l'

Figure 7 shows Cooper and Steinberg's algorithm.

Figure 7.

%0

509. Cooper and Steinberg claim that : "the problem whose
contours are shown above is characterised by having little inter
action among the variables. Hence, univariate search appears to 
be quite successful. However, this method can be very ineffective 
for problems where there is significant interaction among the 
variables, e.g. where, geometrically speaking, there may be deep 
narrow valleys or narrow ridges".

This is quite true. The worsL. case would be when the 
ridges are very narrow with their centre line parallel to the bi
secting line of the first quadrant. This is illustrated in
Figure 8 .

X.

Figure 8 .
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The efficiency of the univariate search method is maximum 
when the contours are circular or when the centre line of the ridges 
is parallel to one direction.
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HOOKE AND JEEVE'S METHOD

510, Hooke and Jeeve's method (4) dates from 1961. It attempts 
in a simple though ingenious way to find the most profitable search 
directions.

An initial base point b^ and step lengths for the
respective variables are chosen. For greater numerical accuracy 
it is advisable to choose the h^ so as to equalise, as far as 
possible, the quantities ;

I f(b^ + h.ej) - f(b^) I

these are the magnitudes of the changes in f(b^) due to a change of 
one step length in each variable in turn. After f(b^) has been 
evaluated, the method proceeds by a sequence of exploratory and 
pattern moves. If an exploratory move leads to a decrease in
the value of f(x) it is called a success; otherwise it is called a 
failure. A pattern move is not tested for success or failure.

Exploratory moves.

511. The purpose of an exploratory move is to acquire information 
in the neighbourhood of the current base point. The procedure 
for an exploratory move about the point b^ is as follows :

El Evaluate f(b^ + h^e^). If the move from b^ to 
b^ + h^e^ is a success, replace the base point b^ by b^ + h^e^.
If it is a failure, evaluate f (b̂  - h^e^). If this move is a
success, replace b^ by b^-h^e^. If it is another failure, retain 
the original base point b^.

E2 Repeat El to each variable in turn, finally arriving at 
a new base point b^ after (2 n+l) function evaluations at the
most, including f(b^).

E3 If b^ = b^, halve each of the step lengths h^ and return 
to El. The calculations terminate when the step lengths have
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been reduced to some prescribed level. If b^ # b^ make a 
pattern move from b^.

Figure 9 depicts the exploratory moves when n = 2.

X , m m

Figure 9

Pattern moves and subsequent moves.
512. A pattern, or leapfrog, move attempts to speed up the search 
by using information already acquired about f (x). It is invariably 
followed by a sequence of exploratory moves, with a view to finding 
an improved direction of search in which to make another pattern 
move. The points reached by successive pattern moves will be

• •  P _ -denoted by p^, p^ It seems sensible to move from b^ in
the direction (b̂  - b^) since a move in this direction has already
led to a decrease in the value of f(x). The procedure for a
pattern move from b^ is therefore as follows:

PI Move from b^ to p^ = 2 (b̂  - b̂ ) + b^ and continue witli a 
new sequence of exploratory moves about p^.

P2 If the lowest function value obtained during the pattern 
and exploratory moves of PI is less than f (b̂ ) then a new base point
b^ has been reached, 
increased by unity.

In this case, return to PI with all suffices 
Otherwise, abandon the pattern move from b

and continue with a new sequence of exploratory moves about b^.
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Figure 10 illustrates the pattern and subsequent moves.

X \

Figure 10.

513. Hooke and Jeeves have used this method successfully to 
solve curve-fitting problems for which other raetliods failed.
Also, large systems of ill-conditioned linear equations have been 
solved economically by this method.

A system of equations is ill-conditioned when the matrix 
of the coefficients of the variables has its eigenvalues which 
differ very significantly from one another. The contours of
an ill-conditioned system are long and narrow ellipses.

SPENDLEY, HEXT AND HIMSWORTH'S METHOD.

514. Spendley, Hext and Himsworth (5) propounded in 1962 a method 
whose main objective was to provide a simple procedure for directing 
the search.

i) The procedure is based on the geometrical figure known as 
a regular simplex. A simplex in E^ consists of (nxl) vertices
which do not lie on a hyperplane, together witli every convex 
combination of these vertices.

Relative to a chosen origin, a regular simplex of unit 
edge is conveniently specified by the ntl, n design matrix :
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D = o

o o
p q q \
q p q

q q

\

o
q q 

. q

\
q p

where p = ĵ (n-l)+yi

and q  = -1

The rows of the matrix give the n-coordinates of each of the 
(n+1 ) vertices of the simplex.

The simplex is regular if its vertices are equally spaced.
This implies that the scales for the separate variables are chosen
in such a way that unit change in each is of equal interest to the 
experimenter.

In two dimensions, the regular simplex is an equilateral 
triangle; in E^, it is a tetrahedron.

One attraction of the simplex design is that it is possible,
by adding just one further point, to complete a new simplex on any
face of the previous simplex.

Let be the ith simplex, with vertices v^, v̂ ^̂ ^
V. . and centre c ,, i+n+ 1  1

On each face of it is possible to
construct a new simplex with centre c^^^, which has n vertices.

However, when f(x) is not ]inear in the neighbourhood of 
the current simplex, there is no guarantee that f(Vj) is less than 
f(Vj), but the probability remains very high indeed since the move 
is carried out in a direction which is the nearest to the direction 
of steepest ascent. As linearisation is improved by scaling down 
the simplex, the probability is consequently increased.

515. From all these considerations, tlie recommended procedure for 
the minimisation of f(x) is as follows :
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Step 1 Choose a point x and let ic be one of the vertices 
of the initial simplex. Scale the variables if necessary and 
determine the remaining vertices of the initial simplex.

Step 2 Evaluate f(x) at the vertices of the initial simplex.

Step 3 Replace the vertex with the highest function value by 
its reflection and evaluate f(x) at the new vertex.

Step 4 Repeat Step 3 for each new simplex until the highest 
value occurs at the new vertex, in which case the new vertex will 
be the reflection of the second highest value. If the highest 
value occurs at this last new vertex, the degrading in reflecting 
continues and it is the third, fourth, ...ith highest value which 
will have its point reflected.

Step 5 If one vertex persists for n iterations, reduce the 
size of the most recently formed simplex by halving the distances 
of the remaining vertices from that vertex.

Then go to Step 3.

The search may be stopped when the difference between the 
highest value and the lowest value of f(x) at the vertices is 
considered to be small enough. It is interesting to note that 
the greater n, the higher the probability is for f(x) at the 
vertices to lie within the wanted neighbourhood of the optimum.

Vertices v., v. _, .. v. _, v. ., ... v. . in common with S. and 
1 i+i ]—1 i+n+l 1

is completed by one new vertex the mirror image of v^ in the 
common face.

The reflection is defined by the following relationship :

v.=e, + (d, - V . )  = 2 e .  - v. where e. is the centroid of 
3 1  1 3  r 3 _ 1

all the vertices of S. except the vertex v ..
1 3

= I + ̂ 1+1 + --- + Ÿj+i + Ÿi+n+l» -
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Figure 11 shows the reflection of a vertex in E

Figure 11.

The new simplex is also regular and belongs to the same 
class of simplexes as S^.

516. ii) The directing procedure is derived from the properties 
of the values of f(x) at the vertices of two successive regular 
simplices.

If f(x) is a linear function of x in the neighbourhood of 
the two simplex, then

f  (V . ) =  — f  (V  ) +  — f  ( v  ) +  . ] n r n i+l

if f (Vj) > max {f(v^ >' ... , ... f(Vi+n+i)}

then f(Vj) < min|f(v^), f(v^^^)

[ and in particular f(v^) < f(v^)

If f (x) is to be minimised, it is advantageous to replace v_. by its 
mirror image .

The search may also be stopped when the distances between the 
vertices are considered to be small enough.

The procedure for minimising a function f(x^^x^) is shown in 
Figure 12.
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"2.

Figure 12

% I

517. A major disadvantage of Spendley, Hext and Himsworth's method 
is shown in Figure 12. The use of regular simplices limits the
movement of the current point in each iteration. For example, once 
a favourable direction has been found, it would be more efficient to 
move further in that direction than the regular simplex pattern allows,

Nevertheless, the greater the number of variables, the less the 
hindrance, to move along the best direction will be created by the 
use of regular simplex pattern.

It is why the authors claim that the efficiency of the tech
nique appears to increase in direct proportion to the number of 
variables investigated.

This major disadvantage may be outweighed in certain opti
misation problems by the fact that the direction of advance is 
dependent solely on the ranking of the responses, and on their values 
on any absolute scale. Thus the procedure is readily applied even 
in those instances when a response can only be judged and not measured,
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• The zig-zag path along which the Search progresses can be 
smoothed by distorting the originally regular simplex.

Such a method was proposed by Nedlcr and Mead (6 ).

NEDLER AND MEAD'S METHOD

518. Nedler and Mead propounded in 1965 the following improved 
simplex method :

Let the current simplex be defined by the (n+1) points p^, p^, 
... p^ in an n-dimensional space. This simplex is not regular 
in general.

Let y^ be the function value at p^. The suffix h will
stand for highest value : y^ = max (y^), i = 1 ,2 , ...., n+1 .
The suffix 1 will stand for lowest value : y^ + min(y.), i = 1,2...,
n+1 .

Let p^ be the centroid of the points with iv̂ h and |p^ p. | 
the distance from p^ to p^.

At each stage in the process p^ is replaced by a new point; 
three operations are used : reflection, contraction and expansion.

These operations are defined by :

p* = + a (p^ - Pĵ )

where p* denotes the reflection of p^

and a is a positive constant, the reflection coefficient,

1 Reflection : p* is on the straight line joining p^ and p^, on
the far side of p from p, with |p*p ) = a Ip^p I. If y* lies _ c h ' c_ ' h e '
between y^ and y^, p^ is replaced by p* and another reflection is 
carried out.

2 Expansion : if y* < y^, the reflection has produced a new
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minimum and can therefore be expanded, by the relation 

P ** = Pç + Y (p* - P^)

where y, the expansion coefficient, which is greater than unity, 
is the ratio of the distance |p** p^| to |p* p^|

if y** < y^, p^ is replaced by p** and the process is 
restarted.

but if y** > y^, then the expansion has failed and p^ is 
replaced by p* before restarting reflecting.

3 Contraction : if on reflecting p^ to p^, y* is found greater
than y^ for all i^ h, i.e. that replacing p^ by p* leaves y* the 
maximum, then a new p^ is defined to be either the old p^ or p*, 
whichever has the lowest value. The point p** is defined by :

P * *  =  P c  + B (P h  “  P c )

where $, the contraction coefficient, which lies between O and 1, 
is the ratio of the distance |p** p^| to |pp̂ |

if y** is not greater than min(y^, y*), p^ is replaced by 
p** and a new reflection gets under way.

if y** < min (ŷ y y*), the contraction has failed and all the 
p^ are replaced by ^(p\ + p^) and a new reflection starts again.

A convenient convergence criterion is that the calculations 
terminate when the standard deviation of y^, .... y^ = f(x^),... 
y^^^ is less than some prescribed value e > O, i.e. when

2 1 2 2 
k=l

The coefficients a, g, y give the factor by which the
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volume of the simplex is changed by the operations of reflection, 
contraction or expansion respectively.

Nelder and Mead suggest values of 1, ht and 2 for a, 3 and y

2Figure 13 depicts these three operations a 2-dimensional space E .

Figure 13 
reflection of 
vertex p

Figure 14 
expansion of non
regular simplex

Figure 15
contraction of non
regular simplex

519. The Nelder and Mead's technique for minimising the function 
E(x^, Xg), already minimised 
is illustrated in Figure 16.
f(x^, Xg), already minimised by using the regular-simplex method.

In order to compare both methods, the first simplex is 
identical in size and orientation in both cases.

a = 1, 3 = y = 2



Figure 16.
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This particular example does not seem to support the fact 
that Nelder and Mead's number of iterations is much less, if less, 
than Spendley, Hext and Himsworth's number of iterations for the 
same result as far as the location of the optimum point xo is 
concerned.

Figure 16 shows strong evidence that the size of the current 
non-regular simplex gets out of proportion as the search proceeds 
towards the optimum point. Consequently, a lot of iterations
are required to scale down the current non-regular simplex back to 
its initial dimensions.

It remains to be seen whether the reduction of the number 
of iterations generated by moves in a direction more parallel to the 
best direction outweighs the increase occasioned by the resulting 
scaling down.

520. The study of the simplex method and of Nedler and Mead's 
improved version shows that, in order to keep the number of 
iterations as low as possible, it is necessary :

i) to allow the basic regular simplex to be flexible and 
adapt itself to the local physiognomy of the function to be 
maximised.
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ii) while the basic simplex undergoes deformation, to maintain 
the dimensions of the current distorted simplex below that of the 
previous generating simplex since the dimensions of the simplex 
decrease as the method converges.

Requirements i) and ii) lead to another improved version of 
the simplex method : the proposed improvement of the simplex 
method.

PROPOSED IMPROVEMENT OF THE SIMPLEX METHOD

521. This improved version is based on making full use of the 
knowledge of the function values at the vertices of the current 
simplex to find the best direction along which the vertex to be 
discarded is reflected.

Let the optimisation problem be one of minimisation of a 
function f(x).

Let the current simplex be defined by the (n+1) points 
p^, p^, ... p^ in an n-dimensional Euclidean space.

Let y^ be the highest function value
Let y^ be the lowest function value
Let p^ be the centroid of the vertices with i i=- h.

522. The recommended procedure for the minimisation of f(x) is 
that of SPENDLEY, HEXT and HIMSWORTH'S method with a different 
reflection which is completed as follows :

P*, the reflected point of p^, is on the straight line
joining p and a weighted centroid p , at a distance h cw
d = Ip* p I from the p o in t  o f  low est fu n c tio n  va lue .

This distance d is equal to the edge of the regular simplex 
in SPENDLEY, HEXT and HIMSWORTH'S algorithm and is halved whenever 
the regular simplex was halved.

p is defined by : cw
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cw
n+1 .
Z 

i+l 
with iÿ̂ h
Pc +

f (p̂ ) 
f(pl X (Pj_ - P )̂

The centroid is weighted sc that the search tends to be 
directed towards the direction of steepest descent.

Figure 17 shows how is reflected in a two-dimension
space,

X,i

0.1* 9%

Figure 17

I

f(p^) = 0.9 
f(p^) = 0 . 6  

f (pg) = 0.4 
f (p̂ ) = 0 . 2

523. In order to compare the simplex method, the Nedler and
Mead's improved version and this improved version, the technique
which has just been described is applied to the same function 

2f(x^, x^) in E and the first simplex remains identical in size and 
in orientation.

Figure 18 shows the successive iterations,
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tp

Figure 18.

I

METHOD OF STEEPEST ASCENT

524. In a two-dimensional space, the problem of maximising a 
function may, in some cases, be physically interpreted as climbing 
a hill. Physical commonsense would suggest that, given the 
height of the hill, the shortest path is the line of greatest 
gradient along the flank of the hill.

The notion of shortest path loses part of its meaniny in 
computing since leaps are possible between two successive points. 
Nevertheless, a search method which aims to follow this path is 
bound to maximise a function f(x) efficiently.

The two difficulties which have to be overcome when devising 
such a method are :

i) how will the direction of the greatest rate of increase of 
f (x) be found?

ii) how often should this direction be re-evaluated?
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425. The gradient Vf (x) of a n-variable function f(x), continuous 
and differentiable, is a vector pointing in the direction of the 
greatest rate of increase of f(x). At any given point x, the 
vector of Vf(x) is normal to the contours of isovalues of f (x).
The coordinates of the vector

V f ( x )  are I M iÏL ,  . M jE l9x_ ' 9x_ ' ---  Bx. ' 9x
1 2  ] n

Direct search methods rely solely on evaluating f(x). The 
gradient Vf(x) will therefore never be known exactly, but a good 
approximation of it can be calculated if f(x) is evaluated, along 
the directions x^, j = 1 ,2 ,..., n, at a small distance h of x.

Once the direction of the search is known after calculation 
of the gradient Vf(x), it is not easy to determine how many moves 
must be performed along this direction and what their step sizes 
must be to make the steepest ascent method the most efficient.

526, The procedure which follows is an attempt at making the step 
size adapt itself to the local shape of the function f(x) :

1. Calculate Vf (x) at point x by evaluations of f(x) at 
the n points f(x + h^e^), j + 1 ,2 ,..., n.

2. Move in the direction Vf(x) of a quantity A. Evaluate 
f(x*) at the new point x*.

3. If the move is a success repeat (2). Even though this 
direction does not correspond exactly to Vf(x*), it is likely to 
produce another successful move.

4. If the move is a failure, halve A and repeat (2).

5. If the move is successful, go to (1). If the move is 
a failure, the situation is identical as that of (4). Repeat (4).

If (1) leads to a large number of repetitions of (2), A 
should be increased accordingly.
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The application of this procedure for maximising f(x , x_), 
2function in E , is shown in Figure 19.

Figure 19.

■ X,

% I527. The efficiency of the steepest ascent method drops as
interaction increases between the different variables. An 
oscillatory phenomenon might even tend to develop. Figure 20
depicts the occurrence of such a phenomenon.

Figure 20.
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The importance of this oscillatory phenomenon, sometimes 
called hemstitching by mathematicians, is related to the step sizes X. 
If very small step sizes are used, the sequence will closely follow 
the true path of steepest ascent and hemstitching will disappear. 
However, the use of very small step sizes will result in a very slow 
crawl along the ascent path and will require an extremely large 
number of evaluations of Vf(x). It is therefore much more efficient 
to use comparatively large step sizes even though the resulting 
sequence x^ can deviate significantly from the path of steepest 
ascent.

It is interesting to note that should the maximums be found
between x. and x_, x_ and x^, the direction leading to or near to •4 5 5 D
the optimum could be obtained.

These comments introduce methods whose principles are based 
on generating a set of mutually conjugate directions.

CONJUGATE GRADIENT METHODS

528. a) Conjugate directions.
Although conjugate gradient methods can be applied to any 

type of function to be maximised, the concept conjugate directions 
has its full meaning, and a proper definition can be given, only 
when the function is quadratic.

Let f(x) = ^ x^ A X + bx + c be the quadratic function to be
maximised, x a point of the n-dimensional Euclidean space E^ and 
—tX  its transpose.

A set of n independent and non-zero directions, d^, d^, ....,
d^  ̂ are said to be conjugate if, given a symmetric negative
definite matrix A, they satisfy :

d^ A dj = O O < i j < n

As a reminder, a symmetric matrix A is negative definite of its
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quadratic form F(y) = A y < O for all y; except y = O, of the 
Euclidean space considered.

Thus, the n directions must also comply with :

d.^ Ad. < O 
1 1

Figure 21 shows an example of conjugate directions in a 
two-dimensional space. The contours of isovalue of f(x) are
concentric ellipses.

Figure 21.

If B is the point yielded by a searqh for a minimum from 
the point A in the direction AD, and if C is the optimal point,

then CB is said to be conjugate to the direction AD since, 
for any ellipse f(x) = constante, the diameter through B is 
conjugate, in the usual geometrical sense to the diameter parallel 
to AD.

Several methods have been devised for generating mutually 
conjugate directions. The two most common are Smith's method and 
Powell's method.

b) Smith's method

529. Smith's method (7) is the simplest for producing conjugate 
directions without calculating derivatives.

Given the quadratic objective function

f (x) = *5 x^ Ax + bx + c

a direction conjugate to a given direction is obtained as
follows
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Let X maximise f(x) in the direction d as shown in Figure 22, m
and let y be a point that is not on the line r = x + ad. If ym m
maximises f(x) on the line r = y + 3d, then the direction - x^ 
is conjugate to d .

Figure 22.

The proof is

Vf (x ) = A X + b and Vf (y ) = A y + b m m  m m

therefore
d^ (A X  + b) = O and d^ (A y + b) = O m m

thus d^ A (y - X ) = O which is the condition for d and ÿ - x m m m m
to be conjugate.

Each iteration of Smith's method is divided into n stages.
In any iteration, each stage after the first produces a new 
direction which is conjugate to all the previous directions of that 
iteration.

The method begins with a set of n linearly independent 
-ons, usually the coordin 

iteration proceeds as follows :
directions, usually the coordinate directions e^, and the first

Stage 1 Search from the initial point x^ along d̂  ̂= e^ 
for a maximum at x_.

Stage 2 Let “ ^ 2  ^ ^2 ®2' chosen
arbitrarily. Search from y^^ along d^ for a maximum at y^
Then search from y^^ along d^ = - x^ for a minimum at x^.

By construction d^ is conjugate to d^ and x^ maximises f (x)
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in the directions and d̂ .

Stage k Let e^, where is chosen arbitrarily.
(k-1 ) search from y,  ̂ in the direction d for ak,r-l rFor r = 1,2,. 

maximum at y 
the direction d, for a maximum at x

k,r '̂ k = yk,k_l - k̂' Then search from y, , . inJC / jC J_
k+l*

By construction d^ is conjugate to d^.
1 "

The first iteration is completed when k = n. 

Figure 23 illustrates the method for n = 3

%  /  
/

Figure 23.

The maximum of a quadratic function is found in n stages, 
i.e. one iteration. The number of one-dimensional maximisations 
is equal to ^ n (n+1 ).

For non-quadratic functions, the method is iterative. 
However, in this case, the convergence very often proves 
unsatisfactory, owing partly to the fact that direction e^ is not 
used at all before the h n (n-1 )th one-dimensional maximisation. 
An improvement of this method has been proposed by POIVELL.
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c) Powell's method

530. Powell's method (8 ) differs from Smith's method in that each 
of the n stages requires a search along n linearly independent 
directions,

As in Smith's method, the initial directions are usually 
taken to be the coordinate directions e^.

The method generates conjugate directions by making each 
stage define a new direction and choosing the linearly independent 
directions for the next stage so that the oldest direction is dis
carded in favour of the new one.

The kth stage of the basic procedure is as follows :

i) For r = l,2,....n calculate X so that f(y, . + A d, )r k,r-l r K,r
is a minimum and define y, = y, , + A d,k,r ^k,r-l r k,r

ii) For r = 1,2, .... n-1 write = \,r+l

ill) write ^ ~ ?k,0
iv) Choose A so that f (y, + A (y, - y, ) is a minimumk,n _ k,n k,n

and write

After n stages, all the directions of search are mutually 
conjugate. The number of one-dimensional maximisations is equal 
to (n+l)n. Powell's method is illustrated in Figure 24 for
n = 3.
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Figure 24

y

4/. _

<̂ 11 = <̂ 21 = ®2
^12 ^22 = ®3
5X3 = ^23 - X

a.

13 10

In proposing this procedure, Powell overcame Smith's method 
disadvantage that the first variable, is changed n times more 
frequently than the nth, so it is a little slow in starting from a 
bad approximation to the minimum.

531. Nevertheless, Powell had to modify his basic procedure to 
ensure a satisfactory convergence to the maximum. The reason for a 
modification is that the basic procedure may choose nearly dependent 
directions : if, for example, in the first stage, is zero the
resultant directions will not span the full parameter space since
they will be contained in a hyperplane of equal x^.

For n = 3, this means that the directions for stage 2 will be 
contained in a plans containing x^ and parallel to the plane (Sg,
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The kth stage of Powell's modified procedure is as follows ;

i) For r = 1,2,... n, calculate X so that f(y, . + X d )_ _ r _ k,r-l r k,r
is a maximum and define y, = y, , + X d,k,r ^k,r-l r k,r

ii) Find the integer m, 1 ^ m < n, so thatj f(y ^) - f(y. ) >k, m*” X jc, m j
is a minimum and define A = f(y, ,) - f (y, )k,m-l k,m
iii) Calculate f. = f(2y - y ) and define f = f(y ) andJ iĉri jc y  u X JCfL/

iv) If either f^ < f^ and/or (f^ - 2f^ + f^)(f^ - fg - A)^ < % A x
(f - f )̂  use the old directions d, w  d _) ... d for the neyt1 J k ,  J. k, X k , n
stage and use y for y , otherwisejc ̂ II JC*i J- ̂ w

v) defining d = (y - y ) calculate X so thatJCi* JL ÿ n Jĉ n jc ̂ u
f(?k,n + ^<ÿk,n - ÿk,0 > ^ maximum, write = d% ^ + 1

for r = 1 ,2 ,... n-1 , and ^ ^ \+l,n'

A consequence of the above modification is that one of the 
conjugate directions may be discarded, so that more than n stages 
are required to find the exact maximum of a quadratic function.

532. The conjugate gradient methods require a large number of 
maximisations of functions along one direction. Realising the 
important part played by the efficiency of maximisation along a 
line in the overall efficiency, Powell devised an algorithm to 
serve the cause of his method.

However, this algorithm may also be used in conjunction 
with any gradient method or, more generally, with any 
optimisation technique that requires a one-dimensional search.

POWELL'S QUADRATIC INTERPOLATION METHOD

533. The problem is minimising the function f(x) along the line 
X  = x ^  + X d  where x ^  is the current point and d  is a given search 
direction.

Powell's algorithm approximates f(x) in the vicinity of x^ 
in the direction d by a quadratic function y(X) which takes the same
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f(x)

Figure 25.

The third iteration is successful since f(x^ + X^d) occurs 
when is minimum with within the required accuracy of C^.

The number of times f(x) has to be evaluated, can be
reduced by taking advantage of the fact that three function values

3^ r - — 1are sufficient to predict I + Xd)|

The prediction of the second derivative is

D = -2
(b-c)f^ + (c-a)f^ + (a-b)f^

(a-b) (b-c) (c-a)

The second derivative may be used the next time a minimum 
is sought in the same direction. In this case, just f(x^^ and 
f(x^ + qd) are sufficient to predict the minimum to be at 
(Xj^ + Xd)

Y = *5 q-
f(x^ + q d) - f (Xĵ )
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values as f(x, + Ad) for three current values of A k

Initially f(x^j and f(x^ + qd) are calculated, and then 
either f(x^ - qd) or f(x^ + 2qd) is worked out depending on whether 
f (Xĵ ) is less than or greater than f(x^ + qd). These three 
function values are now used in the general formula which predicts 
the turning value of the quadratic defined by

a, f(x^ + a d), b, f(x^ + b d) , c and f(x^ + c d), to be at 
(x^ + yd), where

y = h

2 2 2 2 2 2 (b -c )f^ + (c -a ) f^ + (a -b ) f^
(b-c)f + (c-a)f + (a-b)f a b c

this formula is obtained from the system :

y(À) = y^ + y^ A + yg A = f^(x^ + Ad) A = a,b,c

The point f(x^ + Ad) is a minimum if :

(b-c)f + (c-a) f. + (a-b)f a_________ b c
(a-b) (b-c) (c-a) < O

If the turning value is predicted to be a maximum, or if the 
value of d is such that to calculate f(x^ + Ad) a step greater than 
the upper bound to the length of step along d, must be taken, the 
maximum allowed step is taken in the direction of decreasing f, and 
the function value at the point which is furthest from f(x^ + A d) 
is discarded, so that the prediction is repeated.

Otherwise, A is compared with a, b, and c, and , if it is 
within the required accuracy of one of them, that point is chosen 
as the minimum.
quadratic interpolation is repeated

If it is not, f(x^ + Ad) is calculated and the

Figure 25 shows an example of minimisation where 3 iterations 
are necessary.
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ADAPTATION OF DIRECT SEARCH METHODS TO CONSTRAINED PROBLEMS 
OF OPTIMISATION.

5 3 4 . The general problem of optimisation of a multi-variable 
system can be expressed as :

Maximise f(x^, ... ,x^)

subject to the equality constraints g^(x^, x^, ... x^) = b^

i = 1 ,2 ,... m
and to the inequality constraints ĝ  (x̂ , x^, ... x^) < b^

j — 1 ,2 , ...,q

It is reminded that there can be optimisation only if m is 
strictly less than n.

Providing that the m equality constraints g^(x) = b^ 
satisfy the implicit function theorem, i.e. they are linearly 
independent, the optimum can be found by maximising another function 
f^(x), obtained from f(x) by using the m equality constraints to 
eliminate m variables,

subject to the q inequality constraints (x) 3 by j = l,2 ,...,q

The theoretical possibility of such a conversion has been 
proved in paragraph 412. Control techniques to achieve it on
real processes will be discussed later on, together with the 
application of direct search methods to real processes.

After transformation, the general problem of optimisation of 
a multi-variable system may be formulated as :

Maximise f(x^, x^, ... x^)
subject only to the inequality constraints

g j (x , x^, • •. x^) ^ b j j = 1 ,2 ,... q.

535. There could be a further possible transformation before 
tackling it with direct search methods. It has been shown in
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para. 402 that inequality constraints can be converted into 
equality constraints by introducing slack or surplus variables.

The optimisation problem

" maximise f(x , x_, ...., x ), 2 .  m
subject to the inequality constraints

g (x , X , ... X ) < b j = 1,2,... q \ ] 1  ̂ m 3

becomes after converting inequality constraints into equality 
constraints

maximise f(x_, x_, --- x , x ., ....x  ̂ )L 2. m m.-± m+q
subject to the equality constraints

g ( X w  X , ----  X ) + X = b j=l,2, q
3 X z m m+3 3

 ̂ and to the restrictions x̂ _̂. > 0  j = l,2 ,....q

Depending upon the optimisation method used, any optimisation 
problem will be converted into either an equality-constrained problem 
or an inequality-constrained problem.

DECLARING A MOVE VIOLATING A CONSTRAINT A FAILURE

536. Purely inequality-constrained problems seem to be particularly 
well suited for the following direct search methods : grid search,
univariate search method, Hooke and Jeeve's method, Speudley, Hext 
and Himsworth's method, Ncdler and Mead's method and the proposed 
improvement of the simplex method.

As a matter of fact, the only adaptation required for these 
methods, initially designed for unconstrained problems, to work 
for inequality-constrained cases is to consider a move which 
produces a point violating the constraints a failure 1 11

USE OF PENALTY FUNCTIONS

537. The adaptation of gradient search methods to inequality- 
constrained problem is much less simple. Failure of gradient
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search methods in equality-constrained minimising problems occurs 
when the path of steepest descent to the minimum crosses the 
forbidden region.

Since a gradient method follows the path of steepest descent, 
the idea is to deviate this path by creating an artificial bump in 
the forbidden area.

The bump results from the adjunct of a penalty function 
P(x) to the function f(x).

The minimising problem,

minimise z = f(x) subject to the constraints 
g^(x) ^ bj j = 1 ,2 ..., q

becomes
minimise z = f(x) + P(x)

where _ q T g.(x) - b. if this is positive
P (X )  = , U . with Uj = I o^otherwiL

and kj ^ O j = 1,2, ...,9 

kj will be chosen by experience or some numerical trial and error
method.

P(x) can take other forms more appropriate to special cases,
e.g. :

to confine x to the interval l-X, + X I ,
P(x) = k t ^  ! may be used, with k > O and m a positive

integer.

Or more generally, if the constraints are + X^ < x < Xg, 
the penalty function may be replaced by

I  2x -  (X^ + Xg)
P(x) = kl ---------    1 , k > O, m a positive integer

V *2 " *1 /
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HEMSTITCHING.

538. In 1961, ROBERTS and LYVERS (9) devised a hemstitching method 
which enables gradient methods to be used very conveniently with a 
constrained problem.

Let X be the current point lying within the constraints of a 
constrained minimisation problem in the course of the search by the 
gradient method.

Let X* be the next point.

If x^ falls into the forbidden region, Roberts and Lyvers
suggest that the next move which must bring back the search into the
permitted region should be orthogonal to the constraint(s). The 
reason for this is that, if the greatest rate of change in the 
objective function f(x) is found by moving in the direction of the 
gradient vector, then the fastest way to move out of the forbidden 
region is to move orthogonal to the constraint(s).

Then, if the point lies outside one constraint, the gradient 
is taken with respect to the constraint.

If for example, the constraint is expressed as

9l (x̂ , %2' •* * ' ^n^ <
the second new point x** will be :

x * *  =  X *  + V g^(x) where the value of the scalar A^
determines the length of the step

If X * *  still lies in the forbidden region, another step is 
.n the direction V 

in the permitted region.
taken in the direction Vg^(x), and so on, until the search is back

If the point lies outside two constraints g^(x), g^(x) a 
composite gradient is calculated and a move is taken in its direction

X * *  =  X *  + A^ Vg^(x) + Ag Vg^Cx)
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The hemstitching moves are illustrated in Figure 26 when 
2X is a point in E .

Figure 26.

co.>our

I

RIDING THE CONSTRAINT.

539. Another possibility for adapting the gradient method to a 
constrained problem is to "ride" the constraint when the gradient 
method violates it.

If moving from x to x* violates the constraint, instead of 
mathematically hemstitching, the search can return to x, takes 
smaller steps than (x - x*) in the direction xx* until it reaches 
the constraint. Then, the optimisation is carried out by moving
along the constraint.

A shortcoming of this method is that it implies that the 
optimum lies on the constraint.
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OPERATING PRINCIPLE.

601. A pictorial view of the engine shunt-transmission system 
considered is shown in Figure 1. A turbocharged diesel engine
drives the annulus of a fully floating epicyclic gear train. The 
sun gear shaft and the output shaft are linked together by a hydro
static drive whose function is to vary the speed ratio between the 
engine and the planet carrier.

The hydrostatic drive is composed of two identical units, 
one of these acts as a pump and one as a motor, these rôles being 
interchangeable. These two units are variable - capacity axial -
piston machines whose cross-section is shown in Figure 2. As
the cylinder barrel rotates, the pistons reciprocate in the bores, 
drawing in and discharging oil through the valve timing plate shown 
on the end. The length of stroke of the pistons, and consequently
the amount of oil discharged per revolution may be changed by increas
ing or decreasing the tilt of the cylinder barrel. The tilt angle 
is changed by a servo-controlled actuator.

602. When the output shaft of the shunt-transmission is stationary 
and the engine shaft is rotating at speed in the direction shown 
by the curved arrow in Figure 1, the planet carrier shaft is 
stationary and unit A shaft rotates at speed proportional to w^, 
in the direction of the curved dotted ariow. If unit A cylinder 
barrel is not tilted, unit A shaft will rotate freely and the trans
mission output torque will be equal to zero.

If unit A cylinder barrel is now trlted by a small angle,
oil will be pumped by unit A into unit B which, if tilted, will be
forced to rotate. Unit B shaft cannot remain stationary because 
it would otherwise see an infinite torque applied onto it by oil 
pressure, assuming that the amount of oil pumped is greater than the 
losses. Practically, this torque is limited by the maximum oil
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pressure to which the hydrostatic-drive can be subjected. The 
maximum output torque value is obtained when unit B tilt angle is 
maximum.

For a constant engine speed, an increase in output shaft 
speed will result in a reduction in unit A shaft speed. Output 
shaft speed is increased and unit A shaft is slowed down by 
increasing the tilt angle ratio of these two units.

When unit A shaft speed reaches zero, unit B shaft speed can 
be further increased by reversing unit A shaft rotation.

From its stationary position, unit B shaft can be rotated 
in reverse by increasing unit A shaft speed. This is achieved by 
tilting unit A in a direction opposite that yielding forward output 
shaft speeds.

THE HYDROSTATIC DRIVE

603. A cross-section of one of the two identical units composing 
the hydrostatic drive is shown in Figure 2. The two units being
labelled A and B, A and B will be used as subscipts in the following 
notation which characterises one unit :

V

03

T
P
Q
n
D

TR

V,

tilt angle or swash angle 
shaft angular velocity (rad/s) 
shaft torque (Nm)

2oil pressure (N/m )
oil volume flow-rate (m^/s)
number of pistons
maximum volumetric displacement (m^/rad) 
trapped volume at top dead centre and at maximum 
stroke (m̂ ) 

swept volume at maximum stroke (m̂ )

Oil characteristics are :
2y : absolute oil viscosity (Ns/m )

23 : bulk modulus of oil (N/m )
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If it is assumed that both hydrostatic units are ideal, the 
oil flow-rate and torque of unit A and B are ;

2 a  =  ^ A  ° A  “ a

^a °a *’a <2)
^ ’'b °B "b

^ B =  %B OB ^B

where x is the ratio of volumetric displacement per radian
at tilt angle 6 to the maximum volumetric displacement per radian D,

X takes values between -1 and +1. For the purpose of 
simplification, the barrel tilting actuator displacement will be 
graduated according to values of x.

Lossless steady-state speed and torque equations
604. Again, assuming that both hydrostatic units are ideal and, 
in addition, that the transmission oil is incompressible, equating 
the flow of oil from unit A to unit B yields :

’ ‘a  “ a  =  -  S  “ b

and saying that high pressure in unit A and unit B are equal leads 
to :

■̂ A ^B = ^B '̂a

Analysis of losses

605. The aim of this thesis being the optimisation of the engine 
transmission system for minimum fuel consumption, it is imperative 
to study thoroughly how losses modify equations 5 and 6.

An ideal hydrostatic drive is an infinitely variable speed 
ratio transmission which, for given values of input torque and speed 
will produce values of output torque and speed which satisfy the 
following equations :
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To = I  Ti ToCÛ  = T. 0).  ̂ (7)

w = R m. Ü) *= R 00. (8)o 1  o i

where R, the speed ratio of the hydrostatic drive, takes 
values between O and

Unfortunately, certain losses will occur and because
mechanical power is converted into hydraulic power before being
partly restored, both output torque T and speed oo will be less

Tthan the lossless output torque and speed R oo. . Consequently,
R ^

losses can be divided into volumetric and mechanical losses, the
former causing a speed loss sometimes referred to as slip and the
latter causing a torque loss.

The main losses can be classified as follows :
a) Volumetric or flow losses :

1) leakage between piston and bore
2) piston connecting rod ball-joints leakage
3) leakage between valve timing plate and cylinder barrel
4) leakage across the face of the valve plate from tlie

high pressure port to the low pressure port
5) loss due to compressibility of fluid

These losses are chiefly dependent upon pressure.

b) Mechanical or torque losses :

6) viscous drag of fluid between moving parts of pump
7) bearing losses
8) churning losses
9) friction between pistons and cylinders
10) hydrodynamic losses, e.g. losses in pipes and 

turbulent shock entry losses.

The mechanical or torque losses are functions of speed and 
pressure.

Volumetric and mechanical losses are depicted in Figures 3



154

and 4 respectively, on a cross-section of a hydrostatic unit.

Both volumetric and mechanical losses will vary due to the 
viscosity and other fluid properties.

All the causes for losses in power transmitted by the 
hydrostatic drive will now be studied thoroughly in turn :

Leakage between piston and bore

605. If it is assumed that, owing to the relatively small 
clearance existing between a piston and its bore, the flow of oil 
escaping through this clearance is laminar, it is possible to apply 
Reynold's equation for laminar flow between parallel flat plates :

h b dP 
^ 12y dx (9)

dPwhere —  is the pressure gradient and h and b are the dimensions of 
the leakage path.

If the piston is assumed to be centred in its bore, as 
shown below, the clearance c being small compared with d.

the leakage flow for the n pistons is given by
3

Q = ÏÏ dn (Ph - Pc)
12 (10)

where P^ is the oil pressure in the high pressure line and P^ is 
the oil pressure in the unit casing (1).

In fact, the leakage flow is much higher because the trans
versal resultant force acting on the piston will push it against the



wall of the bore,

If the eccentricity of the piston in the bore is e.
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clearance c = R - r

the leakage flow is given by :

Q =
ÏÏ dn c (P. - P )___________h____ c

12 \iZ
(1 + ) 

2 c
reference (2)

if e = c, i.e. the piston is pushed against the bore wall, the 
leakage flow becomes :

Q =
2.5 IT dn c (P, - P ) h c

12 (11)

which is 2.5 times the value when the two surfaces are concentric 
with a constant clearance c.

607. Piston connecting-rod ball-joints leakage

Although of the same nature as the leakage previously 
studied, this leakage will be very small compared with it and can 
either be neglected or can be grouped with trie leakage between piston 
and bore by multiplying the right side of equation 11 by a correcting 
factor.
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Leakage between valve timing plate and cylinder barrel.

608. If the valve timing plate dimensions are as shown below.

line, of 

lea kag e  flow low pressure 
porh

clearance c

1er

the leakage flow betv/een valve timing and cylinder barrel to the 
casing, calculated by again applying Reynold's equation, is given 
by :

Q =
a 7T (P^ + - 2 P^)c (R + r)
360 12 y (R - r) (12) where 

a is expressed in 
degrees.

609. Leakage across the face of the valve plate from the high 
pressure port and the low pressure port.

low pressure port

high pressure 
port

lines of leakage flow 
from high co low pressure 
port

In tiiis case, it is more difficult to determine the 
dimensions of the leakage path : leakage flow lines and pressure 
distribution are modified by any variation in the cylinder barrel 
speed 0).

Since there is relative angular motion between the cylinder 
barrel which rotates at speed m and the valve timing plate which is



fixed, leakage flows (1) and (2) are different. If leakage flow 
from high to low pressure port is once again assumed to be laminar, 
applying Reynold's equation and taking into account the relative 
angular motion gives :

and Q,

= b

= b

%  -

12 yL

(Ph - c
12 yL

wRc

wRc respectively

total leakage flow from high to low pressure port is given by

^  ^ (?h -

12 yL (13)

Loss due to compressibility of fluid.

610. If oil is assumed to be compressible, it will undergo a 
change in volume at every point of the system where there is a change 
in pressure. In the hydrostatic drive, oil pressure remains
constant in the connecting pipes but varies with time in tlie cylinder 
barrel. Indeed, if the unit is a pump, as the cylinder barrel 
rotates, oil is induced as the pistons recede from the valve timing 
plate through the low pressure port and then, is expelled through 
the high pressure port. The small volume of oil which is compressed 
in raising the pressure is sometimes considered a form of flow loss 
which cannot be recovered (7). However, under certain circum
stances, part of this flow loss may be recovered by the motor; for as 
the piston is pushed down the cylinder in the motor, the pressure drops 
to the return line pressure and the oil expands, causing a compressible 
flow gain in the motor (4) . This argument, however, is dependent on 
valve timing. For ideal timing, flow losses due to the compressi
bility of oil result only from the compressibility of oil which remains 
trapped over one revolution in the cylinder barrel of either unit, the 
pump or the motor. This amount of trapped oil in the cylinder barrel 
is the amount of oil which is transferred from the high to low 
pressure pipe per revolution and its variation in volume during the



the compression-expansion cycle is the quantity of flow lost per 
revolution.

The volume of trapped oil in the cylinder barrel per
piston is depicted below :
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N/aUe. h'ming 
piaVe

maximum sVmlce.
Vt R epfech've

blh angle.

usi'on

cylinder
barrel

Flow losses per revolution and per machine due to the 
compressibility of oil are given by the relationship

V  =
(P - P ) n V  ̂h TR effective (14)

(ideal timing)

where V ^ . is the volume of oil trapped per piston at angleTR effective ^
of tilt I f  X is the c o r r e s p o n d i n g  swash setting, the effective
trapped volume effective can be expressed in terms of the
trapped volume at T . D . C .  and at maximum stroke and the swept
volume at maximum stroke :

V =  V 4  1211.) VTR eff TR 2 S (15)

Equation (14) combined with (15) gives

V - ^TR
l - X (16)

Equation (16) reveals that flow losses due to compressibility of 
oil are not only dependent upon the change of pressure to which 
trapped oil is subjected but also depend on tlie tilt angle of the 
cylinder barrel.



If unit A acts as a pump and if unit B acts as a motor, flow 
losses in the overall hydrostatic unit per unit time, can be obtained
by combining (15) with (16) 

flow losses are given by :

XaIf it is assumed that m = —  w ,B Xg A

2 IT B
(17)

(ideal timing)

Viscous drag of fluid between moving parts of pump.
611. A viscous drag or friction will result from the shearing of 
the oil film between the many sliding surfaces. The surfaces with 
relative motion which will contribute most to mechanical losses due 
to viscous drag are the fixed valve timing plate and the rotating 
cylinder barrel.

Details of the volume of oil trapped between valve timing 
plate and cylinder barrel, and subject to shearing forces are given 
below :

A I I lew AA

The tangential shearing force which acts on a ring of oil 
trapped between valve plate and cylinder barrel of inside diameter d 
and outside diameter d + 6d is given by :

lid X ôd X ji 0) d5F = — — --------
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and the total viscous friction torque by ; 

y 0) ITT = + Pi - Pi - Pi - r (18)

Although there will be some oil between the sliding surfaces 
of the reciprocating piston and cylinder, owing to the fact that 
the geometry of the sliding surfaces does not provide a very efficient 
oil wedge action which can furthermore be impaired by transversal 
forces acting on the piston, the friction occurring between piston 
and cylinder is likely to be much "drier than viscous". This type 
of friction will be approximated to dry friction, lubrication by 
oil trapped between the sliding surfaces being taken into account by 
lowering the value of the dry friction coefficient.

Bearing losses.

612. The friction forces which oppose the relative motion in the 
bearings can be divided into :

i) Coulomb forces independent of speed
ii) viscous forces proportional to speed

iii) windage forces proportional to the square of speed.

However, experiments carried out by REETHOF (2) corroborated
his assumption that, in first approximation, bearing friction forces 
are proportional to the pressure exerted on the rolling surface.
If this assumption is made, the bearing friction torque, chiefly 
created by the swash plate thrust and two journal roller bearings, 
is given by :

T = k^ - 2 P^) (19)

Churning losses,

613. The hydrostatic units run fully immersed in fluid which leaks 
from the pistons and valve timing plate and which fills up the unit 
casing. When rotating, the cylinder barrel assembly, specially the 
barrel and the connecting rods, will stir and shake oil contained in
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the casing, thereby giving rise to churning losses. It v;as
suggested by Schlosser (3) in his mathematical model for displacement 
pumps and motors, that churning losses are proportional to the 
square of the speed :

.2T = kg CO' (20)

Friction between pistons and cylinders.

614. In order to have hydrostatic units as compact as possible, 
connecting rods are often not concentric with the cylinder barrel.
As a result, forces normal to the symmetrical axis of the pistons are 
generated, causing friction losses. If the arrangement of the unit 
connecting-rods is as shown below.

the normal force to a piston registering with the high pressure 
port is given by the equation

tan Y when the unit is a motor

and

n

n
(P - p )h c sin Y when the unit is a pump

where A is the area of piston and y is the angle between connecting 
rod and cylinder barrel symmetrical axes. When the unit is a
pump, the sum of the amplitudes of the forces acting normally to the 
n pistons is :

n Ph + - 2 Pc
tn sin Y (21)

When the cylinder barrel is tilted, not only does the normal 
force to each piston change, but also the sum of their amplitudes. 
However, the latter variation is small compared with the value of the 
sum itself and can be neglected.
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Hydrodynamic losses.

615. Hydrodynamic losses represent a loss of head of pressure due 
to fluid flow and shock entry within the hydrostatic drive.

Assuming turbulent conditions along the entire flow path, the 
losses due to fluid flow result in a pressure loss which is propor
tional to the mass density and to the square of its velocity. Thus,
the torque lost due to fluid flow can be expressed as :

T = %10 P 9

In terms of unit A speed and swash setting

T = %!! P “a (22)

Shock entry losses result from the fact that timing is never 
ideal. For a pump, timing is ideal when the valve plate inlet 
port closes at exactly the right point to allow the cylinder pressure 
to rise to the outlet pressure, the high pressure P^, before the 
outlet port is opened. When T.D.C. is reached, the outlet port 
closes and the pressure in the cylinder falls to the inlet pressure, 
the low pressure P^, before the inlet port opens.

If timing departs from the ideal timing, the unit will propa
gate pressure waves, causing hydrodynamic losses in the hydraulic 
lines. For a pump, the worst timing would be when, as soon as the 
inlet valve closes, the outlet port opens, causing a sudden pressure 
surge into the cylinder. When the stroke is complete, the outlet 
port closes and the inlet port opens, causing a pressure surge out 
of the cylinder into the inlet line.

Similar explanations can be applied to ideal and poor timing 
for a motor.

Huckvale (4) proposes a non-dimensional compressible torque 
in

equation
loss parameter which permits the establishment of the torque losses

CT B
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Hydrostatic transmission model for steady-state operating 
conditions.

616. Depending on the categories into which losses are grouped 
when being incorporated into the general model, different hydrostatic 
transmission models can be obtained. Although all acceptable, they 
will give slightly different values of hydrostatic transmission 
efficiencies for given operating conditions.

617. Huckvale (4) proposes the following loss coefficients :

Cg : slip coefficient

: compressible flow coefficient

^CX ’ swash setting compressible flow coefficient
: torque loss compressible flow coefficient

Cp : pressure dependent loss coefficient
: speed dependent loss coefficient

and the following equations for modelling hydrostatic transmissions: 

i) pump outlet oil flowrate

= D.1k | - Dw|x| ‘̂ ’1  ÿ

ii) motor inlet oil flowrate

"cx ÿ "  ' 4 ^ + y  'v ^ .>

The relationship between unit A and unit B speeds is established
by equating Q to Q .po ml

iii) The overall torque acting on a hydrostatic pump :
Tp = DX(P^-P^) + Cy M O W  + Cp D D

iv) The overall torque produced by a hydrostatic motor

-  S  - S  ° — T -  + °

When establishing the relationship between unit A and unit B
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torques, the drop of pressure - P^)* across the motor must be 
related to the drop of pressure (P^ - P^) across the pump and pressure 
losses in the hydraulic line.

618. Wilson (5) groups all the volumetric losses together while 
he classifies causes for mechanical losses into either viscous friction 
or dry friction. The three coefficients he proposes are :

C, : coefficient of viscous frictiond
: coefficient of pressure dependent friction

C ; coefficient of slips

His equations for modelling hydrostatic transmissions 
operating under steady-state conditions are :

i) pump outlet oil flowrate
C P D

Q = D w |x I  — ----—po P p' p ‘ y

(Dp|Xp|Wp - Dm
"here P = - - - - - -  T c - - 5--

sp p sm m

(The subscripts p and m stand for pump and motor 
respectively).

ii) motor inlet oil flowrate

C p D
Q . = D m |x I +  ?-mi m m ' m ' y

iii) The overall torque acting on a hydrostatic pump

Tp = P DpIXpl P Dp + C^p Wp Dp

iv) Thé torque produced by a hydrostatic motor

T = p D  x - C  p D  -C_ CO D m m' m' fm m dm m m
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Motor speed and torque equations are obtained by combining
i) and ii), and iii) and iv) respectively ;

yC _ D w - T + y 
V) w . dp P P P K L m ----— ——

|x I 2 D + C_ D 2jx I 0)' P' P P fp P ' P ‘ P
X D D X + C_' p ' p m ' m ' f p D |x I D 1p ' ra ' raj

where K is defined by K = C D + C  D xsp p sm m' m'

„  p̂ OmlXml(l-Cfm) + Sim % 
= -- - Tx Td— ^-c;- 5-------‘ P ‘ P fp P

„ „ , , . Cap % Dp
- “p Cam DpIXpl + ^  |x I D + r ■ D------------' p ‘ p fp p

Conclusions

6 1 9 . It is an inescapable fact that, whatever the analytical model 
adopted (either one of the two afore-mentioned or one of the many 
others which have been developed), it can only be an approximation to 
a hydrostatic drive for two reasons :

i) Its equations are simplified forms of the equations which 
govern the hydrostatic drive outputs.

ii) The different coefficients used can only be evaluated (by 
calculation or direct measurement) within certain tolerances.

In fact, analytical model shortcomings i) and ii) are cross
coupled : coefficient inaccuracy of calculation or measurement is 
enhanced by the fact that equations do not generally allow for 
variations of coefficients with temperature or pressure. This 
point can be illustrated by the following remarks :

a) The temperature distribution throughout the unit is not 
even. The temperature at the point where it can be measured 
will be different from the effective temperature at the sealing 
surfaces. Consequently, the effective viscosity y of the hydraulic 
fluid will be different from that evaluated.

b) Since temperature varies with the operating conditions.
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the viscosity, and consequently the slip coefficient C^, will be a 
function of the operating conditions.

c) Another factor which may account for the lack of constancy 
of the slip coefficient is that, in many designs, clearances have a 
tendency to increase under high pressure. So, not only is the 
slip coefficient a function of temperature, but it is also a function 
of pressure.

620. This hydrostatic drive being only one part of the engine shunt 
transmission system, for the purpose of matching the different 
components composing the system, it is particularly relevant to note 
how the efficiency characteristics of a hydrostatic drive can be 
modified. If the figure below is a chart showing the overall 
efficiency of a typical hydrostatic transmission at a given swash
angle setting : 

IOOt. /in

cr
o

CL

20-

T?
500 \000 15000 1000 1500

Transmission 
ratio = 1.0

INPUT SPEED (Rev/min)

the iso-efficiency contours can be moved slightly to the left
upwards or to the right downwards by alteration of the value of the
clearance between valve timing plate and cylinder barrel.
Indeed, the value of this clearance c is a compromise between a

k ĉlimited leakage flow Q ( Q = 3 ) and a small viscous drag of fluid T
(T - ’̂6 “ )

When matching the hydrostatic drive to the other components 
of the engine shunt transmission system, it may be desirable, and 
significant, to adjust c in order to get the best overall efficiency.
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THE EPICYCLIC GEAR TRAIN

621. The mechanical power path of the- shunt transmission together 
with the engine and the hydrostatic drive are shown in Figure 1.
The heart of this mechanical path is a simple, fully floating epi- 
cyclic gear train which is depicted in greater detail in Figure 5. 
This epicyclic gear train consists of a central gear or sun which 
intermeshes with planetary gears. The planets all intermesh, at 
the pitch circle which circumscribes them, with a ring gear or 
annulus, and are mounted on bearings attached to a back-plate known 
as a carrier.

The three components which can be manipulated externally are 
the ring which is driven by the engine, the sun which is mounted on 
unit A shaft and, finally, the planet carrier which is connected to 
the output shaft via a 3-element gear train. Any two of these 
three components can move entirely independently of the third.

Notation
622. angular velocity (rad/s) 

torque (Nm) 
force (N)
epicyclic gear ratio
viscous friction coefficient (Nm(/rad/s))
load dependent coefficient
radius
number of teeth

Subscripts
c
P
R
S

planet carrier
planet
ring
sun

The epicyclic gear ratio R is defined as

R = Ri Ri
r_ where z , is the number of internal teeth Ri

on the ring.
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Steady-state loss-free speed and torque equations

623. If clockwise rotation is defined as positive, the epicyclic 
gear train speed equations are :

and

“s - “c 
“r - “o

= -R

0)
2R(Wr - Wg)
(R-1) (R+lI"

(1)

(2) which is the planet carrier 
speed relative to its 
bearing.

With reference to Figure 5b, the epicyclic gear train torque 
equations are obtained by taking moments about X ard about Y.

By taking moments about X, for equilibrium conditions to be
achieved T_ + T + = OR c S

Similarly, by taking moments about Y,

Tr = RTg is a necessary and sufficient condition of
equilibrium.

Combining these two equations leads to the general equation

T = - TR (3)

Epicyclic gear losses

624. Huckvale (4) has produced a mathematical model which is a 
replica of the epicyclic gear train to such a degree that the 
efficiency theoretical predictions lie within the experimental results 
plus or minus 0.2% over the entire operating range.

What follows will therefore largely be based on Huckvale's 
work, thereby taking advantage of the experience he has gained in 
this field.
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Huckvale assumes that epicyclic gear losses fall into two 
categories :

1) Viscous friction

2) Load dependent sliding friction at the gear teeth meshing 
points.

Following his assumption, losses occurring in a simple mesh
ing gear pair can be distributed as shown in Figure 6. The
coefficients F^ and F^ represent the viscous friction while 
represents the sliding friction.

Viscous friction.

625. Bearing losses, oil churning losses and windage effects are 
assumed to fall under this category. Adding these losses together 
gives the total torque necessary to overcome them :

viscous friction torque = f.w (4)

626. Sliding friction
Using Mart Magi's theory on the transmission of power in 

mechanical drives. Reference 6, Steve Huckvale introduced a force 
pole offset X which results from the friction force which is active 
as the gear teeth slide over each other.

The concept of force pole offset provides a very convenient 
means of linking the two shaft torques T^ and t ' shown in Figure 6. 
If power flow is from shaft 1 to shaft 2, the relationship between 

and T^ is :

Ti
r^ + X rg - X

In order to take into account the meshing conditions, an 
average force pole offset x is introduced and this instantaneous 
relationship becomes ;
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1 - 2.
T: = t : "2

If the power flow were from shaft 2 to shaft 1, this 
equation becomes :

1 +  -

t 1  =  t :  " 2
2 1 ?! 1 _ 2.

Since generally x is small compared with r^ and r^, it is 
possible to make the approximation

1 - 1  1 + 1  

^12  ̂' " r r f  ' r r f  
^1 ^1

Since the same gear pair of the epicyclic gear train can 
convey power in both directions, equations are greatly simplified 
if only one load dependent coefficient used per pair of gears
The direction of power flow is taken into account in a general 
equation of this form :

T^ = T^ —^2 1 r^ (1 - C^2 sign (5)

627. The overall equation for the gear pair shown in Figure 6 is 
obtained by combining equations (4) and (5) :

?2 = ‘̂ 1 - fl^l) - <=12 ^12’ + ^2*2

(6)

Steady-state equations for modelling the mechanical power 
path of the shunt transmission

628. The mechanical power path comprises an epicyclic gear train 
and a set of three intermediate gears coupling tJiis epicyclic gear 
train to the output shaft. This mechanical path can be split into a
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series of simple pairs of meshing gears. For the purpose of
simplifying the equations, the viscous and sliding friction 
coefficients of the three intermediate gears can be regrouped into 
the coefficients used for a simple pair of gears.

If the loss distribution considered is that adopted in 
Figure 7, the equations modelling the mechanical power path for 
steady-state operating conditions are :

a) for the epicyclic gear train

U  - CsR, (7)
E

[H ^ R  ■ “r]■̂ S = R F r  ■ ^R “r ]<^ ■ ^RP> - V p (l-Cpg) ■ ^s“s

(8)

^  [<^R - V r >  - CRp) ] - V c  (9 )

The speed equations (1) and (2) remain unchanged :

“ s ■ “ c  ,  2R -  (Og)= - R and wp (R-1)(R+1)

b) for tdie intermediate gears :
r

T — ———  T t - f ( o l ( l  — C ) — f Ü) ( 10 )DC r c c c \ col oc ogo L J

where r and r are the radii of carrier and output shaft inter- gc go
mediate gears respectively.

629. From this set of equations can be deduced the efficiencies at 
which power is conveyed from the engine to the output shaft and 
from the engine to the sun shaft :
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T
'oE r r gc R R+1

_ ! e J f f +■e ^2 R \R+lrj^J
■R ( =̂ go =̂ R )

“eRoE expressed as : = 1 - (11)

where equivalent is : + =^0

and equivalent is : = f* + 2?  +1 r-r- —  1 fEO E r„ R 1 R+1 r„ / cR V R /

• l ÿ  &T

Similarly, rigg can be expressed as :

n = 1 — C — -- f'se es Tg ES (12)

where it can be shown that :

'ES ^ER ^RP ^PS

^ES = ^E ^R + R

Clamping unit A and output shafts successively, Huckvale has 
carried out experimental tests in order to determine the coefficients 
C , C , f and f . He found the following equations for£j(J fLü iiU Eb
efficiencies between output and engine shafts and sun and engine shafts 
respectively :

'oE 0.985 - °'°2 "E

and r\ = 0.965 - ^E
E
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SHUNT TRANSMISSION SPEED CHARACTERISTICS

630. The following study is limited to establishing loss free 
speed equations between engine, output and unit A shafts in order 
to better understand how the transmission basically behaves.
These speed equations will be obtained by combining the loss free 
speed equations previously established for the hydraulic and 
mechanical power paths. Figure 8 shows the two drives re-assembled 
as well as the speed symbols of the relevant shafts. For an 
observer at the output shaft end of the transmission, a shaft will be
rotating at a positive speed if its rotation is anti-clockwise.
In order to keep the equations in a form as simple as possible, the
ratio of the number of teeth of gear 1 to the number of teeth of gear 2
is noted k.21

k “2
21

With these conventions, the different speed relationships are :

w - w
—    = - R
“r ^c

“r = - ’'re “e

“ a " “ s

"a ^a = - “b ^b

“o = ’'oo “c “ “b

- R k w
Thus oj = --------------- (1)

° 1+R

^RE ^Eand w_ = ------------ (2)
' 1

The numerical values of R, k„„ and k areRE oc
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R =   = —  = 3.285^Ri 69
z 21S

43
101

zc 90
z 52

kRE = -- = —  = 0.426

k = —  = = 1.73oc

and

Substituting these values in equations (1) and (2) yields

—
—  + 2.5

0, = (4)A
2-5 ÜA ^ ^

631. A graphical representation of these two equations is given in 
Figure 9. The solid straight lines represent plots of the
output shaft speed, versus w^, the engine speed, for different values 
of the ratio . The dotted straight lines which are superimposed

on the graph are iso-unit A shaft speed curves.

From the component speed map, it can be seen that

i) the vehicle is stationary when the ratio —^  is infinite, i.e,
^A

when is equal to zero and x^ takes any positive value, irrespective 
of engine speed.

ii) for a fixed engine speed, the vehicle can be moved off 
backwards by increasing the value of ratio ^  which was originally -

*A
iii) for a fixed engine speed, the vehicle can be moved off 

forwards by decreasing the value of ratio ^  from its original value 
which is + ». ^A

iv) for a fixed value of swash ratio ^B, vehicle speed can be 
increased by increasing engine speed. ^A
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Figure 10a illustrates points ii) and iii) by showing the 
relationship which exists between output shaft speed and swash

ratio for a constant engine speed.
A

632. Two remarks can be made concerning the speed control of the 
shunt transmission :

a) There are an infinite number of combinations (x̂ , x^)
which give the same value of ratio ^B. In other words, for a given

*A
engine speed, there are an infinite number of combinations of swash 
settings which will produce the desired output shaft speed..

b) There are an infinite number of combinations — -
A

which yield the same output shaft speed.

For a given output shaft speed, a combination (x̂ , x^) and a 
combination can be singled out by optimising certain

criteria. Since the objective of this thesis is to control the 
shunt transmission in order to minimise the fuel consumption of the 
engine transmission system, the obvious criterion to be optimised 
will be the maximisation of the overall efficiency.

633. It was shown by Edge (7) that maximum hydrostatic efficiency 
occurs when one of the hydrostatic units is at maximum displacement. 
In the previous study on hydrostatic losses, it has.been shown that 
most volumetric losses increase proportionally with pressure.
For the same speed and torque ratios, i.e. the same swash ratio, the 
greater the effective volumetric displacement x x D of both units and 
the lower the high pressure will be. For a given swash ratio,
since mechanical losses remain nearly unchanged when the hydraulic 
pressure varies, it is therefore desirable to have x^ and x^ as 
large as possible in order to minimise volumetric losses.

Consequently, when
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-1 < -- < 1 unit A will be at maximum displacement

Xg Xg
—  ■$ -1 and —  > 1 unit B will be at maximum displacement

Figure 10b portrays the relationship between swash settings 
and output shaft speed for a fixed engine speed, clearly pointing 
out the fact that there is always one unit at maximum displacement. 
The relationship between swash ratio and swash setting can be found 
by superimposing graph 10.a on graph 10.b.

634. The statements and remarks afore-mentioned have been established 
by using the ideal component speed map. Owing to volumetric losses 
occurring in the hydrostatic drive, this component speed map will be 
distorted. Straight lines will invariably become curves and the
higher the torque transmitted by thy hydrostatic drive, the farther 
away these curves will depart from the straight lines. However, the 
statements and remarks on the ideal speed map still apply to the real 
speed map.

SHUNT TRANSMISSION TORQUE CHARACTERISTICS
635. Further understanding of how the transmission works can be 
achieved by establishing the shunt-transmission torque characteristics. 
Figure 11 shows the shunt transmission onto which are indicated the 
torque symbols which will appear in the equations to be established. 
Anti-clockwise torques are counted as positive, the transmission being 
seen from the output shaft end. If k is the gear ratio as afore-
described, the different loss free torque equations modelling tiie shunt- 
transmission operating under steady-state operations are :
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R c R+1
T = R T R £

Tb =

T = T + T O B oc
T = ;--- Toc k c oc

Substituting the values of R, k„„ and k in these equations leadsRE oc
to :

o 1.4
 ̂ X  \ T X
f  + 2.5 (4) = rrf ;rA / A

T = 1.76 (6)oc E

636. The ideal component torque map shown in Figure 12 is the 
graphical representation of Equation (4) : the output shaft torque
T^ is plotted against the engine torque T^ for different values of

—  . The interpretation of this graph reveals that, even for 
*A
very small values of engine torque, infinite values of output shaft 
torque can be achieved at extremely low output shaft speeds by 
setting swash angles which make the swash ratio take infinite

*A
values. Equations (5) and (6) show that, in these circumstances.
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the output shaft torque comes entirely from the hydraulic power 
path. This is not surprising : since it is assumed that the
transmission is loss free, unit A and unit B cylinder barrels being 
tilted by an infinitely small angle and a 35° angle respectively, 
the speed ratio of the hydrostatic drive is infinite. While a 
small torque acting on unit A will produce an infinite torque on 
unit B shaft, it will cause little reaction on the planet carrier, 
thereby preventing any torque to be transmitted mechanically.

637. But, by virtue of the following equation ;

Tg = Xg. D(P^ - P^), an infinite torque on hydrostatic
unit B shaft means an infinite oil pressure in the high pressure line
of the hydrostatic drive, and, consequently volumetric losses can no
longer be neglected, being proportional to pressure. In fact, for
very small values of x^, the value of the hydrostatic pressure, and 
therefore that of the output shaft torque will result from the follow
ing equilibrium which takes place in the transmission :

The flowrate of oil pumped by unit A is always equal to the 
leakage flowrate plus the flowrate of oil which passes through unit B

Q = X UL = leakage flowrate + x„ D
A  A A B B

Q =  = A  “ a  ° A  =  k . P  +  X g  Wg D

If, for instance, = O, P will reach a value that satisfies
the equation x, w, D., = K.P.A A A

Although not infinite, the oil pressure can nevertheless reach 
values which exceed by far the pressure levels which can be tolerated 
by the hydraulic components. It is therefore necessary to limit the 
oil pressure of the high pressure hydrostatic line by incorporating a 
relief valve.

638. The effect of limiting hydrostatic oil pressure on the output
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torque characteristics of the shunt-transmission is illustrated in 
Figure 13 which shows the maximum output shaft torque plotted 
against the inverse of swash ratio ^B. Since the low pressure

is small relative to the high pressure P^, it will be assumed that 
the difference (P^ - P^) is equal to the cracking pressure.

The solid line of this graph represents the maximum available

output shaft torque as a function of —  when the cracking pressure
^B

is 350 bars and the engine torque is 830 Nm. When x^ is equal to
zero, the torque is transmitted entirely hydraulically and its value
is : T = T = x„. D. (P, - P_) = 1200 Nm. As x, increases, theo B B h Ü, A
part of the output torque transmitted hydraulically, T^, remains 
constant since x^ and (P̂  - P^) remain unchanged. The increase in 
output torque is due to the increase in the torque transmitted 
mechanically : which is equal to x^ D(P^ - P^) increases gradually,
causing a corresponding increase in its reaction on the planets which, 
in turn, transmit more and more torque to the planet carrier shaft.
But engine torque T = x D (P - P ) R k , and there comes a pointE A il jv xvE
when it reaches its maximum value (hereT = 830 Nm). Beyond thisEmax
point, any increase in x^ will cause the oil pressure to fall, following 
the hyperbola law

kgg E  • 7A

This decrease in oil pressure will in turn cause the unit B
torque to fall proportionally. This fall in unit B torque T^ is
accompanied by an identical fall in output shaft torque T^ since the
difference (T̂  - T^) is equal to T^ = 1.76 T^ which remains unchanged
because T„ =E Emax

The dotted line of the graph of Figure 13 represents the 
variation of unit B torque with the ratio The distance between

*B
solid and dotted line represents the amount of torque transmitted 
mechanically.

If the cracking pressure is lowered to 300 bars, the straight
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part of the output shaft torque curve goes down to the chain dotted 
straight line.

639. The limit imposed on the pressure level leads to a variation 
of output shaft torque with output shaft speed which is quite 
unusual for a transmission. This variation has been plotted in
Figure 14. If the maximum torque curve of the engine which drives 
the shunt transmission is that shown in Figure 15, it is possible to 
plot a series of curves identical to that plotted in Figure 13.
Each of these curves corresponds to one operating point of the 
engine, the fuel rack being set at maximum position.

Xg
Provided that the swash ratio is judiciously selected, the 

curve of maximum output torque potentially available will be the 
envelope of the maximum output torque curves plotted for successive 
operating points of the engine.

For vehicle applications where it is imperative to have maxi
mum transmission output torque at breakaway, it is crucial to improve 
the poor torque performance of the shunt transmission at low speeds. 
The shunt transmission output torque is low at low speeds because no 
torque is transmitted mechanically, the reason being that, since oil 
pressure is limited to the cracking pressure, the torque acting on 
the sun shaft is limited to T = T = x D (P - P ), which in turnw ** ii Xf
limits the engine torque (T_ = R k„„ T^ = R k„„ T.̂ ) .E RE S RE A

640. It is illogical to have an engine which develops a very low 
torque at breakaway, and therefore a corresponding low power, when 
its full torque capacities are most needed. Therefore, the idea is 
to produce more engine torque and to transmit it via the mechanical 
power path. This can only be achieved by braking unit A shaft, 
thereby creating a reaction torque on the planets. . A braking torque 
can be obtained on unit A shaft by means of a brake mounted on either 
unit A or the epicyclic gear train, or by unit A itself : unit A
torque is given by the equation T^ = x^ D - P^), D being constant 
and (P^ - Pĵ ) being equal to the cracking pressure, T^ can be greatly
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increased by correspondingly increasing x^. However, a side effect 
will be that the amount of oil.pumped by unit A will also increase 
(Q = x^ D . The surplus of oil pumped has no other possible 
route than via the relief-valve draining with it valuable energy from 
the transmission. The same loss of energy occurs in the bralce.
This loss of energy has twofold repercussions :

1) there is a deterioration in transmission efficiency

2) the heat produced by forcing oil through the relief valve
has to be dissipated.

The improved curve of maximum output shaft torque is shown 
in Figure 16. The hatched area corresponds to the loading conditions 
for which part of the oil pumped by unit A is forced through the re
lief valve. The amount of power lost in these circumstances is given 
by

^lost = “e - “o

and the amount of energy lost during vehicle acceleration

C^E “e - “o>

With the figures quoted so far, the maximum power lost which 
occurs at zero output shaft speed is

P , .  ̂ = T w_ = 150 kW.maxi lost E E

The line adopted so far may have been too pessimistic as far 
as these losses are concerned. Firstly, the engine torque charac
teristics could be more favourable : a peak torque at 1200 rev/min 
instead of 1700 rev/min would cut down the quoted figure of 150 kW
to 105 kW. Secondly, as output shaft speed increases, losses
decrease rapidly since the period during which output shaft speeds 
are so low is short relative to the operating time of the shunt trans
mission system, these losses will have little effect on the overall 
performance of the transmission.
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SHUNT TRANSMISSION POWER FLOW PATHS

6 4 1 . The study of the shunt transmission torque characteristics 
has shown that, when the vehicle is moved off forwards, the 
contribution of the mechanical power path to the output shaft 
torque gradually increases. Given the difference which exists 
between efficiencies at which power is transmitted in the hydraulic 
and mechanical modes, and the emphasis the control of this trans
mission places on overall efficiency, it is proposed in this section 
to study in greater detail the roles played by the hydraulic and 
mechanical power paths in transmitting the engine power as the output 
shaft speed varies.

The amount of torque transmitted hydraulically and mechanical
ly is given by Equations(5) and (6) respectively :

Multiplying both equations by the output shaft speed gives the 
amount of power transmitted hydraulically and mechanically :

p  =  X .  T  T  W

= "oc = <S>
—  + k — + 1
X ,  k oc ^AA oc

Dividing Equations (7) and (8) by T w gives the fraction
of power transmitted in either mode

" b  -

X ^ k oc . *AA oc

642. The vehicle is stationary when x^ is equal to zero and x^ 
takes some positive value. For a fixed engine speed, the vehicle
is moved off forwards by decreasing the rati.o which takes positive.
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zero and negative values successively. As —  is decreased,
%A

Equation (5) shows that the hydraulic torque decreases and becomes

zero when —  is equal to zero: Equations (9) and (10) reveal that
A

at the same time, the proportion of hydraulic power transmitted 
hydraulically falls from 1 to O while that transmitted mechanically 
increases from O to 1. When = O, the power is entirely trans
mitted mechanically.

643. As is further decreased, ratio (10) still increases, taking 
values greater than 1, while, in the meantime, the negative value of 
ratio (9) further decreases : in this operating range, more power
is transmitted by the mechanical power path than is produced by the 
engine, the difference between the two powers being circulated around 
the loop.

As more and more power recirculates, the efficiency of the 
transmission is expected to be lower and lower.

The reason for the recirculation of power around the trans
mission loop, i.e. the direction of the hydrostatic power to be

reversed, as passes through zero from a positive to a negative
value is that,^while unit A shaft speed reverses to enable the output

Tshaft to speed up, the torque acting on unit A shaft R k ^  E con
serves its direction. Power must therefore be fed into Unit A in
order to rotate unit A shaft against the torque which acts onto it.

Figure 17a shows the direction of power flow in the power 
paths together with the different torques and speeds when the vehicle 
is moving forwards. The torque indicated T^ is the torque exerted 
by the epicyclic gear train onto unit A shaft.

644. Being initially stationary, the vehicle is reversed by selecting 
negative unit A displacement, while unit B is still tilted positively. 
The output shaft rotation being reversed, the epicyclic carrier will 
be rotating in the reverse direction to normal, causing unit A shaft to
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speed up if the engine speed is maintained constant. The engine 
torque direction being unchanged, the torque to which the planet 
carrier is subjected is acting in the same direction as in forward 
speed. The power flow in the mechanical path is therefore
reversed, power being fed into the epicyclic gear train in order to 
rotate the planet carrier shaft against its resisting torque. Power 
is again recirculating around the loop formed by both power paths.
This last type of power flow is portrayed in Figure 17.b.

In concluding this section, it can be said that greatest 
transmission efficiencies are expected to occur when there is no 
circulation of power around the power path loop and most or all of the 
power is transmitted mechanically.

ENGINE CHARACTERISTICS

645. The design of the shunt transmission presently examined is 
aimed at driving heavy vehicles, with a special emphasis on either 
32-ton heavy goods vehicles or 19-ton buses. The type of prime 
movers suitable for powering such vehicles has been much discussed in 
Chapter 1. This study reveals that the prime mover which appears 
to be the most suitable for powering a 32-ton heavy goods vehicle is 
the 4-stroke diesel engine, exhaust turbocharged, with direct in-line 
injection and rated at between 250 and 350 kW.

646. Figure 18 shows typical torque and efficiency characteristics 
of such an engine. Explanations of torque curves and iso
efficiency contours have been given in the chapter referred to above,

Another set of characteristics which is particularly relevant 
to the control of the engine-transmission system is the graphical 
representation of the relationship which exists between the engine 
torque T^, the engine speed and the fuel rack position FR which 
is the engine controllable variable. Figure 19 shows different
plots of Tg against for different values of FR.



647. Internal combustion engines are very complex : they convert
chemical energy into mechanical energy, and it is very difficult to 
model them accurately. In the present state of the art,
analytical models refined to the extreme count no fewer than 80 
equations.' Even for reasonably accurate analytical models, the 
number of equations is such that they have first to be processed by 
computer to make the model exploitable. The resultant numerical
information is generally presented in the form of a numerical perfor
mance array. This array can be compared to a grid which would 
have been drawn on the engine torque-speed map, the figures contained 
in the array being the values of efficiencies computed at the points 
of intersection of the grid lines. The dimension of the array is 
directly related to the fineness of the grid.

Mathematically, the values contained in this array represent 
discrete values of engine efficiency which is a function of two 
variables, the engine torque T^ and speed This function, whose
analytical form is highly complex, is continuous and is generally 
convex over the operating torque-speed range of the engine.

THEORETICAL ANALYTICAL MODEL OF THE ENGINE SHUNT-TRANSMISSION 
SYSTEM FOR STEADY-STATE OPERATING CONDITIONS.

Shunt-transmission analytical model
648. For given engine torque and speed (T̂ , , the analytical
equations which relate the values of output torque and speed (T̂ ,
to the values of x, and x are obtained by combining hydrostaticA B
and epicyclic gear train modelling equations.

Choosing Wilson's equations for modelling the hydrostatic 
drive gives :

^dp Dp "p - Tp + & <  %  + ^fp "p IXpl "pi
E  %  "m l=ml + =fp °p !"J “ra]

and
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Tm
[\ l%ml
X D + C_ D ' P ‘ P fP P

-  “pi ^dm %  l̂ pl + X D + Dp' p fp p

where K is defined b y K  = C D + C  D xsp p sm m ‘ m '

and using the epicyclic gear train modelling equations found in 
paragraphs (c) and (d) :

oc
R + 1

>'oc ^ G
“ e

1 - Cgc - fgo

and T = R k SE RE
r ^E “I

\  L  ̂ ■ Ss ■ ÏT  ^EsJ

leads to the shunt transmission torque and speed equations (when 
both hydraulic and mechanical powers flow from the engine to the 
output shaft) :

T = R+1 1 - cEo

RkRE
WE

■°ES ■ Ï^^Esl

f 1
^E GoJ

Cdb'CsA+ '=s b='b >]
^B + "=fA

and
yc ^RE ^E
^^^(1+R)

w = o
’'oc ’'b

r “e 1

-  ^E [’■-'̂ EO -T-^Eo]
A“A-^^fAVA

E RE
(1+R) A

^SA ^SB

^̂ A V b + ^fB V b ^
^SA ^SB ^B

(2)

The efficiency of the shunt transmission can be defined as



the product n^orq \peed "^*^2

n = —Torq Tg
T . , w
-2— ----- and n = -|r-----R+1 \ speed -Rk^g "E

G ’'re
+

or simply as the ratio

’'oc I *B 1+R

T w o o
“e
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Model of engine performance
649. The engine performance is modelled in the form of either a
set of analytical formulations from which can be computed the value
of function ri„ = funct (T . w ) at point (T , w ) or a numerical array E E E  E E
which gives n x m discrete values of = funct (T̂ , w^).
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FIGURE 11 : SHUNT-TRAInISMISSION SHAFT TORQUES,
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MATHEMATICAL CONSIDERATIONS

701. The torque and speed equations developed in paragraph 648,
Chapter 6, are functions of four variables : the engine torque TE
and speed and the swash displacements and This is not
particular to the analytical model which could arise from the 
previous theoretical investigation of the engine shunt-transmission 
system studied.

The output torque T^ and speed can always be expressed
implicitely by

= funct 1 (Tg, Wg, x^, Xg) 

“o “  ̂ “e ' ^A'

(1)
(2)

The relationship which is shown graphically in Figure 19 of 
Chapter 5 and which relates the fuel rack position FR to T^ and 
has the general analytical form :

funct 3 (Tg, Wg, FR) = 0  (3)

The system of equations (1), (2) and (3) is equivalent to
the following system :

(2)
= funct 1 (Tg, Wg, x^, Xg)

= funct 2 (T̂ , x^, x^)

g (FR, x^, Xg, T^, = O

(1)
(2 )
(4)

where Equation (4) is obtained by combining (1), (2) and (3).
This last equation is particularly interesting because it relates
the controlled outputs T and o) to the controllable variableso o
FR, x^ and x^. The block diagram derived from this equation is

ENGINE SHUNT
TRANSMISSION
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where the input of this system which produces power is the diesel 
fuel flow qf which is injected into the engine.

The analytical expression of qf as a function of FR, x^, x^,
T^ and can be obtained by introducing the equation relating the 
specific fuel consumption to engine torque and speed into system (2):

(3)

= funct 1 (Tg, Wg, Xg)

= funct 2 (Tg, Wg, x^, Xg)

g (FR, x^, Xg, T^, cô ) =  O

funct 4 (Tg, Wg, qf) = O

(1)
(2)

(4)

(5)

Substituting a combination of equations (1), (2), (4) and (5)
for Equation (5) in this system leads to the equivalent system :

(4)

To funct 1 (Tg, Wg, ""A' ""B) (1)

^o = funct 2 (Tg, Wg, (2)

g (FR, =̂ A' ’'b' ^o' "o' *
= 0 (4)

qf = f(Fr, x^, Xg, T^ , 0)̂ ) (6)

T Ü)
If the overall efficiency n = — - is considered instead of 

the fuel consumption qf, the system which describes the shunt 
transmission is :

(5)

^ <’̂E' “e '
“o “  ̂ <"̂ E' “e ' =̂ A'
g (FR, x^, Xg, T^, w^) = O

\n = f(FR, x^, Xg, T^, w^)

(1)
(2)
(4)

(7)

These equations are the general equations which model the 
engine shunt-transmission system. Optimising this system for 
minimum fuel consumption consists mathematically in minimising, for 
any pair (T̂ , w^), the three-variable function n = f (FR, x^, x^, T^,w^) 
subject to the constraing g (FR, x^, x^, T^, w^) = O.
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702. However, this complex optimisation problem can be greatly 
simplified by exploiting remarks which have been pointed out in 
paragraph 632 concerning the speed characteristics of the shunt 
transmission. The first of these remarks drew attention to the
fact that output shaft speed is controlled by controlling.the speed

ratio —  , manipulated variable which is indirectly controlled by 
A

means of the two controllable variables x, and x_A BAw
Since x, and A

X have no other function than of manipulating — , the block diagramB %

can be split into two block diagrams placed in series :

HYDROSTATIC
DRIVE

FR

ENGINE +
EPICYCLIC
GEAR TRAIN

FR, x^, Xg : controllable variables
""a—  : manipulated variable
^B

10 , T : controlled output o o
qf input

""aIf the relationship between x, , x^, T„ and — , fu(x^,x^,T. ,— ) =0,A B B  A B b m(Oa Xb B B
(which is simply = - -—  in the case of an ideal hydrostatic drive)
is incorporated inlo the system (5) of equations, the system of equations
which describes the transmission becomes :

(6)

To = 4 (Tg, W g, —
B 03̂

“o “ 5 (Tg, Wg, -
g{FR, x^, Xg, T^, = O

n = f(FR, x^, Xg, T^, 0)̂ )
0)a

’'b ' Tg, = O

(8)
(9)

(4)

(7)
(10)

703. A desired value of the manipulated variable—  can be obtained
^B

by combining the values of the two controllable variables x^ and x^
in an infinite number of ways. However, only one combination
(x , X ) will minimise the losses in power which it is necessary toB
transmit hydraulically to achieve this ratio- In paragraph 633,

B
it has been shown that, whatever the torque T^ transmitted, minimum
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hydraulic power losses occur when the values of and x^ are the
%largest it is possible to set for a given ratio This led to

there being always at least one unit at full displacement.

The set of optimum conditions (x̂ , x^) obtained when all the 
possible values are taken by the ratio can be represented

mathematically by the function p(x^, x^) = O.

This function must be added as a constraint to the mathe
matical definition of the optimisation of the shunt-transmission 
engine system for minimum fuel consumption since the overall
efficiency can only be maximised if the speed ratio —  is obtainedü3b
at the minimum cost in terms of hydraulic power losses.

Practically, optimising will consist in finding the combina-
ü)ation (FR, -— ) which maximises the overall efficiency while yielding

the desired outputs T and co . The condition is that anyo o
‘"acombination (FR, has its ratio optimised before it can be used

in the search for maximum overall efficiency.

Mathematically, optimising the engine shunt-transmission 
system for minimum fuel consumption can be defined as follows :

For any pair (T , w ), o o
Maximise n = f(FR, x^, x^, T^, subject to the

constraints g (FR, = O

and p(x^, Xg) = 0

NUMBER OF INDEPENDENT CONTROLLABLE VARIABLES

705. In paragraph 310, Chapter 3, optimising a n-variable engine-
transmission system for minimum fuel consumption has been defined
mathematically, in the general case, as maximising the function
f(v-, v_, V- ... V , T , w ) = 0  for all the values taken by T and 1 2  3 n o o o
0)̂ . The function f is the overall efficiency and the function
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g(v^, v^, . ..v^, 0)̂ ) = O is the function which describes the
system by relating the outputs and to the n independent 
controllable variables ... v^.

The mathematical optimisation of the shunt-transmission, as 
it stands, cannot be identified to the general case because the 
controllable variables FR, x^, x^ are not independent. A unique 
variable can be substituted for both x^ and x^ by combining both
f(FR, x^, Xg, T^, with p(x^, Xg) O, and g(FR, x^, x^, T^,w^) = O
with p(x^, x^) = O, giving the mathematical optimisation :

For any pair (T , w ), maximise n = f(FR, — , T , w ) subject
° X ° ° ° Xto the constraint g(FR, — , T , w ) = O, if the swash ratio —  is

chosen to be this unique variable. (Although different from before, 
the functions f ( ) and g ( ) are still used in order to simplify
notations).

The identification, which is now possible, of this optimisa
tion with the general case shows that the engine shunt-transmission 
system has two independent controllable variables :

FUEL
-U'

'0: -O',

ENGINE
r r

— —

\j J

With the form chosen for defining the optimisation problem,
V  , the engine variable, is the fuel rack position and v„, the shunt-
transmission variable, is the swash ratio _ .  Other forms could be

*B
obtained by choosing the governor set point as the engine variableXgand the swash ratio —  or any function of x and x as the shunt-

^Atransmission variable.

POSSIBLE TYPES OF OPTIMISEES

706. The control strategy for minimising the fuel consumption of 
engine-transmission systems developed in Chapter 3 produced two types
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of optimisers, the scheduled-type optimisera which are derived from 
the concept of continuous operation at best efficiency and the on
line type optimisera which are suitable for optimisations confined 
to steady-state operating conditions.

While updating, whether scheduled or on-line, is desirable 
with the former type to account for changes with time in the M.F.C. 
varying surfaces which can be brought about by factors such as wear 
of components, some sort of scheduling is necessary in most cases 
with the latter to reduce the periods when the engine-transmission 
system is non-optimised, i.e. during and just after transient 
operating conditions.

This considerably reduces the differences between scheduled 
and on-line optimisera which prevailed in their original form, 
especially if scheduling is supplemented by on-line updating. What 
follows is a study of the similarity which may exist between the two 
types.

COMPARISON BETV7EEN ON-LINE UPDATING AND ON-LINE OPTIMISATION

707. The objective of on-line optimisation is to find and to set 
the combination of the different controllable variables which 
optimises the engine-transmission system for minimum fuel 
consumption under given steady-state operating conditions.

This can be achieved in two different ways :
i) the engine-transmission system output power is maintained 

constant and the controllable variables are changed so as to 
minimise the amount of fuel burnt per time unit.

ii) the optimiser, while keeping constant the flow rate of 
fuel injected to the engine, alters the controllable variables so 
as to maximise the engine-transmission system output power.

In order to maintain the same steady-state operating 
conditions, the controller will automatically reduce engine power 
as the optimisation converges towards the optimum point. Therefore,
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when the optimisation is complete, engine power and controllable 
variable values are identical to those arrived at in case i).

708. Schweister, Volz and Deluca (1) devised a spark timing 
optimiser based on the principle described in ii). This optimiser 
consists mainly of three components : a dithering system which
continuously changes the spark timing setting by very small steps, 
an accelerometer which senses crankshaft acceleration and a controller 
which controls the dithering system.

If the spark timing setting is not optimum, spark timing will 
be advanced (or retarded) by steps until the accelerometer ceases to 
detect crankshaft accelerations. Then, the dithering system will 
simply keep oscillating the setting by one step about its optimum 
value.

The magnitude of the step by which the spark timing setting 
is altered is 3 degrees. This value is a compromise between a high
degree of optimisation completeness and a fast response. The 
dithering frequency is 1/10 to 1/20 crankshaft revolution per minute.

709. An optimiser for the engine-shunt transmission system based on 
the principle described in ii) and inspired from Schweister et al's 
spark timing optimiser could operate as follows :

A dithering system continuously alters the shunt transmission 
speed ratio by steps of 0.005 and the fuel rack position by corres
ponding steps such that the flow rate of fuel injected to the engine 
is kept constant. Fuel rack position steps could be evaluated by 
measuring the engine crankshaft speed and using the relationship which 
exists between fuel flow rate qf, engine speed and fuel rack 
position FR : qf = f(FR, w^).

i) A comparative-type accelerometer senses shunt-transmission 
output shaft accelerations and decelerations.
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ii) A control system which causes the dithering system either to 
increase the shunt-transmission speed ratio by steps of 0.005, or to 
oscillate about the optimum speed ratio, or to decrease the speed 
ratio, depending on the type of signal received from the accelerometer,

The response of the optimiser is a function of the dithering 
frequency. This frequency should be relatively high, thereby 
providing the optimiser with a fast response.

The faster this response, the smaller will be the difference 
between the fuel consumption of the optimised engine - shunt 
transmission system and the actual one during, and just after 
transient operating conditions.

The major disadvantage of this type of optimiser is that, if 
its response proves not to be fast enough, it is difficult to 
schedule the controllable variables during transient operating 
conditions.

710. An on-line optimiser based on the principle described in i) 
requires a fuel flow meter sending signals to a control system which 
alters the shunt-transmission speed ratio according to a preset 
searching method. The searching method may be of the type afore- 
described.

The engine-shunt transmission output power is maintained 
constant by the overall control system which, to a transmission speed 
ratio step input, will respond by altering the fuel rack position so 
that the transmission output power is kept unchanged when the output 
power demand is fixed.

One advantage of this type of optimiser is that it can be 
more easily integrated in the overall control system than the 
previous type. It has just been shown that one of its functions could 
be fulfilled by the overall control system. Moreover, it can be more 
easily supplemented by a scheduled optimiser which will provide control
lable variable values closer to the optimum values during, and just
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after transient operating conditions. However, adding a scheduled
optimiser module to the on-line optimiser entails the absolute 
measurement of the engine-shunt transmission output power.

711. On-line updating consists in finding the combination of
controllable variables which is optimum for the operating point
(T , w ) considered and substitute it for the stored combination, o o
The searching technique and the control system are identical to those 
of on-line optimisation when the optimiser is based on the principle 
described in i).

In contrast, no parallel can be drawn between on-line up
dating and on-line optimisation type ii).

SEARCHING STRATEGY FOR SCHEDULED AND ON-LINE OPTIMISATION

712. The major disadvantage of on-line optimisera it that they fail 
to optimise the engine-shunt-transmission system during transient 
operating conditions and the subsequent period needed by the searching 
method to converge to the optimum combination of the controllable 
variables.

Therefore, a prevailing criterion for the selection of a 
searching method will be its rate of convergence, or more exactly, its 
ability to minimise the extra quantity of fuel burnt while the engine 
shunt-transmission system, operating under steady-state conditions, 
is brought from a given unoptimised state to its optimised one.

With scheduled optimisers, the search for the M.F.C. varying 
surfaces is not subject to any fuel penalty, for it is carried out 
before the implementation of the optimiser on the vehicle. However, 
the searching method for on-line updating must meet the same require
ments as for on-line optimisation.

713. On the other hand, the search for the M.F.C. varying surfaces 
will be successful only if the searching method used is capable of 
discarding local efficiency maximums while converging towards the 
global maximum. This requirement does not apply to on-line updating
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or on-line optimisation. The reason is that, in both cases,
controllable variables are kept very close to their optimum values, 
leaving the on-line optimiser with no option but to converge towards 
the global maximum.

Whether the fuel consumption or the overall efficiency function 
is unimodal (paragraph 408, Chapter 4), i.e. has only one maximum or 
minimum, is generally not known. Theoretically, these two functions 
can have local extremums. In practice, however, the fuel consump
tion is generally convex and the overall efficiency function is 
concave.

If the fuel consumption function is not convex, there is only 
one searching method which will be able to always converge towards the 
global minimum. This method is the grid method (Chapter 5). All 
the other methods will converge towards the local minimum which is 
nearest the starting point of the minimisation, and minimisation will 
be complete only when this minimum happens to be the global one.

On the other hand, the grid method has the major disadvantage 
of displaying a poor rate of convergence, or more explicitly, of 
initiating moves which are very costly in terms of fuel consumption.
It cannot, therefore, be used for on-line updating or on-line 
optimisation (refer to paragraph 712).

714. The unimodal property of the functions which describe the 
engine shunt-transmission has important repercussions on the optimiser 
design. For example, if the fuel consumption function is known to 
be convex, a unique searching method can be used for both the search 
for the M.F.C. varying surfaces and on-line updating or on-line optJ.- 
misation. This means that, in the case of on-line optimisation, 
the on-line optimiser can be used for the search for the M.F.C. vary
ing surfaces which provide the controllable variable values during 
rapid transient operating conditions, thereby greatly simplifying the 
optimisation of the engine shunt-transmission system.

Similarly, the on-line updating module of a
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scheduled optimiser can be used for the determination of the 
scheduling M.F.C. varying surfaces.

If the fuel consumption function is not convex or, not 
known to be convex, optimisation, whether scheduled or on-line, 
entails two distinct searching methods, the grid method for the 
search for the M.F.C. varying surfaces and anyone of the other 
methods described in Chapter 5 for on-line updating or on-line 
optimisation.

TEST RIG OPTIMISATION STRATEGY

715. For the engine shunt-transmission system investigated, it 
is not possible to predict whether the fuel consumption function is 
convex over the entire range of operating conditions. Consequently, 
the searching method adopted for the M.F.C. surface search will be 
the grid method.

The two types of optimisers, the scheduled type with on
line updating and the on-line type with guiding scheduling, are very 
similar. Since either type can be derived from the other, opti
mising the test rig will be limited to the design of only one type.

A priori, there is no particular reason for opting for one 
rather the other. However, since the knowledge of the M.F.C. 
varying surfaces may be very rich in information on the system - 
information which could be used later for the design of the 
optimiser -, the type which will be studied is the scheduled opti.- 
miser with on-line updating.

M.F.C. VARYING SURFACE SEARCHING TECHNIQUE

Evaluation of the overall efficiency function.

716. Optimisation of the engine shunt-transmission system for 
minimum fuel consumption can be achieved by either minimising the 
fuel consumption function or maximising the overall efficiency 
function. Of the two, the overall efficiency function is the one
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which gives the best illustration of the economical aspect of the 
engine shunt-transmission system operation. It is the function
which will be used to locate the optimum operation.

717. This function can be evaluated either directly from the 
system itself or from its mathematical model. In the former case,
parameters such as the output shaft torque, the output shaft speed 
and the flow rate of fuel injected into the engine are measured and 
readings are processed so as to give the value of the overall 
efficiency. In the latter case, a computer model of the engine 
shunt-transmission system is established. This model can take
either an analogue, a digital or a hybrid form. The complexity 
of the system and the degree of accuracy of the modélisation which 
is required are such that the best suited modelling technique is 
that which makes use of a digital computer that computes a set of 
modelling equations for discrete values of the pair (T̂ , tô ) .

The shortcomings of any computer model lie in the fact that, 
however large the number of modelling equations can be, the model 
still remains an approximation. Moreover, all their coefficients 
are known to their measuring tolerances. When summed, the errors
made on each equation can result in a substantial overall error.

On the other hand, computer models make predictions of 
transmission efficiencies and comparisons between transmissions very 
easy : modular models can be easily dismantled and recombined
differently to model a different engine-transmission system, thereby 
being a relatively economic tool for assessing transmission 
efficiencies.

At the University of Bath, where research is actively and 
widely done on engine-transmission systems, both test rigs and 
mathematical models have been developed. Because the scope of
this thesis lends itself to direct use of the test rig, it has 
been decided that the overall efficiency will be evaluated by direct 
measurement on the test rig and that all the optimisation will be 
conducted directly on the transmission itself.
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Maximisation of the overall efficiency function.

718. Maximising the overall efficiency function can be defined 
mathematically :

For any pair (T , w ), maximise n = f(v , V , T , w )O O ill ox O O
subject to the constraint g(v , V , T , w ) = 0  where v is theE ox O O E
engine controllable variable and v^^ is the shunt-transmission 
variable (refer to paragraph 705).

In Chapter 4, it has been shown that a constrained problem of 
maximising a n-variable function subject to m equality constraints 
can be conversed into an unconstrained problem of maximising a (n-m) 
variable function provided that the conditions of the implicit 
function theorem are met.

Since the overall efficiency function r\ = f (v̂ , v^^, w^)
is subject to the equality constraint g(v^, v^^, T^, w^) = O, the 
dimension of the maximisation problem falls to one.

The advantage of carrying out the optimisation of the engine- 
shunt transmission system on the test rig is that the function 
g (Vg, Vg^f T^, w^) = O is automatically satisfied. The optimisation 
problem then becomes only that of maximising a one variable function 
h(v, T^, 0)̂ ) where v can be chosen to be either v^ or v^^. This 
function is obtained mathematically by combination of f(v^, v^^, T^,w^) 
with g(Vg, Vg^, T^, = o.

Experimentally, maximising h(v, T^, w^) is achieved by alter
ing, for a given pair (T̂ , w^) obtaine'd by discretisation of the out
put torque-speed map as presented in Chapter 3, the variable v which
can be either v or v„ , the two independent controllable variables E ST
of the test rig. Maintaining the output conditions constant 
automatically determines the value of the second variable.

The shunt-transmission variable v_ is a function of unit AST
and unit B swash displacements x^ and x^. Any change in v^^ 
involves x^ and x^ changes such that they satisfy the function 
p(x^, Xg) = O (paragraph 703). This function is satisfied
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experimentally by always having one unit at full displacement.

719. The way in which the variable v is altered is given by the 
searching method. Since it is not known whether h(v, w^) is
convex or not, the searching method adopted is the grid method.
When the function to be maximised depends on only one variable, the 
grid discretisation consists simply in segmenting the interval to 
which belongs the variable.

The technique of scaling down successive searching grids 
(paragraph 507 Chapter 5), (thereby confining the search to the 
interesting zone), could be applied to the segmentation search :

1st search
h

2nd search

1)-
The iteration could be pursued further, stopping when the 

length of each segment matches the accuracy within which the optimum 
can be found.

However, in order to limit the number of measurements made 
on the test rig, the following technique is preferable :

The range in which the altered controllable variable ta]ces 
its values is divided into a certain number of segments. The 
overall efficiency is evaluated for each point of the segmentation. 
The efficiency values obtained are then fitted by a curve whose 
global maximum is the maximum sought. The fitting curve can be 
drawn by hand, the determination of the maximum being visual, or the
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parameters of the polynomial representing this curve can be computed.

h

The number of segments is a compromise between high accuracy 
of the searching method and a limited number of measurements. The 
optimum number will be determined by preliminary tests.

720.

STORAGE AND GENERATION OF M.F.C. VARYING SURFACES.

The search finds the optimum combinations (v̂ , ^s t ' *̂o
only for a finite number of operating points. These points corres
pond to the discretisation of the torque-speed map (refer to para
graph 317 of Chapter 3).

The M.F.C. varying surfaces can be stored in the discrete 
form produced by the optimisation or as continuous surfaces (see 
paragraphs 318 to 321, Chapter 3). The problems encountered when
designing the optimiser may differ widely depending on the type of 
storage adopted. Whilst the retrieval of optimum variable combina
tions can be very easy when the M.F.C. surfaces are stored as 
continuous surfaces, it can involve complex interpolations when the 
M.F.C. surfaces are stored in their discrete form. Interpolations 
can, however, be made simpler by the following remark : since the
dimension of the optimisation is only one, it is necessary to store 
only one M.F.C. varying surface, either the v^ or the v^^ surface. 
This means that, if, for example, a microprocessor is used to 
optimise the engine shunt-transmission system, all the unreserved 
memories may be allocated to the storage of this surface only.
It follows that a finer discretisation is possible. The finer the 
discretisation, the less sophisticated the interpolation technique 
needs to be. At the limit, with an infinitely fine discretisation, 
no interpolation would be needed. Therefore, interpolations not so 
sophisticated as that described in paragraph 322, Chapter 3, can be 
used. Such interpolations include the triangular and step 
interpolations.
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These interpolations, as well as the other aspects of 
optimum variable combination storage and generation as described 
in Chapter 3, will be studied when designing the scheduled 
optimiser.

ALTERNATIVE BETWEEN ENGINE AND TRANSMISSION SCHEDULING.

721. The problem of optimising an engine transmission system can 
be generally defined mathematically by :

For any pair (T̂ , , maximise n = f(v^, ..., v^, T^,
subject to the constraint g(v^. V , T , 0) ) = O, where n o o
v^, ... are n independent controllable variables and g(v^,...
V , T , 0) ) = O is the function which theoretically models the n o o
engine transmission system. Since there is one constraint, the 
dimension of the optimisation problem is n-1 (paragraph 718).

Practically, this means that the freedom to select any 
value for a variable v^ (within certain limits) applies only to 
n-1 variables and that the value of the nth variable is determined 
by the output conditions (T̂ , w^)

Scheduled optimisation consists in scheduling these n-1 
variables which are free to be selected, in an optimum manner.

Theoretically, the choice of the combinatj.on of the n-1 
variables to be scheduled does not affect the steady-state opti
misation of the engine transmission system and the n optimisers 
obtained from the various combinations are equivalent. One of 
these n optimisers is illustrated below. The variable which is 
not scheduled is the variable v^.

FUEL
ENGINE-TRANSMISSION SYSTEM
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722. In the case of the engine shunt-transmission system, there
are only two independent controllable variables, the engine
variable and v„ the shunt-transmission variable.ST To these two 

an
engine and a shunt-transmission scheduled optimiser. These two 
optimisers are shown below :

variables v^ and v^^ correspond two scheduled optimisers

fuel shunt
transmission

engine

ENGINE SCHEDULING

shunt
transmission

fuel
engine

SHUNT-TRANSMISSION SCHEDULING

Whilst these tv/o optimisers are equivalent for steady-state 
optimisation, the control systems associated with them differ 
widely and cause the engine shunt-transmission system to exhibit 
very different transient operating characteristics.

Consequently, these two types of scheduling will be studied 
and possible optimiser designs will be proposed. An attempt will 
also be made to predict the transient behaviour of the optimised 
engine shunt-transmission system.
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ONE-DIMENSIONAL SCHEDULING

7 23. A form of scheduling commonly used is one-dimensional engine
scheduling. This type of scheduling consists in forcing the 
engine to continuously operate along its economy line. Examples 
of such scheduled optimisers are described in paragraphs 235 and 
236 of Chapter 2.

One-dimensional engine scheduling finds its origin in the 
following considerations : in the case of power plants which can
be split into the source of power and the transmission, as shown 
below :

fuel
transmissionengine

i) a power plant composed of an engine and an ideal trans
mission is optimised when the engine operates along its economy 
line. This line is shown on the graph of engine torque versus 
speed depicted below :

maximum engine torque curve

iso-efficiency contours

economy line 
iso-power curve

The engine power required to yield a transmission output 
The engine-transmission system fuel 

consumption is minimum when this power is produced at maximum 
engine efficiency.

power P is P = P o E o

ii) a power plant consisting of an engine and a transmission
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of constant efficiency is also optimised when the engine operates 
along its economy line :

Pg iso-power curve 
P iso-power curve

The engine power required to produce a power P^ on the 
transmission output shaft is P^ divided by the transmission
efficiency ri,p- The fuel consumption of the engine-transmission 
system is minimised when the engine operates at its maximum 
efficiency.

iii) when a power plant is made of an engine and a real 
transmission, the increase in fuel consumption incurred by confining 
optimisation to the operation of the engine is generally relatively 
small. This can be illustrated by the figure below :

Tp
point of maximum engine 

efficiency
point of maximum overall 

efficiency
point of maximum trans

mission efficiency

The engine power required to yield a power P on the outputo
shaft, which is the output power divided by the transmission 
efficiency, is now dependent upon engine speed. It is minimum 
when the engine operates at the speed which maximises transmission 
efficiency. However, this engine speed does not generally
correspond to the speed which maximises engine efficiency, and
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overall efficiency may be increased by operating the engine at 
higher efficiency, in spite of the additional requirement in engine 
power.

The optimum engine speed is a compromise between high engine 
efficiency and high transmission efficiency. But, because engine 
efficiency is a function much more sensitive to variations in 
engine speed than transmission efficiency, very often, the engine 
speed which maximises overall efficiency is very close to that 
which maximises engine efficiency. The difference between the two 
is dependent on both the transmission and the operating conditions.

724, The closeness of these two engine speeds is the property on 
which is based one-dimensional engine scheduling and, when the 
transmission efficiency does not vary substantially with engine 
speed, a high degree of optimisation can be achieved with a 
relatively simple optimiser. An example of such an optimiser is 
given below, when the engine, a diesel engine, is fitted with an 
in-line type injection pump.

oie
FR

fuel
transmissionengine

The transmission variables are controlled by the overall 
control system so as to meet the output demand.

725. In the case of the shunt-transmission, the change in trans
mission efficiency with speed ratio can be quite substantial. If 
a high degree of optimisation is sought, these changes must be taken 
into account when scheduling the operation of the engine shunt- 
transmission system, thereupon the types of scheduling propounded in 
paragraph 722.
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The difference between the overall system efficiencies 
achieved with the two types of scheduling can be evaluated from 
the efficiency plots produced by the search for the M.F.C. varying 
surfaces (paragraph 719).
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INTRODUCTION

801, The test rig of the engine shunt-transmission system was 
completed in 1976. It underwent modifications in 1979, firstly 
in March with the substitution of a different prime mover, and 
secondly in June with the replacement of the loading system which 
could not cater for transient loading conditions over a wide 
enough range.

The scope of the presentation of the experimental rig which 
follows is to describe the features which are relevant to the tests 
which will be carried out. For further information concerning
the design of the rig, reference should be made to Huckvale (1), 
where details of the experimental test rig, as it stood in 1976, 
are clearly presented.

802. The engine shunt-transmission system comprises :

i) the mechanical components of the test rig, i.e. the 
engine, the shunt-transmission and the loading system, which are 
all mounted on a test bed. Its photograph is shown in Figure 1.

ii) the ancillary hydraulic equipment consisting of an oil 
water cooler, a cooling pond and a hydraulic motor driving the 
servo and boost pumps.

iii) operating controls. While the mechanical components 
are mounted on the test rig, the electronic system is contained in 
a control/instrumentation rack situated outside the test cell.

iv) the instrumentation which is composed of all the 
electronic transducers. Mounted on the test bed, the transducers 
are wired into the instrumentation/control rack.

v) the data acquisation system which can be either a PDF 8/L 
digital computer located next to the control/instrumentation rack
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or PDP 8/E digital computer situated outside the laboratory.
This computer is centrally located in the building of the School of 
Engineering and linked to all laboratories.

Each of these categories of hardware will now be described 
in turn, starting with the test bed:

TEST BED

803. A photograph of the test bed is shown in Figure 1. In 
order to help identify the major transmission components, a schematic 
plan view of the test bed is shown in Figure 2. The five modules 
which can be identified on the test bed are : the prime mover, the
hydrostatic-transmission, the transmission gearbox which makes up 
the mechanical path of the shunt-transmission, the load splitter 
gearbox and the loading pumps.

Seen in the test cell, the shunt-transmission installed of 
the test bed might be surprising in its unrealistically large 
dimensions. However, the shunt-transmission which would be
installed on a vehicle would be much more compact. The gearbox 
has deliberately been built more robust and of much larger dimensions 
than would be normally associated with a vehicle in order to allow 
instrumentation such as torque transducers to be inserted between 
the major transmission components. The hydrostatic units were 
standard units and consequently, they too are not sufficiently 
compact.

Prime mover

804. The rig is powered by a Leyland 690, 6 cylinder in line 
turbocharged diesel engine rated at 200 kW at 2200 rev/min. The 
engine capacity is 11 143 cm^ (680 cubic inches).

The turbocharger, an Airesearch design, type T04/TPL30B, 
operates on the pulse system. A double 3 cylinder manifold 
discharges into the double entry turbine. The cylinder and mani-
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fold groupings are 1.2.3 and 4.5.6 respectively. On the 
compressor inlet is mounted a solenoid operated butterfly valve 
which closes off the air supply to the' cylinders in the event of an 
emergency engine shut down, when a failure situation arises. Once 
the cause for failure has been eliminated, the air strangling butter
fly valve must be reset by hand before the engine can be started 
again.

Diesel fuel is injected into the six cylinders by an in-line 
Austrian Friedmann & Maier injection pump. The amount of fuel 
injected at each piston stroke is adjusted by varying the fuel rack 
position. The fuel rack position is in turn controlled by an
electro-hydraulic governor of the type used by Bowns (2) to 
investigate the transfer characteristics of reciprocating engines. 
The substitution of this governor for the mechanical speed 
governor supplied by the manufacturers provides a very versatile 
system and allows the engine speed and engine torque-speed droop to 
be controlled electronically from the control panel.

805. Mechanical speed governors are designed and set so that the 
maximum torque characteristics of the engine are optimum for driving 
vehicles fitted with conventional gearboxes. A typical curve of 
maximum engine torque versus speed is shown in Figure 1 of Chapter 1, 
and its shape has been explained in paragraph 109. Torque back-up, 
in particular, is obtained by mechanically reducing the maximum pump 
plunger effective stroke as engine speed increases. With the 
mechanical speed governor removed, the fuel rack can be pushed to 
its maximum position, irrespective of engine speed and the maximum 
peak torque can be obtained for any engine speed where there was 
torque back-up previously. In order to safeguard the engine from 
excessive pressure, engine torque will voluntarily be limited to 
800 NM during the experimental tests.

806. Engine and engine oil are cooled by water which is pumped 
from the pond situated outside the laboratory. After having 
circulated in the engine and its external oil cooler, water returns 
to the pond where heat is dissipated.
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Transmission gearbox

807. The transmission gearbox, the mechanical path of the shunt- 
transmission, is composed of an epicyclic gear train coupled in 
series to an ordinary gear train, as described in Chapter 6.

Four shafts, with torque transducers interposed, are coupled 
to the transmission gearbox : the engine coupling shaft to the
ring drive gear shaft, unit A coupling shaft to the sun shaft, 
unit B coupling shaft to one end of the final drive gear shaft and 
the transmission output shaft to the other end. Thus, unit B
and the transmission output are on the same shaft.

In addition to the torque transducers, a speed pick-up is 
mounted on each of the gearbox output and input shafts.

808. All the gears used in the gearbox are straight cut spur 
gears. The majority of gears run in ball or taper roller bearings, 
though in the epicyclic gearset, some use is made of journal bearings, 
which are pressure fed with oil from an external electric driven pump 
mounted on the test bed. Tliis pump also supplies oil to spray bars 
which direct oil into the gear teeth meshing points and onto the 
roller bearings. All oil drains from the gearbox casing into a 
reservoir which feeds the electric driven pump. No heat exchanger 
is used, radiation and convection from the walls of the reservoir
being sufficient to dissipate all heat generated. Oil temperature 
generally stabilizes around 
under heavy load conditions.
generally stabilizes around 70°C, although it may rise up to 95°C

Hydrostatic transmission

809. The two hydrostatic units mounted on the test rig and modelled 
in Chapter 6 have been supplied by Dowty Hydraulic Units Ltd. These 
units are able to pump 0.467 m^/min of fluid at a maximum speed of 
2400 rev/min. At a maximum pressure of 300 bar, the power trans
mitted is 233 kW. Their maximum volumetric displacement is 
0.245 % per revolution.
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The values of 300 bar for the pressure and 2400 rev/min for 
the speed are the maximum recommended limits.

In Chapter 6, it has been shown that extremely large 
pressures can be reached for certain swash settings corresponding 
to a given output torque. PressureSgreater than 300 bar are 
avoided by the insertion of a relief valve between the two hydraulic 
units, on the higher pressure line.

The relief valve arrangement is shown in Figure 3 which is a 
schematic diagram of the hydraulic pipe network for the test rig. 
Because of the need to reverse the vehicle, either hydrostatic 
connecting line can be at higher or at lower pressure. The two 
cross-line non-return valves situated on each side of the relief- 
valve ensure that it is always connected to the line at higher 
pressure.

810. The speed map (Figure 9, Chapter 5) shows the operating 
conditions for which the speed limits are reached or exceeded.
When the transmission is controlled manually, because of the plurality 
of the controls, it is very easy for an operator, who is not very 
familiar with the control panel or who happens to slacken his 
concentration, to unintentionally cause one unit shaft to overspeed. 
Protection against any possible overspeeding is catered for by the 
general safety system of the test rig : the operator is alerted that
the speed is equal to or greater than 2400 rev/min by a sound alarm
signal. Apart from this warning no other action is taken by the
safety system as long as the speed does not exceed 2500 rev/min, giving
a chance to the operator to remedy the situation. If the threshold 
of 2500 rev/min is violated, action is immediately taken by automatic
ally shutting down the engine or moving the swash positions to some 
safe setting.

811. The hydrostatic transmission operating in closed loop circuit, 
it is necessary to supply it with oil in order to make up for leakage 
from the two hydrostatic units or through the relief valve.
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Cavitation must also be prevented. In an arrangement similar to 
that of the relief valve, two cross-line non-return valves ensure 
that oil at boosting pressure of 14 bar is always fed to the line 
at lower pressure.

812. The speed ratio of the hydrostatic transmission is changed 
by altering the ratio of pump to motor capacity. The motor or 
pump capacity is varied by tilting the cylinder barrel, the tilt 
angle being controlled by a servo driven actuator which acts on the 
static timing plate, as shown schematically in Figure 2 of Chapter 6.

A photograph of this hydraulic actuator is given in Figure 4.
To each position of its linear displacement corresponds a swash 
setting. This displacement is monitored by a Sangamo Weston 
position transducer, stroke length 76 mm, which is linked in parallel. 
A Moog electro-hydraulic spool valve coupled to the hydraulic actuator 
transforms a hydraulic control into an electrical control. Oil is 
fed to the two actuators by servo-oil line.

813. It is important to note that a failure of the servo-supply to 
pressurize the servo-oil because either it is switched off or it has 
broken down, does not endanger the test rig. Indeed, when no 
servo-oil forces act onto the barrels, these automatically gravi
tate to maximum positive swash. This position conveniently places 
the shaft speeds well inside the operating range of the transmission, 
with values of lOOO rev/min at the most.

This fail-safe swash position is also the position aimed at 
by the safety system when swash action is taken to overcome grossly 
overspeeding the hydrostatic unit.

Loading system

814. The loading system consists of six hydraulic Hamworthy gear 
units, model 3125, and a splitter gearbox whose input shaft is coupled 
to the transmission output shaft. The six hydraulic units are
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arranged in two groups of three, each group being coupled to one 
output shaft of the splitter gearbox as shown in Figure 2.

Each hydraulic unit is able to deliver 545 &/min of fluid 
at a maximum speed of 2500 r.p.m. It can operate at a pressure of 
up to 140 bar. Its maximum power is 127 kW.

The loading system can be used either to brake the transmission 
output shaft or to motor it. Whilst the motoring torque is 
provided by unit 6 which is a motor, the braking torque is supplied 
by up to .5 of the other units which operate as pumps.

815. Each pump is equipped with its own pilot-controlled pressure 
relief-valve. A cross-section of such a valve is shown in Figure 5. 
This valve is composed of a cartridge relief-valve fitted in the 
manifold block on the outlet of the pump, and, in the case of units 2, 
3, 4 and 5, a solenoid vent valve mounted on the manifold block which 
selects the pressure applied to the back of the cartridge relief-valve 
to be either pilot pressure or that of the vent to drain, causing 
these units to be either loaded or unloaded. Unit 1 does not have 
a solenoid vent valve and is always connected to the pilot pressure. 
When a pump is loaded, the set pressure of its pilot-controlled 
pressure relief-valve, and consequently its delivery pressure A, is 
directly proportional to the pilot pressure.

Figure 6 illustrates schematically how the pilot pressure is 
controlled. All the pilot lines of the 5 pump pilot-controlled 
pressure relief-valves are piped into a common line. This line is 
supplied with servo oil. Pressure in the line is controlled by 
means of a pressure control servo valve which restricts the flow of 
oil to the oil tank.

The number of pumps which are loaded is dependent upon the 
load torque which is demanded : the greater this torque, the
larger the number of loaded pumps will be. The two extremes are
i) only pump 1 is loaded and ii) the 5 pumps are loaded. The
loading sequence as the torque takes greater and greater values is
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that of the identification of the pumps, as shown in Figure 7 which 
also depicts the pipe arrangement for these units and for the 
motoring system.

For example, if the demanded load torque requires two pumps, 
as it is increased from zero, the delivery pressure of pump 1 rises. 
When it becomes close to its maximum rated value, the solenoid vent 
valve of pump 2 closes effectively, applying the pilot pressure to 
the cartridge valve on pump 2. As soon as unit 2 comes onto load, 
the solenoid current of the pressure control servo-valve must be 
adjusted so that the torque absorbed by units 1 and 2 matches the 
demanded torque.

816. When the loading system is used to motor tlie transmission 
output shaft, oil is supplied to motor 6 by a Sunstrand pump driven 
by a Leyland 690 engine. Both pump and engine are housed in the 
contiguous test cell. Oil pressure is regulated at 140 bar by a
solenoid proportional pressure relief-valve which adjusts the 
proportion of oil actually going to motor 6 to that being diverted 
to the oil cooler. Unit 6 therefore produces a constant negative
torque. The motoring torque is made to correspond to the demanded 
load torque by loading pump 1 in exactly the same way as in the 
braking mode. The role of the shuttle valve placed on the motoring 
supply line to motor 6 is to keep this unit full with boost oil in 
order to avoid cavitation which might otherwise occur when a motoring 
test is not required.

ANCILLARY HYDRAULIC EQUIPMENT

817. A schematic diagram of the ancillary hydraulic equipment and
the hydraulic pipe network is shown in Figure 3.

In the oil circuit can be identified :

i) a first closed loop circuit formed by the two hydrostatic
units and their two connecting lines

ii) a second closed loop circuit consisting of the loading
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pumps, the oil cooler and the connecting pipes.

iii) a boost oil supply to these t-wo closed loop circuits 

iv) a servo oil supply

818. Boost and servo oil is pumped from a single 180 gallon 
reservoir placed above the test cell, in the roof space of the 
laboratory, and is pressure fed to the servo-oil and boost oil lines 
by a servo pump and a boost pump respectively. Both pumps are
driven by a single electric motor.

The servo pump supplies oil to the servo-systems of unit A, 
unit B, the engine fuel rack and the loading system. Servo-oil is 
regulated at a pressure of 120 bar by a two-stage pressure relief 
valve whose cracking-pressure can be adjusted by a knob. The out
let from this relief valve is connected to the outlet of the tandem 
boost pump. The combined flow is fed into the second closed loop 
circuit, at the inlet of the oil cooler. Since the servo oil 
demands are generally very small, most of the oil delivered by the 
servo pump will be directed by the servo relief valve into the boost 
oil line and the total boost capacity available will be the sum of 
the capacities of pump 1, 2 and 3.

Oil is tapped at two points between the outlet of the oil 
cooler and the inlet of the loading pump. The first tapping 
boosts the first closed loop circuit via an arrangement of two non
return cross-line valves. The second tapping regulates the boost
system pressure by means of two relief valves. The oil which is 
discharged through the relief valves returns to the 180 gallon 
reservoir.

The cooler is a conventional shell and tube double pass heat 
exchanger. Fresh water from the pond outside the building is 
circulated by a pump. The flow of water, and therefore the 
temperature of the oil, can be controlled by a throttle valve.
Normal oil temperature is about 75°C.
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OPERATING CONTROLS

819. The test rig has been designed to be controlled remotely, 
either manually or from a computer which can be analogue or digital.

The test rig variables which can possibly be manipulated 
during experimental tests are :

i) the fuel rack position (PR)

ii) unit A swash displacement (x̂ )

iii) unit B swash displacement (x )B
iv) loading pump pilot pressure or torque (LOAD)

The fuel rack, unit A swash plate and unit B swash plate are 
all electro-hydraulically actuated and any of the parameters FR, x^,
Xg and LOAD can be varied by changing the level of an electric 
signal.

The block diagram of the control system of any of the first 
three variables is shown in Figure 8. A demand voltage is trans
lated into variable displacement by an arrangement of drive amplifiers, 
an electro-hydraulic spool valve and an actuator. As the actuator 
moves, the demand voltage is backed off by the transducer voltage 
which is proportional to the actuator displacement.

Only one equilibrium position can be reached, provided that 
servo oil pressure is sufficient to overcome the external forces 
exerted on the actuator.

820. When the test rig is controlled manually, the demand signal 
is set up on a ten-turn potentiometer. The ten-turn potentiometers 
are mounted on the instrumentation/control rack situated in the 
control/workshop area which is a room next to the test cell. A 
glassed loophole in the separating wall enables the operator to 
watch the test rig and read the pressure gauges while he adjusts 
the potentiometers. The different control ten-turn potentiometers
can be seen on the photograph of the instrumentation/control rack
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which is shown in Figure 9.

However, all but one demand voltages can be set up on ten- 
turn potentiometers controlled manually. Because a diesel engine
may be inherently unstable when its fuel rack is maintained in a 
fixed position, the fuel rack control loop is linked into a feedback 
loop. When the test rig is controlled manually, the fuel rack
control loop is integrated into a governor speed loop.

Therefore, the four variables that can be manipulated 
manually are :

i) engine speed governor setting (gov)

ii) unit A swash displacement (x̂ )
iii) unit B swash displacement (x̂ )
iv) loading torque (T̂ )

Engine governor speed setting

821. The block diagram of the engine governor speed control 
system is shown in Figure 10. The governor speed control loop is 
built around the fuel rack control system. The fuel rack demand 
is proportional to the difference between the speed demand, set up 
as a voltage on the governor speed ten-turn potentiometer, and the 
voltage produced by the engine speed pick-up. Any increase in this 
difference causes a corresponding increase in fuel rack displacement, 
which, in turn, causes the engine to accelerate, thereby decreasing 
this error voltage. An equilibrium position is eventually reached 
when this difference provides a fuel rack position that corresponds 
to the actual engine speed.

Fuel rack position is not only dependent upon engine speed, but 
also on engine torque. For a given engine speed, the fuel rack 
position increases with engine torque. Consequently, the greater 
the load demand, the greater will be the speed error.

The degree of fall-off in speed with load for a constant
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governor speed setting, which is usually referred to as the engine 
governor speed droop, is generally defined by the ratio :

EGSD - Engine speed at zero load-engine speed at full load
engine speed at zero load

The size of the speed droop can be changed by altering the 
gain of the error amplitifer, within the domain of stability of the 
engine. Plots of engine speed against torque are shown in 
Figure 11 for a typical value of this gain and different values of 
engine speeds at zero load.

The particulars of the error amplifier and drive amplifier 
arrangement are shown in Figure 12.

Unit A and B swash displacement

822. The two swash position control systems are identical.
Their block diagram is basically that shown in Figure 8. The two 
demand voltages are set up on two ten-turn potentiometers labelled 
unit A swash and unit B swash respectively. For some operating 
conditions, transmission component speed responses can be very 
sensitive to swash changes and can lead to overspeeding. In order 
to facilitate manual control, a visual aid has been placed in 
parallel to each control potentiometer. This visual aid consists 
in a column of 20^light emitting diodes which are wired in parallel 
to the ten-turn potentiometer.

These are wired in such a way that the number of L.E.Ds lit 
is proportional to the voltage across the ten-turn swash potentio
meter. Consequently, the operator can tell at a glance the 
relative height of each swash actuator from the proportion of bars 
lit. Practically, this visual aid has proved to virtually 
eliminate all shaft overspeedings due to incorrect swash setting.

The arrangement of the error amplifier and the drive 
amplifiers of the swash positioncontrol systems is shown in 
Figure 13. The improvement made.to the basic configuration whose
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block diagram is shown in Figure 8 lies in the fact that an input 
labelled dither has been included at the summing junction of the 
error amplifier. This input superimposes a 50 Hz A.C. signal 
to the D.C. error between swash demanded and actual position 
voltages. This alternative voltage continually oscillates the 
electro-hydraulic spool valve and mechanical actuator. This
feature has been introduced by Huckvale (1) to eliminate the build
up of stiction forces which used to cause jerky movements of the 
actuator when a new swash position was demanded.

Load torque

823. The loading system is capable of providing any load torque
within the range - 500 Nm to 3200 Nm.

The load torque is controlled electro-hydraulically from the 
control panel. Its control system consists of two main circuits : 
one for controlling the pilot pressure and a second circuit which 
controls the vent valve switching sequence and the motoring unit.
The torque control range of the electronics is - 1000 Nm to 4000 Nm.

The pilot pressure control circuit is shown in Figure 14.
The output torque signal from the transmission output shaft trans
ducer is first amplified by the transducer conditioning amplifier 
so that 1 Volt corresponds to 400 Nm. It is then subtracted from 
the demanded torque which can be set either manually or by an 
external device, e.g. a computer or a function generator. The 
torque difference is amplified, integrated and fed to a Denison power 
amplifier which provides the solenoid current for the pilot pressure 
control valve.

The circuit for controlling the vent valves and the motoring 
unit consists of a set of five comparators (Figure 15) which locate 
the demanded torque value with respect to the thresholds which 
cause the vent valve solenoids to be energized according to the 
pump loading sequence described in paragraph 815. Four comparators 
are used to switch on the solenoid vent valves of pumps 2, 3, 4 and 5, 
The fifth comparator controls the switching of the motoring supply.
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The output of the comparators energizes a relay which causes 
either the pump solenoid supply or the motoring unit to be switched 
on (Figure 16).
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INSTRUMENTATION

824. The test rig instrumentation is capable of measuring the 
following variables :

1. unit A swash position
2. unit B swash position
3. flow of fuel injected into the engine
4. direction of rotation of unit A
5. unit A speed
6. output speed (equal to unit B speed)
7. engine speed
8. engine to ring-drive gear shaft torque
9. unit A to sun gear shaft torque

10. unit B to final-drive gear shaft torque
11. output torque
12. hydrostatic transmission system left pressure
13. hydrostatic transmission system right pressure
14. load system pressure
15. hydrostatic transmission oil temperature 
15. gearbox oil temperature

825. These variables fall into six categories : position (variables 
1 and 2), flow (variable 3), speed (variables 4,5,6 and 7), torque 
(variables 8,9,10 and 11), pressure (variables 12,13 and 14) and 
temperature (variables 15 and 16).

The position transducers, the fuel flow meter, the torque 
transducers, the pressure transducers and the thermocouples are  ̂
wired into the instrumentation control rack whose photograph is 
shown in Figure 9. This instrumentation control rack houses the 
transducer power supplies, the transducer signal conditioning modules, 
a digital voltmeter, analogue torque read-outs, digital speed read
outs and a U.V. galvanometer recorder. Energised by its power 
supply a transducer will yield a signal which is processed by one 
signal conditioning module which enables a scaling factor and 
electrical zero to be applied, so that tie output voltage lies 
between ± lOV, a level which is compatible with the digital computer
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interface. Sufficient output current is available to drive the 
U.V. galvonometer recorder.

All conditioned transducer voltages are wired into tlie patch 
panel at the front of the rack, so that any instrument channel can 
be monitored on the rack digital voltmeter by turning a rotary 
switch by increments. Moreover, each row of the patch channel
can be connected direct into the digital computer interface.

All transducers have a linear response over their normal 
operating range and the calibration relationship is given by : 
p = a V + b
where p is the measured parameter, V the conditioning module output 
voltage, a the gain and b the zero error.

The details of all the instruments are given in Appendix 1.
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DATA ACQUISITION AND CONTROL SYSTEMS

826. All instrument and control voltages on the test rig are 
conditioned to be fully compatible with computer interfaces, thereby 
permitting complete computerisation of the rig.

The University of BATH has a comprehensive range of computing 
facilities and, depending on the type of the experimental tests 
which are carried out, the following equipment can be used :

1) For data acquisition

a) a Digital Equipment Corporation (DEC) PDF 8/L 
digital computer backed by an International Computers 
Limited (ICL) System 4.50 which is linked into the 
South West Universities Computer Network (SWUCN).

b) a DEC PDF 8/E or a DEC PDF 11/34

2) For control
a) a DEC PDF 8/E or a DEC PDF 11/34

b) a microprocessor or an analogue computer

Data acquisition by DEC PDF 8/L

827. The hardware requirements for data acquisition by PDF 8/L 
are ;

1. PDF 8/L processor . 4K core memory
2. Teletype
3. Paper tape reader
4. Paper tape punch
5. External clock
6. 10 analogue to digital converters
7. Schmidt trigger

All these units are located near the instrumentation/control 
rack, in the workshop/control room of the Wolfson laboratory.
Their lay-out is shown in Figure 17.
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The PDP 8/L processor can be programmed in two assembly 
languages PAL III and FOCOL. FORTRAN IV is also available but
there is not enough core to do useful work with it. Floating 
point arithmetic is possible providing that the necessary software 
is supplied to the processor.

828. A program called TRADAR has been specifically written for 
transient data acquisition. A detailed description as well as its 
flow chart can be found in Appendix 2.

PAL III was the assembly language used. The program
allows the sampling of up to 10 channels.

The program uses pulses coming from the external clock to 
synchronize sampling of the A/D converters scanned. The maximum 
overall sampling frequency can be as high as 16,000 Hz. Digital 
filtering of the signals is achieved by adding successive samples 
over a pre-defined period and storing the sum for each channel.
At the end of the transient to be recorded, the stored values are 
averaged and printed in tabular form on the teleprinter or punched 
on paper tape.

The input variables to this program are the number of 
channels to be sampled, the number of successive additions before 
the sum is permanently stored and the straight line equation para
meters relating engineering units to input voltage.

This program can easily be adapted to steady-state data- 
acquisition by adopting the pre-defined period over which successive 
samples are added as the period over which steady-state data are 
to be averaged. This period can be made long enough by increasing 
the number of successive additions which is an input variable to the 
program and by altering the clock frequency if necessary.

These modifications allow the number of results per channel 
to be reduced to one and to be printed and punched for each steady- 
state operating point investigated.
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A thorough experimental study of the test rig can be 
achieved only on the condition that measurements are taken for a 
very large number of operating points. It follows that proces
sing of all the data acquired entails the use of a complementary 
computer capable of evaluating functions involving operations 
other than addition and multiplication. Interpretation of the 
processed results are also made more efficient if plotting 
facilities are included in the peripheral units.

829. The computer that backs the PDP 8/L is one of the two ICL 4.50 
computers of the computer centre of the University of BATH. These 
two computers are linked into the SWUCN Network whose diagram is 
shown in Figure 18. This network was formed in 1967 when the 
Universities of Bath, Bristol and Exeter, University College, Cardiff 
and UWIST Cardiff agreed to the purchase of similar machines with 
a view to a link-up to form an integrated computer network system. 
Network users benefit from this joint and co-ordinated use of 
resources in many ways, specially by having a much enhanced program 
library. Indeed, one of the advantages of a computer network is 
that the limited amount of disc available for library software at 
each site can be efficiently used by avoiding duplication and, if 
necessary, siting packages at the machine on which they may best be 
run. Not only does a wider use of library subprograms save the 
user programming effort, but the overall user's programs tend also 
to be more efficient. Special attention is drawn to those
facilities because they have proved to facilitate data processing.
A striking example in the work which follows is the use of the EXETER 
centre which provides more efficient methods of searching for the 
maximum of a function.

The hardware of the Bath computer centre involved in proces
sing data coming from the PDP 8/L consists of one ICL 4.50 machine 
(256 K bytes of core store), a paper tape reader (1500 characters 
per second), a graph plotter (11" width, 200 steps per inch), a 
teletype attached to the Multi Channel Communications Control Unit 
and a line printer (750 lines per minute).

Data comes from the PDP 8/L in the form of a reel of punched
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paper tape. This tape is fed into the ICL 4-50 paper tape reader 
and its information stored into a file and processed by an appro
priate computer program. The computer output is then printed in 
tabular form and plotted on 11" wide graph paper.

Data acquisition by DEC PDP 8/E or PDP 11/34

830. The hardware requirements for data acquisition by PDP 8/E 
or PDP 11/34 are :

1. PDP 8/E with OS/8 Operating System or PDP 11/34 with 
RT 11 or RS X IIM O.S.

2. DEC writer - 30 characters /s, 80 columns.

3. Remote console - 10 characters /s, 80 columns.

4. Magnetic disc drive
5. Dual magnetic tape drive
6. Storage display monitor.
7. 16 A/D converter channels, ± 10 volts, 20 mV resolution.

8. Schmidt trigger (clock 1).
9. External pulse generator.

10. Matrix patchboard for connecting laboratory links to 
computer.

The lay-out of the data acquisition system is shown in 
Figure 19. All the units with the exception of the remote teletype 
are housed in the computer room located centrally in the School of 
Engineering. The hardware contained in this room is shared by 10
laboratories. Each laboratory is connected to the PDP 8/E - PDP 11/34
unit via a 25-core cable which allows a two-way flow of electrical 
signals for data acquisition and control. A uniselector singles out 
the laboratory to be linked to the central processing unit. A 
matrix patchboard mounted in series with this selector permits 
different combinations of instrumentation/control rack and computer 
channels. The two PDP 8/E arid PDP 11/34 processors can be 
controlled by either the DEC writer or the remote teletype. Owing 
to its poorer performance, the use of the latter is confined to feed
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into the program input instructions, such as initiating and ending 
sampling, which require the researcher to be in the Wolfson labor
atory. The program itself is composed on the DEC writer in the 
computer room of the School of Engineering.

831. The OS/8 Operating System, designed for the PDP 8/E computer 
permits use of a wide range of peripherals. It offers a versatile 
Keyboard Monitor that supervises a comprehensive library of system 
programs, BASIC and FORTRAN IV among others. OS/8 BASIC is an 
interactive language with a variety of applications; it contains 
such features as chaining, string manipulation and file-oriented 
input/output. OS/8 FORTRAN IV is much more sophisticated; it 
provides full ANSI FORTRAN IV under the OS/8 operating system.
The system is highly optimised with respect to memory requirements, 
and a subroutine overlay feature is included. The library 
functions permit the user to access a number of laboratory peri
pherals, to evaluate a number of transcendental functions, to mani
pulate alphanumeric strings, and to output to a standard incremental 
plotter.

832. Because of its superiority to BASIC regarding the library 
and the functions it can evaluate, FORTRAN IV is the language in 
which the data acquisition program is written. Full details and a 
listing are given in Appendix 3. This program is a generalised
sampling routine which scans up to thirteen A/D channels, as fast as 
the computer allows, for a time period set by an external clock, 
the Schmidt trigger. When sampling is complete, the routine takes 
the average of all values and applies user supplied calibration co
efficients (the routine implicitly assumes that the calibration 
curves are all linear and can be expressed in the form y = ax + b). 
In addition, it evaluates engine, transmission and overall engine- 
transmission system efficiencies. Then it prints out these
efficiencies together with the corresponding output torque and 
speed and swash settings.

Sampling is synchronized by external clock pulses coming from
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either a second external clock or an engine crankshaft speed pick- 
off whose wheel carries a single indentation to provide a single 
pulse per revolution. The advantage of the latter pulse generator 
is that it always initiates sampling at the same angular position 
with respect to the crankshaft, thereby minimising the biasing 
effect on results caused by engine torque ripple.

The input variables to this program are the number of 
externally applied pulses over which sampling is to take place, the 
number of channels to be sampled and the straight line equation 
parameters relating engineering units to input voltage. The number 
of externally applied pulses and the number of channels are limited 
to 5000 and 13 respectively.

However, the major disadvantage of FORTRAN IV is that it 
limits the overall sampling frequency to approximately 1200 Hz.

Test rig control by analogue computer

833. An analogue computer can optimise the test rig only if the 
optimised values of the controlled variables are already known and 
if they can be generated accurately enough by functions involving 
only addition, subtraction, multiplication and integration operations

If these conditions are met, an analogue optimiser can be 
built with summer, multiplier and integrator amplifiers. A 
regulated DC supply and the voltages delivered by the output torque 
and speed transducers will be all that is required for obtaining 
the optimised voltages of the controlled variables. The response 
time of the optimiser is determined by the time constants of the 
integrators.

The control function of the analogue computer can be ful
filled by standard manufactured controllers.
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FIGURE 2 ; SCHEMATIC PLAN' VIEW OF THE HYDRO-MECHANICAL TEST RIG,
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APPENDIX 1 

' INSTRUMENTATION

Each type of instrument used on the test rig is presented 
in turn in this Appendix.

The detailed analysis which follows sets out to provide 
information on the limits and specifications of each instrument. 
Particular emphasis will also be placed on their calibration 
since their accuracy affects the absolute values of the measure
ments .

Position. The position of each hydrostatic unit is measured 
by a Sangamo Western long stroke position transducer connected to 
the free end of the barrel actuator rod as shown in Figure 4.
The transducer is a self-contained unit, with built-in linear 
variable differential transformer (LVDT) type winding, oscillator, 
demodulator and filter, all fully encapsulated and sealed in a 
stainless steel outer case. Its power supply and regulator, both 
mounted in the instrumentation/control rack, provide it with a 
highly stabilised DC voltage. In return, the transducer produces 
a DC output proportional to displacement.

Resolution over the 76 mm long stroke is better than ±0.50 mm
Linearity is better than 0.3% of total stroke
Residual voltage at zero is better than 0.15% total stroke

The swash position transducers are calibrated by plotting 
output voltage against displacement, as measured on the free end of 
the actuator, by means of a vernier depth gauge. The swash zero 
position is found by running the shunt transmission. Unit B 
barrel fully tilted and unit B shaft being free to rotate, unit A 
zero swash is obtained when unit B shaft speed becomes zero.
Then, the Unit A zero swash is further adjusted until the two hydro
static cross-line pressures are identical.

With unit A barrel fully tilted, the procedure for finding
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unit B zero swash is somewhat different due to the fact that 
torque on unit A cannot be entirely noted. Unit B swashes are 
recorded when unit A shaft is rotating 3 rev/min clockwise and 
3 rev/min anti-clockwise. Unit A speed is measured visually, 
the time base being given by a stopwatch. Unit B zero swash is 
the mean of the two recorded values.

Flow. A fuel metering system has been specially designed and 
developed by the Electronic Section of the School of Engineering to 
produce an output voltage proportional to the amount of diesel fuel 
flowing into the engine, with the view of monitoring both steady- 
state and transient flow conditions.

A schematic diagram of the fuel metering system is shown 
in Figure a. Diesel fuel is pumped from the tank and delivered 
to the engine fuel system via a gear pump driven by a DC variable 
speed electric motor. The pressure in the fuel line, downstream 
the gear pump, is maintained constant by a closed loop control 
system which regulates electric motor speed. The pressure being 
constant, the greater the fuel flow to the engine, the faster will 
rotate the electric motor rotor and the greater will be the voltage 
produced by the tachogenerator linked to this electric motor rotor. 
The gear design of the pump and the constant pressure differential 
across it which maintains internal leakage constant ensure that the 
relationship between fuel flow and tachogenerator output voltage 
is linear.

The tachogenerator, the electric motor, the gear pump and 
the pressure transducer are all grouped on a unique pedestal as 
shown in Figure b. This assembly is mounted on the test rig, 
as near the engine fuel system as possible. The pressure trans
ducer has its own in-built electronics so that simply by applying 
a regulated DC supply, it returns a voltage which is proportional 
to the pressure applied. Its power supply,the error and power 
amplifiers composing the closed loop control system and the 
conditioning module of the tachogenerator output signal are housed 
in the instrumentation/control rack. The control pack and power
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amplifier electronic circuits are shown in Figures c and d 
respectively.

The fuel metering system is calibrated under steady-state 
flow conditions by diverting the pump delivery into a graduated 
pipette. If the engine is stopped, the entire delivery flow will 
pass through the calibrating tap and its value will be fixed by 
the tap opening.

Steady-state calibration generally gives values of about
0.020 &/min for internal pump leakages and 1.5 &/min for a full 
fuel demand. The transient response gives a rise time of 100 ms 
for a step demand from zero to full fuel flow.

Linearity and hysteresis are better than ± 0.2% of full 
fuel demand.

Speed. Since unit B shaft is rigidly connected to the output 
shaft, the shaft speeds which need to be measured for a complete 
monitoring of transmission component speeds are : unit A speed,
unit B speed and engine speed. These three speeds are measured 
by identical speed pick-offs.

The magnetic speed pick-offs which equip the test rig operate
on the basic principles that a coil situated in a magnetic field
will have a current induced in it if the magnetic flux changes.
The magnitude of the induced current will depend on the rate at 
which the flux is changed.

In its simplest form, the magnetic pick-off incorporates a 
mild steel toothed wheel and a coil wound around a bar magnet.
The magnet is located radially with one of its poles close to the 
periphery of the wheel, as shown in Figure e. The wheel is mounted
on the shaft whose speed is to be monitored. When it rotates,
its ferrous teeth move past the fixed magnet, inducing a train of 
current pulses. Since each pulse corresponds to the passage of 
one tooth, the relationship between the rotational speed of the
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wheel and the output frequency of the pick-off is simply output 
frequency (Hz) = rotational speed (rps) x No. of teeth.

The magnetic pick-off requires no external power supply.
Its output signal is directly fed into its conditioning module 
housed in the instrumentation/control rack. This module comprises 
a pulse conditioner, a counter and a frequency to voltage converter, 
The pulse conditioner is designed to clean up the magnetic pick-off 
pulses. Typical pulses, before and after conditioning, are shown 
in Figure f. This pulse conditioner consists of a fast 
comparator which compares the input pulse amplitude with a preset 
value. As the input pulse amplitude exceeds the preset trigger 
level, the conditioner output changes state, and resets only when 
the input pulse passes through zero.

The factors combine to limit magnetic pick-off application 
at low speeds : because the output amplitude is, to a first order
approximation, directly proportional to the speed of passage of 
the wheel teeth and since unwanted pulses must be eliminated, the 
trigger level must exceed peak value of the unwanted pulses at 
maximum shaft speed. Consequently, there is a lower limit of 
speed monitoring where the output falls to a level insufficient to 
trigger the conditioner. On the test rig, this lower limit is 
about 50 rev/min. However, since only one shaft can rotate at 
a speed lower than 50 rev/min at a time, this speed monitoring 
problem can be obviated by calculating the lowest speed from the 
epicyclic gear train equations.

The conditioned pulse output is connected to both a speed 
counter for digital display and a frequency to voltage converter. 
The F to V converter processes the conditioned pulses into an 
analogue voltage for computer data acquisition. This analogue 
signal is calibrated by means of the speed counter.

Linearity and hysteresis are better than 0.1% of full scale 
deflection.

It is important to note that this type of magnetic speed
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pick-off cannot distinguish clockwise from anti-clockwise 
rotation. For monitoring unit A shaft speed which can reverse, 
this magnetic pick-off has been supplemented by a detector of 
direction of rotation. This detector consists of a circular 
plate with four slots and two slotted optical switches. These
optical sensors are switched on and off by the four slots as the 
plate rotates and logic circuitry determines the direction of 
rotation.

Torque. The lay-out of the torque transducers is shown in 
Figure 2. Three are manufactured by VIBRO-METER and one by 
BRITISH HOVERCRAFT. Both designs translate the amount of 
torsional strain which a portion of their shaft undergoes into the 
torque it transmits. But their similarity ends here. While 
the VIBRO-METER transducer uses a position measuring system 
which detects the amount of twist over a length of shaft of known 
stiffness, the BRITISH HOVERCRAFT transducer utilises a network 
of bonded foil gauges as the torsion sensing element.

The gauges are connected in a full bridge circuit in such 
a way that an electric bridge unbalance is created by torsional 
strain. The arrangement is such that the shaft strains due to 
bending, thrust and temperature are self-cancelling and do not 
contribute to the electrical output.

Connection between the stator and the rotor of the trans
ducer is realised by sliprings for the latter type and by rotary 
transformers for the former type.

Both types permit clockwise and anti-clockwise, static and 
dynamic torque measurements.

The VIBRO-METER torque transducer operates in conjunction 
with the torque meter type 8.CT.1/A. This torque meter, mounted 
on the instrumentation/control rack, amplifies the signal coming 
from the transducer. Its output, which can be fed into a 
computer, is displayed by means of a light-beam galvanometer
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instrument.

The indicator type TM.31 used in conjunction with the 
BRITISH HOVERCRAFT torque transducer realises the same functions.

VIBRO-METER torque meter type 8 CT 1/A specifications : 
Linearity and hysteresis are better than ±0.1% of full scale 

deflection.

BRITISH HOVERCRAFT torque meter type TT2/4/DC specifications 
Linearity and hysteresis are better than ±0.17% of full scale 

deflection.

Each transducer can be calibrated in situ. While one 
end of the transducer is rigidly clampled, a known torque is 
applied to the free end by means of a lever and weights hunt to 
it. The twist angle of the torque transducer is so small that 
the torque which could be induced from the connecting gears during 
loading up and unloading of the transducer is negligible.
Hysteresis characteristics can be checked by taking calibration 
readings during both loading up and unloading of the torque 
transducer.

Pressure. Three identical BELL & HOWEL pressure transducers monitor 
the two hydrostatic cross-line pressures and the loading system 
pressure. Each transducer is connected directly into the pressure- 
flow circuit. Its single-crystal silicon sensor yields a voltage 
proportional to the static pressure. An operational amplifier, with 
a low-impedance lOV output, is included in the transducer itself and 
provides internal temperature compensation, voltage regulation and 
full signal conditioning. Its block diagram is shown in Figure g .

Using a regulated DC voltage supply from the instrumentation/ 
control rack, the transducer will return a voltage that is propor
tional to the pressure applied and that lies between ±10 volts.

The specifications of the types used are :
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Pressure range : O - 500 bar.
Accuracy is better than ±0.5% of full scale deflection. 
Linearity is better than ±0.05% of full scale deflection. 
Repeatability is better than ±1,7 bar.

Each transducer is calibrated by using a conventional dead 
weight tester.

Temperature. .For most experimental tests carried out on the test 
rig, the role of the temperature instrumentation is confined to 
ensure that temperature remains constant during steady-state 
operating conditions and that it does not exceed the limits of 
acceptability. In order to meet these requirements, a number of 
thermocouples are attached to various parts of the rig, 
particularly sensitive to temperature changes. Because of their 
importance, the thermocouple attached to the hydrostatic trans
mission pipeline and the thermocouple dipped into the gearbox oil 
reservoir are wired into a COMAX digital read-out meter which 
displays the temperature on the instrumentation/control rack.
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APPENDIX 2

PROGRAM REPORT

Program : TRADAR Library Classification BENGF:TRADAR 019,01

Transient Data Acquisition Routine.

PAL III PDP 8/L 5/5/74

Program Summary
The program uses external time-base pulses to synchronize sampling 
of up to 10 A/D channels at a maximum rate of 16,000 samples/sec.
Digital filtering of the signals is accomplished by adding successive 
samples over a pre-defined period and storing the sum for each channel. 
At the end of the transient to be recorded the stored values are 
averaged and printed in tabular form on the teletype or punched on the 
high speed paper tape punch.

Input Variables
Number of channels to be sampled.
Straight line equation parameters relating engineering units to input 
voltage. Output format (for each channel).

Rate at which successive additions are to be 'stored'. Number of 
successive additions before sum permanently stored. Test type 
information.

Output Variables
Test literal information.
Number of sets of samples stored.
Number of channels.
values of variables in engineering units for number of channels 
sampled at each step.

Algorithm and Method
The program makes extensive use of the DEC floating-point package to 
ease the input/output and averaging operations. The package allows 
free format input and E or F format on output, it also provides the 
means for carrying out all normal arithmetic operations.



382

On entry, the routine prompts the user for the number of channels to 
be sampled and then reads the calibration factors in terms of the 
'slope' in engineering units/volt, and offset in engineering units 
appropriate to the linear relationship for each channel to be 
sampled. The output format for each channel is also requested.

The rate (in Hz) at which the samples are to be stored and the number 
of successive samples to be added before storing are then requested.
The test information (up to 14 characters) may now be typed in.

The routine now.waits in a loop continuously testing A/D 17_ for ao
voltage greater than l.Bv. When this condition is present it is the
signal to the program to enable the line clock, zero all locations and
enter the sampling routine on receipt of each clock tick. After
sampling a channel the current sum of that channel is retrieved, the
sample added and the revised sum stored. The summations are stored
in a two word (double precision) format as values returned from the
A/D convertor are in the range 0-1023^^ (o-lOv) and single precision
working would only allow 4 successive additions before overflow occurred. 

12(2 = 4096). When the required number'of successive samples have been
added the values are stored permanently, the pointers and counters re
set and A/D 17^ tested.

When the 'stop' signal (<1.8v) is detected on channel 17^ the program 
exits the sampling loop and proceeds to type the output information header 
on the teletype. The stored values are retrieved in order, and 
converted to the 3 word floating point format. They are averaged by 
dividing by the number of successive samples added and changed to 
engineering units by multiplying by the conversion factor and adding 
the offset. The time-base for the table is calculated from the storage 
rate read in as input data. The time value output for each set of 
channel values is the time at the start of the successive addition 
process.

Whilst printing the results on the teletype the program interrogates the 
teletype keyboard for a typed character. If the character typed was 
CTRL/0 the output is terminated and the program reset for another test 
run. Any other character causes the complete set of results to be 
output on the paper-tape punch. This too may be terminated with CTRL/0.
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When all results have been typed/punched the program waits for a control 
character to be typed on the keyboard. ' While the program is waiting 
for input information typing CTRL/C will in general cause a return to 
the previous input operation.

Limitation and Accuracy
There are a total of 1024 locations available for storing added samples 
and the absolute max. sampling rate is 16,000 samples/sec. There is
no check made on the user trying to sample too fast.

e.g. for 8 chanels, 150 successive additions, and a storage/output
interval of 0.1 sec. the clock frequency will be 1500 hz and
the machine will store a 1024 _ . ,- n-g X 0.1 = 12.8 sec. transient.

The conversion accuracy of A/D convertor is = 0.1%

Storage
The program occupies all but the last page of memory, i.e. 0-7577^.
The floating-point package DEC-08-YQ2A-PB requires locations 
7;40-62; 5400-7577^.

The program starting address is 200^.
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START
200^

Read no.chans, 
and chan.conV. 
factors

Read time-base 
freq.no. of 
additions (N)

Read test 
info'n

NONE - Start 
or stop signa 

yet?
STOP

START

Enable clock
Store
Summations NO

clock
pulse

YES
ICHAN = 0

SAMPLE ICHiÜSr

Add it to 
stored value 
and re-store

increment
ICHAN

All 
chans. done 

yet?
NO

YES

YES
NOadditions

yet?
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increment
shown

Reset 0/P 
routines for 
TTY 0/P

Type heade :

Cal.time (1/rate)

Type time J
Chan. = 0

Get summarion

sum/N * slope + offset

Change 0/P 
routines for 
HSP 0/P

Type value
was 

character a 
CTRL/C

chans, yet9

Any othe 
char.CTRL/0 character 

typed?

all 
samples 

printed yet
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APPENDIX 3

SAMPLE : WOLFSON SHUNT TRANSMISSION DATA. 
ACQUISITION SAMPLING ROUTINE

FORTRAN IV PDP 8/E - OS8

1. Program Summary
The program is a generalised sampling routine which scans up to 

thirteen A/D channels, as fast as tlie computer allows, for a time 
period set by an external clock. When sampling is complete the 
routine takes the average of all values and applies user supplied 
calibration coefficients.

The routine has been used in the Wolfson Hydromechanical Shunt Trans
mission data acquisition program STRAP1, which is described in
reference 1. This program utilises the hardware layout of the PDP 8/E
computer installed in the School of Engineering.

2. Hardware Requirements
1. PDP 8/E Computer with OS/8 operating system
2. 13 A/D converters (Nos. 1 to 13)
3. 1 Schmidt trigger (clock 1)
4. External pulse generator.

Note ; If less than 13 channels are used the A/D converters must 
be numbered consecutively starting with A/D 1.

3. Associated Subroutines
The only routines called by the program which are not normally

present in a FORTRAN library are :

CLOCK, SYNC and ADC

which are all described in reference 2. Provided, however, the program 
is compiled under PDP/8E - OS8 operating system these routines will 
always be automatically included.

4. Input Variables
There are two sources of input, via the argument list of the CALL 

statement and via a COMMON statement.
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4.1 Argument List
SUBROUTINE SAMPLE (PULSE, ICH)

IPULSE - Number of externally applied pulses over which sampling 
is to take place.

ICH - Number of channels to be sampled starting with
channel 1. Maximum allowed 13.

4.2 COMMON statement

SLOPE - A 13 element one-dimensional array storing the slopes
of the calibration graphs.

OFFSET - A 13 element one-dimensional array storing the y-axis 
offsets of the calibration graphs.

5. Output Variables
All output is via the COMMON statement :
TOT - A 13 element one-dimensional array storing the total

sum of all voltages accumulated during sampling.

VAL - A 13 element one-dimensional array holding the values
of the sampled channels after averaging and application 
of the calibration coefficients.

6. Limitations and Accuracy of Program

The program is primarily a sample averaging routine which determines 
the mean value of the applied signals. Its accuracy depends upon :

1. The resolution of the A/D converters (20 mV for PDP 8/E).
2. The sampling rate being sufficiently large compared with the

frequency of signal fluctuation. The sampling rate is
approximately = 1200 

ICH
3. The duration of the sampling period.

_ .  ̂ IPULSESampling period = —  -----— :— 7*r-----   secs.external clocking frequency
4. The A/D's not exceeding their overload margins.

All analogue signals should be within the range of ± 10 volts.

7. Action of Program Algorithm
The program is split into five easily identifiable blocks as shown 
in Table 1 which are each only passed through once during a call.
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When the program is called the first action is to zero the pulse 
counter and to clear the storage area for each channel accessed.
Once this has been completed the program enters a loop which can only 
be broken by an external clock pulse applied to Schmidt trigger 1 
(clock 1). The act of breaking the loop initiates sampling from 
the relevant A/D's. Before the voltages from each channel are 
stored, however, the A/D's are exercised to clear spurious readings 
from previous program calls.

The voltages are then read from each A/D and are accumulated in array TOT.

The sampling rate is as fast as the coding associated with the ADC al
gorithm will allow. Note that no specification of sampling frequency 
is necessary. By observation the sampling frequency is approximately 
1200 Hz which is split equally between each channel.

The sampling continues for the number of external clocking pulses set 
by IPULSE or to a default valve set by the limit of the DO loop framing 
the sampling process. This limit is currently set at 5000 and means that 
the maximum time period for sampling is approximately :

^  X  5000 sec

e.g. if ICN = 13 channels, maximum time period = 54.2 sec. If the 
sampling loop defaults to the maximum value a warning m essage is 
printed on the terminal.

It is important to note that the external clocking frequency must be small 
in relation to the sampling frequency else it is possible to miss beats 
of the clock. As a general rule the clocking frequency should be 
less than :

0.5 X 1200 Hz.
ICH

The last stage in the program algorithm is to take the average of the 
accumulated sample voltages, apply the calibration coefficients and print 
out diagnostic information.
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The routine implicitly assumes that the calibration curves are all 
linear and can be expressed in the form :

y = ax + b (1)

where 'a' is equivalent to SLOPE and 'b' is equivalent to OFFSET.

The diagnostic information, which is printed on the terminal, tells the 
user the total number of samples read in for each A/D channel.

8. References

1. Program Library - BENGF:STRAPL.0125,01
STRAP1 : WOLFSON SHUNT TRANSMISSION STEADY STATE 
DATA ACQUISITION PROGRAM
S. Huckvale, University of Bath 1976.

2. OS/8 Handbook
Digital Equipment Corporation, April 1974.



S U B R O U T I N E  SAMPLE < I PUL SE. I CH.-)
C
C
C SUBPROGRAM (/RME - SAMPLE 
C
C LIBRARY CLASSIFICATION - BENÛF ; SAMPLE. 0127, 01 
C
C TITLE - WOLFSON SHUNT TRANSMISSION DATA AQUISITION SAMPLING ROUTINE 
C
C FORTRAN IV - PDP S/E 0S3 JULY 1S7B
C
C HARDWARE REQUIREMENTS - 13 ANALOGUE TO DIGITAL CONVERTERS <NOS 1 - 13) 
C 1 SCHMIDT TRIGGER (CLOCK 1)
C
C AUTHOR - S. HUCKVALE, WOLFSON LABORATORY 
C
C PURPOSE - SUBROUTINE ACCESSES A/D FOR A SPECIFIED TIME PERIOD, TAKES 
C AVERAGE AND THEN APPLIES CALIBRATION CONSTANTS. SAMPLING IS
C CARRIED OUT AS FAST AS IS POSSIBLE WITHIN THE TIME PERIOD
C SET BY COUNTING ENGINE REVOLUTIONS.
C
C METHOD - REF: SUBPROGRAM REPORT
C ' .
C INPUT INFORMATION - VIA ARGUMENT LIST
C IPULSE - NUMBER OF ENGINE REVOLUTIONS DURING WHICH (INTEGER)
C SAMPLING IS TO TAKE PLACE
C ICH - NUMBER OF CHANNELS TO BE SAMPLED (INTEGER)
C
C INPUT INFORMATION - VIA COMMON STATEMENT
C SLOPE - AN ARRAY STORING SLC-ES 0= CALIBRATION GRAPHS (REAL)
C OFFSET - AN ARRAY STORING Y-AXIS OFFSETS OF CAL. GRAPHS (REAL)
C
C OUTPUT INFORMATION - VIA COMMON STATEMENT
C TOT - AN ARRAY STORING THE TOTAL S U M  CF VOLTAGE (REAL)
C ■■ READINGS FROM ALL CHANNELS
C VAL - AN ARRAY STORING VALLES MEASURED FROM RIG AFTER (REAL)
C CALIBRATION CONSTANTS HA^'E BEEN APPLIED
C
C OTHER VARIABLE NAMES NOT LISTED ABOVE
C DUH - DUMMY VARIABLE (REAL)
C ICVC - NUMBER OF SAMPLES TAKEN PER CH.A!UiEL (INTEGER)
C ISTART - SCHMIDT TRIGGER STARTING INDICATOR (INTEGER)
C ■ (IF ISTART = 1, INITIATE SAMPLING, ELSE WRIT)
C KOUNT - COUNTER FÙR ENGINE PULSES (INTEGER)
C - -
C ASSOCIATED SUPROGRAMS - NONE 
C
C LIMITATIONS AND ACCURACY - THE SUBROUTINE IMPLICITLY ASSUMES THAT 
C THE A/D'S ARE FROM 1 TO 'ICH' INCLUSIVE.
Cc

DIMENSION T0T(13), VAL(12), SLOPEdS.), 0FFSET(13)
COMMON TOT,VAL,SLOPE,OFFSET

C
KOUNT = 0

C
C CLEAR ACCUMULATOR STORE 

DO 10 I = 1.ICH 
TOT(I) = 0.8

TABLE 1 : PROGRAM LISTING FOR DATA ACQUISITION ROUTINE SAMPLE



10 CONTINUE
C
C WRIT FOR ENGINE PULSE BEFORE INITIATING SAMPLING 

20 CALL CLOCKvl,ISTART)
CALL SYNC':!, ISTART)
IF (ISTART) 20,20,20

C
C CLEAR A/D'S BY ACCESSING ALL CHANNELS 10 TIMES

20 DO 21 M = 1,10 
DO 22 J = 1-- ICH 
DUH = ADC(J)

32 CONTINUE
21 CONTINUE

C
C SAMPLE A/D'S, COUNT UP TO REG'D NO. OF ENGINE PULSES THEN BRANCH OUT 

DO 50 M = 1,5000 
DO 40 J = 1 , ICH 
TOT(J) = TOT(J) + ADC(J)

40 CONTINUE
CALL S V N C d ,  ISTART)
KOUNT = KOUNT + ISTART 
ICVC = M
IF (KOUNT. EC.IPULSE) GO TO CO 

58 CONTINUE 
60 CALL C L O C K O ,  0)

IF (M. GE. 5000) lir<I7E(Q, 2030)
2000 F O R H A T C  WARNING : SAMPLES AVERAGED OVER IrJCC.'v^LETE NO. OF ENG.

1 CYCLES'/)
C
C TAKE AVERAGE OF VOLTAGES AND APPLY CP.LIERATIO.N CONSTANTS 

DO 70 K = 1 , ICH
VRL(K) = TOT(K)+SLOPE(K)/ICYC + CFFSET(K)

70 CONTINUE
WRITECO,2010) ICVC 

2010 F O R H A T C  SAMPLING COMPLETED, NO. OF SAMPLES TAKEN PER CHANNEL =' 
1, 14/)

C
R E T U R N
E N D

TABLE 1 : cont'd.
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DISCRETISATION OF THE OUTPUT TORQUE-SPEED MAP

Output torque-speed map confines

901. The confines and the discretisation of the output torque-
speed map are shown in Figure 1. Power considerations provide the
first limit : a maximum engine power of 200 kW and a transmission
efficiency of about 0.85 imply a maximum power available on the
output shaft of about 170 kW. The corresponding iso-power hyperbola
is however not a definite boundary due to the fact that, firstly, the
transmission efficiency is speed and torque dependent and, secondly,
the removal of the mechanical governor enables the fuel rack to be
moved beyond its normal limit thereby enhancing the torque on engine
shaft. The reason for slightly exceeding the original maximum
engine power is that it permits the investigation of some additional
operating points of particular interest when establishing the MFC
varying surfaces. A clearer boundary is the speed limit : since
unit B shaft and the output shaft form a single shaft, the output
shaft speed limitation is that imposed by the hydrostatic unit :
2400 rev/min. Limiting the hydrostatic pressure to 300 bar
restricts the output torque to 2000 NM when = 400 rev/min, and
to 2200 NM when w = 600 rev/min. When o) = 800 rev/min, the o o
maximum output torque is 2000 NM at maximum output power. With 
the torque meter being set to take measurements of torques up to 
2000 NM, it was decided to confine the investigation to torques less 
than this limit. A re-setting and a new calibration of the torque 
meter would have permitted the investigation of only one or two 
additional operating points. On the other hand, it would have 
impaired the accuracy at which lower torques can be measured.

The three limits described so far are the physical limits which 
are attached to the test rig. The last limit, a minimum power 
limit, represented by a 30 kW iso-power hyperbola, is entirely 
arbitrary. Its justification is that, for lower powers, the
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determination of the M.F.C. varying surfaces to a high degree of 
accuracy being not so crucial, it can be extrapolated from the 
results obtained for powers greater than 30 kW. The introduction 
of this limit saves a lot of test rig running time.

Discretisation of the output torque-speed map.

902. The finer the discretisation grid, i.e. the more discretised 
operating points, the more accurate the M.F.C. varying surfaces 
will be, but this must be at the expense of test rig running time. 
However, there is a lower limit in the size of an elementary mesh : 
two adjacent operating points must be sufficiently far apart so 
that the change in value of the varying surface functions does not 
fall below the degree of resolution. An acceptable compromise is 
found in the discretisation shown in Figure 1 : operating points are 
investigated at 200 rev/min speed intervals and at 200 Nm torque 
increments.

CALIBRATION

903. Before any calibration, the test rig and its instrumentation 
were allowed to warm up. Calibration of each instrument was carried 
out according to the procedure propounded in the previous Chapter, 
Appendix 1. The calibration characteristics a and b of the relation
ship p = aV + b, where p is the measured parameter and V the 
conditioning module output voltage, were detamined by plotting data 
acquisition system voltage read-outs against reference values of the 
parameter. The data acquisition system being inserted in the 
calibration line, the limits within which the computer overall 
efficiency must lie can be derived from the calibration graphs.
This point can be illustrated by considering the calibration of one 
instrument, the torque meter for instance, and adding up all the 
errors which can be made during the calibration process.

Figure 2 shows a schematic diagram of the arrangement used 
for calibrating a torque meter. The reference torque is applied 
to the torque transducer by rigidly clamping one end and by loading
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the other end by means of a lever and known weights. The 
tolerance AT to which the reference torque is known is made up of 
the tolerance àü on the length Z, the tolerance Aw on the hung 
weights and the angle a the lever makes with the horizontal line.
If the data acquisition system were perfect, a torque T would yield 
a corresponding voltage V such that the relationship p = aV + b is 
satisfied. Unfortunately, this is not the case, the data 
acquisition system introducing an error AV. The combination of 
these two errors causes the readings to depart from the straight 
line p = aV + b on which they should be, when p is plotted against V. 
The scatter which results is shown in Figure 3. Provided that 
the number of readings taken is large enough, an upper limit of the 
tolerance to which any static torque can be measured, can be 
calculated by drawing the two straight lines that proceed from the 
origin, enclose all the readings and yet minimise the area of the 
sector they form. The upper limit is equal to half the length of 
the segment cut by these two straight lines. In the case of the 
torque meter, the tolerance AT is very close to the value of the 
upper limit since the error made on the value of the reference torque 
is small compared with that introduced by the data acquisition system. 
Hysteresis is taken into account by taking readings when the torque 
transducer is successively loaded up and unloaded by increments.

In a similar way, upper limits for tolerances on the measure
ment of fuelflow, speeds and pressures can be derived from their 
calibration graphs. These graphs, which have been scaled down five 
times, are shown in Figure 4. Each graph is accompanied with its 
calibration characteristics, slope a and offset b, and an upper limit 
of AT/t which have been measured on the graph at full original scale.

Consequently, an upper limit for the tolerance on the 
measurement of the overall efficiency is given by the relationship 

Aŵ  AT̂  Aq̂
—^ = --- + ——— + --- where ü) , T , q„ are the output shaft speed,n w T q„ o o ' ^ Fo o F

the output shaft torque and the diesel fuel flow injected into the 
engine respectively.
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904. However, apart from the swash displacements, the parameters 
measured when the test rig is operating under steady-state 
conditions are not constant. For one thing, the cyclic variation 
of engine cylinder pressure with crankshaft angle is transmitted 
throughout the test rig. Figure 5 shows the engine torque meter 
output voltage as seen on an oscilloscope when the engine speed 
is 1200 rev/min and the mean value of engine torque is 500 Nm. 
Steady-state data acquisition systems allow for fluctuations by 
taking a large number of samples of the conditioning module output 
signals at high frequency and then averaging them. Differences 
between real and measured mean values of the parameter measured 
may occur for two reasons other than those mentioned so far : 
firstly the samples are not representative of the signal investi
gated and secondly the torque meter does not respond instantaneously 
to fluctuations. These two sources of errors can be eliminated by 
sufficiently increasing the number of samples taken. The repeat
ability of the measurements of identical steady-state operating 
conditions indicates when the number of samples is high enough to 
match the accuracy of the instrumentation and its data acquisition 
system.

Another would-be cause of error between measured and actual 
values which should not a priori be overlooked is a possible drift 
of the electronics. Allowing the instrumentation to warm up 
before starting its calibration reduces the amount of drift under
gone due to temperature variations.

PRELIMINARY TESTS

905. Preliminary tests were carried out with both steady-state 
data acquisition systems, the DEC PDP 8/L backed by the ICL system 
4.50 and the DEC PDP 8/E, in order to determine optimum values for 
the number of samples to be taken as well as the sampling frequency. 
The DEC PDP 8/L system, with a sampling frequency of 1500 Hz per 
channel and a sampling time of IS, gave a repeatability of the order 
of 0.2% for the value of the overall efficiency. In contrast, the 
DEC PDP 8/E system sampling frequency is much lower ; it is only 
90 Hz per channel. However, even by multiplying the sampling
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time by 20 did not produce a repeatability quite as good as that 
obtained on the DEC PDP 8/L. À possible explanation is that, in 
spite of synchronising sampling with pulses delivered by the single
indentation speed pick-off coupled to the engine crankshaft, the 
PDP 8/E samples are still selected, to a certain extent, at random.
In the case of the PDP 11/34, however, the discretised samples tend 
to follow the signal faithfully. It is also quite feasible that, 
over a twentyfold sampling time, the fluctuations of hydrostatic oil 
temperature modify the transmission efficiency by a noticeable amount.

At the end of these preliminary tests, it was decided to 
carry out the search for the M.F.C. varying surfaces with the 
DEC PDP 8/L acquisition system since, for the same given degree of 
accuracy, it could produce them fifteen to twenty times faster. 
Another factor which contributed to select the PDP 8/L was that it 
was available to be used specifically in conjunction with the shunt- 
transmission test rig while the PDP 8/E was heavily used by other 
laboratories.

DATA ACQUISITION

906. In order to maintain the transmission component temperatures 
as stable as possible during the tests, all the necessary 
precautions were taken beforehand to ensure that they could be 
carried out without interruption. The conditions for non-stop 
tests being met, test rig and instrumentation were allowed to warm 
up and the instrumentation was calibrated. The parameters measured
by the ten instruments scanned by the DEC PDP 8/L data acquisition 
systems were :

1. Unit A swash position
2. Unit B swash position
3. Fuel flowrate q
4. Engine speed
5. Unit A speed
6. Output shaft speed (or load speed)
7. Output shaft torque (or load torque) T
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T8. Engine torque E
9. Hydrostatic transmission system left pressure

10. Hydrostatic transmission system right pressure P̂ ^

During the experimental tests, the various test rig para
meter settings were limited by the following physical restrictions 
imposed by the test rig : maximum engine torque : 700 Nm, maximum 
engine speed : 2600 rev/min, maximum unit A/B speed : 2400 rev/min, 
maximum hydrostatic pressure : 300 bar.

907. For a given operating point, i.e. two given values and 
ü3̂ , different combinations (FR, x^, x^) of fuel rack position FR, 
unit A swash position x^ and unit B swash position x^ were tested 
in view of determining the optimum combination for minimum fuel 
consumption, according to the searching method adopted in Chapter 7

The number of the different combinations tested for each 
operating point is indicated in figure 1 which shows the discreti
sation of the output torque-speed map. This number is closely 
related to the position of the operating point relative to the 
physical restrictions imposed by the test rig : as the operating 
point nears these restrictions, the ranges from which FR, x^ and 
Xg can be selected get narrower and narrower. At the limit, when 
the operating point is situated on the boundaries of the output 
torque-speed map, there is only a single combination (FR, x^, x^) 
which meetg the output condition requirements. At the other end of 
the range spectrum, i.e. near the 30 kW iso-power hyperbola where 
FR, x^ and x^ ranges are the widest, 6 combinations (FR, x^, x^) of 
values FR, x^ and x^ evenly distributed over their respective 
ranges proved to be sufficient to determine the optimum combination 
to a satisfactory degree of accuracy.

For any operating point investigated, the output torque T^ 
and speed were not allowed to fluctuate by more than ± lONM
and ± 10 rev/min from one test to another. For each combination 
(FR, x^, Xg),the output torque and speed read-outs were checked 
and, should they fall out of the pre-defined tolerances, the last
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set of readings were discarded, FR readjusted and readings were 
retaken, until the set became acceptable.

The influence of the output torque and speed fluctuations 
on the total measurement error made on the overall efficiency is 
only limited to the variation of efficiency with torque and speed. 
For, the overall efficiency for each set of readings is calculated 
from the corresponding values of output torque and speed.

All the sets of readings taken were printed out on the DEC 
PDP 8/L teletype, whether acceptable or not. Only the acceptable 
sets were punched on the paper tape. At the end of the test run, 
this tape was taken to the computer centre for processing on the 
ICL system 4.50 computer unit.

DATA PROCESSING AND RESULTS

908. The punched paper tape was fed into the ICL system 4.50 
paper tape reader and its data stored in a data file.

A computer program calculates transmission, engine and 
overall efficiencies for the sets of readings taken, in order to 
find the optimum combination (FR, x^, x^) for each operating point 
(T̂ , 0)̂ ) investigated. Although the knowledge of all the optimum 
combinations (FR, x^, x^) is all that is required to establish the 
M.F.C. varying surfaces, it also plots efficiency against swash 
settings for each operating point. The reason is that it is 
essential to know how rapidly the overall efficiency falls as 
FR, x^ and x^ depart from their optimum values, for the degree of 
flatness of the efficiency peaks determines the surface fitting 
tolerances which are permissible.

909. At this stage, it was necessary to introduce a new function 
to describe unit A and unit B swash settings in place of the

""a *Aratio —  which had been used so far. The use of the ratio —
*B ^B

has the advantage of leading to relatively simple equations when
mathematical models are sought. The transmission lossless speed
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equation is a good example. On the other hand, it is not possible
XAto plot efficiency against swash ratio when x^ takes very small

values. To overcome this impossibility, a new function, called 
the swash number, has been generated by linearly combining the 
swash settings x^ and x^, as follows :

when -1-6 x^^ + 1 and x^ = +1 , SW = x^

when x^ = +1 and -1< x^ < +1, SV7 = 2 - x^

when O < x_ < +1 and x„ = -1 , SW = 4 x x„A B B

The relationships between x,, x„, —  and SW are shownA" B' x ^A
graphically in Figure 6.

For a given engine speed, as forward speed is increased from 
zero to its maximum value, the swash number increases from zero to 
between 3 and 3.6, depending on the engine speed. A component 
speed map plotted against swash number is shown in Figure 7. This 
speed map is derived from the transmission lossless speed equation 
and should be contrasted to that drawn using the ratio
X g

—  (Figure 8 of Chapter 6) in order to appreciate the simplicity 
*A
brought about by this ratio in mathematical expressions.

910. In order to plot the overall efficiency against the swash 
number and to find the optimum combination (FR, x^, x^) for each 
operating point, the program makes the computer perform the 
following tasks :

Step 1 Calculation of transmission, engine and overall 
efficiencies and of the swash number for one set 
of readings

Step 2 Step 1 is repeated to the other sets of readings 
corresponding to the same operating point

Step 3 Calculation of the six coefficients of the sixth 
order polynomial whose curve is to fit the 
efficiencies calculated during Step 1 and Step 2.
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Step 4 Determination of tlie position of the transmission, 
engine and overall efficiency peaks.

Step 5 Plotting of transmission, engine and overall
efficiencies against swash number and printing-out 
of the maximum efficiency values with the corres
ponding optimum swash number.

Step 6 Steps 1, 2, 3, 4 and 5 are repeated to the remaining 
operating points investigated.

The reason for plotting transmission and engine efficiencies 
as well as the overall system efficiency is that it helps visualise 
which part of the system predominates over the other in the 
positioning of the optimum SN.

A report of the program is given in Appendix 1.

The two subroutines used to find the coefficients of the 
sixth order polynomial and its maximum value were provided by the 
EXETER program library. This meant that the program had to be 
run while the system 4.50 was connected to the SWUC Network.

Figure 8 shows the graphs of overall efficiency plotted 
against swash number when the output speed is 800 rev/min and 
the output torque is increased from 400 to 1800 NM by increments of 
200 NM.

Similar series of graphs were drawn for output speeds vary
ing over the range 400 - 2400 rev/min in steps of 200 rev/min.

All the graphs obtained have been grouped in the chart shown 
in Figure 9. All the efficiency curves corresponding to the same 
output torque have their maximums lined-up on the same horizontal 
line which is identified by the torque value.

The scale attached to the vertical axis represents the 
variation of overall efficiency with swash number. This scale 
allows a quick estimate of tlie drop in overall efficiency
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incurred when swash number setting is different from its optimum 
value.

911. For a given output torque, the correspondence between the 
overall efficiency curves and the output speed is established by 
noting that output speed increases with swash number. The extreme 
left curve being speed-labelled, the output speed of the other 
curves can be identified by incrementing the output speed by 200 
rev/min every time a new curve is encountered when moving from the 
extreme left to the right.

The iso-output torque identification horizontal lines being 
equi-spaced, it is possible to plot the theoretical curve of 
maximum output torque against swash number. The output torque 
values plotted are those which could be obtained if the transmission 
were one hundred percent efficient with the limitation placed on the 
engine torque during the experimental tests : 700 NM over the entire
engine speed range. The equation of this curve is given by

T = 500 I —  + 2.5 1 where T is expressed in NM. This equation
° I °
is obtained from the shunt-transmission lossfree torque equation by 
substituting 700 NM for the engine torque T^. This curve is 
represented graphically in Figure 9 by a chain dotted line. For 
values of swash number lying between 1 and 3, the swash number 
being equal to

2 - — , (x = 1) , the line is straight. For values less than 1

and greater than 3, the line curvature is due to the fact that the 
relationship between swash number SW and
ratio —  is no longer linear.

It is possible to plot the curve of maximum output torque 
actually obtainable on the test rig [ Figure 10).

For a given output torque, engine torque increases with 
swash number. The actual curve of maximum output torque is the
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locus of the swash numbers for which the engine torque is equal to 
700 NM, i.e. the points which are at the extreme right of the 
efficiency curves. In a graph where output torque is plotted versus 
swash number, the portions of efficiency curves shown in Figure 10 
have no significance. The justification of their appearance is 
that they enable the identification of the points of maximum swash 
number.

For any swash number, when measured along a vertical line, 
the gap between theoretical and actual maximum output curves 
represents the amount of torque lost in the transmission when its 
output torque is maximum. In a first order approximation, torque 
losses are independent of speed. The fact that the points at the 
right hand end of efficiency curves plotted for a given output torque 
and for different output speeds correspond to the same swash number 
verifies this statement.

912. Transmission and engine efficiencies are given in Figure 11 and 
12 respectively. Curve identification is common to both graphs.
They could be used, for example, to evaluate the losses in overall 
efficiency which would result if engine optimisation was limited to 
an operation along the maximum engine efficiency line (refer to 
Chapter 7 ) .

A descritised form of the swash number M.F.C. varying surface 
can be established by either reading the optimum combinations 
(T̂ , 0)̂ , SW) on the overall efficiency chart shown in Figure 9 or 
simply taking them from the computer print-out. This discretised 
varying surface is shown in Figure 13. Output torque and speed 
values are plotted along two horizontal axes and swash numbers are 
plotted along the vertical axis. The confines and the discretisation 
of the output torque-speed map shown in Figure 1 are reproduced on the 
horizontal output-torque-speed plane. At each point of the discreti
sation is erected a perpendicular whose length represents the value 
of the corresponding swash number.

Once the swash number M.F.C. varying surface is established.
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and Xg M.F.C. varying surfaces are found by means of the relation
ships shown in Figure 6 which connect SW to x, and SW to x_.A B
Establishing the engine speed M.F.C. varying surface, if needed, 
involves an interpolation : for any point of the discretised output 
torque-speed map, engine speeds are known for the swash numbers 
corresponding to the experimental tests. None of these swash 
numbers will generally coincide with the optimum one, thus the 
interpolation for the optimum engine speed.

EXTRAPOLATION OF THESE RESULTS TO THE ENTIRE TORQUE-SPEED MAP.

913. At this stage, the search for the discretised M.F.C. varying 
surfaces is not complete since the zone of the output torque-speed 
map where power is less than 30 kW has not yet been dealt with. 
Optimum swash numbers, unit A and unit B swash displacements and 
engine speeds in this zone must be extrapolated from the values 
lying within the confines where the experimental tests have been 
carried out. The four discretised M.F.C. varying surfaces can be 
extended to the whole output torque-speed map by extrapolating only 
swash number values and then deriving x^, x^ and values according 
to the procedure previously used inside the confines.

Two different techniques can be adopted for the extrapolation 
of the optimum swash numbers corresponding to output powers less 
than 30 kW.

914. Figure 14 illustrates the first technique. The known swash 
numbers are arranged in iso-speed and iso-torque sets. An iso
speed set consists of the optimum swash numbers which correspond 
to the same speed, an iso-torque set of those which correspond to the 
same output torque. Figure 14 shows an example of each category, 
when the output speed is equal to 600 rev/min and the output torque 
is equal to 400 NM. Each of all the sets formed is fitted with an 
empirical curve whose equation is a third or higher order poly
nomial of which the parameters are found by computer. Evaluation 
of the fitting curves in the zone where power is less than 30 kW
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provides the values of the extrapolated swash numbers.

For each extrapolated point (T̂ , of the discretisation 
of the output torque-speed map, two values of the swash number are 
arrived at : the iso-torque extrapolation yields the first value 
and the iso-speed extrapolation yields the second one. The 
value retained for the swash number will be the mean of the iso-To
and iso-o) values if the numbers of swash numbers involved in the o
establishment of the fitting curves are comparable. If these 
numbers differ substantially, weighing factors will be applied to 
take into account the reliability of interpolation.

915. The second technique is based on the two remarks aimed at 
improving the first one. Firstly, when fitted with an empirical 
curve, all the points of an iso-torque or iso-speed set are treated 
equally, irrespective of how quickly efficiency falls as the swash 
number departs from its optimum value. Secondly, the whole out
put torque speed map is swept by a succession of isolated extra
polations whose fitting curve equations are established entirely 
independently. Need for improvement here is shown by the fact that 
this technique leads to two values of swash numbers extrapolated, 
even if these two values are relatively close to one another.

These two remarks can be exploited by trying to fit the over
all efficiency peaks with a unique surface of equation f(w^, T^, SW) 
using the efficiency chart shown in Figure 9. The technique is a 
trial-and-error graphical method. Different types of equations, all 
inspired from theoretical considerations, are tried and their para
meters successively adjusted so as to increase the degree of fit. 
Evaluation of the best-fitting surface equation f(w^, T^, SW) in the 
zone of extrapolation provides the values of the optimum swash 
numbers sought.

Apart from determining extrapolated values of swash numbers 
with greater accuracy, this second technique has the advantage of 
supplying the mathematical equation of a fitting surface which can be 
used as a substitute for the discretised M.F.C. varying surface v/hen
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designing the control system of the transmission. If this 
objective is aimed at, it is recommended during the extrapolation 
to try surfaces whose equations are functions of the ratio

—  instead of the swash number SW, owing to the fact that —  lends
*A

itself better to mathematical equations than the swash number SW.

916# Of these two techniques, it is the latter which was applied
to extrapolate the swash number discretised M.F.C. varying surface,
with a view to possibly using the fitting surface analytical
expression in the control system. The search for a varying surface
was therefore directed to equations expressed in terms of the output
torque T , the output speed w and the ratio — . This search led

^Ato the empirical equation :

The curves obtained by plotting T^ against swash number for 
different constant values of have been superimposed to the overall 
efficiency curves in Figure 15. The loss of efficiency incurred by 
setting a swash setting calculated from Equation (1) instead of that 
found experimentally can be measured by referring to the efficiency 
scale shown in the left hand side bottom corner. Equation (1) has 
been found by plotting these curves for the different equations tried 
whose parameters have been successively altered in order to minimize 
the overall losses of efficiency.

A worthwhile remark which can be made about this equation
is that the second bracket gives an engine speed of 850 rev/min
when T^ = o NM since, in a first approximation, the output speed
is related to engine speed by the equation

1.4 o)_
w

—  + 2.5 
*A

This would seem quite reasonable since an engine speed of 850 rev/min 
is close to the idling speed.
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SWASH NUMBER M.F.C. VARYING SURFACE

917. The entire swash number M.F.C. varying surface cannot be 
described solely by equation (1) because physical limitations 
imposed by the test rig prevent the surface defined by Equation (1) 
to cover the whole output torque-speed map. Figure 16 shows the 
surfaces which make up the final swash number M.F.C. varying 
surface. The central surface labelled area 1 is the surface 
generated by Equation (1). It covers most of the output torque- 
speed map and it is the only area where the selection of the swash 
displacements result from maximising the overall efficiency. The 
solid delimited by area 1 is truncated by areas 3 and 4, The upper 
limit of 700 NM placed on the engine torque keeps swash numbers in the 
area 3 below values that would otherwise yield better overall 
efficiencies. In area 4, it is unit A speed limit which holds down 
swash number values. The rise in swash number values in area 2 is 
entirely consequent upon the artifice used to produce high output 
torques at very low speeds when the hydrostatic pressure is limited 
to 300 bar. The epicyclic gear train reaction torque is increased 
by deliberately augmenting unit A swash displacement above that

(Ogcorresponding to the speed ratio — . This is made possible by 

discharging oil through the hydrostatic cross-line relief valve.

MODIFIED SWASH NUMBER M.F.C. VARYING SURFACE

918. The final swash number M.F.C. varying surface shown in 
Figure 16 is very rich in information. The most important point 
of all may be that found in noticing that any action taken to cause 
areas 2, 3 and 4 to converge towards area 1 will result in an increase 
of the overall efficiency when the engine transmission system is op
erating within these areas. Areas 2, 3 and 4 can be moved nearer 
area 1 by pushing up the limitations placed on the transmission 
components.

In particular, area 3 can be lifted if the value of maximum 
engine torque is raised. On the engine of the test rig, the 
mechanical speed governor of the fuel injection pump has been 
removed and replaced by a hydraulic servo-actuator which actuates
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the fuel rack and which is electrically controlled. One of the 
consequences of this alteration is that it lifts restrictions on 
the displacement of the fuel rack, allowing the engine to prqduce 
a torque up to 1000 NM over the entire speed range. This value 
exceeds by 20 to 30 per cent the maximum torque for which this 
engine has been designed. Engine torque was therefore deliberately 
limited during the experimental tests. For convenience, the limit
was 700 NM regardless of engine speed. The maximum engine torque
curve which was obtainable with the fuel injection equipment prior
to its alteration is shown in Figure 17. This curve shows the
values of torque which can be safely produced by the engine. In
the region of its peak, these values are substantially higher than
the limit of 700 NM adopted during the experimental tests.
Whether the mechanical speed governor is refitted on to the engine 
or the present control system of the fuel rack is kept, full use 
of the engine torque available must be made if the overall efficiency 
is to be maximised. This can be achieved by modifying area 3 of the 
swash number M.F.C. varying surface, where swash numbers are imposed 
by engine torque limitations.

919. The purpose of Figure 18 is to find graphically how area 3 
is modified when maximum engine torque values are increased from the 
flat value of 700 NM to those of the curve shown in Figure 17. This 
graph represents the projection on to the output speed-swash number 
plane of the swash number M.F.C. varying surface shown in Figure 16.
It can be constructed from either the swash number M.F.C. varying 
surface or Figure 15 which was used to generate the SW varying 
surface. On it are superimposed lines of constant engine speed which 
are plotted from the shunt-transmission lossless speed equation.

The straight part of these iso-torques lines (which is to be 
modified) corresponds to the flat engine torque characteristics 
adopted in the course of the experimental tests. Along an iso
torque line, output speed is increased from zero by first augmenting 
the swash number as dictated by the unconstrained optimisation until 
the engine torque reaches its limit of 700 NM. Then, output speed 
is further increased by augmenting engine speed, the swash number
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remaining constant. The swash number can be kept constant because 
maximum engine torque does not change with speed. When engine 
torque varies with speed as shown in Figure 17, how long the swash 
number follows the unconstrained optimised law and how it varies 
to make the engine follow its maximum torque curve as output speed 
increases will depend on the corresponding variation of engine 
speed. The new iso-torque swash number M.F.C. lines can be extra
polated from the graph of Figure 15.

An extrapolation is shown in Figure 19. The chain dotted 
line represents the maximum output transmission torques which could 
be produced if the transmission were lossfree when the engine torque 
is equal to 700 NM. The thick continuous line below the envelope 
of the maximum swash numbers, corresponds to the maximum output 
torques experimentally obtained when T^ = 700 NM. The thin lines 
are extrapolated from this experimental curve. They show the 
maximum output torques which can actually be produced when the 
engine torque takes greater values. The new iso-torque swash number 
lines, shown in Figure 20, are plotted by successive iterations 
making use of both the engine speed chart superimposed on Figure 20 and 
the network of extrapolating lines and iso-speed swash number lines of 
Figure 19. The modified graph of optimum swash number against output 
torque and speed derived from Figure 20 is shown in Figure 21.

PROPOSED OPTIMISATION OF COMPONENT MATCHING FOR IMPROVED 
OVERALL EFFICIENCY

920. Alteration of the characteristics of one component of the 
engine-transmission system modifies the swash number M.F.C. varying surface 
as well as the overall efficiency distribution over the output torque- 
speed map. The modification of engine torque characteristics previously 
described is a striking example. There are numerous alterations which 
can be made to the engine shunt-transmission system. Examples of minor 
alterations are changes in the number of teeth of the various pinions of 
the shunt transmission and a different matching between the exhaust 
turbocharger and the engine. More fundamental changes include 
increasing the size of unit A and unit B and exchanging the present
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prime mover for a more powerful engine. For a given duty cycle, 
some alterations will be more appropriate than others. Yet, once 
a criterion is given, only one combination will be optimum. In 
the scope of this thesis, the criterion aimed at is minimum fuel 
consumption, providing that acceptable degrees in other qualities 
of the engine-transmission system are achieved.

As far as minimisation of fuel consumption is concerned, an 
interesting mathematical conditioning of a duty cycle is the 
function which gives the global operating time spent at each point 
of the output torque-speed map. A typical graph of global 
operating time against output torque and speed is shown in Figure 22 
It is important to note that while tv/o different duty cycles lead 
to two different distributions of global operating time, the sole 
knowledge of the graph of global operating time versus output torque 
and speed is not sufficient to restitute the duty cycle.

The amount of fuel consumed over the duty cycle is given by 
the equation

T̂ maxi maxi = f (T )
° ° T w

“ I '"o' n°v

where T^ is the output torque
is the output speed

n (ŵ , T^) is the overall efficiency at operating point (T^,w^)

t (ŵ , T^) is the global time during which the transmission 
operated at point (T̂ , w^)

This function is dependent upon as many variables as there are 
parameters altered, on the condition that the engine transmission 
system is re-optimised each time a parameter is changed. Re
optimisation, if necessary at all, should be relatively easy since 
any change in the alterable parameters should have a much greater 
effect on the distribution of overall efficiency over the output 
torque-speed map than on the optimised values of the transmission 
control variables.
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This minimisation problem is a classical problem of uncon
strained minimisation of a n-variable function. The strategy 
according to which each parameter is changed can be any of those 
propounded in Chapter 5, although some might be preferred to 
others depending on the number of variables.

921. If this optimisation is to be practically feasible and carried 
out successfully, it is crucial that the function FC be evaluated 
from simple mathematical models of the components. Simplicity 
should not normally prevent the optimisation from converging 
towards the optimum transmission configuration. Apart from having 
the only merit of following the optimisation proposed step by step, a 
very crude and unorthodox method which corroborates this statement 
is as follows :

i) overall efficiency seems to be low in an area of high 
output power and where, moreover, the engine-transmission system is 
likely to operate most of the time (this is equivalent mathematically 
to a high value of the integral FC).

ii) using the experimental graphs of engine, hydrostatic drive 
and shunt-transmission efficiencies, the major source of low 
efficiency in the area highly sensitive to power losses is traced.

iii) the responsible component is modified in a way which 
relies upon the experience and the knowledge of this particular 
component, so that the overall efficiency distribution is in the 
best achievable harmony with the given duty cycle.

If a high comprehensive optimisation could be afforded, the 
accuracy of the method could be increased by introducing a weight 
correcting factor in the double integral FC. This factor would 
penalise any increase in weight- resulting from a modification of 
the transmission. The new function to be minimised would be :

,T maxi maxi = f(T )
° ° T  w

° ° d mFC =/ dT^ / t(cü̂ , T^)o n(w , T ) o o
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922. When a satisfactory configuration for the duty cycle 
envisaged has been obtained and when this configuration has been 
optimised, i.e. the various M.F.C. varying surfaces have been 
established, it is possible to proceed to the design of the 
optimiser proper. With scheduled optimisation, the function of the
optimiser is to make the control variables of the shunt-transmission
take their optimum values for any operating conditions. The only 
exception is when the optimiser is overridden. However, as the
optimisation aims at continuous operation at best overall efficiency,
ways of eliminating any need for overriding will be sought.

This optimiser together with its complementary controller 
make up the overall optimised control system. Any modification on 
the optimiser will be reflected onto the controller, and vice versa. 
This inter-dependence entails a joint study of the two.
Consequently, any proposed optimiser will be presented within the 
overall optimised control system.

923. As long as overall efficiency is maximised, the two control 
variables x^ and x^ of the shunt-transmission can be grouped together 
into the swash number SW. This grouping leaves two variables, the 
swash number SW and the fuel rack position FR, by means of which the 
engine-shunt-transmission system can be controlled. However, these 
two control variables are not independent, a connecting relationship 
being provided by the engine-transmission system. Therefore, only 
one of them needs to be forced to follow its M.F.C. varying surface 
as output conditions change, the other being automatically opti
mised. The alternative of choosing the variable to be controlled 
by the optimiser brings about a dichotomy in the possible optimised 
control systems : one type being where the optimiser controls the 
shunt-transmission and another characterised by an engine optimiser.
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SHUNT-TRANSMISSION OPTIMISER

PRINCIPLE OF OPERATION

924. Figure 23 shows a possible schematic diagram of the optimiser 
operation.

The optimiser senses output torque and speed. From the 
stored swash number M.F.C. varying surface, it calculates the 
optimum swash number which is then converted into the optimum swash 
settings and x^. These are the demanded values of the swash
displacement control systems.

Output torque and speed are controlled in the same manner 
as that which would be used for an engine driving a fixed-gear-ratio 
transmission. Increasing the amount of fuel injected per cycle 
into the engine causes the output torque to rise which, in turn, 
brings about an augmentation of output speed. The difference 
between the shunt-transmission and a fixed gear-ratio transmission 
lies in the fact that the optimiser is continually adapting the 
speed ratio to changing output conditions.

Placing a multi-ratio gearbox between the shunt-transmission 
and the load does not modify the way in which the optimiser operates. 
Indeed, variations in the loading of the output shaft of the shunt- 
transmission brought by gear changes can be incorporated into the 
various changes of the output conditions.

The control of the engine-transmission* system will now be 
described.

CONTROL OF THE OPTIMISED ENGINE TRANSMISSION SYSTEM

925. The optimisation of the shunt-transmission as afore-described 
permits a fully automatic control of the engine-transmission system.

The motion of a vehicle is governed by Newton's Second Law. 
Resolving the resultant of the external forces exerted onto the 
vehicle, along an axis tangent to its deplacement shows that vehicle
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acceleration is controlled by the amount of torque which is applied 
onto the propelling wheels.

Speed control system

926. Since speed and rate of change of speed are the two variables 
which matter to the driver, it is quite natural to envisage a control 
system which would respond to speed demands. Any change of speed 
being initiated by a corresponding variation in forces acting upon 
the vehicle, speed control systems will invariably incorporate an 
inner output torque loop. A block diagram of a possible control 
system is shown in Figure 24. The role of the speed controller is 
to regulate the demanded output torque so that actual speed will 
converge towards the demanded speed at the end of any transient period. 
The desired rate of change of speed is achieved by adjusting the 
difference between demanded and actual speeds, even if this means that 
the speed demanded initially does not correspond to the actual speed 
aimed at. Figure 25 shows a typical variation of demanded speed 
with time when a high rate of vehicle acceleration is required.

The driver's function is also represented in the block 
diagram of Figure 24. This function is to sense speed and rate of 
change of speed and to set a demanded speed according to the rate of 
change he wants to achieve, as illustrated in Figure 25.

Output torque control system

927. Since the rate of change of vehicle speed is dependent upon 
the magnitude of the external forces acting upon the vehicle, the 
driver can directly demand the torque necessary to produce the speed 
and rate of change of speed he aims at. The block diagram of a 
possible output torque control system is shown in Figure 26. 
Comparison of this block diagram with that of the speed control 
system illustrates very clearly that the driver has taken over the 
function of the speed controller.
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Engine power control system

928. The functions of the optimised control system can be trimmed 
further and those of the driver correspondingly extended by allowing 
the driver to have direct access to the source of power. When the 
output torque is positive, it can be adjusted by varying the engine 
power. Engine power is altered by moving the fuel rack position.
If the engine can be allowed to run free from the load, direct 
control of the fuel rack position is not practicable due to engine 
instability. Since the duty cycle of commercial vehicle includes 
periods when the engine has to function in spite of zero transmission 
output conditions, the fuel rack must be tied in a speed loop. Mani
pulation of the fuel rack becomes then indirect : it is achieved by 
action on the engine governor. A block diagram of the control 
system whose function is confined to that of the engine governor is 
shown in Figure 27. The driver's function is also represented.

MEASUREMENT OF OUTPUT SPEED AND TORQUE ON A VEHICLE

929. Sensing transmission output shaft speed on a vehicle should 
not pose major problems. Speed pick-offs of the type used on the 
test rig and suitable for automotive environments are readily avail
able at sufficiently low cost, high accuracy and great reliability. 
The slotted wheel-magnetic pick-off arrangement can be made rugged, 
compact and reliable for this purpose and the conditioning module 
can be integrated into the control unit.

By contrast, torque transducers similar to those of the test 
rig and performing to a degree of accuracy matching that of the 
speed pick-offs usable on a vehicle are much dearer and more 
fragile. If accuracy concessions are made, different torque 
measuring systems of realistic price for vehicle applications are 
available :

930. i) a torque meter operating on the similar principle as those 
used on the test rig but of poorer accuracy may be used. The 
increase in .fuel consumption of the vehicle resulting from an error 
between measured and actual output torque can be evaluated from the 
chart of overall efficiency peaks shown in Figure 13. The peaks
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being relatively flat over a wide range of swash numbers, an 
acceptable compromise between increased fuel consumption and 
cheaper torque meter may be reached, subject to the torque meters 
commercially available at the time of their implementation.

931. ii) a torque meter working on a different principle inspired 
from transmission lay-out characteristics inherent in the vehicle 
design may be built more cheaply. For instance, given the length 
of the propelling shaft coupling the transmission to the back-axle 
which is generally more than one meter, it is possible to build an 
optical torque transducer. A schematic cross-section is shown in 
Figure 28. The propelling shaft carries a Im (or more) long
outer tube which is attached at one end to the shaft. The other 
end carries a disc with radial slits. An identical disc is 
mounted on the shaft, as close to the first disc as relative displace
ment between the two allows it. When the propelling shaft trans
mits no torque, the slits of the two discs register exactly. The 
angle of twist generated in the propelling shaft over the length of 
the outer tube when torque is transmitted causes a relative 
displacement between the two discs. The greater the twist angle, 
the smaller will be.the proportion of light passing through the slits 
and received by the photo transistor associated with the light 
source. The transistor output signal may be conditioned so that
the generated voltage is proportional to the angle of twist. The 
resolution of this apparatus will be a function of the length of the 
outer tube, the elasticity modulus of the propelling shaft, the 
tolerances of machining and fitting of the two discs and the quality
of the light emitter-receiver arrangement straddling the two discs.

932. iii) in the particular case of the shunt-transmission, the
difficult problem of measuring torque can be obviated by using the
relationship which exists between output torque and hydrostatic
pressure. This relationship is given theoretically by the
equation : T = (P - P ) D (x + 2.5 x ) x 10^

O  i i  L  o  A

where T^ is the output torque, given in NM
P^ - P^ is the difference of hydrostatic pressure 
between high and low pressure cross-lines (bar)
D is the maximum volumetric displacement of each unit

6 n ^ /r d )
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-5 3By substituting the value of D which is 3.9 x 10 m /rd, 
this relationship becomes ;

To = 3.9 (Pg - + 2.5 (1)

However, the torque losses inherent in the transmission 
modify this equation. Since they are dependent upon P^, x^ 
and x^, the real relationship is so much more complex that it 
cannot be defined analytically. In order to analyse the incidence 
of losses on the theoretical relationship (1), graphs of 
3.9 (P̂  - P^)(Xg +2.5 x^) have been plotted against output torque 

for some characteristic values of x^ and x^ in Figure 29. If 
there were no losses, this relationship would be exact and all the 
points shown on the graph should be on line c. As long as unit A 
operates as a pump and unit B as a motor, these points can be
remarkably well fitted by line a. But, when unit A and unit B
rôles are interchanged, the more power recirculated, the further 
from line a fall the corresponding points. Provided that oil 
temperature is kept within limits, temperature effects are 
secondary and can be neglected in a first approximation.

In order to keep the real relationship as simple as 
possible, it is proposed firstly to modify equation (1) so as to 
move line a to line c and secondly to finely adjust the swash number 
M.F.C. varying surface in order to offset the difference between real
and evaluated torque values when power is recirculating in the trans
mission loop.

Modifying equation (1) leads to :

T = 3.46 (P - P ) (x + 2.5 X  ) - 60 (2)
O  x l L i o  A

With this indirect method of measuring the output torque, 
the torque transducer is relatively cheap. Since x^ and x^ 
transducers are needed for the control of unit A and unit B, it 
only requires two pressure transducers or a differential pressure 
transducer and a simple analogue device which satisfies equation (2)

A schematic diagram of the operation of the subsequent 
transmission optimiser is shown in Figaro. 30.
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GENERATION OF OPTIMUM SWASH NUMBERS

933. The swash number M.F.C. varying surface can be stored in 
either a continuous or discrete form. Since generation of optimum 
swash numbers is closely related to their mode of storage, the swash 
number generating systems may be classified into two corresponding 
categories.

Generation from a varying surface entirely stored

934. Compared with the discrete type, this generation is by far 
the simpler since the optimum value of swash number is known at any 
operating point (T̂ , w^). The rôle of the generating system is 
confined to that of a retriever of stored values.

Practically, the S.N. values can be stored by a set of 
equations describing the swash number M.F.C. varying surface or 
mechanically by using a three-dimensional template.

Analytical generation.
Analytical model of the S.N. M.F.C. varying surface.

935. The varying surface obtained experimentally is divided into 
four areas (refer to Figure 21). i) Area 1, the portion of the 
unconstrained optimum surface, is described by :

T :  (500 + ^ 2 ° ^  2.5- (3)O -Ü) X^ -WO A O

which is the equation of the surface best fitting the experimental
results. ii) Area 2 corresponds to the zone of the output
torque-speed map where it is necessary to set greater values of
unit A swash displacement x^ in order to get high values of output
torque. Under these operating conditions, hydraulic oil is forced
through the relief valve which limits its pressure to 300 bar.
The equation of Area 2 can be established from equation (2) :
T = 3.46 (P - P ) (x + 2.5 X ) - 60, which is the relationshipO H Ii B A
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between x^, x^, P^ and found experimentally, By substitut
ing the pressure limit of 300 bar, the boost pressure of 14 bar and
Xg equal to 1, the equation describing "Area is found to be ;
X = 0.0004 * T - 0.38;A o (4)

iii) Area 2 is truncated by Area 3 through the torque limitation 
placed on the engine. The equation of Area 3 is directly related 
to that of the maximum engine torque curve. When maximum engine 
torque is constant with speed, this equation is very simple. 
Theoretically, it is given by

T 1.4
XB + 2.5

Experimentally, it was found to be T^ = 444 —  + 2.5 when

Tg = 700 NM (refer to Figure 10) Unfortunately, the real maximum 
engine torque shown in Figure 17 cannot be approximated to a line of 
constant torque in practice since it would deteriorate the overall 
system efficiency too much. An acceptable approximation is to fit 
this curve with a second order polynomial in ŵ ,, T^ = a + y .
The equation of Area 3 is found theoretically by combining this equa
tion with the shunt-transmission lossless torque equation

E
1.4

B
X, + 2.5

By rearranging the terms in 
expressed as :

1.4'

-1.4 WEand speed equation w =   ,
° Ü & + 2 . 5

X. + 2.5 , this equation can be

3 2X X x„
0)2 —  + 2.5 + 0) —  + 2.5 + Y —  + 2 5o ^ A 1.4 o /"A

= 1.4*T

However, this cubic equation can be simplified to a quadratic 
equation if only the useful portion of the maximum engine torque 
curve is considered. Figure 20 shows that, in fact, engine speed lies 
between 1700 rpra and 2500 rpm throughout Area 3. In this speed range, 
the maximum engine torque curve can be assimilated to a straight line
of equation T^ = - 0.167 + 1120, as shown on Figure 31. Combining
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this equation with the shunt-transmission lossfree torque and speed 
equations leads to :

2

-0.12 w ^ + 2 . 5 + 1120 B + 2.5 - 1.4*T = O.o

This equation is the theoretical relationship which exists between 
T^, x^ and x^. If torque and speed losses are expressed in

terms of mechanical and speed efficiencies rî  and such as

T = n ---o ‘m 1.4
X.

+ 2.5 and Wg ;
1.4

+ 2.5

0)̂ , o)g, Xg and x^ are the values measured on the test rig, the 
equation describing Area 3 becomes :

2
0.12 ^o

nV
+ 1120 + 2.5 llil Eo = O

when losses are taken into account. Although and are 
functions of and T^, a good approximation of Area 3 can be obtained 
by giving and the means of the values they take over Area 3 
since this area is small. The values found experimentally are :
Tly = 0.93 and = 0.90. Substituting these values in the previous
equation gives :

- 0.13 w
2
+ 1120 - 1.55 T = O o (5)

which is the empirical equation.

iv) If Area 2 was not truncated by Area 4, unit A shaft would over
speed. Over the Area 4, the swash numbers take values so as to
maintain unit A speed just under 2400 rev/min. The equation of
Area 4 can be derived from the two equations

— Ü) — — -- W_B o  Xg A

and Tg = °

1 + 6 T_ where 6 is a torque dependent coefficient.

The former is based on the assumption
B + 2.5
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that speed losses in the hydraulic drive are proportional to the 
torque transmitted. Since Area 4 is only used when power is re
circulating in the transmission loop, i.e. unit B is driving unit A, 
a will always be positive. The latter equation is derived from the 
shunt-transmission lossfree torque equations. To a first order 
approximation. Area 4 can be described by the equation :

-“o = 1 - 6T

—  + 2.5 
^A

The experimental tests yielded an a value of 0.000163. 
After substitution of this value and of the value of maximum unit 
A speed, the equation which describes Area 4 is found to be :

03 = -2400 —o XB

XB T
X , oA
x_B-- + 2.5
X ,A

(6)

Aggregating the equations of the four Areas provides the set 
of equations which describes the swash number M.F.C. varying surface

(1)

T = (500 +
O  -0)

x.̂ = 0.0004 *.T - 0.38; x „ = lA o B

-0.13 0) ^ + 2 . 5
^A

+ 1120 —  + 2.5

—03 — 2400 —
” “b

,
1 - 0.000163 ^A °

B + 2.5

(3)

(4)

= 1.55 To
(5)
(6)

Mode of storage of analytical model.

936. It is possible to opt for either a hardware or a software 
storage. The former makes use of an analogue computer. The
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set of equations is described by a circuit of operational amplifiers 
performing additions, multiplications, divisions and comparisons.
The latter utilizes a microprocessor. Storing the analytical model 
consists in writing the equations in a program.

Which alternative is to prevail over the other when imple
menting an optimiser on a vehicle will be determined by the overall 
control strategy. For example, the latter mode of storage will 
be preferred when a full transient control of the engine is 
conducted in parallel with the optimisation for minimum fuel 
consumption. The reason is that digital storage is superior to 
analogue for complex controls such as that of the air-fuel ratio 
in order to limit smoke, the superiority increasing with complexity.

Storage and generation of optimum swash numbers.
937. When generating an optimum swash number, the known variables 
are the measured output torque T^ and speed and the unknown is the 
swash number SN or, alternatively, the swash ratio — . In order

to generate-—  from T and w , it is necessary to write the Xa  o  o

equations of system (I) in the appropriate form before storingXgthem. Modifying system (I) so that —  (or x^ and x^) is expressed
A

as a function of T and w leads to the system :o o

"p__________  + i 2 ° 0 . 2  5 (7,X, -500 w + 400 000 -03  ̂ ‘A o o

x^ = 0.0004 T^ - 0.38 ; Xg = 1 (8)

(2)
Xg 1120 + V  112° + 1-55 + 0.13

= 0.26 03 '
=A

(2.5 03 -2400 + 0.39 T ) -/ 2.5 w -2400 + 0.39 T 12+1003^o O V o o *
^A ^O

(10)
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This system of equations can be written in the program of a 
microprocessor as it stands. On the other hand, it is advisable 
to seek an alternative for at least equation (10) and perhaps 
equation (9) when using an analogue device to describe this set of 
equations. Much simpler equations could be found by using an 
empirical fitting method instead of trying to fit Areas 3 and 4 
with a surface whose equation is derived from the theoretical one.

938. Since this system of equations does not generate one but

four ratios —  for a given pair of values (T , w ), it is necessary X a  o  o
to provide the S.N. generator with a means of discerning the right
ratio. The three-dimensional graph of the S.N. varying surface of
Figure 21 shows that Area 2 sets greater values of swash numbers
than Area 1, Area 3 greater values than Area 2 but lower than Area 1
and, finally. Area 4 greater values than Areas 2 and 3 but lower
than Area 1. Given the correspondence between ratios —  and

*A
swash numbers (plotted in Figure 5 ) , although reversed, this

X ghierarchy still holds true as far as the ratios —  are concerned
^A

and allows the right ratio to be singled out by comparing the four 
values obtained. Comparison can be limited to two equations if 
the output speed range is divided into three intervals j^0,500 J , 

1̂ 500, 140oj , ^ 1 4 0 0 , 2400 J . This can be best seen on the graph 
of Figure 19 which shows clearly that Area 2 , Area 3 and Area 4 are 
contained in the first, second and third segment respectively.

The last prerequisite for successful generation is that it 
is necessary to invert both sides of equation (7) describing Area 1 
for low values of x^ before evaluating the right hand side. Some
terms of equation (7) would otherwise take infinite values as x^ 
tends towards zero. Meeting this prerequisite leads to system (III), 
the system which should be stored for the generation of the optimum 
swash numbers of the shunt-transmission :
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j fsOO Ü) - 400 000 1 
O  L o J

(3)

B T CO - 600 000 CO + 480 000 OOQ -2.5 f500co -400 OOol O O O L o j

if CO <300 o

(7)

X -500 CO + 400 000 -co “ ' i f  ü)^>300A o o

x^ = 0.0004 - 0.38 ; x^ = 1 (8)

x„ 1120 +\l 1120^ + 1.55 T + 0.13 to
^  = -  ■ 0.26.     -A o

I 2 2x„ (2.5 to - 2400 + 0.39 T )-W (2.5 CO - 2400 + 0.39 T ) + lOto B o  o y o o (lO)

Generation by template.
939. The heart of this generating system is a template which is a 
solid replica of the three-dimensional graph of optimum swash number 
against output torque and speed shown in Figure 21. Swash numbers 
are generated by a template feeler which has two degrees of freedom 
in translation along axes T^ and cô . A schematic diagram of this 
arrangement is shown in Figure 32.

Given the complex form of the template, only mass-production 
can lower its production cost to an acceptable level. This implies 
that the template cannot be tailored to each engine-transmission 
system of a given series and that a minimum number must share a 
unique S.N M.F.C. varying surface. One possible realisation is
an aluminium alloy casting.

Either the template or the feeler can be the mobile element and 
it can be displaced electrically, hydraulically or mechanically. For 
example, the template could be displaced along the output speed axis 
by a fly-wheel-linkage mechanism. A displacement proportional to 
the square of the speed could be allowed for by plotting swash 
number against output torque and speed squared instead of speed.
The template T^ displacement could be generated by a mechanical
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linkage connected to unit A and unit B swash actuators and a spring- 
loaded jack upon which hydrostatic oil'differential pressure forces 
would act. Another linkage mechanism would transmit the feeler 
displacement to unit A and unit B actuators.

Generation from a varying surface stored in a discrete form.

940. In contrast to the previous type of generation, the storage 
of optimum S.N. values is much easier but the generation itself is 
much more difficult. Since optimum S.Ns are known only at dis
crete operating points, the interpolation of intermediate values is 
a prerequisite for successful generation.

A digital computer is the only type of hardware on which 
discrete storage and its subsequent generating interpolation can be 
performed.

Discrete storage.
941. Optimum swash number values can be stored in the f o m  of an 
n-row m-column array, each row corresponding to a discrete value of 
the output speed and each column to a discrete value of the output 
torque.

Generating interpolation.

Three possible interpolation techniques are the step inter
polation, the triangular interpolation and the rectangular inter
polation.

Step interpolation.

942. I f  the discretising grid of the output torque-speed map 
is fine enough, i.e. n and m are sufficiently large, it is quite 
sensible to consider that the swash number is constant over the 
area of an elementary rectangle of the grid.
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SW

descritising grid

area over which the 
value of the enclosed swash no 
is considered to be constant

X

The step interpolation generates a swash number M.F.C. 
varying surface made up of horizontal two-dimensional steps placed 
side by side. Each step has the area of an elementary rectangle 
of the discretising grid, providing that it is not in the neigh
bourhood of the confines of the output torque-speed map, and is 
centred on a discrete operating point (ŵ ,̂ T^^).

The interpolation of a swash number SN corresponding to an 
operating point (ŵ , T^) different from any discrete operating

a) identification
of the iso-swash-no elementary rectangle which contains the operating
point (ŵ ,̂ T^j) may be divided into two stages :

point (ŵ , T̂ ) i.e. identification of i and j so that the two
inequalities :

Aco
(JÜ o
or < 0)

Aw
^oi "T

AT
and o] < T

At

where Aw = w . - w ,. ,. and AT = T . - To or o(r-l) o o] 0 (3-1 ,

are satisfied ; and b) retrieval of the swash number value SW. .If]
corresponding to both operating points (ŵ ,̂ T^^) and (ŵ , T^).

Since this procedure is entirely reversible, updating of the 
stored swash number values, if desirable, does not require any 
additional software.
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Triangular interpolation
943. The triangular interpolation generates triangular facets.
The swash number varying surface obtained can be visualised by 
regarding the stored discrete swash numbers as vertices of triangular 
facettes. Part of this surface is depicted in the figure below.

oj-l 'OJ

elementary triangular facet

1o,
The procedure of triangular interpolation of a swash number SW 

corresponding to an operating point T^) different from any
discrete point T^^) may be divided into two stages, like that
of the step interpolation :

a) identification of the operating triangle which contains the 
operating point (ŵ , T^). In order to identify the pertinent 
triangle, it is necessary
i) to find i and j which satisfy :

w , < w < . and T , . _ < T < T .o(i-l) o oi o(]-l) o O]
2 2ii) to compare the quantity (u) - m ,. ..) + (T - T ) witho o(i-l) o o(j-l)

/2
2

2 2 (o) . - (jj ,. , , ) + (T . - T ) I in order to single outoi o(i-l) o] o(j-l)
the relevant triangle of the two which make up the rectangle 

(^o(i-l)' ^oi' ^o(i-l) ^oj)'
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rectangle (wo(i-l)/ oi' o(j-l) ' oj

-W ,

relevant triangle. In this case :

/ 2 2 22 2T -T oi o(i-l)

b) evaluation of the swash number SW corresponding to the operating
point T^). This swash number can be evaluated from the equation
of the plane defined by the facet containing point (ŵ , SW).
Expressing analytically that this plane passes through the facet
vertices of coordinates (to . , T , . . , , SW.or o (]-l) 1 / (]-l)
("o(i-l)' ^o(i-l)' (̂ 0 (1 -1 )' ^0 ,3 ,
to the equation :

Wo To SW 1

"oi To(j-l) (j-1) 1

"o(i-l) SW(i-l),(j-l) 1
0)
°(i-l) ^^(i-l),j 1

= O

Since the swash value SWto be interpolated is the only 
unknown in this equation, it can be obtained directly by developing 
the determinant.

If required, updating of the stored discrete swash numbers is
much more difficult than with the previous type of interpolation.
To this end, it is necessary to know the updating swash number values
for at least three operating points (w , T ), (w _, T .), (w , T )oa oa o3 o3 y oy
which must be distributed on the output torque-speed map so as to

When this
condition is met, the corresponding swash number can be evaluated in a 
way similar to that described before. The value obtained is then sub-

enclose the operating point (wr^, T^^) to be updated,
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Rectangular interpolation.

944. The rectangular interpolation utilises the swash numbers
corresponding to the four operating points (u ,. ^ , T ,. ^ , (wo (1-1; o (]-i; Oi
T (w T .), (w ^ , T ) which are the vertices of0 (3-1 ) 01 o] o(i-l) 0 (3-1 )
the elementary rectangle of the discretising grid which contain the 
operating point (ŵ , T̂ ) to be interpolated. The swash number 
surface generated by the rectangular interpolation is an aggregate 
of three-dimensional surfaces, each delimited by four segments of 
straight line, and whose vertices are the stored discrete swash 
numbers.

discretising grid

The procedure for the rectangular interpolation of the swash
number corresponding to any operating point (w T̂ ) of the output
torque-speed map is described in paragraph 322 of Chapter 3. 
dating of the stored discrete swash numbers is dealt with in 
paragraph 3 27.

Up-
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OPTIMISER OVERRIDING

'Shortcomings of the present system.

945. While this optimiser is capable of setting the optimum swash 
numbers for any operating point T^), both and T^ being
positive, it does not provide any means of controlling the values of
03 and T . o o T^, and consequently w^, can only be varied by changing
the engine output power. This causes the control system of the 
optimised shunt-transmission to be doubly deficient :

1) If, when the vehicle is stationary, the transmission output 
torque T^ is equal to zero, the swash number SW is also equal to zero 
and the engine is disconnected from the live wheels. However the 
fuel rack is controlled, the control system is unable to move the 
vehicle unless it takes over the control of the swash number.

2) Vehicle acceleration capabilities are impaired by the opti
misation. When no power is fed back into the engine-transmission 
system by the vehicle, maximum vehicle acceleration would be achieved 
by disconnecting the engine from the live wheels, accelerating it in a 
free acceleration mode to its maximum speed and finally, recoupling 
the engine, now delivering maximum power, to the live wheels. 
Unfortunately, since the optimiser ensures that the tractive effort is 
never interrupted during vehicle acceleration, only part of the engine 
power is available for its own acceleration, thereby delaying the 
delivery of maximum power to the live wheels.

How engine power is distributed between vehicle traction and 
engine acceleration is depicted in the figure below :

Te
torque
available
for
engine
acceleration
torque 
transmitted 
to the 
live-wheels

maximum engine torque 
engine operating band with 
optimised transmission
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This graph shows the plot of engine output torque versus speed 
when the engine is operating under steady-state conditions. The 
locus of the engine operating point as the entire output torque-speed 
map is swept is obtained by combining the governor set point M.F.C. 
varying surface :

6

with the graph of engine torque plotted against speed for different 
values of the governor set point.

increasing governor set point

If the engine is operating under steady-state conditions, e.g. 
point 1, the torque available for engine acceleration is the 
difference between the maximum engine torque achievable and the 
torque transmitted to the live wheels. The amount of the latter 
torque is determined by the optimiser.

947. If the vehicle was accelerated sufficiently slowly from steady- 
state operating point 1 to a second steady-state operating point 2, 
the engine operating point would follow a line which is contained in 
the engine operating band and which is the succession of steady-state 
operating points through which the engine-transmission"system passes 
as the vehicle is accelerated.
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Depending on the time response of the various components of 
the transmission, the transient engine operating line will or will 
not depart from the steady-state line. This can be illustrated 
by analysing the response of the engine-shunt transmission to an 
acceleration demand.

To this end, the following assumptions are made :

i) the engine torque rise time to a governor set point step 
input is equal to zero, i.e.

dT_
dt (1)

This implies that the compressibility effects are neglected.

ii) the transmission output torque rise time to an engine 
torque step input is also equal to zero, i.e.

dT __o_
dt (2)

iii) since a high rate of vehicle acceleration is aimed at, the 
vehicle speed is constant over the period during which the rate of 
vehicle acceleration increases :

dm
dt = O (3)

dm.
iv) the relationship between engine acceleration ■ —^ ,

dm
transmission output acceleration dt and rate of swash variation

is obtained by taking the first derivative with respect to

dt
time of the shunt-transmission lossless speed equation 

-1.4m = o

dm__2
dt

—  + 2.5 
’‘a

dm.
1.4- dt + 2.5 — 1.4 m_ dt (4)

+ 2.5



are ;
v) the maximum rate of change of the swash displacements
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r dx.
dt

dx or  A
dt = o,

dx.B
dt

dxB
dt

= O

=  1

A particular case of vehicle acceleration is now considered.

948. The initial steady-state operating point of tie transmission
is characterised by : w = 600 rpm, w = 1150 rpm, T = 700 Nm,o E o
Tg = 400 NM, Xg =0.1, x^ = 1 and governor set point 55% of full 
displacement. At time t, the governor set point is moved from 55% 
to 100% displacement. The engine torque and the output torque 
immediately increase to 730 NM and 1230 NM respectively ;

Te

730

40&

1130 I 

700

bime bime

The relationship between w , T and —^ in the neighbourhoodo o Xa
of the initial operating point is given by :

T = o
400 000 XB  ̂  ̂ 1200500 + ------- —  + 2.5 ------W X, 0)o A o

being constant and T^ having increased from 700 to 1230 NM, the
XB calculated from this equation suddenly passes from 0.1 to 0.55

and the swash displacement control system increases x^ at the rate 
of 1 per second to match this swash displacement demand step input



dXg dx^ dü3̂
Since — —- = 1, — r r  = 0 and —— - , equation (4) leads to :dt dt dt

dü). dx.
dt B + 2.5

dt
I j j O  X 7T
30 X 2.6 X 1 = 46 rd/s'

The engine is allowed to accelerate at a rate of 46 rd/s'

433

(0t=ll50

bime.

The torque necessary to accelerate the moving parts of the 
engine and the gears and components coupled to it is given by :

dm
T = I X

E
dt where I is the inertia of an equivalent rotor

dm.accelerated at rate  E_ .
dt

2I is equal to 2.6 kg.m 

Thus, T = 2.6 X 46 = 120 NM.

As soon as the engine starts accelerating, its output torque 
drops by the accelerating torque T^ = 120 NM to T^ = 610 NM.

torque necessary to accelerate the engine 
rotating assembly •
engine output torque. This is the
torque transmitted to the live wheels.

  ,
b bime

The output torque falls in the same proportion ;

700

bime



As the engine keeps accelerating, the engine output torque 
variation with engine speed can be represented graphically as 
follows :

434

accelerating torque

maximum engine torque

optimised operating

The engine output torque curve is made up of three distinct 
sections. Between operating points 1 and 2, it can be described as 
being the maximum engine torque curve translated downwards by a 
quantity equal to the torque which accelerates the engine.

The value of this engine accelerating torque is given by
dm.

T = I dt = I
dxB

XB + 2.5
dt

But ---------  = -—  ̂ (shunt-transmission lossless speedx_ 1.4
—  + 2.5

Thus/ T =
I w dx„o B
1.4 dt

equation)

I Ü)
In virtue of assumption iii) , 1.4° is constant.

Between operating points 1 and 2, the engine accelerating 
torque T is limited by the maximum rate of change of either swash 
displacement x^ or x^. This torque, constant over tlie speed range 
(ŵ , w^) starts decreasing when the augmenting engine speed becomes 
greater than . The reason is that, at point 2, the ratio
XB re-satisfies the equation of the swash number M.F.C. varying
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surface T = o 500 + 400 000 
w + 2.5 -

A
1200
w The swash

displacement controller becomes unsaturated and, beyond this point,
decreases the rate of change of —  , and consequently the rate of

*A
engine acceleration and the value of the engine accelerating torque, 
so that the equation of the swash surface remains satisfied.

vehicle.
Point 3 is a turning point in the acceleration phase of the 

It marks the end of a period of relatively high rates of
d^w dm

change of vehicle acceleration — —k* during which — —  could bedt^ dt
assumed to be equal to zero. Beyond point 3, the rate of engine 
acceleration is closely tied with the acceleration of the vehicle.
The relationship between 

XB
dmd 

% and can be obtained by combining the first derivativedt' dt dt
with respect to time of the new equation describing the swash 
surface :

-0.13 m —  + 2.5 
^A

+ 1120
XB + 2.5 = 1.55 T (a)

with that of the shunt-transmission lossless speed equation :
1.4 m.Em
—  + 2.5 
=A

(b)

949. When evaluating the parameters of equation (a), particular 
attention must be paid to the fact that a gap is necessary between the 
maximum engine torque curve and the constrained optimised operating 
line

curve 1
curve 2

curve 3
torque gap necessary 
to accelerate the
engine
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The gap must be sufficient as not to hinder engine 
acceleration. In the extreme case, if the two curves were allowed 
to intersect, the corresponding engine speed could never be exceeded 
during the vehicle acceleration phase since there would be no engine 
torque available for its acceleration.

950. I f  a different initial steady-state operating point is chosen, 
a different graph of output engine torque versus speed during vehicle 
acceleration will be obtained. The engine torque curve may consist 
of only curves 2 and 3 and even, at the limit, of only curve 3 :

inihql 
op. pi

When the initial steady-state operating point is such that the 
graph is made up of the three curves, the width of curve 1 can be 
reduced by increasing the maximum value of the rate of change of 
either swash displacement x^ or x^, thereby augmenting the rate of 
engine acceleration. If the swash actuators permit a rate of 
change sufficiently high, then curve 1 will completely disappear.

increasing rate of change of swash 
displacement

îniKaI

The width of the speed range (uy, w^) and the level of engine 
power at operating point 3 are functions of the engine torque and



437

efficiency characteristics. On the test rig, where the mechanical 
engine speed governor has been replaced by an electronic one, it was 
found that the overall efficiency was maximum when pt 3 was on the 
maximum engine power line.

line of maximum engine power

maximum engine torque with 
mechanical speed governor

If smoke and noise regulations can be met with this type of 
engine operation, the penalty brought by the optimisation on the

vehicle rate of acceleration
d^w ___c
dt is considerably alleviated.

951. This penalty, which results from the fact that the engine 
continues to transmit part of its torque to the live wheels while it 
accelerates, can be evaluated by comparing the graphs of engine 
accelerating torque corresponding to the optimised and free 
acceleration cases :

engine accelerating torque

idling AO/CSpeed lo,* ofcoj
optimised engine acceleration

Tc engine accelerating torque

free engine acceleration

With the maximum engine torque curve shown in Figure 29, an
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idling speed value of 850 rpm and a speed of 2100 rpm, the time 
taken for the engine to accelerate from the idling speed ot its 
speed (0  ̂of maximum power in a free acceleration mode is Is. In 
the optimised acceleration mode, the engine takes 4s to accelerate 
from its idling speed to 90% of .

However, the high rate of change of swash displacement 
(7 to 8 per second) necessary to enable the engine to accelerate 
freely does not seem to be practically achievable on a reliable basis 
For this reason, and also due to the poor power-to-weight ratio of 
heavy duty vehicles, the acceleration time penalty brought about by 
the optimisation can be acceptable when the operating point p^ is 
on the maximum engine power line.

If the engine-transmission system to be optimised leads to 
an engine power at point p^ substantially less than its maximum 
power, it becomes necessary to override the optimiser when maximum 
vehicle acceleration is demanded.

952. The controller and the optimiser of the engine-transmission 
system do not enable it to put the vehicle into reverse or to retard 
it. Since retarding the vehicle does not consume any fuel and 
reversing it represents only a minute fraction of the vehicle operating 
modes, minimisation of the fuel consumption ceases to be the prevailing 
criterion for selecting the control variables of the engine-transmission 
system. Instead, the control strategy will aim at the best management
of the various transmission components in order to minimize their speeds 
and the forces to which they are subjected.

Yet, in an effort to harmonise the various functions of the
controller and the optimiser, the control strategy adopted for vehicle
retardation and reverse may be based on that used for positive values
of w and T . The swash number M.F.C. varying surface can beo o
extended to the quadrant of negative output speed and torque for reverse
and to the quadrant of negative output torque and positive speed for
retardation.



439

Reverse operation 
Control.

953. When it comes to reversing a stationary vehicle, the problem
encountered in moving the transmission operating point from the
critical value (w = O, T =0) is identical to that in forward o o
motion and the forward breakaway overrider may also be used for 
reverse motion. Once the critical point (ŵ  = 0, = O) is passed,
the control of the vehicle reverse speed is similar to that of forward 
speed.

Establishment of the reversing swash surface.

954. The shunt-transmission lossless torque and speed equations 
provide a good basis for the establishment of the reversing swash 
surface. The value of the reversing torque is given theoretically

X .
by the equation T =o 1.4
forward motion, the transmission output torque is limited by the

For the same reason as in

cracking pressure of the relief-valve connecting the high pressure 
line to the return line. When the ratio —  is very small, the
torque is transmitted entirely hydraulically and its maximum value is
1000 NM, when x^ = 1. However, in contrast to the forward motion,
the transmission output torque decreases with reverse speed. The
reason is that power is recirculating in the transmission loop.
The transmission output torque is the difference between unit B
torque T^, and the planet carrier torque T^^. When the hydraulic
oil pressure is equal to the cracking value, T^ is maximum if x^ = 1,
and its value is 1000 NM. The planet carrier torque T^^ is always
given by T^^ = 1.76 T^. Therefore, the transmission output torque
is maximum when T is minimum. Since T„ is given by T„ = 5.46 x,E E E A
(P^ - P^) , the transmission output torque is maximum when x^ takes the 
minimum value that boosts the hydraulic oil to the cracking pressure.

955. The artifice used to enhance the transmission output torque 
in forward motion, i.e. overtilting the cylinder barrel of unit A, 
makes the transmission output torque characteristics so assymetrical 
that a back-axle gear box will probably be needed for reverse
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operation of the shunt-transmission.

When the transmission output torque takes intermediate 
values, there are an infinite number of swash displacements which 
meet the transmission output conditions required. As the vehicle 
reverse speed increases, the shunt-transmission lossless speed

equation = ...........—  shows that unit A speed increases
2.5 + 1

very rapidly with swash ratio. For this reason, it is the 
consideration of shaft speeds which provide the main criterion for 
the selection of the swash number. It should also be noted that 
maximum reverse speed occurs when the engine is idling since 
maximum unit A speed limits the swash ratio value.

Retardation of the Vehicle.
956. The retarding torque generated by the engine-shunt trans
mission system may have two very distinct origins :

The shunt-transmission.

If the cylinder barrel of unit B is tilted and if the shaft
of unit B is rotating, unit B will pump oil. If the swash displace
ment of unit A, x^, is set at a small value, unit A will oppose the
flow of oil in the hydrostatic lines, causing the oil pressure to
rise up to the cracking pressure of the relief-valve. The pumping 
torque applied on the shaft of unit B can be adjusted from O to its 
maximum value of 1000 NM by varying the swash displacement of unit B 
from O to 1. The torque of unit B is the retarding torque which
can be supplied by the shunt-transmission.

The engine.

When no combustion takes place in the engine, a friction 
torque will oppose its direction of rotation. The graph of friction
torque versus speed of the engine mounted on the test rig is shown
in Figure 33.
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The friction torque of an engine can be considerably increased 
by fitting an exhaust brake onto the engine. A very important 
feature of this accessory is that it enables the friction torque to 
be controlled by opening or closing its throttle valve.

In addition, the engine will also provide a braking torque 
when it is accelerated. The value of this torque is the product 
of the engine inertia by the rate of its acceleration.

The transmission retarding torque is equal to the value of the 
total engine braking torque times the speed ratio of the shunt- 
transmission.

957. The incompatibility in the swash settings prevents the 
retarding torque to be issued from these two origins at the same time 
and one must be singled out when establishing the retarding swash 
surface. If an exhaust brake is fitted on the engine, it is this 
source of retarding torque which will be considered due to the level 
of retardation which can be achieved. In this case, control of 
vehicle retardation is analogous with that of vehicle acceleration.
The retarding torque is controlled by opening or closing the throttle 
valve of the exhaust brake as the accelerating torque is controlled 
by moving the fuel rack.

A criterion for the selection of the swash number generating 
the swash surface may be that which maximises the life of the engine 
components interacting with the exhaust brake.

If the engine does not feature any exliaust brake, the retarding
torque it generates is generally less than that produced by the shunt-
transmission and, for this reason, it is the latter source which will
be selected. In this case, it is necessary to take over the control
of the swash displacements, A possibility is to use a retarding

T
swash surface of equation x^ = O, x^ = - — in conjunction with
an overriding'system similar to that which will be used to produce 
higher rates of vehicle acceleration.
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Optimiser overriding

Optimiser input switching.

958. The vehicle operating modes which entail a takeover of the 
setting of the swash displacements may be summarised as follows :

i) The vehicle is moved from zero speed (either forwards 
or backwards)

ii) The vehicle is retarded

iii) A high rate of vehicle acceleration is sought.

The optimisation strategy consists in setting the optimised 
swash displacements evaluated from the output conditions achieved 
by the engine-transmission system. It implies that the optimisation 
of the output conditions does not refrain their evolution.

In the three modes mentioned above, the swash values set by 
the optimiser are incompatible with those which are required to 
produce the demanded output torque which would provide the vehicle 
with the desired response.

959. A particular non-optimised swash value capable of causing 
the transmission output torque to converge towards the demanded 
output torque in a satisfactory manner is the optimised swash value 
corresponding to this demanded torque. Practically, this is 
equivalent to feeding the output conditions aimed at into the 
optimiser instead of the measured ones.

The switching over from the measured to the demanded output 
conditions may be initiated when the value of the demanded output 
torque reaches some preset thresholds. Figure 34 shows the two ways 
in which the inputs of the optimisers can be connected.

When the demanded output torque is less than the forward 
motion threshold or greater than the kick-down threshold.
Figure 34.a, the demanded output torque is fed into the optimiser.
The former threshold must be strictly positive in order to enable 
the vehicle to be moved forward from zero speed and it must be as
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small as possible to make maximum use of the optimiser. A 
compromising value may be 50 NM. The vehicle can be either 
retarded, reversed or moved backwards or forwards from zero speed 
by demanding output torque values which fall below this threshold. 
The kick-down threshold must be at least greater than the maximum 
output torque obtainable on the transmission shaft. Depending on 
the type of output torque controller used, it may have to exceed 
this maximum torque by a certain margin. Since this threshold 
falls outside the output-torque speed map, it will be necessary to 
extend the swash surface. The extended part is characterised by 
the fact that the wash no is constant for a given speed. When 
the demanded output torque lies between the two thresholds.
Figure 34.b, the optimiser operates normally, its input being 
connected to the measured output conditions.

Overall control system implications.
960. This method of overriding the optimiser implies that the
control system of the engine-transmission system features an output
torque controller. The two control systems, shown in Figures 24
and 26, which control the transmission output speed and torque
respectively meet this requirement. This is not the case of the
control system whose block-diagram is depicted in Figure 27 and which
controls the engine power. Since this control system does not make
use of, nor does it generate, the demanded output torque, it is
necessary to create a substitute which could be fed into the
optimiser. A simple method is to relate T^^ to T , m andOD o E ED
the demanded engine speed, with the equation

(T - T ) = k (w - w ). However, this subterfuge 
OD O ED E

allows overriding of the optimiser only when the vehicle is moved
forward from zero speed and when high rates of vehicle acceleration
are required. It does not permit reversing or retarding the
vehicle due to the fact that a negative demand of engine speed would
be incompatible with the engine control system when the vehicle is
reversed. Other artifices are available, but the subsequent
complexity of the overall control system makes this design much less
attractive.
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Ever-overridden optimiser.

961. The most important remark which can be made on the overriding 
of the optimiser is that the optimiser ceases to be overridden when 
the output torque becomes equal to the demanded value. It follows 
that an optimiser constantly overridden, i.e. its torque input is 
always connected to the demanded torque, would still optimise the 
steady-state operating conditions of the engine-transmission system. 
Figure 35 shows à schematic diagram of its operation.

The efficiency of the engine-transmission system over a 
given duty cycle may be increased by forcing the swash number values 
to follow more closely the optimum swash surface when high rates 
of acceleration are not required.

If it is assumed that vehicle speed remains constant while 
the output torque is increasing to its maximum value, the swash 
number can be plotted against output torque only :

2.0 . - kick-down threshold
10 .. 
0.5 .

1000 I 3000 Tq
maximum output torque - NM

2000

962. If at time t, the transmission operates at point 1 under 
steady-conditions and the driver wants the highest rate of vehicle 
acceleration in the shortest time, he will set a demanded torque 
value in excess of the kick-down threshold. In order to get the 
maximum rate of change of vehicle acceleration, it is necessary that 
the response of both the optimiser and the swash displacement 
control system to a step input is as fast as possible. The graphs 
of swash number value set on the transmission against time and 
against transmission output torque are functions of the speed of this
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response Some typical graphs are shown below

SVI

t time t time
These graphs correspond to the case of free engine 

acceleration. The variation of the swash number value with time 
is such that it permits the engine to accelerate at a rate which 
just balances its maximum output and accelerating torque. If 
the variation of the swash value is greater, the variation of the 
transmission speed ratio with time will be greater. Since the 
vehicle speed is assumed to remain constant over short transient 
periods, the engine will be accelerated at a faster rate. The 
difference between the accelerating and maximum output torques is 
provided by the transmission. The corresponding graphs are 
shown below.

time

On the other hand, if the variation of the swash number 
with time is less than that of free engine acceleration, part of the 
engine torque will be transmitted to the live wheels and T^ will 
therefore remain strictly positive :
5W

bime
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All these graphs have been plotted with the assumption that 
engine torque is increased to its maximum instantaneously at time t 
and, if the lines are regarded as straight lines, the maximum engine 
torque is independent of speed :

bime
phi

maximum
speed

963. In the kick-down accelerating mode, the overall efficiency 
of the engine-transmission system is sacrificed for a high rate of 
change of vehicle acceleration. Such a fast vehicle acceleration 
response is only required when the vehicle overtakes other vehicles 
or in emergency cases. This type of vehicle operation represents 
only a small proportion of the vehicle duty cycle and it is 
desirable to limit the vehicle acceleration response in the rest of 
the duty cycle if overall efficiency is to be maximised.

Two methods may be used :
a) the driver only gradually increases the demanded output

dT
torque in order to limit the gradient oD

dt , thereby controlling the
variation of the swash number set on the transmission. Restrain
ing the swash number from decreasing as rapidly as in the kick-down 
accelerating mode causes a reduction in the gap between optimum and 
actual transient values of the controlled variables. In particular, 
the graph of swash number against output torque will be closer to 
the optimum line :

bime

bW
optimum line
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If the swash number variation with time is judicious, the 
graph may even be identical to the optimum line.

A drawback of this method is that the limitation of the swash 
d SW .number gradient dt is left to the discretion of the driver and the

availability of high rates of change of vehicle acceleration may be 
abused.

b) The variation of the swash number with time may be
restricted automatically by a function of the type shown in
Figure 33. This function may be placed upstream or downstream
of the optimiser. When upstream, it limits the gradient 
dToD
dt within the tolerated range with the previous method. The
variation of the swash number to a torque step input will be a 
function of the shape of the swash surface. When downstream, the
function limits and the variation of the swash number to adt
torque step input will only be a function of the swash displacement 
control system response to a ramp input.

If the vehicle acceleration response is to be at least as
dTgood as the optimised one, the limit placed on oD must be
dt

derived from the maximum slope of the graph of swash number against 
output torque. This maximum slope is a function of T and w :

lines obtained for
different values of w

transient response having the maximum slope

Because a unique limit is used to cover the whole swash 
number surface, the gap between optimum and actual graphs of 
transient values of the swash number against the output torque is 
widened when the optimum graph has a small slope :
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S W

optimum line

wider gap

This gap can be reduced if the driver adopts the 
economical way of driving described previously, i.e. if he 
voluntarily limits the variation of the demanded output torque

ENGINE OPTIMISER

PRINCIPLE OF OPERATION

954. A descriptive diagram of the operation of the engine optimiser 
is shown in Figure 36. Broadly speaking, the optimiser detects 
the transmission output torque and speed, evaluates the corresponding 
optimum fuel rack position from the stored fuel rack position M.F.C. 
varying surface and feeds this value into the input of the engine 
control system. The output conditions, T^ and are controlled
by altering the value of the demanded swash number SW^.

Although this optimiser bears some analogy with the shunt- 
transmission optimiser, it exhibits very different properties. In 
order to thoroughly understand them, it is proposed to study the 
control of the engine-transmission system output, the response of the 
optimiser to changes of this output and its compensation.

CONTROL OF THE ENGINE-TRANSMISSION SYSTEM OUTPUT

965. The design of the controller of the E-T-S output is based
ion of T , f(T ), moi o o
This property is only

on the fact that the swash number is a function of T , f(T ), mono-o o
tonically decreasing when is constant.
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verified when the transmission is operating under steady-state
conditions in the quadrants {w > o , T  > 0 } and {w < o. T

0  0 o o
providing that no oil is forced through the relief valve.

When the engine-transmission system is optimised, the validity 
of this property can be checked by means of the graph shown in 
Figure 20 :

iso-output torque lines

"S isoo..
CL

the output torque increases wheh the 
swash number decreases.

const.

SWASH NUtffiER

When the engine-transmission system is not optimised, the fuel 
rack position is not tied with the output conditions by an optimising 
relationship and the validity of this property is dependent upon the 
values it takes. Yet, this property still holds when the fuel rack 
position is held constant or when it is increased. This can be 
cursorily proved by assuming that the transmission is lossfree:

pbZ'01 —

1.4 Ù),
The transmission speed lossless equation is w

+ 2.5

X.BIf w is constant, an increase in the ratio —  , which is o .
equivalent to a decrease in the swash number (Figure 6) causes an
increase in w .E
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If at a steady-state operating point 2, the swash number is 
smaller than that at point 1 (another steady-state operating point 
located on the same iso-output speed line as pt 2), the engine 
speed will be greater. Since the fuel rack position is either the 
same or greater, the engine power will also be greater. .The product 

being equal to the output torque at pt 2 will be
greater than that at pt 1.

The transmission output torque and speed are both positive.

No oil is forced through the relief valve.

966. By manipulating the swash number, the driver has the dispo
sal of a comparative control over the transmission output torque. 
Because in practice the output speed varies only slightly 
during the period over which the change of the output torque level 
takes place, he can increase the output torque by decreasing the 
swash number and vice versa. Once the transient torque period is 
over, the magnitude of the torque step achieved in relation to the 
swash number step input is given by the swash number M.F.C. varying 
surface. The operating point (T̂ , is allowed to evolve along
a given path of the torque-speed map by continually adjusting the 
output torque (or swash number) as the output speed changes :

o

TJ
Q.

S W

967. In order to prevent any violation of the physical constraints 
placed on the transmission, the driver must be assisted by an auto
matic setting of swash number when the path follows the confines of 
the graphs. For example, if he wants to accelerate the vehicle as 
quickly as possible, he will decrease the swash number until the 
engine speed reaches its maximum value. Then, as cô  increases, it 
is necessary to increase the swash number accordingly so that the
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maximum engine speed is not exceeded, 
constant and to relieve the driver from a careful adjustment a

To ensure that remains

control system will be used to increase the swash number. In a
XBfirst approximation it will deliver a swash ratio —  value given

X
by the equation : —    2.5, which is derived from the trans-

^o
mission lossless speed equation. When the desired output speed is 
reached, the driver lowers the output power to the steady-state 
operating level by simply further increasing the swash number, 
thereby regaining its control.

the driver regains 
control of the 
swash number

the setting control 
1er takes over the 
control of SW

The swash number setting is controlled in a similar way when 
a free deceleration of the vehicle is desired. The swash number

1100setting controller which supplies a swash ratio —  value of  --- +2.5
^A ‘̂ o

in a first approximation, ensures that the engine speed never falls 
below its idling speed :

968. How the swash number is changed in relation to the demanded 
transmission output torque can be better understood by comparing the 
controller of the transmission output torque with the mechanical speed 
governor of the engine.
number correspond to the engine speed demand to

The output torque demand T^^ and the swash
ED and the fuel rack
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position respectively. The variation of the swash number with 
output speed is comparable with that of the fuel rack position with 
engine torque. The limits placed on the swash number by maximum and 
minimum engine speeds are similar to the limits placed on the fuel 
rack position by the maximum level of smoke permitted or by the 
value of the torque back-up. The two control systems differ, 
however, in the fact that, while the control of the fuel rack 
position requires closed loop control of engine speed to avoid engine 
instability, the transmission output torque can be controlled by 
direct driver's action onto the swash number setting.

Relief valve open ;

969. At very low output speeds, high output torque values can only 
be achieved by overtilting the cylinder barrel of unit A, causing oil 
to flow through the relief-valve (refer to paragraph 640 of Chapter 6).

Under these operating conditions, the value of the swash dis
placement x^ corresponding to the overtilt angle of unit A is given
by : X, = 0.0004 T - 0.38 and the value of the swash displacement ofA o
unit B is Xg = 1.

The resultant swash number, which was a function of T monotoni-o
cally decreasing when no oil was flowing through the relief-valve, is 
now a function of T^ monotonically increasing. The change of sign 
of the first partial derivative of this swash number function with 
respect to T^ in the quadrant of positive and T^ requires the inter
position of an intermediary control variable between the driver and the 
swash number.

The understanding of how this intermediary variable is related 
to the swash number can be facilitated by considering particular 
operating paths of the output torque-speed map ;

970. i) the maximum torque is applied to the live-wheels to 
accelerate the vehicle from rest ;
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zone where oil flows
through the relief-
valve .

1
S Was

The intermediary variable I is chosen to be a function of TV  o
monotonically increasing. If the driver decides to accelerate the 
vehicle from rest (pt 1) as quickly as possible, he will demand the 
maximum value of I^. The swash number which yields the maximum
output torque is equal to 0.5. When this value is set (pt 2), it 
causes oil to flow through the relief-valve (pt 2 to pt 3).
Between pt 2 and pt 3, the engine speed and torque remain constant : 
the engine torque, which is the peak torque, is equal to 830 Nm and 
the corresponding speed is 1700 r.p.m. As the operating point
moves from pt 2 to pt 3, the flow of oil escaping through the 
relief-valve decreases, to become equal to zero when the operating 
point reaches pt 3. Beyond pt 3, it is necessary to increase the
engine output power. Unfortunately, the increase in engine speed
is accompanied by a decrease in engine torque which is passed on to 
the transmission output torque. The fall in the transmission out
put torque can be nevertheless minimised by decreasing the swash 
number so that the hydraulic oil pressure remains just under the 
cracking pressure of the relief-valve. The output torque T^ is 
the sum of the torque transmitted hydraulically T^ and that trans
mitted mechanically T^.
pressure, T^ is equal to 1200 NM.

When the hydraulic oil is at cracking
I Nj

in a first order approximation. The minimum fall which is passed 
on to T^ is 1.76 times the fall in engine torque. If the rate of 
decrease of the swash number is less than the optimum value, the
hydraulic pressure falls and T^ is diminished from 1200 NM, pre
cipitating the fall in the total output torque. If the rate of 
decrease of the swash number is greater than the optimum value, the
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engine torque falls since the hydraulic oil pressure cannot exceed 
the cracking pressure and the decrease in output torque is 
accentuated.

When the operating point gets to pt 4, the engine speed 
reaches its maximum value. Beyond pt 4, the swash number is 
increased so that the engine speed is held constant.

971. ii) A torque lying between zero and the maximum value is 
applied to the live-wheels to accelerate the vehicle from rest

To

2

i

The I demand will be converted into a
V

If the driver needs only a moderate transmission output torque 
to accelerate the vehicle from rest, he will demand a value of 
lying between zero and its maximum value, in rough proportion to the 
desired output torque. 
swash number whose value lies between 0 and 0.5 (pt 2). Between
Between points 2 and 3, the engine torque and speed, which are 
constant, are those which minimise the product whilst boosting
the hydraulic oil to the cracking pressure for the given swash number. 
Hydraulic oil ceases to escape through the relief-valve when the 
operating point reaches pt 3. Up to point 3, the relationship 
between the intermediary variable and the swash number was of the 
type = a^ SW + b^. Beyond point 3, this relationship will be

= -a^ SW + b^. At point 3, a^, b^, a^ and b^ must be such that
a^ SW + b^ = -a^ SW + b^. At this stage, it is assumed that this 
condition is met. How the operating point passes through pt 3 and 
evolves from pt 3 to pt 4 is partly illustrated by the graph of 
optimum swash number versus output torque which is obtained from 
Figure 19 by equating the output speed to the speed
corresponding to pt 3 :
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curve corresponding to unconstrained 
optimisation

swash values causing oil to flow 
through the relief-valve

972. a) if a lower output torque is demanded as the operating 
point passes through pt 3, will be decreased, causing an 
increase in the swash number such as = -a^ SW + b^. The de
crease in transmission output torque which will result is related 
to the increase in SW by the unconstrained optimisation curve :

Beyond pt 3, the driver will cause the operating point to 
proceed along the path 3 -> 4 by adjusting the value of in
accordance with the output torque he wants to achieve.

973. b) If the output torque demand remains the same, as the
operating point moves beyond pt 3, and consequently SW will
continue to be unchanged. The explanation of how the control
variables of the shunt-transmission evolve as the vehicle speed
increases may be introduced by examining the graphs of optimum SW
versus T when w is equal to w _ and when it takes a value just o o o3
greater than co _ ;o3
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unconstrained optimisation

w is just over

w = w _ o o3
when

o3

As vehicle speed increases, the curve of optimum swash 
number values goes up, leaving the swash number set below any of 
its points. The swash number being less than 0.5, the engine speed 
up to pt 3 and at pt 3 was less than the engine peak torque speed.
As vehicle speed increases, so does the engine speed since the 
swash number is held constant. Although the potentially available 
engine torque increases, the actual engine torque remains constant 
due to the fact that SW is constant and that the hydraulic oil 
pressure is limited to the cracking pressure. The transmission 
output torque, as a result, remains constant.

If the value of I is unaltered as to increases, the output
V  o

torque will remain constant until the engine speed reaches the peak 
torque speed. Then, the output torque diminishes in proportion 
to the engine torque until the engine speed eventually becomes 
equal to its maximum value. From this operating point onwards, 
the engine speed limiter system takes over the control of the swash 
number. The transmission becomes optimised when the driver regains 
control of the swash number by decreasing the output torque demand :

W,o SW

974. Problems of control of the transmission output start to 
appear if is increased when the output torque starts falling. 
Increasing I^ causes SW to diminish according to the relationship



= -a^ SW + h^, having an effect adverse to what is aimed at 
the transmission output torque falls when the demanded value is 
increased.
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A possible remedy to this undesirable phenomenon and to 
unoptimised operating conditions beyond pt 3 is to have a control 
system which automatically increases the torque so that the 
operating path follows the frontier line between optimised and oil 
cracking pressure zones :

frontier line

25W

uncons trained 
^timisation curve

I

As soon as the driver detects that the output torque exceeds 
his demand, he will reduce thereby augmenting SW. The swash 
number, in relation to the output torque, will now move along the 
curve of unconstrained optimisation.

975. c) If a higher output torque is demanded when the operating 
point has just passed pt 3, i.e. an attempt is made to cross the 
frontier line in the other direction, the value of will go up.
Since the relationship which currently holds is = -a^ SW + b^, 
the swash number value will go down, causing the output torque to 
fall owing to the fact that the hydraulic pressure is equal to the 
cracking pressure. Furthermore, the higher the output torque demand, 
the lower the actual output torqueII The graph below illustrates 
how the swash number changes with the output torque ;

SW

To
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The SW demand system can be made to function properly by adding a
logic to it. This logic will switch .over from = -a^ SW + b^
to I = + a, SW + b, when the SW evaluated from the former just fallsV  1 1
below that evaluated from the latter.

The vehicle is reversed : both transmission output torque 
and speed are negative.

976. The transmission output reversing torque is the difference 
between T^, the hydrostatic torque, and T^^ = 1.76 T^, the planet 
carrier torque. This difference is maximized when the swash 
number is such as to boost the hydraulic oil to the cracking 
pressure with the minimum engine torque. The reverse speed being 
given, the swash number maximizing the backing torque is unique.

For a given reversing speed, the backing torque is increased 
from zero to its maximum value by decreasing the swash number from 
zero to the swash number maximizing value. If the swash number is 
further decreased, the value of the reversing torque falls as illu
strated by this graph :

III

SWmaximizing SW

0)̂ = a particular speed

The driver may control the reversing torque by demanding a
negative intermediary variable I^. may be chosen to be equal
to SW. A swash number restricting system will limit the value of
the swash number to its maximizing value at any reversing speed :

curve of maximizing values of 
swash number

.1000

line of maximum
reversing torque
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977. The vehicle is retarded ; the transmission output speed is 
positive, the output torque is negative.

Let the operating path shown below be the decelerating path

SVi
The initial steady-state operating conditions of the trans

mission are (T . , o) . ) . The transmission output torque is first or oi
reduced from T^^ to zero by decreasing the intermediary variable 
i.e. by increasing the swash number until engine speed and torque 
fall to 850 r.p.m. and ONM respectively. If it is assumed that 
only the braking capabilities of the shunt-transmission are used to 
generate the retarding torque in order to simplify the control of 
the swash displacements, the transmission output torque is increased 
negatively by decreasing SW from 2 after both and have been

The decreases to zero of x^ and x^ must be syn-brought to zero, 
chronous in order to keep their ratio constant.

The relationship between the intermediary variable and 
the swash number SW in the quadrant of positive output speed and 
negative output torque is relatively simple ; when becomes 
negative, x^ and x^ are set to zero and, as increases negatively, 
the swash number may decrease proportionally.

978. The insertion of the I - SW converter in the overallV
control system of the engine-transmission system is shown in Figure 37.
The functions of this converter may be classified into two categories:
a) limitation of the value taken by the swash number and b) the
selection of the gradient of the function SW = ffl^) according to the
speed and torque measured on the transmission output shaft. Expressing
the SW limits imposed by the engine speed restrictions as a function of
w and T enables the instrumentation required by the overall control o o
system to be rationalised by doing away with an engine speed pick-off.
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These functions may be described graphically by considering 
the graph of optimum swash number versus output torque and speed ;

SW line of idling speed
w,

SW line of maximum 
engine speedcurve of SW 

maximizing 
reversing torque

a. SW + b^)(1) forward speed unconstrained gradient a (I

(2) forward speed constrained gradient a^ (I^ = a^ SW + b^)
(3) reverse speed gradient

When w and T are both positive, the I - SW convertero o V
selects gradient 1 or 2 when the operating point lies within the
output torque-speed map and fixes the swash number value when the
operating point is on the confines of the o)̂  - map, thereby
generating the contours of the swash number M.F.C. varying surface,
When w and T are both negative, the I - SW converter selectso o V
gradient 3 and determines the SW limit not to be exceeded.
Finally, when the vehicle is retarded, since no role is played by
the engine, the converter generates a surface SW = f(T^), enabling
I to be identified with T .V  o

Figure 38 shows a block diagram of the overall controller of 
the engine-transmission system with three possible configurations : 
the driver can either demand a vehicle speed or a transmission output 
torque, or manipulate the intermediary variable directly, like the 
pedal of the accelerator of a car or a lorry.
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RESPONSE OF THE FUEL RACK POSITION-OPTIMISER TO CHANGES 
OF OUTPUT CONDITIONS.

979. The engine-transmission system is assumed to operate under 
steady-state optimised conditions T^). If the driver wants
to alter the transmission output torque, for example to augment it
by AT^, the graph of optimum swash number versus output torque shows 
that the swash number must be reduced by ASW :

initial steady-state operating 
point

steady-state operating point 
aimed at

Consequently, when the driver demands a higher output torque, 
the engine transmission control system will automatically increase 
the intermediary variable I^ which will, in turn, decrease the swash 
number SW. Assuming that the vehicle speed is constant over the 
torque response period, then decreasing the swash number causes the 
engine speed to increase. Whether the increase in the transmission 
to engine output torque ratio more than makes up for the part of the 
engine torque necessary to accelerate the engine depends on the rate 
at which the swash number is decreased and on the relationship between 
engine torque and speed when the fuel rack is in a fixed position.
This can be shown analytically by taking the first derivative with 
respect to time of the shunt-transmission lossless torque and speed 
equations :

T
1. torque equation : T = o

E
1.4

B + 2.5

dTc
dt

dTj
d F

X,
+ 2.5

1.4 1.4
(1)
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but = f(Wg) - I
a«)g

g, , where is the inertia of the engine

V -

and f(Wg) is the function giving at any speed when the fuel 
rack position is that which optimises the output conditions

Since this study is concerned with the response 
of the fuel rack control system to output condition changes, it is 
possible to find a time step of duration short enough during which 
the fuel rack position remains immobile while SW increases, the 
fuel rack control system having not yet responded.

During this time step :
dT
dt

df(o)g) dWg
dm,

,2d w.
E dt - I. dt

Substituting this expression for
dT.
dt in equation (1) gives;

dT
dt

df(Wg) dWg
dm. dt - I.

d m
B

dt

+ 2.5
1.4

B
X,

1.4 dt (2)

2. speed equation
1.4 m.E
XB + 2.5

dm
dt being assumed to be equal to zero, thus :

Substituting m.

B

E dt

dm,E
dt

for — r—  and dt

B

= m.E dt

m.

leads to :

x_Bd XA
dt + ^E

X
Rd

’'a
dt

for
,2d m.
dt-

in equation(2)
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dT
dt

df ((Og)
E

B

E dt V e

X, 2 x _B 2 Bd
X , X ,A A

dt dt

x_
+ 2.5

A X,

lA 1.4 dt

Given the shape of the curve = f(03̂ ), even at the most 
favourable engine speed for which
df(w ) e is maximum, it is most likely that the values of A

dtE

and — rri—  which meet the vehicle acceleration requirements are suchde dTthat the quantity  o_ will be always negative.
dt

If the fuel rack optimiser was disconnected, i.e. the fuel 
rack remains in the same position, the response of the transmission 
output torque to a swash number change would be of the type shown 
below :

Swash number SVI ATc

bime

It is important to note that the steady-state operating point 
arrived at is not optimised, the fuel rack position being that which 
optimises the initial operating point. Consequently AT^ does not
correspond to the AT^ mentioned on the previous graph.

In order to better understand the effect of the engine inertia 
on the response of the fuel rack position optimiser to a change in 
swash number, it is proposed, in a first step, 1) to describe the 
optimiser response a) when the engine inertia is zero or, what is an 
eqiivalent case, b) the optimiser is disconnected until the transient 
period of the swash is over :
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first torque value

ouVpub Vorque, %
î>wos>V» nurnber SVJ

time

fed into the
optimiser

bime

last torque value 
fed into the optimiser

a) the engine inertia is equal to zero b) the optimiser is disconnected
during the transient period of 
the swash.

Then 2) the influence of the engine inert].a on the response will 
be investigated.

908. It is first assumed that the transmission is operating under 
steady-state conditions (ŵ , T^) and the output torque demanded is 
increased. This causes the transmission output controller to decrease 
the swash number SW. It has been shown previously that, whether the
transmission is operating under optimised conditions or not, a lower 
value of SW produces a higher value of T^ when oil does not flow
through the relief-valve The position of the new operating point
(SW-ASW, T + AT , Ü) ) in relation to the previous point (SW, co , T ) o o o o o
is shown below :

SW

iso-output speed line of optimum 
swash number versus output torque

A cursory explanation of why T^ is greater is that, being 
again assumed to remain constant over the period of change in SW, a 
lower SW means a higher engine speed to which corresponds a higher
output power, the fuel rack position being constant, 
impaired efficiency is of a second order.

The effect of an
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The location of the fuel rack position in relation to the 
optimum value corresponding to the new operating point is 
graphically represented below :

iso-output speed line of optimum fuel 
rack position versus output torque

value of torque optimising the swash 
number SW - AW

As soon as the transient period of the swash number is over,
the optimiser will detect the output values (w , T + AT ) and willo o o
correct the value of FR so as to optimise the transmission. How the 
fuel rack position will converge towards the optimum operating point 
is illustrated graphically below:

FR FR -T^ relationship 
when the swash 
number equals

line of optimum fuel 
rack position versus 
output torque

FR-T relationship when 
the swash number is equal
to SW-AW.

To
4—  value of T for which

(w , T , SW-AW) is an optimum 
operating point

value of T for which (w , o ooptimum.
SW) is

Just after the swash change, the fuel rack is less than the 
value which optimises (ŵ , T^ + AT^) and the optimiser automatically 
increases it. But, increasing the fuel rack position augments the 
engine torque and consequently the transmission output torque. This 
increase in output torque causes the optimiser to augment further the
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fuel rack position. This state of affairs in which a cause produces 
an effect which itself produces the original cause eventually comes 
to an end when the fuel rack position optimises the corresponding 
output torque. This can be more clearly seen by considering the 
line along which the transmission operating point would move if there 
was no time lag between output torque and fuel rack position. The 
progress of the operating point is stopped when it reaches the inter
section of the operating line of the transmission when the swash 
number is equal to SW-ASW with the line of optimum fuel rack 
position. The convergence of the operating point to the inter
section of these two lines and the stability of the transmission 
output conditions about this point can be tested by assuming that 
the operating point has gone beyond this intersection:

line of optimum fuel rack 
position

FR-T relationship when the 
swasR number is equal to SW-ASW

The fuel rack position now exceeds the optimum value : the 
optimiser reverses the process, initiating the chain reaction where 
a decreased fuel rack position causes and results from a decreased 
output torque.

981. If it is now assumed that the output torque demanded is 
decreased, the transmission output torque controller will increase 
the swash number SW by ASW, causing a reduction in the transmission 
output torque AT^. The response of the optimiser, which can be
explained in a similar manner as when the swash number is decreased, 
is depicted below:
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^initial operating point 
final operating point

Influence of the engine inertia on the response of the fuel 
rack position optimiser.
982. The more detailed study which takes into account the inertia 
of the engine shows that the response of the fuel rack position 
optimiser is very different. This is due to the fact that, because 
the engine is accelerated when the swash number is decreased, the 
transmission output torque falls below its initial value when it 
should keep increasing from this initial value in order to produce 
the expected effect. The three graphs below help to understand how 
the optimiser actually responds to a swash decrease:

Dphrnum operdh'ncj 
pomh aimed qkFR

ÛT,

time

At time t = O, the swash number which was previously SW is
decreased at the rate of ASW causing the output torque T^ to fall.
The operating point of the transmission is shown in the position it 
occupies at time dt. This point is characterised by the values 
(o)̂ , T^ - AT^^, SW - ASW^) . The fuel rack position being now greater
than the optimum value corresponding to this new operating point, the 
optimiser will reduce the value of the fuel rack position which will 
in turn cause the transmission output torque to decrease, moving the 
transmission operating conditions further away from their optimum 
values. As the basic correcting cycle of the optimiser is repeated.
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the transmission operating point diverges from the optimum 
operating point aimed at. In the meantime, the decrease in 
swash number increases the output torque, having a converging 
effect which refrains the divergence of the operating point.

983. Whether the transmission operating point will eventually 
converge towards the optimum value aimed at depends on the rate at 
which the optimiser can reduce the fuel rack position in relation to 
the rate of change in swash number.

The sets of graphs which follow illustrate cases of divergence 
and convergence :

a) The method diverges

r

The AT^  ̂ 2 reduction in output torque corresponds to the 
passage from the state where SW was constant to the state where SW 
is changing at a rate of In this example, the optimiser
is reducing the fuel rack position so fast that the output torque 
is decreased to the extent of becoming equal to zero. At this 
point in time, the fuel rack position being insufficient to provide 
the torque necessary to accelerate the engine, the output torque 
becomes negative, power being taken from the live-wheels to acceler
ate the engine. Consequently, the fuel rack moves to the position 
where it causes the engine to just overcome its friction torque when 
its speed is 850 r.p.m. When the swash number eventually
reaches its final value (pt 3 ), it will pass from the state where

ASW,
it was decreasing at the rate of dt to the state where it is
constant. This switching over of state is accompanied by a
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sudden reduction of the engine accelerating torque to zero and 
by a corresponding increase in the output torque. Unfortunately, 
the output torque falls short of any positive value since, given 
the value of the swash number, the engine speed is greater than 
850 rpm and its friction torque is greater than the torque supplied 
by the fuel burnt in the engine. As a result, the engine needs 
to be partly driven by the vehicle and the transmission output 
torque remains negative, blocking the fuel rack in position.
The demand for an increased output torque has failed.

b) The method converges

FR
relationship when 
the swash number 
equals SW-ASW

The method converges when the rate at which the optimiser 
reduces the fuel rack position is sufficiently low so as to allow the 
period of change of swash number to finish before the fuel rack
reaches the position of zero engine output torque. Under these
conditions, the transmission develops a positive torque when the engine 
ceases to accelerate (pt 4 ), the swash number having reached its
constant value. At this operating point, the optimiser now detects 
that the fuel rack position is lower than its optimum value and 
subsequently increases it, which in turn, augments the output torque, 
causing the operating point to move closer to its optimum value. As
the correcting cycle of the optimiser is repeated, the operating 
point which proceeds along the operating line of the transmission 
corresponding to the swash number SW-ASW converges towards the 
optimum value aimed at. The demand for an increased output torque 
has succeeded.

The lower the rate of optimiser reduction of the fuel rack 
position, the smaller will be the overshoot of the transmission
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output torque. The two graphs below show the transmission
responses to a torque step demand for different values of the 
optimiser correcting speed:

FR

ENGINE OPTIMISER COMPENSATION.

984. Although slowing down the response of the optimiser reduces
the transmission output torque overshoot, it will not necessarily
improve the response of the transmission. The reason is that,
because the speeds at which the optimiser reduces and augments the 
fuel rack position must be of the same order, slowing down the 
response of the optimiser will also increase the time taken by the 
operating point to move from pt 4 to pt 5 , the final point.

It follows that even the optimum optimiser response is 
unlikely to meet the transmission response requirements.

A possibility of compensating the optimiser satisfactorily 
is to "smooth out" the torque response of the transmission to a 
swash change which would be obtained if the optimiser were discon
nected. The graph of this response is :

output torque

swash number

time

actual transmission output torque

response which it is desirable to feed into the 
optimiser.
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985. Different smoothing techniques may be proposed ;

i) technique using a logic circuitry.

As soon as the logic circuitry detects that a decrease 
in swash number co-exists with a reduction in output torque, it 
holds the value of the output torque. It then adds the positive 
variation of the output torque to the value it has been holding. 
When the swash number stops decreasing, the role of this logic 
circuitry is reduced to that of a simple connecting line between 
the output torque meter and the fuel rack position optimiser.

ii) this second technique is based on the fact that the 
effect of the inertia of the engine on the transmission output 
torque is related to the rate of change in swash number. The 
amount by which it is necessary to correct the actual transmission 
output torque is given, to a first order approximation, by the 
shunt-transmission lossless equations whose combination leads to :

At = I_ w

x _ 2 XB B—  + 2.5 d
X , X ,A A

o E o _ .2 dt1.4

This value is the gap which exists between dotted and 
continuous curves. Since the equation of the smoothed curve is 
not rigidly fixed, the approximation made on the evaluation of AT̂  
is quite acceptable.
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985. As vehicle mileage increases, the characteristics of the 
engine shunt-transmission system vary, causing the actual M.F.C. 
scheduling surface to depart from the surface initially stored.
The stored M.F.C. surface can be altered so as to maintain full 
optimisation by supplementing the scheduled optimiser with an on
line updating module.

On-line updating consists in i) optimising the steady-state 
operation of the engine shunt-transmission system when the values 
generated by the scheduled optimiser fail to be optimum and
ii) correcting the stored scheduling surface.

When optimising, the on-line updating module successively 
evaluates the overall efficiency and sets the controllable variables 
to new values according to the procedure defined by the searching 
method adopted. Since these controllable variables are controlled 
by the scheduling module during transient operating conditions, this 
supposes that a switch over from scheduling to on-line updating 
control mode takes place as operating conditions become steady. 
Conversely, a switch over to the scheduling mode must be initiated 
when operating conditions cease to be constant.

Integration of the updating module into the overall optimiser.

987. The problem of planning the relay sequence of the two modules 
may be solved in two ways :

a) an identifying unit singles out the spells of steady- 
state operating conditions during which the control of the control
lable variables is to be allocated to the on-line updating module. 
This is illustrated below :
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output speed

timeT V

Scheduling 
Control mode

On-line updating 
control mode

Scheduling 
control mode

On-line updating is initiated when output torque and speed 
become together constant. It is ended when either ceases to be
steady. The period during which the updating module is in
control of the controllable variables may or may not be long 
enough for the search for the optimum combination to converge.
In the former case, although the combination arrived at, without 
being optimum, may be better than the stored one, no updating 
takes place. The reason is that the output torque or speed may 
start changing in the course of the evaluation of the overall 
efficiency, making it impossible to guarantee that the last 
combination (which would be the combination stored if updating 
took place) is more optimum than the last but one. In the latter 
case, the operating point optimised is updated.

b) the controllable variables are always controlled by the
updating module which is overridden by the scheduling module
during rapid transient operating conditions. This can be illustrated
by considering the section of the M.F.C. varying surface which contains
the path followed by the variable and projecting this section onto a
plane. This projection is shown below, with time being substituted
for the function (T , o) ) .o o
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When the value of the scheduled variable set by the updating 
module depart from the optimum one by a preset tolerance (time t^ ) , 
the updating module is guided by the scheduling module so that 
the preset tolerance is not exceeded (time t^ to time t^). When 
the rate of convergence of the on-line optimisation becomes again 
greater than the rate of change of the operating conditions, the 
updating module regains full control of the scheduled variable 
(time tg).

The stored M.F.C. scheduling surface is updated every time 
the optimisation of a new operating point (T^, cô ) is completed.

Design of the on-line updating module.

988. The functions of the on-line updating module can be 
divided into :

i) evaluation of the overall efficiency 
ii) search for the optimum value of the scheduled variable

iii) substitution of this value for the stored value

Evaluation of the overall efficiency.

989. Since output speed and torque (or its equivalent) are already 
measured by the scheduling module, the only additional measurement 
which is required is that of the flow rate of fuel injected into the 
engine.

Different techniques can be used to measure this flow rate. 
The first one takes advantage of the characteristics of in-line 
type fuel injection pumps : the flow rate of fuel injected is 
proportional to engine speed and effective stroke of fuel pump 
plunger. The effective stroke can be measured by measuring the 
position of the fuel rack. Therefore, the difficulty of measuring 
a flow rate .can be obviated by measuring a shaft speed and a 
position. These two measurements are relatively simple and could 
take the form presented in Appendix 1 of Chapter 8.
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A second technique could be that used on the test rig ; 
diesel fuel is pumped from the tank and delivered to the engine 
fuel system via a gear pump whose rotating speed is controlled so 
that the pressure in the fuel line, downstream the gear pump, is 
maintained constant. Measuring the rotating speed of the gear 
pump gives a value proportional to the flow rate of fuel injected 
into the engine.

Other types of flowmeter which can meet the requirements in 
accuracy and head loss typical of engine-transmission systems are 
the turbine flowmeter and the vortex shedding flowmeter (1).

When designing a fuel flowmeter for the on-line updating 
module, it is important to note that evaluation of the overall 
efficiency is only used for the determination of the optimum scheduled 
variable values and requires only a comparative flow measurement.
It follows that flowmeter linearity is not essential.

Search for the optimum value of the scheduled variable.

990. The prevailing criterion for selecting a searching method 
is its rate of convergence. Apart from the grid method, all the 
methods presented in Chapter 5 have a high rate of convergence and 
are suitable for on-line updating.

An example of a method relatively simple and efficient is 
the method adopted by Edge to optimise an engine-hydrostatic 
transmission system (paragraph 265 Chapter 2). The basic technique 
used to optimise a given operating point employs an iterative process 
which changes the hydrostatic transmission speed ratio by a specified 
step size. The engine speed is automatically altered so that 
operating conditions are maintained constant. At each step the fuel 
flow rate is determined and compared with the last value obtained.
For a decrease in fuel flow, the iteration continues the change of 
displacement in the same direction. For an increase in fuel flow, 
the displacement step length is halved and the direction of change 
is reversed. This iterative process continues until the optimum 
transmission speed ratio is found.
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When the on-line updating module does not feature any steady- 
state identifying unit, it is necessary to link tlie value of the 
step size to the rate of change in operating conditions in order to 
allow the basic technique described above to be repeated.

An example of a method with a particularly high rate of 
convergence is Powell's quadratic interpolation method (paragraph 
533, Chapter 5). Powell's algorithm evaluates the fuel flow rate 
for three different values of the scheduled value and predicts the 
optimum value by means of a quadratic interpolation. This method 
allows the step size to be relatively small and a unique step size 
could probably be used. This would do away with the need for 
linking step size to rate of change in operating conditions afore
mentioned .

Substitution of the optimum scheduled variable for the stored
one.

991. The form of surface storage associated with on-line updating 
is invariably discrete storage. The major problem encountered when 
updating the stored surface arises from the fact that the optimised 
operating point (T^, does not generally correspond to any of the
operating points of the torque-speed map discretisation. The way 
in which this problem can be solved depends on the type of generation 
which is associated with discrete storage ;

i) if scheduled values are generated by step interpolation 
(paragraph 942), the problem is only one of elementary square 
identification and can be readily solved.

ii) if triangular or rectangular interpolation is needed to 
generate scheduled values, an interpolation of the type described 
in paragraph 327 of Chapter 3 is required. This means that provision 
must be made for storing a number of on-line optimised values, the 
reason being that three values belonging to contiguous elementary 
squares are at least necessary to update one stored value.
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APPENDIX 1 : PROGRAM RPîPGRT FOR DATA PROCESSING ON ICL 4.50
OF READINGS TAKEN ON THE WOLFSON SHUNT TRANSMISSION.

PROGRAM ETOL 3 BENJ10

WOLFSON SHUNT TRANSMISSION DATA PROCESSING

Fortran IV ICL 4.50 MACHINE 1 June 1977

Hardware requirements : 1 x paper tape reader, 1 x teletype,
1 X line printer and 1 x graph plotter.

AUTHOR : M. DEAL, School of Engineering.

1. Program Summary.
The program assumes that data acquired by the DEC PDP 8/L 

and recorded on paper tape has been transferred to a data file in 
the form of a 10-row array. Each line of the array corresponds 
•to the set of readings obtained for one setting of the test rig 
control variables. The program calculates swash number, engine, 
transmission and overall efficiencies for each set of readings.
It fits the points of engine, transmission and overall efficiencies 
corresponding to the same combination of output torque and speed and 
plotted against swash number with a curve whose equation is a sixth 
order polynomial in swash number. It then finds the maximum of 
these curves, prints out the corresponding swash number and finally 
plots, the curves.

2. Input Variables.
The row order of the 10-row storage array of the input data 

file is as follows :

row 1 Unit A swash position
row 2 Unit B swash position
row 3 Fuel flow rate
row 4 Engine torque
row 5 Output torque
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row 6 Engine speed
row 7 Output/Unit B speed
row 8 Unit A speed
row 9 Hydrostatic transmission system left pressure
row 10 Hydrostatic transmission system right pressure

3. Output Variables.
Corresponding swash number, engine, transmission and 

overall efficiencies are printed out on the line printer in column 
fomat. Each line of the print-out is preceded by an output 
torque and speed label.

The optimum swash number with its corresponding overall 
efficiency for each combination of output torque and speed 
investigated are then printed-out also in column format.

All engine, transmission and overall efficiency curves 
are plotted against swash number.

4. Associated Subroutines.
(1) E04 AAF (EXETER LIBRARY) - locates the minimum of a 

general function f(x) of one independent variable x.
(2) F04 AEF (EXETER LIBRARY) - calculates the solution of 

a set of real linear equations.

(3) M01ANF - sorts a vector of real numbers into ascending 
order.

(4) PBPLTl - plots a function f(x) of one variable x 
against this variable.

(5) IRENE - evaluates function f(x) at point x.

5. Limitation and Accuracy.
The number of sets of readings from which efficiency 

curves are derived and the optimum swash number is calculated is 
limited to six per any combination of output torque and speed. If
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more than six sets of readings corresponding to the same operating 
point are recorded in the input data file, the program will 
discard all those coming after the sixth in the order of reading.

The total number of sets of readings is limited to 1000.
If more sets are to be processed, it is necessary to re-run the 
program and update the input data file.

The accuracy at which the optimum swash setting is found 
is not known. The program may fail to fit points of efficiencies 
corresponding to a combination of output torque and speed.
However, the recurrence of such a failure is generally less than 
one in five hundred.

6 . Program Map.

1 segment - 1 region - 43 sections and named common areas 
Store required 862 
Calculated length 435872 
Running time : 42S at EXETER

7. Arguments and Variable List.

Symbol Meaning Units Type
A Engine efficiency array REAL
AA Vector of swash numbers to different powers REAL
ANS Optimum swash number array REAL
B Engine speed array r.p.m. REAL
C Transmission efficiency array REAL
COEF Sixth order polynomial coefficients REAL
D Overall efficiency array REAL
DD Ordinates of points to be fitted REAL
DF 1 0-row 10 0 0-line storage array REAL
IWS Rounded speed value INTEGER
JWS Rounded torque value INTEGER
PCOEF Vector of polynomial coefficients REAL
PFRBIG Vector of upper swash number limits REAL
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Symbol Meaning

PFRSMA Vector of lower swash number limits
R Swash number vector
RBIG Upper swash number limit
RSMA Lower swash number limit
SN Swash number array
XPL Plot abscissa
YPL Plot ordinate

Units Type
REAL
REAL
REAL
REAL
REAL
REAL
REAL
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PROGRAM LISTING
C
C DATA PROCESSING FOR SHUNT TRANSMISSION SYSTEM
C

DOUBLE PRECISION AA,DD,COEF,WKSP,X,F,IRENE,CROUT,RESID,RSMA,RBIG 
1,R
DIMENSION DF(1000,10),SN(50,50,6),B(50,50,6),C(50,50,6),D(50,50,6) 
1,AA(6,6),DD(6 ),R(6),WKSP(6),ANS(50,50,2),PFC0EF(15,6),PFRSMA(15)
1,PFRBIG(15),XPL(150),YPL(150,15),CROUT(6,6),RESID(6)
1,A(50,50,6)
COMMON COEF(6 ),RBIG,RSMA
EXTERNAL IRENE
IDF=1

2 READ(5,2000,END=3)ZERO,(DF(IDF,JDF),JDF=1,10)
2000 FORMAT(F7.3,Ix,2F7.2,3F7.1,3F6.0,2F7.1/)

WRITE(6,2001)(DF(IDF,JDF),JDF=1,10)
2001 FORMAT (2F7.2, 3F7.1,3B’6.0,2F7.1)IDF=IDF+1

GO TO 2

DO 4 J=l,50 
DO 4 K=l,6 
SN(I,J,K)=0 
A(I,J,K)=0.
B(I,J,K)=0.
C(I,J,K)=0.
D(I,J,K) =0.

4 CONTINUE
DO 5 1=1,50 
DO 5 J=l, 50 
DO 5 K=l, 2 
ANS(I,J,K)=0.

5 CONTINUE
C
C SORTING DIFFERENT MEASUREMENTS

DO 31 M=1,IDF 
I=INT(DF(M,7)/lOO+O.5)
RI=ABS(DF(M,7)-100*1)
J=INT(DF(M,5)/100+0.5)
R2=ABS(DF(M,5)-100*J)
IF(I*J.EQ.0)G0T0 31 
IF(R1.GT.5.0.0R.R2.GT.10.0)G0T0 31 
K=0 

32 K=K+1
IF(K.EQ.7)G0T0 31
IF(SN(I,J,K).NE.O.O.AND.D(I,J,K).NE.0.0)GOTO 32

C
C

IF(DF(M,1)-0.)13,13,12 
13 AUNIT=DF(M,1)/1.51 

GO TO 16 
12 AUNIT=DF(M,l)/1.42 
16 IF(DF(M,2)-0)15,15,14
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15 BUNIT=DF(M,2)/1.51 
GO TO 11 

14 BUNIT=DF(M,2)/1.42 
11 IF(BUNIT.LT.O.O)CUNIT=(-AUNIT)

IF(BUNIT.GT.O .O)CUNIT=AUNIT+2 
IF(BUNIT.EQ.O .O)CUNIT=1.

: ■ .
SN(I,J,K)=BUNIT+CUNIT+1 
RAT=DF(M,2)/DF(M,1)
A(I,J,K)=-(DF(M,6)*DF(M,4)*0.000165/DF(M,3))
B(I,J,K)=DF(M,6)
C(I,J,K)=-(DF(M,7) *DF(M,5)/DF(M,6)/DF(M,4) )
D(I,J,K)=DF(M,7)*DF(M,5)*0.000165/DF(M,3)
DIF=DF(M,10)-DF(M,9)
TT0RQ=-2.2*DIF*DF(M,1)*(RAT+2.5)
IWRI=I/100
JWRI=J*100
PERC=( TTORQ-JWRI)/JWRI 
WRITE(6,2021)IWRI,JWRI

2021 FORMAT('SPEED',14,'RPM',2X,'TORQUE',14,'NM') 
WRITE(6,2022)RAT,SN(I,J,K) ,A(I,J,K) ,C(I,J,K) ,D (I, J,K)DIF,TTC'RQ,PE
IRC

2022 F0RMAT(10X,F7.3,8X,F7.2,4X,F7.3,4X,F7.3,8X,F7.3,8X,F7.1,8X,F7.0 
1.6X,F5.2/)

31 CONTINUE
DO 49 ISWIT=1,3 
DO 50 1=1,50 
JPF=0
DO 40 J=l,50
IF(D(I,J,1).EQ.0.0.AND.SN(I,J,1).EQ.0.0)G0 TO 40 
JPF=JPF+1
KV=0
DO 61 K=l,6 
R(K)=SN(I ,J,K)
IF(ISWIT.NE.1)G0 TO 46 
DD(K)=D(I,J,K)
GO TO 48

46 IF(ISWIT.NE.2)G0 TO 47 
DD(K)=A(I,J,K)
GO TO 48

47 DD(K)=C(I,J,K)
48 CONTINUE

IF(R(K).EQ.O.O.AND.DD(K).EQ.O.O)GO TO 61 
AA(K,L)=1 
DO 62 L=2,6 
LD=Ii—1

62 AA(K,L)=SN(I,J,K)**LD 
KV=KV+1 

61 CONTINUE
IF(I.NE.4.AND.J.NE.8)G0 TO 66
WRITE(6,2003)(DD(Kl),K1=1,6),(R(K2),K2=1,6)

2003 F0RMAT(10X,6F7.2/10X,6F7.2)
DO 67 11=1.6
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WRITE(6,2004)(AA(I1,L),L=1,6)
2004 FORMAT(lOX,6F7.2)
67 CONTINUE 
66 CONTINUE 

IS0R=1 
JSOR=KV 
IFAIF+0
CALL M01ANF(R,IS0R,JS0R,IFAIF)
RSMA=R(1)
RBIG=R(KV)

C
C F04AAF CALCULATES THE POLYNOME SOLUTION OF THE LINEAR SYSTEM

CALL F04AEF(AA,6,DD,6,KV,1,C0EF,6,WKSP,CR0UT,6,RESID,6,0)
DO 64 JFA=1,6 
IF(JFA.GT.KV)COEF(JFA)=0.

64 CONTINUE
IF(I.NE.4.AND.J.NE.8)G0 TO 69 
WRITE(6,2007)(COEF(13),13=1,6),RSMA,RBIG,KV 

2007 FORMAT(18X,6F7.2,lOX,F7.2,lOX,F7.2,SX,Il)
69 CONTINUE 

X=RSMA
C
C STORAGE OF CURVE EQUATION COEFFICIENTS TO PLOT THEM FOR A GIVEN
C 1 SPEED

DO 63 KPF=1,6 
63 PFCOEF(JPF,KPF)=COEF(KPF)

PFRSMA(JPF)=RSMA 
PFRBIG(JPF)=RBIG 

C E04AAF CALCULATES THE MINIMUM
IF(RSMA.EQ.RBIG)GO TO 40
CALL E04AAF(X,F,O.O1DO,O.OO5DO,O.1DO,IRENE,250,0)
ANS(I,J,1)=X 
ANS(I,J,2)=-F 

40 CONTINUE
IF(JPF.EQ.0)G0 TO 50 

C PLOT CURVES OF OVERALL EFFICIENCY AGAINST SWASH DISPLACEMENT FOR
C lA GIVEN SPEED 

NCURV=JPF 
ND0TS=90
DO 500 JC=1,NCURV 
DO 550 IC=1,ND0TS 
XPL(IC)=-0.5+(IC-l)*4.5/NDOTS
YPL(IC,JC)=PFC0EF(JC,6)*XPL(IC)**5+PFC0EF(JC,5)*XPL(IC)**4 
1+PFC0EF(JC,4)*XPL(IC)**3+PFC0EF(JC,3)*XPL(IC)**2+PFC0EF(JC,2) 
1*XPL(IC)*PFCOEF(JC,1)
IF(XPL(IC).LT.PFRSMA(JC).OR.XPL(IC).GT.PFRBIG(JC))YPL(IC,JC)=0.1 
IF(YPL(IC,JC).LT.0.0.0R.YPL(IC,JC).GT.1.0)G0 TO 110 

550 CONTINUE 
GO TO 500

110 DO 111 IC=1,ND0TS 
XPL(IC)=-0.5+(IC-l)*4.5/NDOTS 
YPL(IC,JC)=0.1

111 CONTINUE 
500 CONTINUE
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GO T0(501,502,503),ISWIT
501 CALL PBPLTl('LINF','LINF',9,8,XPL,YPL,150,15,NDOTS,NCURV,2,1.0

1'SWASH NO','ETA','OVERALL EFFICIENCY AGAINST SWASH NUMBER FOR A GI 
IVEN SPEED','SPEED= RPM')
GO TO 50

502 CALL PBPLTl('LINF','LINF',9,8,XPL,YPL,150,15,NDOTS,NCURV,2,1.0,
1'SWASH NO','ETA','ENGINE EFFICIENCY AGAINST SWASH NUMBER FOR A GI 
IVEN SPEED','SPEED= RPM')
GO TO 50

503 CALL PBPLTl('LINF','LINF',9,8,XPL,YPL,150,15,NDOTS,NCURV,2,1.0,
1'SWASH NO','ETA','TRANSMISSION EFFICIENCY AGAINST SWASH NUMBER FOR 
lA GI\T:N speed ' , 'SPEED= RPM' )

50 CONTINUE

CALL OP(ANS) 
49 CONTINUE

STOP
END
IRENE CREATES THE FUNCTION FR

SOURCE PROGRAM IRENE SUBROUTINE

SUBROUTINE IRENE(XX,FR)
DOUBLE PRECISION XX,FR,COEF,RSMA,RBIG 
COMMON COEF(6),RBIG,RSMA
FR=(-(C0EF(6)*XX**5+C0EF(5)*XX**4+C0EF(4)*XX**3+C0EF(/)*XX**2+ 
ICOEF(2)*XX+C0EF(1)))
IF(XX.LT.RMSA.OR.XX.GT.RBIG)FR=0
RETURN
END

SOURCE PROGRAM OP SUBROUTINE

SUBROUTINE OP (ANS)
DOUBLE PRECISION XX,FR 
DIMENSION ANS(50,50,2)
DO 600 IW=1,50 
DO 600 JW=1,50
IF(ANS(IW,JW,1).EQ.0.0.AND.ANS(IW,JW,2).EQ.O.O)GO TO 600
IWS=100*IW
JWS=100*JW
WRITE (6, 2005) IWS, JWS,ANS (IW,JV7,1) ,ANS (IW,JW,2)

2005 FORMAT('SPEED',14,'RPM',2X,'TORQUE',14,'NM',2X,F4.2,2X,F4.2) 
600 CONTINUE 

RETURN 
END
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The objective of this chapter is to illustrate how the 
engine shunt-transmission system could be optimised on a vehicle 
by using a microprocessor.

TYPE OF OPTIMISER IMPLEMENTED.

1001. The type of optimiser which is to be implemented with a 
microprocessor is the shunt-transmission type in the ever-overridden 
operating mode (refer to section 2 of Chapter 9). The principle 
of operation of this optimiser is shown in Figure 1. The value of 
the transmission output torque demand is fed to both the output 
torque controller and the module of the optimiser which generates 
the swash plate settings and x^. The input of the output
torque controller is the difference between the output torque demand 
and the actual torque value which can be either measured on the 
output shaft or evaluated from the differential pressure of the hydro
static drive and the swash plate settings. The output of the torque
controller is a governor set point demand. The swash plate settings
x^ and Xg are generated from both the output torque demand and the 
measured output speed.

Although the particular aspect of on-line updating will not 
be dealt with in this chapter, the microprocessor optimiser will be 
designed with the view to incorporating an on-line updating module 
at a later stage. An important repercussion of this design require
ment is the way in which the swash plate settings will be stored and 
generated.

SPECIFICATIONS OF THE MICROPROCESSOR USED AND OF ITS PERI
PHERAL EQUIPMENT.

1002. The microprocessor used to optimise the engine shunt- 
transmission system is the TMS 9900 microprocessor manufactured by 
Texas Instruments. This microprocessor is a single-chip 16-bit
central processing unit produced using N-channel silicon-gate M.O.S. 
technology. It has the word size, instruction set and addressing 
capabilities normally associated with full minicomputers. It can
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be easily interfaced to any of the standard types of semiconductor 
memory devices and to Analogue to Digital and Digital to Analogue 
converters. Its unit cost is about £20.00.

1003. While, of the two word sizes, 8-bit and 16-bit available 
with microprocessors, the word size 16-bit is the obvious choice 
as it matches the accuracy requirements. The word size adopted 
for Analogue to Digital and Digital to Analogue converters is a 
compromise between cost, accuracy and time for conversion. The 
cost of an Analogue to Digital converter having a word size of 
12-bit is approximately £40.00. The conversion takes about half 
a milli-second. The accuracy is 1 in 4096 of maximum scale.
Increasing the word size by one bit doubles both the accuracy and 
the time needed for the conversion. It follows that 13-bit A/D 
converters have an accuracy of 1 in 8192 and a conversion time of 
1 millisecond and 14-bit A/D converters have an accuracy of 1 in 
16394 and a conversion time of 2 milliseconds. As far as cost is 
concerned, the increase is not so great: doubling the cost would allow the 
word size to be increased from 12-bit to 16-bit. However, 
because of measurement inaccuracies, A/D and D/A converters with a word 
size of 1 2-bit seem to be the best suited for the optimiser of the engine 
shunt-transmission system.

1004. The memories which may be used in conjunction with the microprocessor 
to store the optimum swash plate settings are of two types : i) the Read
Only Memory (ROM) type and ii) the Random Access Memory (RAM) type.
With the former type, information is stored during manufacturing and can 
be drawn repeatedly. The ROMs are not erased when the power is switched 
off. They cannot be updated. The RAMs, on the other hand, are 
generally volatile : they are erased when the power is switched off.
However, they have the advantage of being updatable. These memories are 
available in various sizes from 16 bits to 64000 bits. Bought in large 
quantities, typical memories made of Metal Oxide Semi-conductor (MOS), 
of a capacity of 4000 bytes, would cost about £30.00 when of the ROM type 
and about £100.00 when being of the RAM type.
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1005. The microprocessor and its peripheral equipment required for 
the optimisation of the test rig are wired on three cards housed 
in a rack. The photograph of the rack is shown in Figure 2.
The microprocessor is on card no 1. The memories are wired on 
cared no 2 and card no 3 carries the A/D and D/A converters. The
photographs of card no 2 and cared no 3 are shown in Figures 3 
and 4.

INFORMATION PROCESSING OF MICROPROCESSOR OPTIMISER.

1006. The way in which information is processed by the microprocessor 
optimiser is shown in a block diagram form in Figure 5. The line
pressure, the output speed and the demanded torque signals are sampled, 
converted into numbers and averaged over a certain period of time via 
the multiplexer, the Analogue to Digital Converter, the input filter 
and the demultiplexer. The actual output torque is evaluated from 
the differential line pressure and the two swash plate settings. The 
difference between the torque demand and the actual output torque is 
used to control the engine governor via the engine governor controller 
and a Digital to Analogue Converter. The output speed and the torque 
demand are then fed into the swash plate setting generating module 
which evaluates the swash plate settings to be set to the two units A 
and B via two Digital to Analogue Converters and the two unit 
actuators.

SWASH PLATE SETTING GENERATING MODULE.

Optimum surfaces

1007. It is possible to generate the swash plate settings from stored 
values of either the swash plate settings or the corresponding swash 
number. In the latter case, a unit swash calculator is incorporated 
in the generating module to convert the swash number generated into 
the two corresponding swash plate settings. The reason for storing 
one surface rather than another lies chiefly in the type of storage 
of these surfaces, i.e. whether the surfaces are stored in an analy
tical or a discrete form. This is illustrated by the following para
graphs 1008 and 1009.
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Characteristics of these optimum surfaces.

1008. The projection of these optimum surfaces on an output speed - 
torque plane is shown in Figure 6 . It is contained in three 
quadrants, quadrant I, II and III. The optimum surfaces can be
divided into three distinct parts, each part corresponding to a 
quadrant. Of these three parts, only the part corresponding to 
quadrant I results from the optimisation of the engine shunt- 
tranemission system for minimum fuel consumption.

The part which corresponds to quadrant II conditions the 
performance of the engine-shunt-transmission system when operating 
in the retarding mode. If the braking capability of the hydro
static drive is used to provide most of the retarding torque, thenT,othe swash plate settings and must be x, = 0  and x„ = -^  ̂ A B A B 1000
(refer to Chapter 9, paragraph 957). In this case it is
logical to store the swash plate setting surfaces in the form of 
these two equations rather than the swash number surface.

The part of the optimum surfaces which corresponds to quad
rant III governs the reversing capability of the engine shunt- 
transmission system. The corresponding swash plate settings
could be obtained by optimising the engine shunt-transmission system 
for minimum fuel consumption. However, owing to the relatively 
short duration of operation of a vehicle in reverse and the high 
speed at which unit A shaft rotates, the swash plate settings are 
chosen so as to keep the rotating speed of unit A shaft as low as 
possible while describing a surface of simple analytical representa
tion. Two possible swash plate setting surfaces for unit A and
unit B are the two planes defined by the points :

“o = 0 r.p.m, T^ = 0 Mn, = 0 and = 1

0)o = 0 r.p.m, T^ = 1000 Nm, = -0.08 and = 1

wo = -554 r.p.m, T^ = -400 Mn, ’'a = -0.24 and = 1

Their analytical representations are respectively ;
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w T X, 1o o A
0 0 0 1

0 -1000 -0.08 1

-564 -400 -0.24 1

=  0 and Xg = 1

As in quadrant II, the simplest way of generating the swash 
plate settings is to store them in the form of these two equations.

Storage of the optimised quadrant.

1009. The part of the optimum surfaces corresponding to quadrant I 
is established by optimising the engine shunt-transmission system 
for minimum fuel consumption. This part is only known at dis
crete points (refer to paragraph 720 of Chapter 7). It can be 
stored in a discrete form or in an analytical form if it is fitted 
with a continuous surface.

If this part is to be updated on-line, it must be stored in 
a discrete form. The cost of the memories needed for storing it 
represents a substantial part of the cost of the overall optimiser. 
Therefore, of the two possibilities : storing the two swash plate 
setting surfaces or storing only the swash number surface and 
converting the swash number into two swash plate settings x^ and x^, 
the latter is the more economical since it requires only half tiie 
size of memory required by the former for the same accuracy.

1010. The only type of memory which can be used for on-line up
dating is the Random Access Memory type. Because they are erased 
when the power is switched off, the RAMs will be continually powered 
with a standby battery in order to avoid losing the previous updating. 
In the event of a fault developing in the power supply, provision 
must be made to allow this memory to be reloaded.

Depending on whether the swash number surface is known in a 
discrete or an analytical form, two methods can be used for reloading 
the RAMs :
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i) if the swash number surface is known in a discrete form.

The values of the swash numbers obtained from the optimisation 
and if necessary, an additional interpolation, are stored' in Read 
Only Memories. The initial loading and reloadings subsequent to 
power cuts, of the RAMs are achieved by reading the ROMs.

ii) the swash number surface is known in an analytical
form;

When the values of the swash numbers obtained at discrete 
points by optimisation are fitted with a continuous surface, it is 
possible to load and reload the RAMs with a program stored in ROMs 
The program evaluates the function which describes the continuous 
surface, at discrete points and the values obtained are stored in 
the RAMs.

1011. The function which defines the swash number fitting surface 
is given in paragraph 935 of Chapter 9. It consists of the
following set of equations :

(500 400 000 '^B + 2 _ 1200
o -(0o —(0o

^A = 0.38 - 0.0004 T o ; ^B = 1

■0.13 0)o /"A
2.5

2
+ 1120 ^B + 2.5 =

T

(1)

(2)

-w = 2400 —o X
B

1 - 0.000163 ^ ^ 2.5 ’‘a

B

(4)

Each equation describes one of the four areas which make up 
the swash number fitting surface in the optimised quadrant. These 
four areas are shown in Figure 7. Area 1 corresponds to the un
constrained optimisation? Areas 2, 3 and 4 correspond to the 
constraints resulting from the limitations placed on the hydrostatic
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pressure, the engine torque and the unit A shaft speed. A 
useful remark on the relative position of these areas is that ;

i) Area 2 is above Area 1 and below Area 3

ii) Area 3 is below Areas 1 and 4

iii) Area 4 is below Area 1

This remark enables the equation from which the swash number
will be evaluated, to be singled out by simply comparing the swash
number values yielded by the four equations. This will be applied 
in the array loading program.

DISCRETISATION OF THE SWASH NUMBER OPTIMUM SURFACE

1012. It has been seen that when the discretising grid of the 
output torque-speed map is fine enough, swash numbers can be 
generated satisfactorily with the interpolation technique referred 
to as the step interpolation (Chapter 9, paragraph 942). As well
as providing a relatively fast and easy generation, the step inter
polation allows the sw^sh number discretised surface to be updated 
at one discrete point with only one updating optimisation compared 
with the three needed with the triangular interpolation. This
considerably facilitates updating.

s

Although the cost of Random Access Memory is not negligible 
in the overall cost of the optimiser, the number of memory which 
can be allocated to the storage of the swash number surface is 
compatible with the accuracy sought. For example, a memory 
package with a storage capacity of 4000 bytes (2000 words of 16 bits) 
gives an elementary square of 62.5 r.p.m x 62.5 Nm for the discreti
sation of the output speed-torque map. These dimensions are 
obtained after equal division of the output speed range (0,2500 r.p.m) 
and the output torque range (O, 2500 NM) by the number 40. This 
number 40 is a convenient number for programming which gives a number 
of discrete points (40 x 40) satisfactorily close to the size of 
memory available.
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1013. The variation of overall efficiency over an output speed 
interval of 62.5 r.p.m and an output torque interval of 62.5 Nm can 
be evaluated from the graph of overall efficiency versus swash 
number shown in Figure 15 of Chapter 9 and reproduced in Figure 8. 
The swash number interval, and consequently the variation of 
overall efficiency, corresponding to an output speed interval of
62.5 r.p.m and that corresponding to an output torque interval of
62.5 Nm are dependent upon the location of the transmission 
operating point on the graph. While for low speeds, a speed
interval of 62.5 r.p.m leads to a greater swash number interval 
than a torque interval of 62.5 îtoi, the situation is reversed for 
high speeds. This is illustrated in Figure 9 which shows details 
of Figure 8 around two typical operating points. For this 
reason, and also because the variation of overall efficiency is a 
function of the discrete point (T^, considered, it is very
difficult to accurately evaluate the variation of overall efficiency 
over an elementary square of the discretisation. In a first 
approximation, this variation is on average of the order of ± 0.4%.

ARRAY LOADING PROGRAM.

1014. The purpose of the array loading program is to evaluate the 
swash number values corresponding to the elementary squares of the 
discretised output speed-torque map and to store them into a 
structured list of 1600 words of 16 bits.

1015.

Loading strategy.

The array loading strategy is illustrated graphically below

cr
swash number SN̂ -.

u>
NO

62.5r.pl. output speed



b jq

The swash number is evaluated in the centre of the discreti
sation elementary squares. Each swash number is identified by 
the left bottom corner of its elementary square. For example, the 
swash number corresponding to tlie elementary square delimited by 
the lines i, i-f-1, j and j+1 is given the identification i,j.
The swash number corresponding to the elementary square located in 
the corner formed by the output torque and speed axes is given the 
identification 0,0.

1016. With this identification, the swash numbers obtained by 
discretisation of the output speed-torque map could be stored in a 
two-dimension array of 40 rows and 40 columns. However, a micro
processor, in contrast to a computer, does not provide such storing 
facilities and it is necessary to transform this two-dimension array 
into a structured list. This is achieved by making one address 
of the structured list k to correspond to one address of the 
array (i,j) with the function k = 40 i + j .

1017. The sequence in which the swash numbers are evaluated and 
stored in memory, and the technique adopted to single out the 
relevant swash number from the four swash numbers yielded by the 
set of equations describing the swash number surface are depicted in 
the flowchart of the array loading program.

Array loading program flowchart.

1018. The array loading program flowchart is shown in Figure 10. 
Swash number evaluation starts with the elementary square identi
fied 0,0. The output torque and speed are half a discretisation 
step, viz. 31.25 NM and 31.25 r.p.m respectively. These 
quantities as well as all the other numerical quantities appearing 
in the flowchart are expressed in base 16. Thus the initial 
values of 0100 for the output torque T^ and speed The
reason for expressing all numerical quantities in base 16 is that 
it is a shorthand method of writing large binary numbers which is
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convenient for use with assembler languages. Swash number 
evaluation continues by keeping the output torque constant and 
incrementing the output speed by steps of 62.5 r.p.m (0200) until 
either its maximum value of 2500 r.p.m (5000) or the product 
output torque-speed becomes equal to 180 kW (06E0^^ x 2^^). In 
order to keep the register of most significant blocks, this 
product is divided by 2^^ in the program. Swash number evaluation 
is then pursued by incrementing the output torque by a step of
62.5 NM (0200) and updating the output speed with its initial value 
of 31.25 r.p.m. The program ends when the output torque becomes 
greater than 2500 NM.

1019. For each elementary square, the swash number is evaluated 
from the four equations which describe the four areas of the swash 
number surface. Then the program assumes that the true value is 
that yielded by equation 1. It then compares this value with 
the value yielded by equation 2. If the first value is less than 
the second, the program regards the second value as the true value. 
If the first value is greater than the second, it is kept as the 
true value. The comparisons of the value assumed to be true with 
the swash numbers provided by equations 3 and 4 are similar. When 
the program has gone through all the comparisons, the swash number 
which is last kept is stored in memory.

Equation conversion.

1020. The set of equations which describes the swash number fitting 
surface in the optimised quadrant is :
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500 + 400 000
03 (1)

0.38 - 0.0004 X T ; Xg = -1 (2)

+0.13 03 ~  + 2.5 
^A

+ 1120
x_B
X, + 2.5 = 1.55 (3)

+03 = 2400 —o XB

T
1 - 0.000163 X,

1 + 2.5
B

(4)

This set is written as it was derived from the optimising
experimental tests. Apart from equation 2, its equations must

XBbe rearranged so that the ratio —  is given as a function of T
^A °

and 03 in order to enable the swash number to be calculated, o
The rearranged set is :

B +T 03o o
500 03̂  + 400,000 (1)

x_ = 0.38 - 0.0004 X T ; x_ = -1A o B (2)

B
X.

1120 + A i 2 0  + 1.55 T -0.13 03o_________o_
—0 . 26 03

- 2.5 (3)

(-2.5 03 + 2400 - 0.39 T )+ /  (+2.5w -2400+0.39T ) ̂  + 10o3^

(4)

1021. In these equations, the output torque T^ and speed 03̂  are
expressed in NM and r.p.m respectively. In contrast, the output
torque T^ and speed 03̂  manipulated by the microprocessor are dimension-
less. They are related to the true output torque T^ and speed 03̂^
by the calibration factors. These factors are NM and

24000 r.p.m. An explanation of these values will be given in 
215



537

paragraph 1027. If the and x^ values calculated by the
microprocessor from these equations are to be correct, they must be
expressed in terms of T and w . This is easily done by replacing

4000 ^ ^ 4000 . _T and w by T x — and o) x — —  respectively in four equations. o o c 2^^ c 2^^

In addition, care must be taken that no term exceeds ±2^^, 
viz. ±32768, during evaluation of the swash number.

1022. Processing equation 1 into a form which meets the above 
requirements leads to the equation :

“c “c “c “c <-0 9830
“ p r -  p[9— —

X^ w w w 10A c c c
8 ^19

Although each term of this equation is such tliat it will 
15never exceed ±2 , —  is known to take values from zero to plus

^A
or minus infinity, and evaluating the swash number by calculating 

XBthe swash ratio —  would lead to spurious swash number values 
^A

for large swash ratios. This problem is obviated by relating
Xgthe swash number to x, and x„ instead of the ratio —  andA B

expressing x^ and x^ as a function of the numerator N and denomin
ator D of the equation. The relationships between x , x ,

—  and the swash number SN are shown in Figure 11. In order to 
^A
enable the swash number to be expressed analytically as a function 
of x^ and x^, it is necessary to split the swash number into four 
intervals and to consider them in turn :

1) In the swash number interval (O, 1), the mathematical 
expressions which apply are ;
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  > 1 } D > O => N > 0,   > 1 =>, N > D
^A

Xg = -1 , = - I  SN = -x^

2) In the interval (1, 2), these expressions are

0 <    < 1 ;  D > O => N > 0 ,    < 1 = > N < D
’‘a

Nx_ = -1 , x_ = - —  and SN = 2 - x_ A B D B

3) In the interval (2, 3), they are :
X X

—1 <   < 0  ; D > O N < O, —1  => INI < D
*A =̂ A

In I -Nx^ = - 1 , Xg = Y -  = —  and SN = 2 + Xg

4) In the interval (3, 4), they become :

X X
  < - 1 ;  D > 0 = 4 N <  O ,  -- < - l = >  |n | > D
==A %A

1 ' ==A = YGY = ^  and SN = 4 - x^

1023. In order to facilitate the conversion of swash numbers 
stored in memory into swash settings used to control the trans
mission, swash numbers obtained by solving equation 1 are multiplied 
by 4096 before being stored. This multiplication automatically 
stores the integer part of the swash numbers into the most signifi
cant memory block and the decimal part into the least significant 
memory blocks.

++++ / ++++ /++++ /++++
integer part decimal part
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When swash numbers are retrieved, the integer part is used 
to identify the swash number interval and therefore the relation
ships relating the decimal part to the swash settings and x^.

1024. The processed equation 2 is :

Since 0.38 cannot be represented by a binary number, this 
equation is altered to give :

24904 - 3T , cx_ = -1 , x_ =B " A 16
2

1025. Solving equations 3 and 4 with a microprocessor is difficult 
due to the square roots. The fitting surfaces described by these 
equations are derived from theoretical considerations (refer to 
paragraph 935 of Chapter 9) and are not very suitable for micro
processor use. The problem of having to solve these equations 
can be obviated in two ways :

i) The areas of the swash number surface fitted with the 
surfaces described by equations 3 and 4 could be fitted empirically 
with surfaces represented by simpler equations. Since they are 
relatively small, they could even be fitted with planes.

ii) Instead of limiting the engine torque to the initial 
torque-speed curve, it could be limited to a constant value 
(see paragraphs 918 and 919 of Chapter 9). This would give, for 
equation 3, the equation :

x^ 444 A
- 2.5 and the converted equation :

^B - 9086 „
X 3634 D
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Derivation of the swash numbers from this equation is identical 
to that described for equation 1.

Area 4 is treated as in i)

SWASH NUMBER GENERATION.

1026. The problem of generating the swash number which corresponds 
to a given output torque demand and a given measured output speed 
is to find the memory in which this swash number is stored. The 
elementary square (i, j) of the discretised output torque-speed 
map corresponding to the output torque and speed signals can be 
located by dividing the signal values by the discretisation step.
The integer part of the two figures obtained provides the values for 
i and j. The memory address k is given by the function k = 40 i + j

1027. A real division can be avoided by making the discretisation 
step to correspond to a binary step equal to a power of 2. With 
a discretisation step of 62.5 r.p.m x 62.5 NM, the bindary step
92 (0010/0000/0000) is the step which gives the smallest full scale

output speed and torque ranges containing the ranges (0,2500 r.p.m) 
and (0,2500 NM). The full scale ranges are (0,4000 r.p.m) and
(0,4000 NM). They correspond to the number +2^^, viz + 32768, 
i.e. 1111/1111/1111/1111, the zero having been biased to the 
number 1000/0000/0000/0000 to take into account the fact that signals 
can be positive or negative.

With a binary step, the address of the elementary square on
the discretised output speed-torque map corresponding to the given
output torque and speed signals can be found by simply shifting the
T and Ü) values held by the microprocessor. These values are c c
shifted by ignoring the 9 digits of least significance

d~+++ / ++++ / ++++ / ++++, 
digits used digits ignored 

for address

The shifted values are treated as i and j values for the
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evaluation of the memory address k.

The advantages of number shifting over a real division are :

i) the processing speed is multiplied by a factor of about 
8 and ii) fault finding in the program is made much simpler.
One disadvantage is that some accuracy is lost in having full scale 
ranges unnecessarily wide.
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FIGURE 3 : PHOTOGRAPH OF MEMORY CARD.
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CONCLUSIONS

The thesis has been concerned with the optimisation of 
engine transmission systems of heavy commercial vehicles for 
minimum fuel consumption. Particular attention has been given
to the mathematical techniques which can be applied to the 
maximisation of the overall efficiency.

The function which describes the overall efficiency is not 
known analytically. It can only be evaluated at discrete points, 
by either using a computer model of the engine transmission system 
considered or direct measurement on the system itself. Each 
evaluation is costly and since a large number of them are generally 
required to optimise the system operating conditions, a particular 
effort has been made to render the maximisation techniques as 
efficient as possible. The different searching methods available 
have been reviewed. In some cases, they have been adapted, in 
others they have been improved. This part of the thesis is very 
general and can be applied to any type of optimisation. It is 
particularly suited when the cost function is very complex and has 
a derivative with respect to its variables which cannot be made equal 
to zero simply.

In the case of the engine shunt-transmission system, only one 
control at the most can be selected freely, the otliers being 
automatically determined by the output conditions. As a result, 
the problem of maximizing the function which relates the overall 
efficiency to the various control variables when the system is 
operating under steady-state conditions is only one-dimensional. 
Applying the searching methods developed for n-variable functions 
was very simple and did not produce any development of the work done 
in the general case.

In contrast, the investigation of control strategies specific 
to the engine shunt-transmission system has led to methods which can 
be applied to other systems and generalisations have been made 
whenever it was possible.
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One characteristic of the shunt-transmission which had an 
important influence on the optimisation adopted is that, for a 
given transmitted power, its efficiency may vary substantially 
with torque and speed. This led to identifying the operating 
condition of the overall system in terms of both the output torque 
and speed instead of simply their product, the output power. The 
optimum control variables were subsequently expressed as functions 
of two parameters, the input torque and speed. These parameters 
were chosen as being particularly convenient for the experimental 
optimisation of the test rig, but it is also possible to relate 
the optimum control variables to the transmission input torque 
and speed instead. The effect of having the transmission 
efficiency which varies with torque and speed for a given transmitted 
power is to alter the relationship between engine (transmission input) 
torque and speed as output torque and speed change. If this 
efficiency is constant, the engine of the optimised system operates 
on its economy line when steady-state operation is reached and the 
optimisation problem is reduced to that of optijnising the engine 
only. Scheduling, for example, is reduced to one dimension. 
Therefore, if the engine transmission systems of the shunt trans
mission type operate most of the time at the points where the trans
mission efficiency variation described before is negligible, their 
optimisation can be simplified to engine scheduling.

The work done on the optimisation of engine transmission 
systems has been specifically concerned with the control aspects 
of these systems. A specific system was considered and the 
problem was to select its external controls so as to maximize the 
overall efficiency. In order to achieve full optimisation of a 
basic engine transmission system, it would be necessary i) to 
consider the duty cycle of the system, i.e. a chart of the time 
totally spent at each operating point (T^, oî ) of the output torque- 
speed map, and ii) to optimise the design features which can be 
altered, e.g. the fuel injection equipment of a diesel engine, the 
turbine-compressor matching of the turbocharger and gear ratios of 
the transmission. Optimisation of the alterable design features 
can be conducted according to the iterative procedures described in 
a way similar to those that change the control settings of the system.
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Since each time a design feature is changed, an optimisation of 
the control aspect of the system is required before evaluating 
this change, the design optimisation may be very long and complex. 
The process can however be speeded up by using data provided by 
the control optimisation. For instance, the swash number optimum 
surface in the case of the shunt-transmission is very rich in , 
information : the constrained areas indicate the physical limita
tions of the system which constrain the optimisation. If a 
constrained area corresponds to long operating times, the prevailing 
design alteration is that which lifts this constraint. The 
constrained areas also show the type of compromise to which the 
design of the overall system is subject. Sometimes more drastic 
design alterations may be needed. Such alterations include 
modifying the engine capacity and in the case of the shunt- 
transmission, modifying the capacity of the two hydrostatic units. 
For instance, the efficiency of some cars and of heavy vehicles 
has been increased in recent years by increasing the capacity of 
their engines.

Many controllers which optimise the steady-state operation 
of engine-transmission systems have been proposed in this thesis. 
These controllers include scheduled and on-line optimisers. Both 
types have their advantages and disadvantages. For instance, the 
scheduled optimisers tend to make the engine transmission system 
recover its optimised state faster after rapid transient conditions 
and lead to less departure of the system from its optimised state 
during these rapid transient conditions. On the other hand, the 
on-line optimisers update the optimisation according to the varying 
conditions of the engine transmission systems, taking* into account, 
for example, the wear of components. Controllers which combine 
these advantages are scheduled optimisers with on-line updating. 
These controllers can also be regarded as on-line optimisers backed 
by a guiding module comparable with a scheduled optimiser.

The controller recommended for the engine shunt-transmission 
system is the microprocessor optimiser developed in Chapter 10.
In its simplest form, it is a scheduled controller. The parameters 
measured are the output speed and the differential pressure of the
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hydrostatic line. Both measurements are relatively easy on a 
vehicle. The two-dimensional scheduling provided by these two 
measurements enables the steady-state operation of the system to 
be optimised for maximum overall efficiency. This is an improve
ment over the controllers which schedule the engine for maximum 
engine efficiency only. In addition, the knowledge of the 
scheduled surfaces is of great help for improving component 
matching, especially when the optimisation is constrained. A 
microprocessor can store and generate the optimum values required 
by the external controls and thus provides a relatively fast and 
cheap controller. The type of interpolation best suited for the 
generation of optimum values is step interpolation. The two main 
advantages are a fast response and easy on-line updating. An over
riding module can be incorporated into the controller in order to 
improve the transient characteristics. Alternatively, the demanded 
value of one of the two parameters measured to generate the optimum 
control values can be substituted for the measured value. The 
controller which can be best integrated in a torque demand control 
system is that which uses the measured output speed and the demanded 
hydrostatic pressure to generate the optimum values. At this stage, 
it must be stressed that it is possible to propose very different 
optimisers which are all equivalent for the optimised operation under 
steady-state conditions but which lead to very different transient 
characteristics. While an attempt has to be made to predict the 
behaviour of the transient response of the optimised systems, no 
tests representing the true operation of a vehicle have been carried 
out and no computer simulation of this aspect has been done. These 
investigations would form a natural extension of the work of this 
thesis.


