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SUMMARY

The accurate and versatile control of a direct 
current machine’s speed using a thyristor converter has 
led to its use for many industrial applications. 
However, as will be demonstrated, the current gain 
characteristic of such a device is not linear and under 
certain operating conditions can lead to an unacceptable 
degradation in performance.

In order to develop a method of adaptive control 
that can compensate for the gain changes, the key 
features and theory of phase controlled thyristor 
converters are described and used to develop a digital 
computer simulation of a single phase converter. The 
d.c. gain of the device as a function of firing angle is 
then determined and the model used as the basis of a 
larger simulation of the machine’s armature current 
control loop. The latter is used to investigate a number 
of control strategies, one of which is developed 
practically using a combination of analogue and digital 
electronics.

The performance of the adaptive control system is 
then investigated by means of a comparison with the 
responses predicted by the software model and also by 
comparing the responses of the adaptive controller with



the current loop responses obtained from a purely linear 
commercial drive. These show that the implementation of 
the chosen control strategy, although being very 
complex, does not achieve ideal responses. However, 
those obtained are seen under most conditions to be an 
improvement on the conventional system.

Finally, the effect of the different armature 

current controllers on the speed response of d.c. 
machines using both linear and variable structure speed 
controllers is investigated. This is done purely in 
software following the development of a digital 
simulation of the speed loop. These show the adaptive 
qualities of VSS speed control, especially when used 
with the "faster" adapted current loop.
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CHAPTER 1 
Introduction

The necessity for reliable and versatile control of 
electric motor drive systems has existed for many years 
and was initially met with the development of the Ward 

Leonard system where a d.c. generator, driven either by 
a mains supplied a.c. motor, or prime mover, supplied 
power to the d.c. motor under control. The impetus for 
the latter grew with the requirement for increased 
industrial automation and remote controlled gun drives 
during World War II. However, since the development of 
the grid controlled mercury arc converter nearly fifty 
years ago, converter fed d.c. motors have gradually 
superceded such systems, and the modern equivalent, the 
thyristor converter, is now used for speed and position 
control of d.c. motors over the whole spectrum of power 
applications, especially in the paper, textile and steel 
industries.

The term thyristor is in fact a generic name which 
refers to a class of semi-conductor switching devices, 
all of which are characterised by a bistable switching 
action dependent upon p-n-p-n regenerative feedback, but 
has become increasingly used when referring to the most 
common device in this family, the silicon controlled 
rectifier (SCR).The latter is a compact, durable power 
amplifier with power handling capabilities from 40W to
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4MW, which when controlled by sophisticated electronic 
circuitry forms the heart of the present day phase
controlled rectifier.

The thyristor converter, because of its enormous 

industrial importance, has been the subject of much 
intensive research for nearly two decades, aimed at 
overcoming the many problems associated with its
application in armature controlled, separately excited 
d.c. machine speed drives. These devices are basically 
incompatible in that the converter reverses power flow
by reversal of voltage while the machine does so by
reversal of current. The pulsating nature of the 
converter with regard to the sampling action and the 
problems associated with the onset of discontinuous 
current flow, also contributes to make converters 
difficult to analyse when used as part of a fast 
response, closed loop control system, and has 
subsequently led to numerous published papers 

investigating these difficulties.

Much of the recent work has concentrated on two 
fields of interest. First, the application of variable 
structure control systems (VSS) to variable speed drives 
[1], with all the inherent benefits of improved 
transient response and adaptive qualities. The latter 
ensures that when compared to purely linear systems, 
V.S.S. systems are much less sensitive to changes in
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system parameters. Second, the employing of 
microprocessors for direct digital control of thyristor 

drives, with all the benefits of lower component 
count,increased reliability, reduced size and added 
option of implementing fault and diagnostic monitoring 
(2,3,4,5,6].

One area of research which it was considered had 
not had sufficient emphasis, and for which there is an 
industrial need, concerns the control of transient 
torque in fast response speed drives. As early as 1964, 
K.G. Black [7] noted the effects of discontinuous 
current on motor performance, and gave as an example the 
main drive for a hot mill stand. Prior to the entry of 
strip into the rolls, the motor is running at roller 
speed, but drawing very little current. The impact load 
of the strip entering the rolls raises the torque to its 
rolling value. It is desirable that the speed drop 
following the impact load of the strip entering the 
rolls be small, and the original speed be recovered 
quickly. However, as the rectifier is almost certainly 
operating in the discontinuous current region, with its 
associated lower dynamic response, the speed drop will 
be larger than if the drive were operating in 
continuous current.

A further example can be found in the printing 
industry in the register control of web-fed roto-gravure
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printing presses.The ability of gravure to continuously 
print a web of material at speeds in excess of 500m/min 
in the multi-colour process printing of magazines and 
newspaper supplements is a tremendous advantage, but 
related to this capability is the need to control 
printing quality at these speeds. Quality in printing is 
largely a matter of placing several layers of ink on the 
surface of the material to be printed in succeding steps 
and always with the requirement that each laydown of ink 
be in exact relationship to every other from the first 
application to the last, and eight colour machines are 
not uncommon.This requirement has become increasingly 
important as the demand for high quality print grows 
more difficult to obtain as price competition demands 
lower costs through higher operating speeds

One method of maintaining register control at 
speeds of up to lOOOm/min takes advantage of web 
stretching characteristics, and is demonstrated in Fig. 
1.1. Two register marks, one the result of the 
impression of the first colour press, the other from the 
press under control, are used , with reference to the 
web speed, to generate a register error. A P.I.D. 
controller then acts on this signal to produce a web 
tension demand which is compared with an actual web 
tension feedback to produce a further error signal. This 
is operated on by a second controller to drive a low 
inertia D.C. correction servomotor used to adjust web
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tension by the adjustment of a compensator roller. A 
restriction that must be applied to the control loop is 
that the applied tension has both upper and lower 
limits, too much will cause a web break,and too little 
will cause creasing.lt should also be noted that the web 
material could be board or paper and so the system has 
to be capable of controlling tension over a wide 
operating range i.e. it could be envisaged that a system 
set up to control the tension of a process printing on 
board, when applied to paper, would result in control 
within the discontinuous current operating region, and a 
subsequent degradation in response.

In addition to the register control, speed control 
of the printing process must also be maintained, and it 
must be ensured that in drives used for this purpose, 
changes in speed error produce controlled changes in 
applied motor torque, thus preventing excessive web 
stretching or breakage.

The standard representation of a control loop, 
incorporating a four quadrant single phase converter 
supplying the armature of a separately excited d.c. 
machine for speed or torque control, ignoring thyristor 
firing circuitry is shown in Fig. 1.2. The design of 
such controllers for fast speed responses is complicated 
by the non-linear nature of thyristor converters in this 
application. This is particularly evident, as mentioned
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earlier, when the thyristor drive is operating in the 
discontinuous current mode, and during the transition 
from discontinuous to continuous current. The problems 
associated with the non-linear characteristics have been 
greatly overcome by the use of so called "circulating 
current” drives [8]. These can mainly operate in 
continuous current, thus avoiding many of the problems 
associated with discontinuous current operation. This is 
achieved at an additional cost because of the necessary 
isolating transformers, reactors to limit circulating 
current, and additional series inductance included to 
ensure continuous current operation over a wide 
operating range. However, the research to be undertaken 
by the author was to be primarily on "non-circulating" 
or "circulating current free" converters which require 
the use of the thyristor converter over its complete 
current range.

In many existing thyristor drives, the only 
restriction on current control is that the armature 
current should not exceed the rating of either the 
thyristors, or more often, the machine.So, some form of 
current limiting is present, but this does not come into 

operation for armature currents less than the current 
limit, and when it does, yields poor current-control 
dynamics in the transition region[9J. Therefore, 
although fast speed responses can be obtained, they are 
not done so with any regard for possible variations in
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motor torque produced in the machine, but for the 
knowledge that the maximum steady state torque that can 
be applied is that value associated with the rated 
armature current (assuming maximum field current).The 
previous examples demonstrate the need for torque 
control in the paper and steel industries.

To ensure a suitable current response, which in 
general means little or no overshoot, the use of an 
internal current loop becomes essential. This can be 
used to determine the current limit, and also the shape 
of the current waveform when a P.I. controller is used 
within the current loop i.e. G2 (s) in Fig. 1.2. However, 
although the shape of the current waveform can now be 
controlled it cannot be expected to be the same for all 
operating conditions i.e. the response of the current 
loop to a step input is not independent of step size, as 
would be expected in a linear system. Chapter 5 will 
demonstrate that a step demand applied while the drive 
is operating in discontinuous current would not produce 

the same response as one applied in continuous current, 
and step demands applied in different parts of the 
discontinuous range would also produce differing 
responses. Therefore, as shown in the first example, the 
drive when working in continuous current would exhibit a 
faster response.

As will be demonstrated in Chapter 3, the
7



determination of the converter gain as a steady state 
value is not difficult in continuous current, but 
becomes extremely tedious in discontinuous current. 

Therefore, a software model was developed to determine 
the steady state gain of a single phase converter as a 
function of firing angle, over the complete operating 
range. The purpose of the model was that with an 
accurate knowledge of the gain variation, it was hoped 
an adaptive scheme would be developed which would act 
to linearise the gain of the converter thus enabling 
good current loop responses, as near as possible 
identical over the complete operating range.

Chapters 3 to 6 will demonstrate how a software 
model of the complete current loop was derived, and how 
this was used, with the aid of the gain characteristics 
also produced by a digital computer simulation, to study 
different methods of improving current loop response in 
single phase converter drives. Chapters 7 and 8 will 
then cover the practical implementation of one adaptive 
scheme, comparing the results with a standard commercial 

"linear" drive , demonstrating how it has improved the 
response in a number of ways.

Chapter 9 will describe the development of a 
computer model of a speed loop used for the comparison 
of linear and VSS speed controllers, which can allow 
further analysis of the earlier work by the inclusion of

8



either a linear or adapted current loop. Finally, 
Chapter 10 will offer conclusions and possible further 
work, but first. Chapter 2 will a description of the 
relevant key features of thyristor drives.



CHAPTER 2
The Principles of Phase Controlled Thyristor Converters

The purpose of this chapter is to cover the 
principles of the operation of phase controlled 
converters relevant to the work described in later 
sections.

2.1 The Operation of a Converter Supplying a Passive 
Load

The action of controlled rectification, which in 
this application refers to the control of the power 
applied from an a.c. supply to a d.c. machine, can be 
demonstrated in Fig. 2.1(a). The circuit shown 
represents the thyristor bridge configuration for a 
single phase drive supplying the armature of a 
separately excited d.c. machine. The thyristor will 
remain in a high impedance state until both the anode(A) 
and the gate(G) terminals are positive with respect to 
the cathode(K) and a positive signal is applied to the 
gate. The device will then enter its low impedance state 
and remain so until the anode-cathode current falls 
below a holding current, Ih .

When the motor is at "standstill", the armature of 
the machine can be considered as a resistive-inductive 
load, but initially consider the latter as purely
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resistive. For an a.c. source voltage, the applied load 
voltage, for some firing angle delay, a, is shown in Fig. 
2.1(b). At time t equal to ti , the thyristors Ti and T< 
are turned on, and the applied voltage is then the a.c. 
source voltage, less the device forward voltage drops, 
which can be considered as negligible in comparison with 
the supply voltage. As the load is resistive, the load 
current is proportional to the load voltage, and as the 
current falls below the holding current, Ih, at t equal 
to t2 , the thyristors turn off. Conduction is then 
inhibited until ta, when the thyristors, T2 and Ta, 

which are now forward biased are turned on, and the 
process is repeated. By varying a from 0 to 180*, the
average load voltage can be varied from its maximum
value to zero.

If an inductive load is now considered, the 
characteristics of the circuit change considerably as 
the load current no longer follows the terminal voltage.
Assuming conduction begins at t equal to ti, as shown in
Fig. 2.2(a), supply voltage is applied to the load, and 
current flow begins, but now determined by the 
time constant of the resistance and inductance. At time 
t2 , when the thyristor pair is reverse-biased, the 
stored magnetic energy in the load is consumed by 
maintaining a decaying forward current preventing device 
turn-off. This condition continues until t equal to ta, 
when forward current falls below, Ih. Conduction

11



recommences when the alternate thyristor pair, which is 
now forward biased, is turned on at t equal to t < .

The circuit's action can now be analysed and for 
simplicity the following is assumed;

i ) a device acts as a perfect switch in that it has

negligible voltage drop when conducting, and has
infinite impedance in the off-state.

ii) turn-on and turn-off occur instantaneously.

iii) the supply impedance is negligible.

iv) the devices have a negligible holding current, 
and so turn-off at zero current.

'W

Therefore, if R is the armature resistance,!, the 
armature inductance,vs, instantaneous supply voltage,V m , 

peak supply voltage, i, the instantaneous current,and w, 
the supply frequency in rad/s, as shown in Fig 2.2(b), 
then,

vs = Vm .sin(w.t) 2.1
= i. R + L . ̂  2 . 2

dt

which can be solved to give [11],
12



i = VM.sin(w.t - ©z)+ A.exp(-R.t) 2.3
wL

where A is an arbitrary constant, and

Z = y  R2 + (w.L)2 2.4

02 = atan(w .L ) 2.5
R

As i is equal to 0, at a equal to wt, then [11],

i = Vm_ [sin(a - 0z ) - sin(ai - 0z ) . exp(R(«i - <x) ) 1 2.6
Z wL

Also, as i is equal to 0, at a equal to wtz, then [11],

sin («2 - 02 ) = sin(«i - 0z ) . exp(R(o(i - 0(2 )) 2.7
wl

In the example described so far, the current 
waveform is discontinuous, and the average terminal 

voltage, Et , is,

0C2
E t = 1 . I* Vm . sin(w. t) . d(w. t)il

(Xl

13



= VM_[ COSOCl - COS«2 ] 2.8
ÏÏ

and as «2 is a function of (Xi and Z, the load voltage is 
load dependent.

As the firing angle is reduced, a point is reached 
where the stored energy in the inductance is sufficient 
to maintain current flow until the incoming thyristor 
pair is fired, and continuous current commences, as 
shown in Fig. 2.3(a).

The current just becomes continuous when.

«1 = atan(w.L) 2.9
R

and the associated turn-off angle,«2 , is given by.

tt2 = oci + ÏÏ 2.10

The average terminal voltage is now given by.

Et = 2Vm .cos«i 2.11
ÏÏ

i.e. for continuous current, Er is uniquely defined by 
the firing angle, oc, and is independent of the load.
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As the firing angle is reduced further, the current 
waveform remains positive at all times, even when the 
conducting thyristor pair has a negative applied 
voltage, as shown in Fig. 2.3(b). At this point, 
however, the non-conducting pair is forward biased, and 

if suitable gate pulses are applied, the conducting pair 
is reverse biased and turns off. Assuming a zero source 
impedance, and perfect devices,current transfer is 

thoeretically instantaneous.

To demonstrate the range of operation when the 
drive is in continuous current, consider the theoretical 
case where the armature inductance is infinite, thus 
maintaining a ripple free, constant amplitude current. 
Figs 2.4(a) to 2.4(c) demonstrate the associated steady 
state current and voltage waveforms as the firing angle 
is varied from 0 to 90*. As before, the supply impedance 
is assumed to be zero. A more detailed analysis can be 
found in either Pelly[8], or Pearman[10], but the key 
points are;

i ) controlling a from 0 to 90*, produces a mean 
d.c. terminal voltage from a maximum positive value 

to zero. This can be verified by inspecting Eqn 
2.11, putting <x equal to 90*.

ii) as the firing angle is varied from 0 to 90* the 
power supplied from the a.c. source varies from a

15



maximum value to zero. This can be verified by 
considering the phase delay, 0, between the supply 
voltage and the fundamental of the supply current. 
At a equal to 90*, this is also 90*, and so no 
power transfer occurs.

i.e. Power = Vm .I.c o s (0) W 2.12

iii) the ripple content of the output voltage is 
increased by delayed firing.

After a equal to 90*, discontinuous current will be 
present in the load.

2.2 The Operation of the Converter Supplying an Active 
Load

When the thyristor converter supplies the armature 
of a separately excited d.c. machine, the load is no 
longer a passive one, but in addition to resistance and 

inductance, a generated emf, proportional to speed, is 
also present. Consider the case where the converter is 
supplying positive current and terminal voltage, 
producing a "positive" armature torque , "positive" 
shaft speed, and a positive generated emf, E, i.e. the 
motoring condition.

As shown in Fig. 2.5(a), if er is the instantaneous
16



terminal voltage, the armature voltage equation is now.

er = L .^  + i.R + E 2.13
dt

In the previous case, where the emf was zero, 
conduction could commence, assuming a suitable firing 
angle was applied, as soon as the instantaneous supply 
voltage was greater than zero. Now, however, if the 
converter is not already passing current, the earliest 
point conduction can begin is when vs is greater than 
the emf, E. If this firing angle is aoN, then.

«ON = asin( E ) 2.14
Vm

With zero E, discontinuous current could begin at 
any instant upto 180* (ignoring source reactance). 
However, as the emf increases, the limit of this "zero 

current" firing angle, ocoff, decreases, where.

«OFF = ÏÏ - asin( E ) 2.15
V m

The resulting circuit operation for these values of 
a can be seen in Figs 2.6(a) to 2.6(c), and with 
reference to the former, from <x equal to ai to a equal 
to « 2 , the terminal voltage is the associated supply

17



voltage. It can be shown [11] that the armature current 
is now given by,

i(«) = [ cos6z.sin((x - 0z ) - E_
R Vm

+ [ L  - cos0z.sin(ai - 0z ) 1 . exp (-(« - (Xi ) ) ] 2.16
Vm tan0z

As the current is discontinuous, i is equal to 0 at a 
equal to «i and a equal to a z , and it can be shown [d] 
that,

[ E_ - cos0z.sin(ai - 0z ) 1.exp( « 2 ) 
Vm tan0z

= [ E_ - cos0z.sin(ai - 0z ) 1 . exp ( (Xi ) 2.17
Vm tan0z

To determine (Xz for any value o f  (Xi in 
discontinuous current, a numerical solution of the above 
must be obtained.

The average terminal voltage is now given by.

Et = VMy(cos«i - cos«2 ) + (ÏÏ - B ).E 
ÏÏ ÏÏ

Vm . ( cosai - cosaz + L * ( ^  - G) ) 2.18
ÏÏ Vm

18



where,

B = «2 - ai 2.19

The average armature current is given by.

I = (Et - E ) 2.20
R

S o ,

I = 1 ♦r Vm .(cosai - cosaz + E. (ÏÏ - fi)) - E
R.ÏÏ Vm R

= Vm [ cosai - cosa2 - E_.(az - ai) ] 2.21
ÏÏ.R Vm

It can be seen that for continuous current, as 
before,

ET = 2.Vm .cosai 2.11
n

and the average armature current is given by.

I = Vm  ̂ ( 2cosai - E_ ) 2.22
R1Ï Vm

Therefore, it can be seen that the average terminal 
voltage in continuous current is a function of the 
firing angle only, and is independent of the load, but
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when in discontinuous current, the average voltage is 
now a function of 0(2 ,R,L and E and is load dependent. 
Provided continuous current can be maintained, the range 
of firing angle operation is nearly 180*, but once 
discontinuous current begins, the operating limit is 
aoFF, where aoFF was defined in Eqn 2.15. For continuous 
current at firing angles greater than 90*, regenerative 
braking is present i.e. as opposed to dynamic braking, 
where the stored energy is dissipated in a resistor, 
energy is removed by returning it to the source.

Now, consider the case where the generated emf is
negative, as would be present in a motor undergoing
speed reversal and regenerative braking.For such a 
situation, the diagrams of 2.4(a) to 2.4(c) can be 
extended as in Figs 2.7(a) to 2.7(c), with the same 
conditions as before.

Once again a full analysis is found in either
Pelly[8] or Pearman[10] but the key points are;-

i) when the converter is operating in continuous 

current in the range from 90 to 180*, the average 
d.c. terminal voltage varies from 0 to a maximum 
negative value.

ii) in the range of firing angles from 90 to 180*, 
the converter is operating in the "inversion" mode.
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It is deemed so because the net transfer of power
is from the d.c. load to the a.c. source, which can
be verified by noting that the supply current
fundamental lags the supply voltage by more than
90* , therefore making cos(0) in Eqn 2.12 negative.

Figures 2.8(a) to 2.8(c) show the operation of the
converter with a negative emf for the three different 
values of a. It can be seen that in continuous current,
because of the need to allow time for natural
commutation to occur, the range of a is slightly less 
than 180*. However, for discontinuous current, the range 
of alpha is now greater than 180*. In fact, for the
theoretical case where E is equal to -Vm , a range of
270* is possible.

Equations 2.18 and 2.21 derived for the case where 
E is positive still apply, and as before,when the
current is continuous, the average terminal voltage is a
function of the firing angle only, but when 
discontinuous current is present the terminal voltage is 
again load dependent.
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2.3 The Application of Converters for the Speed Control 
of D.C. Machines

2.31 The Dual Converter

The simplest and most economical form of thyristor 
drive used for speed control is the so called one

quadrant drive, as shown in Fig 2.9(a). The drive is 
capable of speed control in one direction only, and is 
not capable of regenerative braking. The next stage of 
development is the two quadrant drive. Fig 2.9(b), which 
although only capable of uni-directional control, is now 
also capable of regenerative braking. A problem with
regard to speed control of both these types of drive can 
be described as follows. Consider a d.c. machine under 
control at some speed, producing a generated emf, Ei ,
and operating with some firing angle , a, capable of
producing sufficient current to overcome friction. 
Should a reduction of speed demand now occur, there will 
be a subsequent increase of a, producing a reduction in 
the mean output vpltage of the converter. At some point 
current flow will become discontinuous, and eventually 
cease altogether if a is sufficiently increased. The 
output voltage of the converter will then equal E i , and 
all the thyristors will be reverse-biased.

Assuming the motor to be under load, it will now 
slow down, causing a decrease in E, and eventually
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conduction will recommence. A balance is eventually met 
whereby the power output of the converter matches the 
mechanical load of the shaft. Such an operating 
condition, where the motor speed drifts down under the 

influence of the load, is often intolerable. Ideally, 
the motor should be under control at all times, and in 
these cases, four quadrant control, as shown in Fig. 

2.9(c), is necessary, which allows bi-directional 
current and regenerative braking in both directions.

Although such control can be obtained by field or 
armature current reversal [8,10] the most efficient 
means of obtaining four quadrant operation is by the use 
of dual converters. The letters* response is much faster 
than other methods of converter control, but requires an 
additional cost due to the necessary complexity of 
control.

A dual converter consists of two similar converters 
"facing in opposite directions" i.e. the d.c. terminals 
are connected in reverse parallel, as shown in Fig. 
2.10(a). With the drives connected in this way, current 
flow from one or the other, which does not flow in the 
load circuit, must be eliminated or at least restricted. 
This circulating current can be restricted by paralling 

the devices through reactors (circulating current 
connection), or by ensuring that only one converter is 
capable of passing current at any instant. The control
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principle of the former is that the firing angles are
regulated so that the mean d.c. voltages are always
equal; and of the correct polarity i.e. when one 
converter acts as a rectifier, the other acts as an 
inverter, as in Fig. 2.10(b). In practice, if the firing 

angles of converters are controlled in this manner, then
although the mean d.c. terminal voltages of the two
converters are equal to one another, there are 
inevitable instantaneous differences between the a.c. 
ripple voltages. As this could theoretically cause 
infinite circulating ripple current, the use of the 
previously mentioned limiting reactors is essential.

Some advantages and disadvantages of the two 
methods of control are shown in Table 1, which is mainly 
derived from [12]. The use of non-circulating drives is 
now more common, offering a cheaper and more efficient 
system, and although bridge switching control is more 
complicated, present trends in micro-electronic 
development are reducing further the cost of such 

controls. Table 1 does , however, mention the 
unacceptability of the dead-time on bridge switch-over, 
which is present in non-circulating drives. This problem 
was overcome by Castell [13] who successfully used a 
system that allowed circulating current to flow during 
bridge changeover, thus eliminating dead-time. However, 
during other periods only one bridge was allowed to 
operate. Therefore, a more efficient system was obtained
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compared with a circulating current drive, but the 
problems associated with discontinuous current operation 
were not avoided.

2.32 The General Control Scheme

The armature of a d.c. machine presents a very low 
impedance, active load to the thyristor converter. If 
precautions are not taken, sudden changes in speed 
demand can result in associated current demands, in 
excess of the commutation capabilities. Therefore, some 
form of armature current limiting is essential, and this 
is accomplished by one of two methods i.e. either 
"parallel" or "series" control.

The parallel system, as shown in Fig. 2.11, 
utilises two parallel control loops. The speed loop 
which is in control below current limit contains a 
tachogenerator (8),speed controller (1), dual converter 
(5), and d.c. motor (7). The current loop which takes 
control at other times, consists of an alternating 
current current transformer (4), current controller (2), 

dual converter (5), d.c. motor (7) and a non-linear gain 
element (3). The latter has zero gain below a current 
limit, and high gain above it. This form of control 
permits optimisation of the speed controller [4] but 
yields poor current control dynamics in the transition 
region. The system is used for low power, low inertia
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servo drives where very fast speed responses are 

necessary and a considerable current overshoot is 
acceptable [9,14].

The series controller, as shown in Fig. 
2.12,consists of an external speed control loop, which 
is very similar in operation to that used in the 
parallel system, whose limited current demand (2) is 
superimposed on a subordinate current loop. Current 
control is continuous, and this type of system allows a 
smooth and continuous transition from speed control to 
current control and vice-versa, thus making it ideal for 
the applications described in Chapter 1. The operation 
of the current limiter (2) can also be adapted to allow 
for a temporary current limit, often twice the rated 
armature current.

2.33 The System Under Control

Non-linearities such as armature reaction, 
saturation, commutation, eddy currents and brush drops 
[4], make d.c. machines extremely difficult to model 
accurately. However, for constant field current, a 
relatively simple model is sufficient.

The expression for the terminal voltage in the 
armature of the separately excited d.c. machine has 
already been introduced as Eqn (2.13),
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er = i.R + L . + E 2.13
dt

w h e r e ,

E = Ka .0F.n 2.23

a n d  K a is t h e  p r o p o r t i o n a l  c o n s t a n t ,

0F is the effective field flux, 

n is the machine speed in rad/s.

T h e  m o t o r  t o r q u e .  T e , is p r o p o r t i o n a l  t o  a r m a t u r e  

c u r r e n t ,  a s s u m i n g  f i e l d  c u r r e n t  c o n s t a n t ,  a n d  is g i v e n  

by,

T e = K A . 0 F . i  2 . 2 4

= K t . i 2 . 2 5

w h e r e ,

K t = K a . 0 f 2 . 2 6

Friction in the motor is a non-linear effect [15]
but is normally approximated by splitting it into two
terms, the viscous friction,F, which is speed
dependent,and static or coulomb friction. Viscous
friction is defined such that the associated friction
torques are proportional to the speed. Coulomb or static
friction is a speed independent term and will be assumed
to be part of the load torque, T l .
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Therefore, the torque balance equation is,

T e = T l + F.n + J .dn 2.27
dt

where J is the moment of inertia of the armature.

In the Laplace Domain, equations 2.13, 2.24, 2.26
and 2.27,can be represented as,

vs(s) = E(s) 4- R.i(s) + L.s.i(s) 2.28
E(s) = Kt .n(s) 2.29

T e (s ) = T l ( s ) + F.n(s) + J.s.n(s) 2.30
Te(s) = Kt.i(s) 2.31

So ,
i (s ) = V s (s ) - E (s ) 2.32

R + s . L

n(s) = T e (s ) - T l (s ) 2.33
F + J . s

Therefore, the block diagram representing the motor 
transfer function is shown in Figure 2.13. For a system 
using a series current loop, the complete block diagram 

as shown in Figure 1.2 can be derived.

The modelling of the thyristor converter will be 
discussed in later chapters.
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2.4 Associated Practical Problems

2.41 Thyristor Firing Circuits

The standard method of turning on a thyristor is to 
apply a voltage pulse of sufficient amplitude and 
duration, when the device is forward biased. The gate 
pulse must have a fast rising edge, typically less than 
Ips, or during current build-up a transient high power 
dissipation can occur around the gate area. The pulse 
should also be wide enough to ensure that the armature 
current can rise above the thyristor "latching" level in 
the presence of inductive loads. A further restriction 
is that the firing circuits must be isolated because of 
high circuit voltages, and in order to use pulse 
transformers which are sufficient for all requirements, 
a train of short pulses is provided , instead of one of 
longer duration i.e. "multi-pulse firing".

2.42 Thyristor Protection

Although thyristors are extremely reliable and 
efficient devices, in this type of application they must 
be protected from excessive stresses in their conducting 
and blocking states. These can be summarised as 
foilows; -

i) localised junction heating during device
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switch on, because of the high rate of rise of 
current, can be destructive if adequate cooling is 
not provided (normally in the form of heatsinks).

ii) voltage transients produced by switching 
disturbances can cause unwanted switch-on due to 
excessive anode-cathode voltage or excessive rate 
of rise of voltage. These problems are removed by 
the use of RC "snubber " circuits and non-linear, 
voltage dependent resistors across the devices 

[16] .

iii) device dissipation during excessive current 
flow is approximately I^.t W [10]. Therefore, for 
device protection against short circuits or current 
loop instability, fuses with a lower I^.t rating 
than the device are used.

2.43 Thyristor Timing Ramps

Initially consider the operation of one half of the 
dual converter. In order to implement phase control of 
thyristor converters, a timing ramp must be generated 
which is synchronised to the supply voltage. The output 
of current controller is then compared with this 
waveform and when the former is of greater magnitude, 

multi-pulse firing occurs, as shown in Figs 2.14(a) and 
2.14(b).
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As shown previously, when the drive is operating in 
continuous current, in the ideal case the firing angle 
range is almost 180*. For discontinuous current 
operation of a converter driving a load with a positive 
generated emf, the firing angle is between the two 
limits of firing angle «on and « o f f  where the latter 
were defined in Eqns 2.14 and 2.15, and as shown in 
Figure 2.6(a), thus the maximum range is 180* at E equal 
to 0 V. Normally, current would become continuous before 
0(0 N , however, for motors with a low armature inductance, 
the current range can be mainly in the discontinuous 
mode. For this type of application where the machine is 
running at speed, multi-pulse firing again becomes 
essential. This can be demonstrated by considering the 
case where the machine is operating at speed with a 
large positive value of E, as shown in Figure 2.6(b).

The current generating capability will fall off 
with speed and so should a large load change occur, the 
current control loop might drive a beyond the 0<o n point. 
If single pulse firing is present, conduction during 
this half-cycle would be lost, but for multi-pulse 
firing, conduction will begin at aon .

When discontinuous operation for negative emfs is 
considered, the firing angle range is extended. Under 
these conditions, the maximum theoretical limit is given 
by Eqn 2.15, for E equal to -Vm , and is 270*.
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As mentioned earlier, the description so far is 
only for one half of the dual converter, which shall be 
considered as that drive generating positive current. 
The timing waveforms for the negative current bridge are 
the inversions of those needed for positive current, and 
both are shown in Fig. 2.15.The inversion is necessary 
due to the nature of the current control loop, where the
action of the current error signal on the current
controller can produce a firing angle range, 
represented by a circuit voltage, in the range of + V r

(where V r is the control voltage limit which is taken to
be lOV), and the value of current produced will depend 
on the selected bridge. This will be fully demonstrated 
in the chapter covering the current loop model 
development.

2.44 The Effect of Source Reactance on Rectifier 
Performance

In the description so far, the impedance of the 

a.c. lines has been ignored for convenience. Generally, 
this would consist of the reactance of the distribution 
transformer and any associated cabling, and for a 
"stiff" system could be ignored. However, if the supply 
is not stiff, the effects of the converter performance 
in continuous current can be explained with reference to 
Figure 2.16 [17].
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Consider the case where thyristors Ti and T4 are 
conducting, supplying power from an a.c. source through 
the line reactances Xi and Xz as shown , and the current 
controller requires a firing angle ,a. In the absence of 
supply impedance, the transfer of current from Ti and 
T4 , to Tz and T3 would only be governed by the time 
needed for device turn-on, and Ti and T4 would then 

switch off due to natural commutation. However, in the 
presence of line impedance, current reversal cannot 
occur simultaneously, and for a period, p, all bridge 
thyristors will conduct. The instantaneous supply 
voltage appears across the line inductors in such a 
direction as to build up the current in Tz and T 3 ,and to 
decay it in Ti and T4 . The period of overlap is smallest 
when this voltage is at its maximum value i.e. a equal 
to 90*. As all thyristors are conducting, the load 
voltage is negligible i.e. the sum of the forward 
voltage drops for two devices.

The effect on converter operation with overlap, in 
comparison to that without, is developed in Mazda[12], 
but can be summarised as follows;-

i) the mean d.c. terminal voltage for any angle a 
will be reduced, as a portion of the terminal 

voltage for the duration, p, has been removed.

ii) the input voltage to the converter is no
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longer sinusoidal but is now distorted. This has 
important consequences for the timing ramp 
generation, as will be shown in a later section.

iii) the overlap reduces the so called safety 
angle, where the latter is defined as the "time" 
remaining in a half-cycle for current transfer 
between thyristor pairs to occur, 
i.e.

ocs — 180 — (X — p 2.34

as reduces as a is increased and if care is not taken
commutation failure can occur for greater values of a.
Consider the case where the control loop requests a 
firing angle a, which is almost at the end of the half
cycle. As the instantaneous supply voltage is low, the 
overlap, p , will be longer and so transfer of control 
cannot occur until a+p, as demonstrated in Fig. 2.17. 
This puts an additional constraint on the firing angle 
range in continuous current, and necessitates the use of 
an "end-stop" firing angle. To ensure that sufficient 
time is always allowed for commutation, the range of 
permissible firing angles is reduced by at least p.

In many applications, the shape of the timing ramp 

is altered to that in Figure 2.18, thus ensuring that 
firing can only occur in the permissible range [12].
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This does of course also limit the discontinuous current 
action, where the problem of overlap does not occur. 
Therefore, in this study the application of the end-stop 
only occurs in continuous current, being applied 
digitally, and in discontinuous mode the ramp range of 
270* is maintained.

Although an end-stop will be included as part of 
the design throughout this work, the effect of overlap, 
or commutation angle will be ignored for simplicity. 
However, the effect of the commutation angle can be an 
important factor in the determination of stability 
boundaries of systems with large source impedance, and 
was well documented by Sucena-Paiva [18].

2.45 Use of Phase Locked Loops for Ramp Generation

As indicated by Haggerty [19], the a.c. source 
voltage may have high voltage transients caused by 
switching and other disturbances on the line, and it may 
have notching and distortion of the 50 Hz sinewave as a 
result of itself and other locally operating converters. 
The necessity to ensure that thyristors are protected 
against such hazards has already been mentioned, and it 

must also be ensured that such distortion does not 
affect the electronic control circuitry supply rails. 
However, the most drastic consequence such distortion 
can have is to corrupt the timing ramp generation, thus
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possibly causing early thyristor firing resulting in 
high armature current and blown fuses.

Hazell and Flower [20] extended the work done by 
Ainsworth [21] into harmonic instability, which was 
noted to cause considerable difficulties in high voltage 
a.c. to d.c. conversion schemes. The former described 
the discrete interaction between the thyristor bridge 
controller and the a.c. system via its timing loop. This 
is because in a system nominally synchronised with the 
supply, the firing pulses are generated by the 
relationship of a d.c. level to a firing angle directly 
derived from the supply line waveforms. However, if 
perturbations in the d.c. output are reflected into the 
line voltage owing to line impedance, it may also be 
possible for these perturbations to "simulate a 
sympathetic variation in the trigger voltages, with 
consequent system instability."

In order to improve the system stability the timing 
waveforms in the practical system of this thesis are 
derived by the use of a phase locked loop control 
circuit.The actual design used was one developed by the 

sponsoring company, similar in concept to that proposed 
by Bose and Jentzen [23], but based on an idea developed 
by Daniels and Lipczynski[24].

The system works on the principle that the phase
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locked loop (PLL) circuit tracks the fundamental 
component of the distorted source voltage, using a type 
1 loop filter to maintain zero phase error,and its block 
diagram is shown in Figure 2.19. The timing waveforms 
are generated using the voltage controlled oscillator 
output of the PLL and as the fundamental of the supply 
changes, so does the period of the timing waveform, and 
the problems due to distortion and transients in the 
supply are greatly removed. Should the distortion of the 
source voltage become such that the loop cannot track 
the fundamental component, the drive is automatically 
switched off in a controlled manner.

2.46 Motor Rating and Armature Inductance

The rating of a motor is determined according to 
the permissible heating losses on full-load, and is 
specified in terms of the rms values of the armature and 
field currents. If a ripple current is present the rms 
value of the current waveform exceeds its average value 
for the same generated torque, the heating losses are 
increased, and so the the motor must be de-rated.

As the armature inductance decreases , as it does 
with smaller machines, the peak value of the current 
rises, and the rms value increases for the same average 
current. This can lead to commutation difficulties and 
motor de-rating. To compensate for this effect, series
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armature inductance is often included, which also tends 
to increase the change in gain between continuous and 
discontinuous current, thus further degrading the 
dynamic performance in the latter mode. Therefore, in 
order that the machine used for research should not be 
atypical, and also to ensure that the study was on a 
"worst case" condition, series inductance was added to 

the experimental system.
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CHAPTER 3
The Development of a Model to Determine the Gain of a 

Phase Controlled Thyristor Converter

3.1 Design of Closed Loop Control Systems incorporating 
Phase Controlled Thyristor Converters

The design of a closed loop control system 
incorporating a thyristor converter is often simplified 
by considering the thyristor power amplifier to be 
represented at all frequencies by its d.c. gain, and 
having no significant phase response. Under these 
conditions, the gain of the converter, Ka , is defined as 
the rate of change of average terminal voltage with 
firing angle, a, and can be shown (Appendix 1) to be 
equal to.

dEr = -2 .Vm .sin(g) 3.1
da ÏÏ

When, the relationship between the control voltage 
from the current controller and Ex is considered then.

dEx = 2 .Vm .sin(ÏÏ.vc) 3.2
dvc V r V r

where, V r is the peak timing ramp voltage. The gain of 
this type of system can therefore be seen to be non
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linear, but this non-linearity can be removed by the use 
of "cosine" timing ramps (Appendix 1).

Such an analysis is adequate for so called "low 
bandwidth" systems, where the natural frequency is low 
compared with the sampling frequency. However, where 
faster loop responses are necessary, as in the use of an 
inner current loop to regulate the armature current 
transient response in a machine speed drive, then the 
non-linear sampling nature of the thyristor amplifier 
must be considered, and considerable research has been 
undertaken to develop suitable design principles.

Parrish and McVey [25] suggested that for a system 
where the bandwidth was small compared to the sampling 
frequency, the thyristor converter could be represented 
in a worst case analysis as a sampler and partial zero 
order hold, which reduces in the frequencies of interest 
to a transport delay element with a constant d.c. gain.

Fallside and Farmer [26] studied the concept of 
ripple instability in closed loop control systems 
containing thyristor amplifiers. The latter is a 

discontinuous element, where the input control signal 
can only control the output at discrete instants of time 
producing step changes in terminal voltage, which are 
high in ripple or harmonic content. In simple "low 
bandwidth" systems, loop filtering is such that the high
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ripple content is sufficiently filtered to be ignored. 
However, in amplifiers with a high speed of response, 

significant ripple can be fed back to the input, and 
under certain conditions, self oscillations or "ripple 
instability" can occur at subharmonics of the ripple 
frequency. The authors developed the use of describing 
function techniques to analyse the converter operation, 
and formulated a design technique which assumed the 
amplifier could be represented by its d.c. gain, Ka , at 
all frequencies, provided adequate, defined, phase 
margins were present at the subharmonic frequencies. The 
most important of all the subharmonics being that at 
half the supply frequency, the latter oscillation 
beginning at a determinable critical gain, which 
obviously must be avoided at the design stage.

Hazell and Flower [27] furthered the analysis of 
such systems by studying the general time domain 
properties of thyristor bridge amplifiers and proposed 
that the zero order hold model provided an excellent 
"worst case" tool for investigation of the stability 
properties of thyristor bridge control systems, for 
frequencies less than the supply frequency. However, 
they contradicted the work of Fallside, who assumed that 
the system could be separated into the thyristor bridge 
and a continuous system, and argued that there is no 
true continuous system equivalent, and that the z.o.h. 
model should be used as part of a design based on z-
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transform techniques. This method has no bandwidth 
restriction, but has the disadvantage that it is 
difficult to design.

These methods of design, however, all assume 
continuous current and do not apply to discontinuous 
current, but as the control signal, v c , is reduced , at 

some point there will be a transition from continuous to 
discontinuous current with an associated abrupt 
reduction in gain. The gain of the converter will then 
be a function of turn-on angle, ai , turn-off angle, cxz , 
generated emf, E, armature resistance, R, and 
inductance, L, and so it can no longer be simply 
linearised by an alteration of the timing ramps. Yet for 
machine drives of 10 H.P. or less, single phase drives 
are often used, and a significant part of their 
operation is in discontinuous current. Therefore, an 
understanding and improvement of the operation in this 
mode is also important.

In order to demonstrate the effect the change in 
gain can have on transient performance. Figs 3.1 and 3.2 
show the transient response of the armature current 
control loop of a speed drive, for two values of step 

demand. The first is for a 20A continuous current step, 
the second for a 2A discontinuous step. All system 
parameters were identical, only the step sizes were 
different, and yet a noticeable difference in response
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can be seen.

Castell [t3] analysed the operation of a two pulse 
thyristor converter for small perturbations of firing 
angle, and concluded that the z.o.h. model was not valid 
in continuous current. In fact it was shown 
theoretically and practically that in continuous 
current, the thyristor converter has constant gain and 
zero phase shift. However, phase shift and gain 
variations do take place in discontinuous current when 
the load is considered in conjunction with the 
converter, as it will be in the analyses in this and 
later chapters. For a worst case analysis, the phase 
shift is linear with frequency, having a value of 180* 
at the sampling frequency i.e. 100 Hz. The gain, however, 
can be considered approximately constant for values upto 
a quarter of the sampling frequency. Therefore, the 
converter and load may be considered as a fixed gain and 
pure time delay, for low frequencies, as proposed by 
McVey, but only for discontinuous current. A further 
limitation is that the latter is only valid for small 
perturbations about a firing angle, and it is well known 
that the d.c. gain in discontinuous current is a non
linear function of the firing angle.

3.2 Development of a Suitable Model

As a first step in the development of a computer
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simulation of a thyristor drive for the design and 
testing of suitable control strategies, a model of the 
thyristor converter was produced. This generates the 
gain characteristics of the device in both current 
modes, an understanding of non-linear discontinuous gain 
being especially important if the poor response in this 
region is to be improved.

As already shown, the gain of the converter is 
given by the ratio of the change in average terminal 
voltage for a change in firing angle. Bqn 2.8 shows that 
in order to determine the average voltage, the turn off 
angle, a a , for the corresponding turn on angle, (Xi , must 
be found. In continuous current this is simply 180* 
later, but in discontinuous current it is dependent upon 
ai,E,R,and L. In Chapter 2 it was shown that (Xa can be 
found by a numerical solution of Equation 2.17. 
Alternatively, a re-arrangement of Eqn 2.13 with 2.1 
substituted gives.

di = 1_. ( V m . sin (wt ) - E - i.R) 3.3
dt L

which can be solved using a numerical integration to 
determine the instantaneous current, i, in the armature, 
from which «a can be found as i becomes zero, or re
firing occurs. However, it is also important to 
determine the gain of the converter and armature
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combined. Therefore, it is necessary to obtain the 
average current, which is easily found by a further 
integration of the instantaneous current. The latter 

method was therefore chosen as the basis for the 
computer model, as it would form the background for the 
development of a complete current loop simulation.

Certain assumptions were made concerning the
thyristor bridge before the commencement of the
development, so as to make the programme design simpler 
but still valid, and these were;

i) the input supply frequency would be sinusoidal 
and of any frequency and peak amplitude, but the
latter values would be assumed constant for the
duration of the programme run.

ii) the armature resistance and inductance can take 
any value, except zero, as the solution of Equation
3.3 would then cause irregularities. The values 
remain fixed during the programme run.

iii) the thyristors always operate in pairs, such 
that Ti and T4 conduct together, and similarly T2 
and Ta (see Fig. 2.1(a)).

iv) all thyristors are assumed to be perfect 
devices in that they have zero on-resistance,
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infinite off-resistance, zero holding current, 
instantaneous switching capability and no limit to 
the applied time rate of change of supply voltage. 
These assumptions have already been made in 
obtaining the converter Equations developed so far.

v) multi-pulse firing of thyristors is assumed.

vi) the generated emf is assumed constant for the 
duration of the programme run. As described in 
Chapter 2, a dual converter was to be used so as to 
allow four quadrant speed control of the machine. 
However, as only one converter is operational at 
any instant, it is only necessary for the model to 
simulate one converter. In a dual converter system, 
the only difference in circuit parameters between 
the incoming and outgoing converters during a 
bridge switch is an effective reversal of generated 
emf, and a change in current flow,but this is of 
course zero at switch-over.

vii) the supply is assumed to have zero line 
impedance, thus problems produced by thyristor 
commutation due to line impedance are ignored. 
However, it should be noted that supply impedance 
cannot always be ignored, and additional inductance 
is often included in supply lines to either limit 
surge currents in the event of commutation failure,
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or reduce corruption of the supply to other local 
users. Either of these uses will result in an 
increase in the "overlap" period, during which the 
terminal voltage in a single phase converter 
becomes zero, as shown in Chapter 2. This 
commutation effect can have an influence on 
stability, and was thoroughly investigated by 
Sucena-Paiva [18].

The model represents the action of one converter 
only because of the reasons described in assumption vi. 
Therefore the "positive" current converter will be 
chosen for simplicity. If at any point the integration 
of Equation 3.3 produces a negative current, conduction 
will have ceased due to the current falling below the 
holding value. In, and the current will be set to zero.

The method of determining the current gain of the 
thyristor converter was to find the steady state average 
current, Iavi, for some firing angle, a , find the 
steady state average current, I a v 2 , for a small change 

in firing angle, a a , and then calculate the current gain 
as,

diAV = Ia V1 - Ia V2 3.4
da 0L3

This is then repeated for a number of values of a,
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to obtain a measure of current gain over the complete 

firing range.

In order to calculate the steady state average 

current for all current waveforms it is necessary to 

determine the current waveform which requires a 

numerical integration of Eqn 3.3. This involves the 

solution of some differential equation where the 

derivative of y with respect to x is equal to some 

function of x for a known initial condition of y equal 

to yo at X equal to x o . The solution of the general 

differential equation is given by,

XN
y ( x ) = y o +  f f ( x ) d x  3.5

xo

The value of the solution at x equal to xh is 

required. If (xh-xo) is large it is necessary to build 

up the numerical solution by finding the solution at a 

number of internal points x i , X2 , xa ,... x*-i. We can 

consider the problem of finding the solution at x equal 

to XI where the step length (xi-xo) equal to h can be 

regarded as small. The process can then be repeated to 

find the solution at x equal to X2 , and so on until the 

value X equal to xn is obtained. One of the so called 

"one-step" [28] methods shall be used for this analysis
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i.e. where the value of y at x r + i is found by using the 
known values at x r , and is the fourth order Runge-Kutta 
routine.

The R-K method is one of the most widely used 
methods of numerical integration, and is given by [29],

Ki = f(xR,yR) 3.6

K2 = f(xR + h/2, yp + Ki.h/2) 3.7

Ka = f(xR + h/2, yp + K2.h/2) 3.8

K4 = f(xp + h, yp + Ka.h) 3.9

X R + 1 = x p  + h 3.10

yp+1 - yp + h.(Ki + 2.Ka + 2.Ka + K4 ) 3.11
6

I.e.
i) take the first slope K i , go halfway across the 
interval, and determine the slope at this point.

ii) use this slope Ka at the start , go half-way, 
and determine the slope at this point.

iii) use this slope Ka at the start, and go all the 
w a y .
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iv) find the slope K4 at x r +i .

v) find the weighted average of Ki ,Ka ,Ka and K4 
and use this as the initial slope at x r .

vi) using this average slope, and the incremental 
step length, find y at x equal to x r +i .

This makes an excellent starting method but is not 
usually used to integrate an entire solution because of 
the lack of error control and the excessive 
computational labour. However, although the use of 
library routines using more complex numerical methods 
with built-in error checking routines was available 
(i.e. the NAG Library ) the R-K method described was 
used because of the continual discontinuities present in 
this application, for which R-K is ideally suited. 
Faster run-time, and experience of use at the 
University,were additional advantages and the R-K 
equations were a not too significant part of the total 
programme. The R-K method is also very good for 
extending to a series of simultaneous equations as 
obtained where an nth order system is represented by n 
first order differential equations, as used in state 
space analysis, and described in later chapters.

Previous work by Maslen [1] into the control of 
separately excited d.c. machines by microprocessers had
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suggested the need for each half-mains cycle to be split 

into 1024 firing positions in order to maintain adequate 
control of the machine. As it was intended to study the
letter's work at a later stage, and as such a step
length would be perfectly adequate for the numerical 
integration, this was taken as the step size,h, for the 
model.

Therefore, Eqn 3.3 could now be solved assuming 
zero initial current and starting at the selected firing 
point and continuing until either the current goes to 
zero, or for half the mains period, when control would 
be passed to the incoming thyristor pair. The 
significance of zero current is, of course, that for 
zero holding current, the thyristor pair conducting 
would turn off as the current reached zero, and 
conduction could not take place again until the next 
thyristor pair was fired.

If a firing produced discontinuous current, then 
after half a mains period, steady state operation has
been obtained, and the current waveform can be
integrated to determine the average value. Should a 
firing angle produce continuous current, then as re
firing of the incoming pair occurs, the average current 
for the previous half-cycle is calculated and the 
programme then continues to determine the current 
waveform for the next half-cycle, but this time using
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the last current value of the previous half-cycle as its 
initial condition. The incoming thyristor pair will also 
see a supply voltage advanced by 180*, as was shown in 
Figure 2.3. This operation continues until the average 
current determined during two subsequent half-cycles 
differs by less than a predetermined value. The last 
current average can then be used as the steady state
average current. The routine can then be repeated, with
a small change in firing angle, «3 , and again
calculating the steady state average current.

In order to perform the integration referred to in 
the previous paragraph, Simpson’s Formula [29] is used. 
This is probably the most widely used formula for
numerical integration, and is expressed as.

a+2h
( f(x).dx = h.[f(a) + 4f(a + h) + f (a + 2h) 3.12J 3

and the corresponding composite formula for a number of 
points is given by,

a+2hn
f(x).dx = h.[f(a) + 4f(a + h) + 2f(a +2h)+ 

3

.. + f (a + 2hn)] 3.13
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The two steady state current values are then used 
to produce a measure of current gain, as indicated in 
Eqn 3.4. This does assume that both current values are 
of the same current mode, and this is ensured as part of 
the software. The firing angle is then advanced a 
selected amount, and the previous operation repeated to 
obtain the steady state current gain at this firing 

angle. This is repeated until a firing angle is reached 
where conduction can no longer occur, whence the 
programme performs the necessary data output routines.

A general flow chart of the total operation is 
given in Fig. 3.3. The rest of this chapter will cover 
the necessary routines in greater detail, and an 
analysis of the results of the model will be performed 
in Chapter 4.

3.2.1 The Numerical Integration

This routine integrates Equation 3.3 to determine 
the change in current during a time increment, h, and 
returns the new value value of current, valid at the 

beginning of the next increment. As shown in Fig. 3.4, 
the routine uses the fixed system parameters generated 
by the the main calling programme i.e. R,L,E, 

frequency, FREQ, Vm and h where,

h = 1 X 1 3.14
FREQ 2048
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The step length, therefore, is always set such that 
there are 1024 increments per half cycle, regardless of 
the required supply frequency.

Using these parameters, the routine then calculates 
the supply voltage at the beginning, mid-point and end 

of the sample i.e. vsi, vs2 and vs3 respectively. The 
Runge-Kutta integration equations as shown in Eqns 3.6 
to 3.11 are then determined, 
i.e.
for t = t R

Ki = ^  
d t

= l.(vsi - E - i t r i .R) 3.15
L

i t x R 2 i  = i x R i  + Ki.h 3.16
2

for t = t R + h / 2

K2 = ^  
d t

= l_.(vs2 - E -iTR2 i.R) 3.17
L

i x R 2 2  = i x R i  + Kz.h 3.18
2
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for t = ta+h/2

Ka = ^  
dt

- I_.(vs2 - E - ixR2 2 .R) 3.19
L

ÎTR3 = ixRi + Ka.h 3.20

for t = tR + h

K4 = ^  
dt

- % . (vsa — E — ixRa.R) 3.21
L

finally giving,

ixRs = ixRi + h.(Ki + 2 K2 + 2Ka + K4 ) 3.22
6

where,

ixRi is the value of i at t equal to tR

ixR2i is the first value of i calculated at 
t equal to tR + h/2

ixR22 is the second value of i calculated at
t equal to tR + h/2

ixR3 is the value of i at t equal to tR + h
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The final value of current calculated will be the 

initial value for the next sample.

3.22 Average Current Routine

Each half-cycle, as already shown, is split into 
1024 sample periods, and subsequently the R-K routine 
produces 1024 corresponding values of armature current, 
albeit that some of these might be zero due to 
discontinuous current. Including the value produced at 
the end of the last R-K routine i.e. the initial value 
for the next half-cycle, this gives 1025 integration 
points. From these the average current, I a v , is found by 
first using Simpson’s Formula as shown in Eqn. 3.12, and 
then dividing by the period of integration.

I.e.
a+TT

Iav = i  X f i(a).d(X 3.23ÏÏ J
a

The flowchart for the routine is shown in Fig. 3.5.

3.2.3 Current Calculation Routine

The current calculation routine initially accepts a 
demanded firing angle, « i n c h , from the calling 
programme, which has been converted to incremental form, 
where 1536 increments corresponds to 270 degrees. An
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initial value of current at the firing point is also 
transferred. The programme then initialises the running 
counter "COUNT", as shown in Fig. 3.6(a). After checking 

if aiNCR is within the theoretically possible firing 
range, the programme loops until count is greater than 
or equal to aiMCR i.e. simulating the action of the 
comparison of the control signal, v c , and timing ramp 
already described. The programme then checks if the 
converter is actually passing current. If yes, transfer 
of control from the conducting thyristor pair to the 
incoming pair can take place immediately, and the 
programme moves to "B", if not conditions for firing 
must be checked.

In order to check for possible firing it is 
necessary to determine the present supply voltage, vs, 
where,

vs = Vm . sin(2 . ÏÏ . FREQ . TIME) 3.24

Therefore, it is necessary to determine "TIME", and 

then calculate vs. The generated emf, E, is then checked 
to see if it is greater than zero. If not (move to "C"), 
a simple check can be made to see if vs is greater than 
E. If this is so, conduction is impossible for the 
present firing angle, and E. In order to appreciate the 
remainder of the flowchart in Fig. 3.6 consider the 
following. For some value of E greater than zero, if
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ociNCR is less than 512 increments ( i.e. 90* ), then if 
conditions are not presently sufficient for conduction 
(i.e Vs > E), they will be as soon as vsisgreater than 
E. For aiMCR greater then or equal to 512, if vs is not 
greater than E, then conduction is not possible.

If conditions are proved impossible for conduction 
then "CONT" is set to zero to represent discontinuous 
current, and control returns to the calling programme. 
If conditions are sufficient, the programme will now 
have moved to point "B". An initial check is made to see 
if conduction has taken place for a full half-cycle 
(1024 increments). This is obviously only necessary once 
the loop action has begun. If the condition is met, the 
turn-off angle is calculated, corresponding to 
approximately aiNCR + 1024, "CONT" is set to one to 
represent continuous current, and control returns to the 
calling programme. If not, "TIME” , as in Eqn 3.24, is 
calculated and the R-K routine called to find the value 
of current at the beginning of the next sample. The 
present value of current is checked to see if it is less 
than zero. If not, all values are stored , "COUNT" 
incremented, and the programme loops, and continues as 
described. If i is less than zero, conduction has become 
discontinuous, so it is set to zero, the turn-off angle 
calculated, all values stored, "CONT" set to zero, and 
the programme returns control to the calling programme.
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The reason for the positioning of R-K is so that if 
the programme terminates in continuous current, all the 
necessary 1025 current values have been calculated for 
the average routine already described i.e. it is 
necessary to have determined the first value of the next 

half-cycle.

3.2.4 The Steady State Average Routine

This routine is used to calculate the steady 
average current for some firing angle selected by the 
calling programme, and is shown in Fig. 3.7. The routine 
initially calls "current-calc" to determine the 1025 
current values in a half-cycle for an initial value of i 
equal to 0. These are then passed to the "average" 
routine where the average current, Iavi, is found. If 

the first call resulted in discontinuous current, return 
is passed to the calling programme.

If current-calc indicates continuous current, the 

programme loops, with the last current value determined 
in a call to "current calc" used as the starting value 
in the next. This continues until the difference between 
two subsequent average values is less than a selected 
tolerance, T. Control then returns to the main 
programme, returning I a v i  as the steady state average 
current.
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3.2.5 The Main Programme

The routines described so far can be considered as 
the "building blocks of the main programme. How they are 
used to produce the gain characteristic of the converter 
will now be shown.

The so-called "main programme" is the starting 
programme which requests system parameters, as shown in 
Fig. 3.8, and initialises others. The parameters shown 
in Fig. 3.8 and not yet introduced are as follows;

i)aoFF is the latest firing point for the requested 
value of E and Vm , and was defined in Eqn 2.15 but 
in this case is in incremental form.

ii)a3 is as described in Eqn 3.4 but in incremental 
form.

iii)asAMPLE is the value by which oincr is 
repeatedly incremented in order to obtain 
sufficient values of gain for plotting purposes.

The final part of the main programme requests the 
required programme option, and then calls it. The 
options available are simply numbered 1 to 4 and are 
described in turn.
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3.2.6 Opt ion 1

The purpose of "Option 1” is to plot the 
instantaneous current and voltage waveforms over a 
selected number of half-cycles, for any requested firing 
angle. The programme, which is shown in Fig. 3.9 begins 
with the request of this firing angle and the number of 
half-cycles. After initialising current and "time", 
current-calc is called to generate the current and 
voltage waveforms. If the current is discontinuous, 
sufficient values are stored, and the output repeated as 
many times as requested, with only the time scale 
changed from one half-cycle to another. If the current 
is continuous, sufficient values are stored and the loop 
is repeated with the last value produced by current-calc 
used as its initial condition for the present call. This 
is repeated for the selected number of half-cycles, and 
then the necessary output routines called.

3.2.7 Option 2

The purpose of this programme is to generate the 
d.c. gain curve for one converter, over its complete 
operating range, allowing comparisons of gain versus 

firing angle, and steady state current against firing 
angle. The flowchart of Option 2 is shown in Fig. 
3. 10.
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Initially, the firing angle in incremental form, 
aiNCR, and armature current, 1, are set to zero. The 
steady state average current is then calculated, with 
the value stored as Iavi, CONTI set to one if the current 

was continuous, and zero otherwise. oincr is then 
incremented by oo and the process repeated to generate 
Iav2 and C0NT2. If CONTI and C0NT2 are equal (regardless 
of which current mode) the gain of the converter is then 
calculated as shown in Eqn 3.4, so that the gain, K a , is 
given by.

Ka = Ia v 1 ~ Ia v 2 3.25
«3

This and other gains calculated must be determined with 
03 in radians.

All values are then stored and Oincr increased by 
the sample step minus the small increase already made to 
determine the gain i.e. « 3 . A check is then made to see
if aiHCR has exceeded « off/ and if not the process is
repeated. If Ocfr has been exceeded then zero values of 
gain and current are stored for the firing angle , «off/ 
and the necessary output routines called.

If the question, "are CONTI and C0NT2 equal", is
false, then it is necessary to ensure that the gain is
calculated either side of this boundary. This involves

62



calculating steady state currents for firing angles 
either side of those already determined, where Ia v 3 is 
the extra value for continuous current, and Ia v 4 the 
extra value in discontinuous current. The gains 
calculated are;

i) in continuous current.

K a = Ia V 3 ~ Ia vi 3 . 2 6
03

ii) in discontinuous current.

K a = Ia v 2 - Ia v 4- 3.27
03

After storing these values, control now returns to 
"A" and continues as before, with the current now 
discontinuous.

3.2.8 Option 3

Option 3 allows the comparison of steady state 
current and firing angle,peak current and steady state 
current, turn-on and turn-off angles, and current off- 
time against firing angle. The flowchart of Option 3 is 
shown in Fig. 3.11.
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3.2.9 Opt ion 4

The time taken to determine the steady state
current in continuous current is considerably longer 
than it takes in discontinuous, especially when a small 
tolerance, T, is selected (see section 3.27). In 
addition, for motor armatures with a long time constant, 
the transition from continuous to discontinuous current 
can take place at firing angles approaching 90*, as in 
the case of the experimental rig used for reasons
already described in Chapter 2. For such a system, the
necessary run time of Option 2 is considerably
increased. Therefore, for the instances when it is 
required to run the programme to study the discontinuous 
current only. Option 4 was written, as shown in Fig. 
3.12.

The routine begins by setting the firing angle to 
270* in incremental form. This value is then repeatedly 
decremented until the firing angle is such that current 
flow can occur. From this point onwards, the converter 
gain is determined as in Option 2, but in the reverse 

order. The other difference from Option 2 is in the way 
that the programme checks for the on-set of continuous 
current. "C0NT2” represents the mode of current flow ,as 
in Option 2, but this time for the smaller firing angle. 
This value is checked during each loop for the onset of 
continuous current.
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When "C0NT2" does indicate continuous current, 
"CONTI" is checked and if it also the same current 
state, then the last value of current gain is 
calculated. This last value of gain allows a comparison 
of the transitional gain. For the case when CONTI 
indicates discontinuous current, it is necessary to 
increase the firing angle to obtain an extra value in 

continuous current so that one value of gain in this 
mode can be calculated. The necessary output routines 
are then called.
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CHAPTER 4

Confirmation of Model and Demonstration of Output

4.1 Verification of Continuous Current Operation

As shown in Chapter 2, when operating in continuous 
current, the theoretical operation of a single phase 
thyristor converter is well defined. Therefore, in order 
to prove the validity of the model in this mode, a 
simple graphical comparison was undertaken, comparing 
the system variables of most interest ,i.e. armature 
current against firing angle, and armature current gain 
against firing angle.

Although all the system parameters were selectable 
for each programme run, the supply frequency and peak 
voltage were kept constant in order to simplify the 
proof, and comparisons for different values of R,L and E 
were performed. Three sets of armature values were used 
to demonstrate a wide range of armature time constants. 
These were R equal to 1.0Û and L equal to 0.0025H, which 

were the values of the motor used by Naslen [1], R equal 
to 2.00 and L equal to 0.008H, and R equal to 1.050 and 
L equal to .082H, which were the the values determined 
for the experimental rig, as fully described in Appendix 
B.
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The average current in the continuous current 
region, for any value of E, was shown in Equation 2.22 
to be given by.

I = Vm .(2.cosoi - E_) 2.22
ÏÏ.R Vm

Figures 4.1 to 4.3 show comparisons of armature current 
against firing angle for the three values of armature 
time constant and various values of E, and the 
corresponding values obtained from the computer model.
It can be seen from these that the output generated by
the model is almost identical to that theoretically
predicted, and so the operation of the former is assumed 
correct, allowing for the simplifications detailed in 
Chapter 3.

The armature current gain for the general case was 
shown in Appendix A to be given by,

dl = -2 .Vm .sing A2
da ÏÏ.R

This shows that the armature current gain is 
independent of E provided the latter remains constant 
and continuous current is maintained. However, it should 
be noted that the continuous-discontinuous transition is 
not independent of E. Figures 4.4 and 4.5 show
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comparisons of current gain against firing angle for 
various values of R,L and E as derived using Equation 
A2, and that generated by the model. Once again, the 
operation of the model is proved theoretically correct 
within the limitations of the assumptions mentioned in 
Chapter 3. For the above to be assumed, however, it has 
to be shown that E can be considered constant.

Eqn 2.27 defines the torque balance equation as.

Te = Tl + F.n + J . ^  2.27
dt

For the worst case condition where n.F is equal to 0,

(Te - Tl ) = J . ̂  4 . 1
dt

Therefore, substituting Eqns 2.23 and 2.25 and re
arranging.

M  = Ktl(Kt .I - Tl ) 4.2
dt J

For a minimum armature current of 20A and the 
system values derived in Appendix B , the maximum rate of 
change of generated emf is.

68



dE = 80 V/s
dt

Therefore, over the sample period of 10ms, the maximum 
change of E of 0.8V is small enough to be

ignored.

It was not possible to do a practical proof due to 
the very high gain in continuous current for the 
experimental rig e.g at zero speed, the excursion from 
minimum to maximum continuous current is obtained by 
only a 5 %  change in firing angle demand,vc.

4.2 Verification of Discontinuous Current Operation

It was shown in Chapter 2 that when the armature 
current becomes discontinuous, the operation of the 
armature circuit changes dramatically. The current gain 
is again non-linear, but can no longer be linearised by 
the use of cosine timing ramps (Appendix A). Therefore, 
it is more difficult to prove the operation of the model 
in this region, but obviously equally as important, and 
in order to achieve this a three way comparison was made 
i.e. the model output, theoretical values and those 
measured practically, all for R equal to 1.050, L equal 
to 0.082H and E equal to 0 V.

It has been shown that the average armature current
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,1, in discontinuous current is given by.

I = Vm . f cosoci - COSG2 - («2 - ai ) ] 2.21
ÏÏ.R Vm

Therefore, provided (X2 , the turn-off angle, can be 
determined, so can I and subsequently the current gain, 
where the latter is defined as in Chapter 3.

I.e.

di x V = Iavi - Ia v 2 3.4
da a3

However,in order to determine aa theoretically for 
each value of a i , a numerical solution of Equation 2.17 
has to be obtained, and this was done with a small 
computer programme which minimises the function f(a), 
where,

f(a) = fE - COS0 2 .sin(a2 -0 2 )1.exp( a2 ) 
Vm tanOz

- rE - cos0z.sin(ai - 0 z )1.exp( ai ) 4.3
Vm tan0z

This is achieved for any value of a i , in this mode, 
by using a "successive approximation" technique, as 
outlined in fig. 4.6, which produces a value of az
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accurate to better than 0.05*. Therefore,the armature 
current. I, for different values of ai can be determined 
using Equation 2.21.

The value of I for different values of <xi was also 
obtained experimentally. This was achieved using the 
single phase thyristor drive without the current and 
speed feedbacks, by selecting different control 
voltages, VC, and measuring the resulting open-loop 
armature current. The value of ai for each vc was then 
determined using Eqn A3.

The comparison of average armature current against 
firing angle, for the output of the model, for
that derived according to the theory, and that obtained 
practically is shown in fig. 4.7. The theoretical and 
model output are almost identical, with an acceptable 
variation in the practical results considering the 
limited accuracy of the determined system parameters.

The values of armature current obtained practically 
were then used to determine the current gain as shown in 

Equation 3.4 and fully described in Chapter 3. These 
values were then compared with output from the model for 
R equal to 1.050 and L equal to 0.082H, as shown in fig. 
4.8, and also for R equal to 0.950 and L equal to 0.07^H 
i.e. a 10% reduction of those values determined 
practically. Fig. 4.8 shows that the practical values
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match those of the model allowing for an expected 
tolerance in determining the system parameters.

Fig. 4.9 compares the theoretically determined 
current gain and that generated by the model for 
different values of R and L. Once again the output of

the model closely matches that predicted theoretically.

Therefore, the operation of the model has been 
adequately shown to be correct for both current modes, 
allowing for the assumptions made in Chapter 2. It was 
shown in section 4.1 that over the sample period, the 
maximum rate of change of generated emf could be
ignored. As this was done for a worst case with maximum
armature current, for the much smaller values of 
discontinuous current the assumption is even more valid.

4.3 Demonstration of Model Output

The fundamentals of the computer programme have 
been fully described in Chapter 3, and their accuracy 

demonstrated in the previous part of this chapter. The 
final section will show the type of output available 
from the model, not all of which was used in the later 

stages of research. However, that which is shown does
demonstrate the flexibility of the model and much of 
that not used in these later stages, did help
further the understanding of the operation of thyristor
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converters e.g. one plot shows peak against mean 

current. This was done to see if in a microprocesser 
based system, the average current could be determined 
directly from the peak current.

Figs 4.10 to 4.12 demonstrate the type of output 
generated by "option 1" i.e. the plotting of 
instantaneous armature current and voltage against time. 
Fig. 4.10 shows the armature current resulting from a 

firing angle demand of 0*, over 32 sampling periods i.e. 
0.32 s. It demonstrates well the exponential build-up of 
current with a time constant defined by the ratio of L
and R . Figs 4.11(a) to fig. 4.12(a) demonstrate the
armature current for a firing angle of 90", but with the 
generated emf varying between the maximum limits used in 
the experimental rig i.e. +100V to -lOOV. Fig. 4.12(b) 
shows the associated armature voltage for the armature 
current of 4.11(a). It can be seen that this firing 
angle results in continuous current at one end of the 
range of E (-100V), and discontinuous at the other, thus 
indicating a variation in current gain not only with
firing angle, but also with speed.

Figures 4.13 and 4.14 demonstrate the output of 
option 2, which allows the study of the absolute current 
gain and steady state current over the complete firing 
angle range. Figs 4.13(a) and 4.13(b) show the gain and 
steady state characteristics for the experimental rig at
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maximum positive speed. This demonstrates well the very 
abrupt change in gain at the current mode boundary. Fig. 
4.14 allows a direct comparison with 4.13(a) as it is 
the same gain characteristic at the maximum negative 
speed. The gain change is just as abrupt but occurs at a 
much later firing angle. Fig. 4.15 shows the gain curve 
for the experimental rig used by Maslen. A much less 
abrupt change in gain can be seen.

The output of option 3 is shown in Fig. 4.16(a) and 
4.16(b). This demonstrates the peak versus mean current 
and the turn-on versus turn-off angle over the complete 
operating range.

Figs 4.17 to 4.22 demonstrate the output produced 
by the last option , 4, which concentrates on the
discontinuous operation. Figs 4.17 to 4.19 demonstrate 
the change in gain as the generated emf is varied 
between the maximum positive and maximum negative 
values. Fig. 4.20 shows the change in gain between 
discontinuous and continuous current at zero speed, 

while 4.21 shows the gain versus mean current. Finally, 
Fig. 4.22 shows the comparison of ms-ratio with firing 
angle, where the ratio is defined as,

ms-ratio = ÏÏ - (« 2 - « 1 ) 4.4
ÏÏ
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CHAPTER 5 
CURRENT LOOP MODEL

5.1 Basic Principles of Current Loop Selection

In many speed controlled d.c. motor drives, the 
only restriction on current control is that the armature 
current should not exceed the maximum rating of the 
machine, and so some form of current limit is included 
which is only operational when the current exceeds a
specified value. The circuit will then act to ensure
that the rated average current is not exceeded, but
often allowing a severe transient overshoot before 
control is achieved [14]. However, for the applications 
described in Chapter 1, this circuit action, no matter 
how fast the speed loop response is, is unacceptable 
because of the lack of torque control. To ensure a 
suitable current and speed loop is obtained, the use of 
an internal, continuously operating current loop is 
essential [9,14].

As already explained in earlier chapters, the 
design of four quadrant controllers for fast speed
responses is complicated by the non-linear nature of 
thyristors in this application. The result of this non- 
linearity was shown in Figs 3.1 and 3.2, where the 
current loop response for a step in input demand, unlike 
a purely linear system, did not produce a step response 
independent of current. In order to improve this
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irregularity, and hopefully to improve the response in 
general, it was concluded that some form of adaptive 
control was necessary.

Investigations of this type often include some 
speculative experimental tests, which if incorrect can 
result in unstable systems causing some form of 
destructive failure. Therefore, as the results of the 
initial model described in Chapter 3 were encouraging, 
it was decided to use a software model of the current 
loop to investigate different control strategies. An 
accurate model would allow a study of many types of 
control, allowing all system parameters to be obtained 
and studied, without any worry of expensive system 
failures. It was hoped that one method could then be 
extended and proved experimentally. However, in order to 
achieve the latter it was first necessary to develop and 
prove a model of the unadapted loop with purely linear 
control. This could then be extended for adaptive 
control and allow easy comparison with normal linear 
controllers.

The form of current loop modelled is shown in Fig
5.1 which is an extension of the "series" current loop 
described in section 2.32. The thyristor firing ramps 
used are as described in section 2.43 and shown in Fig. 
2.15, where one ramp shape corresponds to positive 
current operation, and the other for negative. The
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correct ramp for the prevailing loop conditions is
compared with the firing angle demand, vc, in order to 
initiate thyristor firing at the correct instant. It
should be noted that a 270" ramp is used, which is
essential in order to achieve complete control in
discontinuous current, as explained in 2.2, and yet no 
reference to the use of such ramps was found in any 
published material, all authors indicating the use of a 
180* ramp.

The bridge control logic is used to ensure that the
correct bridge is operating depending upon the current
demand, ipEP, with its associated timing ramp. If a
bridge switch is required, the logic controls the safe 
transfer of control from one bridge to the other. The 
types of control implemented are described later, but 
all are dependent upon zero current at "cross-over".

The form of current loop controller used is the 
most common proportional-plus-integral(PI) control. The 
reasons for the selection are that the integrator makes
the loop a type 1 system, giving zero steady state error 
for a step input,and the addition of the proportional 
term allows better transient response. A differential 
term is rarely used because of the substantial ripple 
and noise in both current and speed feedback loops [9], 
which the differential term would obviously amplify 
even further. An additional first order lag is sometimes

77



included in the feedback path to reduce the ripple, 
"especially in systems with small pulse numbers" [14] 
which particularly applies to single phase bridges. 

However, this was not considered necessary as sufficient 
filtering is obtained from the forward path current 
controller.

There is another very important reason for the 
inclusion of the integrator in the current loop, for
which again no reference has been found, and applies to
discontinuous operation only. By nature of the 
definition of discontinuous current operation, whenever 
thyristor firing initiates conduction, the instantaneous 
armature current is zero, and yet the average current 
need not be. Therefore, the only "information" available 
in the loop to indicate that the mean current is also 
not zero is due to the output of the integrator which 
filters the feedback signal and gives a measure of the 
mean current at the point of firing. This principle of 
operation will be extended when adaptive controls are 
inves tigated.

Having described the fundamentals of the current 
loop chosen to be modelled, a general description of the
model will now be given.
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5.2 Current Loop Model Development

As explained in Chapter 3, one of the intentions of 
the first model was was that it would form the basis for 
subsequent models. Therefore, the assumptions concerning 

the thyristor bridge (section 3.2), the integration step 
length, and numerical integration routine used were as 
before. However, whereas the converter in the first 
simulation was modelled using one first order 
differential equation, the current loop was second 
order. The operation was defined using state space 
concepts, where for an n'*’” order system, with n states, 
r inputs and m outputs, [30].

= A.JL + B.u.
-Z = Ç + D .

5.1
5.2

where,

X = XI “ . Z  = » X = ”xi " » U = “ui ”

X2 Y2 X2 U2
O
X3 Y3 X3 U3

• • ' '

_YM_ l_x n _ _UR_

5.3

and and A  are matrices
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The theoretical assumptions described were similar 
to those used by Nieniewski and Marleau's [31] digital 
simulation of an SCR driven d.c. motor, who also used a 
fourth order Runge-Kutta integration routine because of 
its adaptability to systems with sudden jumps in input 
and system parameters.

The generated emf, E, is again considered constant. 
Although the period of study would be several "sample" 
intervals, as opposed to just one in the previous model, 
this was considered an acceptable approximation which 
could be verified experimentally, and further simplify 
the analysis.

In order to further simplify the model it was noted 
from the output of the thyristor bridge to its input 
firing angle, the system is linear, but for step inputs 
in current demand, I r e f , and step changes in converter 
output voltage due to thyristor firing. Therefore, as 
changes in system parameters and inputs are only allowed 
on the borders between adjacent steps, the output 
voltage from the converter can be defined at the 
beginning of a sample period and acts as an "input" to 
the rest of the loop, as shown in Fig. 5.2. The firing 
angle demand, v c , then becomes the loop "output" and at 
the end of each sampling interval, vc is used to 
determine the converter output for the following sample 
interval. The integrator is also considered perfect and
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so problems due to drift are ignored.

If all symbols shown in Fig. 5.2 are as defined 
previously, but for the addition of K i , the current loop 
feedback constant, I f b , the feedback term representing 
armature current, is, the current error, a, the 
proportional term, b, the integral term, g, the output 
of the integrator, and p the output of the proportional 
term, the state space equations can now be defined as 
follows,

i(s) = I .(vs(s) - E(s)) 2.32

s.i(s) = A'Vs(s) - X.E(s) - R.i(s) 
L L L

5.4

s.g = b.iREF - b.Ki.i 5.5

V c  = a. I r e f  - a.Ki.i + g 5.6

So, taking i and g as states.

i " -R O'" i - 0 1 1 "
L L L

= +

»_g_ ib.Ki 0 _g_ _ b 0 0

i R E F

V S

5.7
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i.e. the system has three inputs, imEp, vsand E and the 
system output equation is

vc = C  -a.Ki 1]

LgJ
I R  E F 

Vs 

E

5.8

During periods of no current flow, i, vs(s) and E must 
be set to zero.

For a purely theoretical system these equations 
could then be solved to give the values of the system 
states at the end of each sampling interval. An extra 
routine then needs to be added to determine the value of 
V s  produced at the beginning of each sample interval, 
which is a function of the previous firing angle demand, 
vc,and to check for armature currents going to zero thus 
causing thyristor turn-off. However, it was intended for 
the model to more closely resemble a practical system 
and so circuit saturation had to be considered i.e. due 
to circuit voltage limiting of analogue devices. So, 
assuming a maximum circuit voltage of magnitude 10 
volts, then ipB,iRBF, g, p and vc must all not exceed 
+10V. Therefore, the state equations cannot be used 
directly as they do not allow full control of the 
previously mentioned variables.

In order to model the system as required, the
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following equations must be solved, again using a fourth 
order Runge-Kutta routine.

i . s = V s  - 1_. E - R. i 5.4
L L L

ipB = K i .i 5.9

ensuring I f b  within permitted limits,

is = ipEF - ipB 5.10

ensuring is within permitted limits.

P  = a.iE 5.11

ensuring p lies within permitted limits.

g.s = b . i E  5.12

ensuring g within permitted limits,

vc = p + g 5.13

ensuring vc within permitted limits.

During periods of no conduction, E,vs and i again 
must be set to zero.
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At the end of each sampling interval a series of 
control subroutines are then required to do the
following:

i) "generate" the input supply sinewave of

voltage,and vs for the beginning of the next sample 
interval.

ii) simulate the two firing ramps used in a 
practical system, ensuring that the correct one is 
being used for the particular bridge in operation, 
and to check that the "active" ramp is reset at the 
correct instant, i.e. in the practical system 180* 
if continuous current, 180* if discontinuous 
current and conduction begins before 180*,or at 
270* if conduction occurs later.

iii) check the firing conditions for thyristors,
and to "switch" thyristor pairs by retarding the
input sinewave by 180* when necessary.

iV) check for current going to zero resulting in 
thyristor turn-off.

V ) check that if in continuous current, thyristor 
firing must occur before 180*, if it has not 
already done so i.e. using the "end-stop" principle 
described in section 2.44.
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vi) check the run-time of the programme, and 
compare this with with the user requested total 

run-time, and user requested time interval between 
step changes in current demand. Apply step changes 
in iREF when necessary.

vii) check that the correct bridge is in operation 
for the particular I r e f  requested. If not , go to 
the bridge changeover sequence.

viii) if the programme run-time has reached user 
requested limit, go to output routines before 
stopping.

Like the gain characteristics model, the current 
loop simulation was written for the Honeywell "main 
frame" computer shared by the Universities of Bath and 
Bristol, using the "Multics" operating system, and the 
Fortran programming language, which is a mixture of the 
1966 and 1977 American standards (ANSI) for the 
language.

Although the major programme sections will be 

described subsequently, a general flow chart is shown in 
Fig. 5.3, for which the following is a summary:

i) collect system data i.e. peak supply voltage, 
Vm , armature resistance, R,inductance, L, emf,E,
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frequency in Hertz,FREQ, proportional term, a, 
integral term, b, and feedback constant, K i .

ii) get the values of current demand, I r e f , and the 
associated run times.

iii) initialise programme variables.

iv) the following section can be considered the
heart of the programme. This decides if the
thyristors conduct or not, allowing for multi-pulse 
firing, whether conduction is continuous or
discontinuous, which ramp is in operation, and
which thyristor bridge is required depending upon 
current demand.

V ) call the numerical integration routine to
determine all the necessary loop values at the
start of the next sampling interval.

vi) check i f  a change in current demand is 
required, and i f  so, alter I r e f  and run time.

vii) check if the programme run is completed. If
not, increment sampling interval and loop back to
the control routine.
viii) having completed the programme simulation,
display system parameters as necessary.
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As indicated, the first stages of the programme are 
relatively simple, collecting system parameters, current 
demands and duration of each current step. Program 

variables are set to zero, or determined as dictated by 
the system parameters collected. The sampling interval, 
h, can then be calculated as defined in Eqn 3.14, before 
beginning the main simulation loop, beginning with the 

"control" routine.

5.2.1 The Control Subroutine

As stated earlier the control subroutine is the 
heart of the programme and is somewhat complex in order 
to allow for all eventualities of current loop 
operation.

The main objectives of the control strategy are:

i) determine if the thyristors are conducting.

ii) if the thyristors are conducting:

a) check for re-firing at the end-stop 
position or earlier, depending upon the 

comparison of the firing angle demand, and the 
current timing ramp.

b) look for the cessation of current flow.
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iii) if thyristors are not conducting:

a) look for conditions that will permit 

current flow to begin immediately, and if not, 
allowing for multi-pulse firing, if conditions 
will occur later.

b) s e l e c t  the c o r r e c t  b r i d g e  d e p e n d e n t  u p o n  

i R E F , a n d  as the f o ur  q u a d r a n t  o p e r a t i o n  is

d e p e n d e n t  u p o n  n o n - c i r c u l a t i n g  c u r r e n t  

o p e r a t i o n ,  s w i t c h i n g  ca n o n l y  o c c u r  d u r i n g  

z e r o  a r m a t u r e  cu r r en t .

In order to achieve this, a number of variables and 
aspects of loop operation need to be defined, the first 
of which is the ramp operation.

The shape of the ramps simulated are as shown in
Fig. 2.15,where V r equals 10V,and corresponds to maximum
armature voltage. The equations defining ramp operation, 
where the firing angle, vc , is represented in 
incremental form, for positive and negative currents
respectively are.

VRp = 10 - 10 .vc 5.14
1024
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VRN = 10 .VC - 10 5.15
1024

The ramps must also be synchronised to the zero 
crossing point of the supply voltage.

The two ramps necessary for a practical system 
during positive current operation are shown in Fig. 
2.15(a), and it can be seen that the two differ in phase 
by 180*. In the model, the two ramps are substituted by 
one variable, as are the two ramps needed for negative 
current operation. The conditions for "resetting" the
ramp (i.e. retarding the ramp by 180*) are:

i) for zero current flow:

a) if the thyristor pair presently under 
control have not fired, no ramp reset occurs 
until 270* of the supply voltage i.e. the 
theoretical latest firing point.

b) if the pair are fired after 180*, then 
reset the active ramp (i.e. the ramp for 
bridge in control) immediately, but only reset 
the non-active ramp and supply voltage at the 
end of conduction. It does not matter when the 

non-active ramp is reset, but this method was 
considered the easiest.
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c) if the pair are fired before 180*, wait 
until 180* before resetting the active ramp, 
and if,

1) current ceases before 180®, reset 
supply voltage and non-active ramp at 
180* point.

2 )current ceases after 180®, reset the 
supply voltage and non-active ramp at the 
point conduction ceases.

ii) if the thyristor pair are fired at any point 
during current flow, reset the non-active ramp and 
supply voltage immediately, and the active ramp at 
the zero crossing point.

iii) if a comparison of ramp and firing angle 
demand results in thyristor firing, but conditions 
are such that conduction cannot occur, then,

a) if the conduction occurs before 180®, reset 
both ramps and supply voltage at 180*.

b) if conduction occurs after 180®, reset all 
immediately.

In order to allow the simulation of the two ramps,
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the supply voltage, vs, and maintain a record of elapsed 
run time, four variables KLOCKl, KL0CK2, KL0CK3, and 
KL0CK4 were used where:

i) KLOCKl is the timing clock that is incremented 
every sample period e.g. after "1 second" of 
programme run, KLOCKl is equal to 102400 for a 
frequency of 50Hz.

ii) KL0CK2 is used to generate the applied supply 
voltage, and is decremented by 1024 every time the 
supply is reset i.e.

vs = Vm .sin(2.TT.FREQ.KLOCK2) 5.16

The conditions for KL0CK2 operation are:

(a) if the count reaches 1536 (270") without 
current flow, retard by 1024 (180*), otherwise 
reset at the end of current flow.

(b) if continuous current flow, reset as new 
thyristor pair fire.

(c) if firing occurs, but conduction is not 
possible, reset at 180* if firing occurs 

before this point, or immediately if firing 
occurs after.
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iii) KL0CK3 and KL0CK4 are used to represent the 
timing ramps for positive and negative current 
operation respectively, where.

VRP = 10 - KL0CK3 5.17
102.4

VRN = KL0CK4 - 10 5.18
102.4

The operation for two values of armature current is 
shown in Figs 5.4(a) and (b).

In order to simplify the necessary calculations, it 
was noted that the generated emf, E, "seen" by each 
bridge is simply a reversal of that seen by the other, 
as shown in Fig. 5.5. Therefore, the generated emf 
requested at the start of the programme is that seen by 
the positive current bridge, and during negative current 
operation,E is reversed making the calculations 
identical but for reversing the calculated armature 
current.

The control strategy also controls the bridge 
switching. This is done with reference to the current 
demand signal, I r e f . If this is positive, positive 
current is requested, and vice-versa. Therefore, the 
polarity of iREF is compared every sample with that that 

can be produced by the presently operating bridge. 
Switching, if required, can only occur at zero armature
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current.

Other variables defined for programme use, and
their permitted values are as follows:

i) RESET = 1  - starting or null condition .No
impending reset of KL0CK2, KL0CK3 or
KL0CK4.

= 2  - as soon as current becomes zero
after zero crossing point, reset 
KL0CK2 and non-active ramp.

= 3  - reset all ramps and KL0CK2 at 1024
if i=0, otherwise at 1024, programme 
will reset active ramp, and will 
continue with RESET set to 3.

ii) CONV = 1  - the positive current or "master"
bridge is in operation.

= 0  - the negative current, or "slave"
bridge is operating.

iii) DISC = 1  - discontinuous current flow is
present.

= 0  - continuous current flow is
present.
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iv) IFLAG = 0  - armature current is zero.

= 1  - armature current is positive.

= 2  - armature current is negative.

V ) COMP = 1  - the comparison of the active
timing ramp and firing angle demand 
has resulted in multi-pulse firing.

= 0  - the comparison of ramp and firing
angle demand has not yet resulted in 
thyristor firing.

Vi) RAMP = 1  - for master stack operation (KL0CK3
is active).

= 0  - for slave stack (KL0CK4 is active).

vii) WAIT = 1 - if thyristors have been fired, and
conduction will take place.

= 0  - otherwise,

viii) FIRED = 1  - if a pair fired and conducting.

= 0  - otherwise.
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ix) VS STATE = 1  - if an armature voltage is applied
to the motor.

= 0  - if no voltage is applied and so no
current flow, and zero rate of
change of armature current (i.e. in 
this case, no voltage applied 
indicates that all thyristors are 
off)

Having defined the necessary variables and 
operation, the associated flow chart can now be
described.

The control routine is positioned at the start of
each loop, and uses the circuit values generated by the
previous call of the numerical integration routine. It 
begins by incrementing the four clock variables KLOCKl, 
KL0CK2, KL0CK3, and KL0CK4. A check is then made for 
zero armature current, or conditions that dictate 
thyristor turn-off i.e. the calculation routine 
generates an armature current that passes through zero.

If armature current has ceased, then:

check the state of the RESET variable to see if 
any ramps require resetting, obeying the 
conditions defined earlier.
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i.e. if RESET = 1 ignore.

if RESET = 2 :

if KL0CK2 is less than 180", ignore, 

otherwise reset KL0CK2 and non-active 
ramp, set RESET = 1 and reset valid 
flags.

if RESET = 3 :

if KLOCK2=1024, reset ramps and 
KL0CK2, set RESET and reset relevant 
flags.

The next major section checks to see if bridge 
change-over is required.

If the correct bridge is selected, ignore section, 
otherwise check for zero armature current. If the 
latter is true,initiate bridge switch-over.

Next check whether a thyristor pair awaits conduction.

If yes, check to see if conditions dictate 
immediate firing.If they do not,return to the main 
programme, otherwise set variables for thyristor 
conduction and return.
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Next check to see if the comparator has already been set 
by the ramp and firing angle comparison.

If not, ignore section, otherwise check for zero 
crossing point. If this has not been reached, 
return, otherwise reset COMP, active ramp, and 
adjust RESET.

Calculate ramp level.

Compare the ramp with the demanded firing angle:

If conditions result in a true comparison (i.e. 
firing pulses applied to thyristors)then:

If continuous current present, reset 
KL0CK2,non-active ramp and activate flags 
accordingly.

If discontinuous current then:

i) calculate supply voltage,vs,and emf,E.

ii) use Vs and E to see if firing results 

in thyristor turn-on.

If s o ,
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i) set flags accordingly.

ii) check for KL0CK2 greater 
than or equal to 1024. If not, 

put RESET = 3,and return, 
otherwise reset active 
ramp, set RESET = 2, COMP=0 
(permitting new comparison) 
and FIRED equal to 0,before 
returning.

otherwise, check if condition of vs 
would result in turn-on this half
cycle. If so,set WAIT, and other 
relevant flags before returning. 
Otherwise, check for KL0CK2 greater 
than or equal to 1024. If not true, 
set RESET and return, otherwise, 
reset and return.

If conditions did not allow firing, again check for 
discontinuous or continuous current.

i) if continuous current, check to see if end 
point reached. If not,return, otherwise reset 
KL0CK2, non-active ramp and variables as shown.

ii) if discontinuous current,check for ramp
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reaching 270". If not, return, otherwise reset 
both ramps, KL0CK2 and variables.

5.2.2 Storage of System Parameters

On exit from the control routine, the main system 
variables are stored i.e.

i) armature current, i
ii) firing angle, v c .
iii) proportional output, x.
iv) integral output, y .
V ) and elapsed time ,t , where

t = KLOCKl X h 5.19

The programme values are not stored every 
increment, but every twentieth loop. This gives 
approximately 51 samples per half-cycle, which allows 
adequate graphical representation of the current 
waveform over this period. This sample rate was selected 
as loop operation was normally inspected in 0.1 second 
multiples, during which there are a whole number of 512 
samples.

After variable storage, the other main programme 
loop routine, the numerical integration programme is 
called.
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5.2.3 The Numerical Integration Routine

The concept of the numerical integration routine is 
identical to that already described in section 3.2.1. 
The same Runge-Kutta integration routine is used, but 
now it is applied to a more complex system, with the 
added complication of checking for circuit limiting.

It should be noted that throughout the calculation 
routine, every time a new value of current is calculated 
(even if it is only an inter-sample value) a check is
made to see if it has resulted in a value that has
"passed through zero". As this implies thyristor switch- 
off, if this occurs, that value of current is set to 
zero. Also, as described in section 5.2, certain system 
variables are limited to a range of +10 V to simulate 
circuit saturation. Therefore, everytime one of these 
parameters is determined (i.e. ipB, iREF, g , p and vc) a
check is made to see if it has exceeded the limit, and
if so, the value is altered to equal that limit.

The programme begins by checking the value of

VS_STATB.

If VS STATE = 1 (i.e. thyristors conducting) , 
then :

a) obtain the absolute value of armature 
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current.

b) calculate the value of E, depending 
upon the bridge in operation (i.e. if 
slave operating, invert initial value of 

E) .

c) calculate beginning, mid-point and end 
values of vs during sample, h.

d) calculate starting values of ire, and 
1 e using absolute values of i.

e) calculate the "slope" of i and g at 
the beginning of the sample, and use 
these to determine i and g at the mid
point of the sample.

f) re-calculate If b  and 1e.

g) calculate slope of i and g at the mid
point of the sample, and use these slopes 

at the starting point to re-calculate i 
and g at the mid-point.

h) re-calculate I f b  and is.

i) calculate the slope of i and g at the
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mid-point of the sample, and use these 
slopes at the starting point to
recalculate i and g at the end of the
sample.

j) re-calculate I f b  and is.

k) calculate the slopes of i and g at the
end of the sample.

1) take the weighted average of the four 
slopes for both i and g (as described in 
section 3.2) to determine the 
corresponding slope at the starting point 
of the sample period. Use these slopes to 
calculate i and g at the end of the 
sample.

m) if CONV = 0, invert the calculated 
value of armature current, i.

n) re-calculate I f b  and ie.

o) use Equations 5.11 and 5.13 to 

determine the firing angle demand, v c , 
and then return.
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If VS_STATE = 0 then:

a) set i = 0, and ie = I r e f .

b) as the input to the integrator for 
this condition is constant (i.e iREF,
which can only change on sample 
boundaries), it is unnecessary to use the 
R-R routine, but simply calculate the
slope of g at the starting point.

c) use this slope of g to determine the
value g at the end of the sample.

d) use Equations 5.11 and 5.13 to 
calculate the firing angle demand, vc , at 
the end of the sample, and then return.

Having completed the calculation routine, a check
is made to see if the required run time has elapsed. If
it has not, a jump is made back to the start of the

loop, otherwise, a check is made to see if another value 
of iREF is required. If it is not, the programme jumps 
to the output routines, otherwise it alters I r e f  and the 
run time before jumping back to the start of the loop.

The output routines allow comparisons of i,is,x,g 
and Vc against time in multiples of 0.1 s, in both data

103



and graphical form.

5.3 Demonstration and Proof of Model Output

In order to demonstrate the output produced by the 
model, Figs 5.8 to 5.17 are included. All the results 
are shown for the following system parameters:

i) armature resistance, of 1.05 ohms.
ii) armature inductance of 0.082 H.
iii) peak supply voltage of 275 V.
iv) supply frequency of 50Hz.
V ) generated emf of 0 V.

i.e. the parameters derived for the system as
in Appendix B.

Vi) proportional term, a, of 4.3.
vii) integral term,b, of 305.

The values of proportional and integral terms are 
those taken from the practical rig,from which the 
comparison was to be made. The reasons for the selection
of these values will be described in a later chapter.

Figs 5.8 to 5.12 were the output produced by the 
current loop when the programme was run for a current 
demand of 20 A, for 0.1 s, followed by a current demand
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of 8 A for a further 0.1 s. Fig 5.8 demonstrates the 
current response, from which it can be seen that the
initial step is from zero to a value in continuous
current, followed by a step which remains within the 
continuous region.

With regard to practical performance, the initial 

response would be considered very good as a fast 
response is obtained with little overshoot, and quickly
reaches a steady state value. The step within the
continuous current region is not as good, as some 
undershoot occurs, but again a steady state value is 
soon obtained.

Figs 5.9 and 5.10 show the corresponding output for 
the proportional and integral controllers i.e. the terms 
p and g described earlier, with Fig. 5.11 showing the 
firing angle demand over this period, which is simply 
the sum of p and g . The last output from this run , Fig 
5.12, demonstrates the current error during this period. 
The effect of the step in current demand after 0.1 s can 
easily be seen.

Fig 5.13 demonstrates the output from the loop for 
two steps in current demand within the discontinuous 
region, the second requiring a switch of bridges due to 
a reversal in demand. Figs 5.14 to 5.17 demonstrate the 
associated output of the proportional controller,
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integral controller, firing angle demand and current 
error. The initial current demand is one of 5 A, for a 
duration Of 0.10 s, which demonstrates the degradation 
in response in this current mode. This is followed by an 
equal, but reversed demand of -5 A, which gives an 
identical steady state value, but a similar and not 
identical transient response. This is because the 
initial demand begins with the firing angle at the 
initial condition value of zero, immediately jumping due 
to the proportional part of the PI controller. However, 
when the second current demand occurs, the firing angle 
has a value associated with a steady state current of 
5A, as shown in Fig 5.16, which results in a slightly 
longer period to reach a steady state value.

Figures 5.18 to 5.21 demonstrate responses taken 
from the practical rig using a digital storage scope, 
stored on 5" floppy disks and later transferred to 
paper. Unlike the model, the steps in current demand did 
not occur at fixed points in the supply frequency but 
occured asynchronously. Therefore, the results obtained 
differ slightly from one step to the next, due to the 
step demand occuring at different points in the cycle 
each time. The practical system was not noise free, and 
the "steady state" response obtained always contained 
some ripple.

The current responses shown were derived using the
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alternating current current transformers ( ACCTs ) on 
the commercial drive, which are placed on the a.c. side 
of the converter, and the output of the transformer 
rectified to obtain the waveform in the armature.
However, this results in a "tail" to zero each half
cycle during continuous current, as seen occasionally in 
Figs 5.18 and 5.19. The ACCTs also have a limited
frequency response, and so the displays of small
currents in the discontinuous region become distorted, 
as can be seen in Fig. 5.18, during the zero current 
demand.

Figure 5.18 demonstrates the current loop response 
for a current demand of 0 to 20 A. This can be seen to 
be very similar to the first part of the model output in 
Fig. 5.8, which is for the same current demand. The 
reason for the small currents seen in Fig. 5.18 during 
the periods of zero current demand will be described in 
a later chapter.*

Fig. 5.19 demonstrates the practical current loop 
response for steps from 20 to 8 A. This is very similar 
to the corresponding response of the model, as shown in 
Fig. 5.8. Finally, Figs 5.20 and 5.21 show the current 
loop response, and the associated firing angle demand 
for a current step of +5 to -5 A. Again these compare 
very favourably with the model output for the same 
current demand, as shown in Figs 5.13 and 5.16. The
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bridge switching procedure of the commercial drive is 
slightly different; as can be seen when comparing Figs 
5.16 and 5.21, and the reason for this will also be 
described in a later chapter.

Therefore, allowing for the practical innaccuracy 
in determining the system parameters, the practical 
results when compared with the associated simulation 
output show that the latter offers an accurate model, 
which could be used for analysis of adaptive control 
techniques.
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CHAPTER 6
Development of an Adaptive Control Technique

The purpose of this chapter is to show the 
development of an adaptive control technique employed to 
improve the performance of a standard four quadrant 
single phase thyristor converter when used with a PI 
controller and negative feedback to achieve closed loop 
control. The reasons for the need for some form of 
adaptive control have already been described in earlier 
chapters, while the latter ones described the develop
ment of two computer models used to formulate and test 
different techniques. The second part of this chapter 
will describe some of the methods investigated, and the 
reasons leading to the selection of one particular 
control strategy which was considered worthy of 
practical implementation. The first part will describe 
some of the methods investigated and published by other 
authors for improving the sluggish response of such 
drives during discontinuous current.

6.1 Some Published Methods of Improved Current Loop 
Control

The methods of improving current loop control when 
using non-circulating current thyristor drives fall into 
three main categories:
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(i) the modification of timing ramps to obtain a 
linearised current gain, the overlapping of timing 
ramps, and the forced alteration of the firing 
angle on bridge changeover.

(ii) the use of a further inner control loop.

(iii) the use of non-linear and adaptive control 
strategies.

Some of these methods will now be described.

6.1.1 Improved Current Loop Control by Modified Timing 
Ramps or Firing Angle Operation.

As shown in Appendix A, the non-linear cosine 
relationship between the firing angle and the mean 
output voltage of a converter can be linearised by the 
use of cosine timing ramps [8,9] or by the equivalent 
technique in digital form [6]. However, this method is 
only valid for continuous current, though some of the 
strategies described in section 6.1.3 will also utilise 
it. Two other methods are well documented, but mainly 
apply to dual converter systems, one involves the 
overlapping of the volt'age characteristic curves, the 
other relies on the forced setting of the firing angle 
on bridge changeover.
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Figure 6.1 shows the average armature voltage 
against firing angle demand with an incorporated linear 

transfer function in continuous current, as derived and 
shown by Haggerty [19]. The characteristics for both 
bridges are shown, the straight lines representing the 

linearised operation in continuous current only. Also 
shown is the so called no-load characteristic for each 
bridge. This represents the locus of the points at which 
current ceases for differing values of generated emf, E. 
As current flow diminishes and becomes discontinuous, 
the operation of the bridge is such that the voltage 
characteristic breaks away from the straight lines, as 
shown by the curves a, b, and c, which represent the 
cases for zero, positive and negative values of E 
respectively. This once again demonstrates the rapid 
change in converter dynamics between the two modes of 
current operation.

As shown by Joos [9], with a dual converter system 
operating in this manner, when operating conditions 
require a transfer of control between bridges, if the 

system worked as shown in Fig. 6.1, a delay on bridge 
transfer would occur. Ideal operation occurs if the 
operation were biased such that the no-load curves 
overlap, that is as the current in one bridge ceases, 
immediate firing of the other would allow smooth pick-up 
of current without delay. However, due to the shape of 
the no-load characteristics, perfect matching is not
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possible over the complete speed operating range.

Duff and Ludbrook [12] proposed the use of
coincident transfer functions as shown in Fig. 6.2. This
allows linearity of operation between bridges, but only

for continuous current operation. However, this 
introduces a problem on bridge transfer, as demonstrated 
in Fig. 6.2. At some point, determined by the load, the 
transfer function breaks away from the continuous 
current characteristic as discontinuous current
operation commences. If bridge changeover should occur 
immediately at the point of zero current it can be seen 
that the firing angle demand present would immediately 
result in operation in the continuous current section of 
the characteristic, possibly resulting in an 
uncontrolled destructive surge of current. Therefore, 
Duff and Ludbrook proposed biasing the firing angle of 
the incoming bridge such that it is set to the value 
just below that which gives zero current operation.

The idea of forcing the firing angle to a value 
such that current flow is just about to commence is the 
other method of control mentioned earlier. This involves 
sensing the value of emf, E, either by tachogenerator 
feedback, or measuring the no-current armature voltage 
directly, and determining the required firing angle as 
given in Eqn 2.15. This method has been used often, 
without biasing of the voltage characteristics, normally
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in association with some form of adaptive control 
[3,6,32,33]. This method of control will therefore allow 
smooth transfer of control between bridges, avoiding a 
delay in transfer, and also avoiding any sudden current 
surge, which can occur with biased transfer 
characteristics. However, when incorporated, it does not 
affect the dynamic perfomance, and the sluggish 

discontinuous performance still remains, as will be 
demonstrated later in this chapter. Problems associated 
with the biasing of the transfer characteristics will 
also be shown.

6.1.2 Improved Current Loop Response by the addition of 
an Internal Feedback Loop

Closed loop control is often used to control a 
system where the parameters of that system are not 
fixed, and provided the loop gain of such a system is 
maintained sufficiently high, the action of the loop can 
be made to appear linear, even as those parameters vary 
[34,1]. Therefore, in order to reduce the effect of the 
variations in converter gain, especially during discon

tinuous current operation, voltage feedback, or current- 
rate feedback, within the current loop, has been used. 
For example, Inaba et al [2] used current rate feedback 
for improved control of armature and field currents for 
lift control, while Stringer [35] used an inner voltage 
feedback loop in the control of a thyristor power unit
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used in a rolling mill. However, the requirement for
high loop gain, and the need for filtering of the
feedback signal because of the high ripple content, make 
the design of such systems complicated [9]. Also, the 
use of high gain in order to linearise the action of a 
loop is normally intended for plants that can be

expressed as a transfer function whose numerator and 
denominator are expressed as polynomials in the complex 
frequency, s [34,1], the coefficients of which might 
vary. However, the plant in the systems considered also 
contains some form of delay due to its sampling nature, 
and excessive gain in such systems will cause
instability, due to the added phase shift introduced by 
the delay.

Lavallee [36,37] , in a system that did not contain 
a continuously operating current loop, even employed
positive feedback of the generated emf in an attempt to 
improve stability of the speed loop, and to control 
surge currents following an abrupt change in speed
demand, before an average current limiting circuit has 
time to respond.

It was decided that because of the complexity of 
inner loop feedback systems, such systems would not be 
investigated, but instead one would concentrate on 
methods of the type described in the following section.
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6.1.3 Non-Linear or Adaptive Strategies for Improved 

Current Loop Response

One method of reducing the effect of the low 
discontinuous gain is by increasing the inductance in 
the armature circuit, thus causing the boundary between 
continuous and discontinuous current to occur at a lower 
value of average armature current, as can be seen from
Eqn 2.9. This was the method adopted by Black [7], who
actually introduced a series saturating reactor into the 
armature. This aided stability of the speed regulator by 
lowering the point at which continuous current occured, 
and yet still leaving only the armature inductance
present for most of the operating range, due to the 
device saturating at higher currents due to its low iron 
content. It will be remembered from earlier chapters 
that in the experimental rig used to verify the 
theoretical work, extra inductance was also added to the 
armature circuit. However, this was not done for the 
reason just mentioned, but instead to increase the gain 
change at the current boundary. The operating range over 
which discontinuous current is present is still about 
35% of the total, allowing a maximum armature current of 
20A. It was felt for this reason, that although Black
would have decreased the range of discontinuous current, 
he probably would have caused a further reduction in 
performance during this region. Additionally, with the 
ever increasing complexity of electronics, for
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continually reducing costs, assuming a large production 
run, methods of control as adopted by Black, would not 
be as cost effective as other methods described in this 
section.

Buxbaum [32,37,38] proposed that in order to
achieve satisfactory control of a thyristor drive, both 
adaptive control and controlled positioning of the

firing angle on bridge changeover is necessary. He 
suggested that on bridge changeover, the phase angle 
must be in the correct position, with regard to the 
generated emf, before control is passed to the outgoing 
converter, and that the point in the cycle at which 
conduction starts is also important to avoid overshoot. 
Like Castell [13], he also stated that when stringent 
requirements on control are necessary, the dead-time on 
bridge cross-over must be kept to a minimum. He
suggested that responses similar to those in continuous 
current were possible with adaptive control techniques, 
but these were not discussed.

Johannson and Gustaffson [33] also proposed the use 
of forced firing angle positioning on bridge changeover, 
again setting the firing angle so that the zero current 
position was set, depending upon the value of generated 
emf, as shown in Eqn 2.15. However, although they also 
advocated the use of an adaptive control strategy for 
improved performance, the technique implemented was not

116



described. Similarly, Joos [9] proposed a non-linear 
control strategy which as demonstrated in the paper 
greatly improved the response, but again did not fully 
describe the technique employed.

Abbott and Wheeler [40] used an analogue computer 
to simulate the operation of a single phase thyristor 
converter within a current loop. Using such a model, 
they were able to generate the open-loop frequency 
response which in general supported the results of 
Castell [13] i.e. in continuous current the gain 
remained constant, and no phase shift existed for most 
of the frequencies of interest, although the roll-off in 
gain with frequency did occur lower than suggested by 
Castell. While in discontinuous current, the gain 
decreased and the phase lag increased with frequency 
over the same range. Transient tests taken from the 
model made it "abundantly clear" that a fixed structure 
system could not provide an adequate system response 

over the complete operating range,and that should a 
fixed structure PI controller be used, the dynamic 
performance at low currents must be severely degraded to 
avoid instability at higher continuous currents. They 
noted that a conflicting requirement existed for the 

controller, if the closed loop response was to be 
improved, in that a high proportional gain and low 
integral time constants were required at low conduction 
angles, while low gain but relatively short integral
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time constants were necessary with continuous conduction 
firing angles. It was therefore proposed that an 
adaptive controller was necessary which used the
conduction angle, B, in order that the integral time 
constant be decreased non-linearly with increased fl, 
while the proportional gain increases with decreased B, 
the results of which showed a marked improvement in 

speed response.

Mapes and Bose [41] used an open loop control 
circuit which, when combined with an inverse cosine 
timing ramp technique, provided a linear transfer 
characteristic over its complete operating range. The 
method by which this is achieved will be described, 
initially with reference to Fig. 6.3, which is taken 
from the paper, as is Fig. 6.4. This shows the
normalised average current against v c / V r or cos (Xi , for
different values of wL/R, where vc is the firing angle
demand, and V r the peak demand voltage, such that.

VC = cos «1 6.1
V r

The transfer characteristic was derived by Mapes 
using Equations 2.8, 2.11 and 2.17, the latter requiring 
a numerical solution to determine the turn-off angle, 
0(2 , in discontinuous current. In order to linearise the 
discontinuous gain characteristics, all curves in Fig.
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6.3 must be forced to merge with the continuous 
conduction line. Consider the converter operating in 
discontinuous current for wL/R equal to 1, at point "A", 
such that v c / V r is equal to 0.3. In order to translate 
point "A" to point "B" ( i.e. onto the continuous 
current boundary) the operating point must be 
transferred to point "C", which requires the value v r / V r 

shown. It can be shown that for such a case that,

vr = 2 .Vc + cos «2 6.2
V r V r

This equation is plotted in Fig. 6.4(a) for various 
values of wL/R. The purpose of the control circuit is to 
generate the "auxilliary control voltage", v r , from the 
input vc , in order to satisfy the curves shown in Fig. 
6.4(a). To achieve this electronically, the non-linear 
curve for the particular value of wL/R is approximated 
by the two linear segments as shown in Fig. 6.4(b). Each 
segment is defined such that

VR = m.vc + c 6.3

where, m is the slope, and c is the intercept. When vc 
is equal to V r , (Xi is equal to 0. As vc is reduced, 
conduction becomes discontinuous at vc equal to Vsw and 
control is transferred to segment 1. Then at vc equal to 
V r e f , control is transferred to segment 2. When vc is
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equal to 0, V r is equal to - V r , corresponding to (Xi 

equal to ÏÏ. As the non-linear control circuit has given 
the discontinuous current operation continuous current 
characteristics, the inverse cosine timing ramp can be 
used to linearise the gain over the whole operating 
range. The method was proven experimentally by Mapes, 
although no results of current demands were given to 
demonstrate practical responses, and as stated before, 
the method as shown only applied for E is equal to 0.

The additional circuitry needed to generate the
different linear segments so that the control could be 
extended to operate at speed , would appear to make the 
method prohibitively complicated.

Ohmae et al [3,6] described the use of
microprocessors for speed control of high power three
phase thyristor converters. Although they proposed the 
use of inner loop feedback control methods, as described 
in section 6.1.2, when using analogue controllers, the 
latter, when compared with digital controllers, were 
considered less stable and more expensive. Therefore, 
the use of microprocessors, with the added benefits of 
fault monitoring, fauIt diagnosis and reduced component 
cost were investigated. However, even with high speed 
bit-slice microprocessors, it was still not possible to 
meet the estimated 50 p.s sample time [3] needed for
voltage or current-rate feedback when all other system
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processing was included. So, a control algorithm to 
linearise the non-linear load characteristics of the 
converter was developed, which was used with the same 
microprocessor to produce a fast-response speed 
regulating system.

Ohmae used Fig. 6.5, developed from equations 
derived by Read [42] to describe the principles of the 
adaptive controller. This shows the load characteristics 
of the thyristor converter, when expressed as the
relationship between the normalised terminal voltage. 
E t *, and the normalised average current. I*, for
different values of firing angle, a. Fig 6.5 is valid 
for all values of generated emf between the positive and 
negative limits of the supply voltage and demonstrates 
that in continuous current, the armature voltage for a 
fixed firing angle is constant, regardless of I*, but in 
discontinuous current, the armature voltage increases 
with decreased I*.

Consider the operation of the converter for a 
firing angle, o i , of 7ÏÏ/18 rad. For low motor speeds, 
the armature current is continuous, and all the armature 
voltage is constant at Ere. At some point "A", the 
generated emf,E, has increased sufficiently for the
motor current to just become discontinuous. As E is 
increased further, Er* varies along the curve to the 
point "C” and it is in this region that the non-linear
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operation is observed. The adaptive control strategy 
linearises the system by ensuring that Et* is made 
constant regardless of I*, e.g. at point "C", the non- 
linearity is removed by adding dec to ai . In this case da 

is equal to ÏÏ/9, which is the difference in firing angle 
between point "C" and point "B", at which point the
armature voltage is equal to that in continuous current. 
Therefore, if the values of da for all values of I* are 
determined, and added to a i , the composite firing angle, 
a A , will maintain the armature voltage constant for all 
values of I*. If this could be repeated for all values 
of a, and all I*, the discontinuous non-linearity would 
be removed.

The current loop used to achieve this linearisation 
is shown in Fig. 6.6, and is again taken from the paper 
in question. The loop consists of two parts. The first 
part operates in discontinuous current, and searches for 
a compensating angle, da, depending upon the present 
values of I and a, which are used in conjunction with a 
series of non-linear compensation curves, as shown in 

Fig. 6.7. The second part of the loop includes a PI 
controller and inverse cosine operation. As the 
converter operation has theoretically ensured a 
continuous current characteristic regardless of the
operating point, the PI control is set for the optimum
continuous current value, and a fast current response is 
said to be obtained in discontinuous, as well as in
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continuous current.

As can be seen, the system is quite complex, and 
certain problems exist. Although the microprocesser can 
use a series of tables to achieve the non-linear
compensation, it is impossible to allow for all values 
of I* and a. Also, should non-linear compensation be 
present in continuous current, the effective loop gain 
would be excessive, and the stability deteriorates. 
Neither does the paper comment on the effect on the loop 
dynamics of variations in the electrical time constant 
due to long term changes in parameters and heating
effects. To avoid the latter, the so called dual mode
logic was introduced, as shown in Fig. 6.8. This ensures 
that non-linear compensation is only introduced during 
discontinuous current and when the deviation between I 
and the current reference is large. The system would 
therefore seem to be limited in its operation, and the 
responses included in the paper to demonstrate the 
adaptive action did not show a marked improvement on 
those obtained from the single phase converter with 
fixed PI control. As can be seen from Fig. 6.8, a system 
of generating the correct firing angle for zero current 
at bridge changeover is also included.

6.2 Development of an Adaptive Control Strategy

The first part of this section will describe one
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method for the improvement of the current loop response 
on bridge changeover, but it is first necessary to 
explain why one of the most common means of linearising 
the converter operation was not implemented. This 
concerns the use of an inverse cosine relationship, as 
often referenced earlier, and described in Appendix A, 
but is only valid in continuous current. In the 
practical rig, as shown in Figures 6.9(a) and 6.9(b), 
which show the d.c. gain characteristics of the 
converter and load at standstill, as the maximum 
armature current was to be only 20A, the variation in 
gain in continuous current was small enough to be 
assumed constant and so no linearisation was necessary. 
If the same load was to be used with a wider current
range, then this method of linearisation might well be 
implemented.

6.2.1 Methods of Improving the Response on Bridge
Cross-over.

As was described in section 6.1.1, when the
operating conditions require a transfer of control 
between bridges, a delay can occur, depending upon those 
operating conditions. This is fully demonstrated in Figs 
6.10 to 6.17. These are meant to show the effect of 
bridge switch, and do not necessarily show the full 

waveform to its steady state value. All responses are
for the system parameters as defined in Appendix B, but
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with a equal to 4.3, b equal to 305 and Ki equal to 
0.055 i.e. the P-I values that gave the current response 
as shown in Fig. 5.18 and the feedback constant of the
practical system. Figs 6.10 to 6.13 are for current
demands of + 1 A, + 6A, and + 20 A at zero speed, while
Figs 6.14 to 6.17 are for the same current demands for a 
generated emf of -100 V. As expected, the delay is
greater for low current demands, and as Fig. 6.11 shows, 
the reason for this is that the the small error term 
produced by the small demand and zero current results in 
only a gradual change in the integrator output and thus 
the firing angle.

At higher values of current demand, the response 
improves. However, Fig. 6.16, and the associated firing 
angle in Fig. 6.17, show that a large current demand 
reversal at speed can cause a serious current overshoot, 
due to the large step in demand saturating the firing 
angle demand.

In order to reduce the effect of the delay. Duff 
and Ludbrook [12], and Joos [9] proposed the overlapping 
of the bridge transfer functions. This was achieved in 
the model by the addition of a constant offset to the
firing angle, the polarity of the offset dependent upon
the bridge in operation. The use of an offset has the
same effect as a shift in the timing ramps, but was
easier to implement in the model. The value of the
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offset chosen to remove the very low gain region, as 
indicated in Fig. 6.9(a), was 25*. This is equivalent to 
an offset of 1.4V for positive current, and -1.4V for 
negative current, as derived using Equations 5.14 and 
5.15, although these represent the firing angle in the 
incremental form used in the model.

The responses resulting from the same current 
demands as before are shown in Figs 6.18 to 6.25, where 
6.18 to 6.22 are for zero speed, and 6.23 to 6.25 are 
for an initial emf of -lOOV. The effect of the latter is 
a marked improvement in response at low currents, but a 
worsening one at high currents due to the large steps in 
firing angle at bridge changeover. This is demonstrated 
in the firing angle responses of Fig. 6.19 and 6.22. 
Both show the jump in firing angle demand of 2.8V at 
bridge changeover, but 6.22 also shows the effect the 
large step in demand after 0.1 seconds has on the 
proportional term of the P-I controller and thus the 
firing angle demand, v c . The change in vc due to this 
change in current demand is given by the product of the 
change in current demand (40A), K i , and the proportional 
term, b i.e. 9.46V. The effect of the large current 
reversal at speed is even more severe.

Figures 6.26 and 6.27 show the effect of halving 
the offset at standstill for demands of + lA, and + 20A. 
The small current demand performance is greatly reduced,
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and yet an overshoot still occurs for a large current 
reversal.

Finally, Figs 6.28 and 6.29 show that the addition 
of the offset has absolutely no effect on the dynamic 
response, provided bridge switch does not occur. Both 
show an initial demand of lA, with a step in demand to 
6A after 0.3 seconds, by which time both have reached 
steady state, except 6.29 is for the case with an offset 
of 1.4V, while in 6.28 there is none. It was concluded 
from these results that the method of coincident 
transfer functions was not viable if a controlled torque 
response was to be achieved.

The other method of improving current loop response 
at bridge crossover, as described in section 6.1.1, 
depends upon the setting of the firing angle to a value 
such that current flow is about to commence, as given in 
Eqn 2.15 [3,6,32,33]. Two methods of implementing this 
technique were investigated and these required a 
modification to the current loop model as shown in Fig. 
6.30, which altered Fig. 5.6(a). Option 1 represents the 
condition where the zero current firing angle is 
determined immediately the current loop demand indicates 
a change in bridges, and the armature current becomes 

zero. Option 2 [32] similarly waits for zero current, 
when it inhibits further conduction, but waits for the 
next zero voltage of the supply before passing control
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to the incoming bridge.

Figures 6.31 to 6.42 show the current loop 
responses incorporating either option 1 or 2. Figs 6.31 
to 6.36 are for option 1, demands of + lA of + 20A, and 
values of emf, E, of either 0 or lOOV. Figures 6.37 to 
6.42 are for option 2 and similar operating conditions. 
Unlike the responses shown previously, for these 
responses the initial firing angle was also set to the 
value such that current flow was just about to commence. 
Both these methods require the use of the generated emf, 
E, which can be derived directly, or from the speed 
provided the torque constant, Kt , for the prevailing 
operating conditions, is known. The practical problems 
associated with either of these methods will be 
described in a later chapter.

The flowchart shown in Fig. 6.30 also indicates 
that the integrator output also needs to be set, the 
reason for which can be seen from Fig. 5.2. This shows 
that the firing angle demand, v c , is the sum of the 
proportional and integral terms. However, the setting of 
V c  is such that for a zero current demand, zero current 
would result regardless of emf. Under these conditions, 
as the armature current is zero, the current error is 
also zero and so the proportional term has no effect on 
the firing angle. Therefore, in this instance, the 
output of the integrator is the required firing angle
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demand. Setting the integrator output to vc on 
crossover, regardless of current demand, ensures that as 
the current demand is applied, a step in the firing 
angle, v c , due to the proportional term is seen, as 
expected for a P-I controller.

Figures 6.31 to 6.42 all show an improvement on the 
current demands with no circuit modifications, as shown 
in Fig. 6.10 to 6.17. However, the small current demands 
are not as good as those that include an offset, and yet 
a marked improvement is noted, compared with the latter 
method, when large changes in current demand occur.

The results obtained using option 2 are very 
similar to those obtained for option 1, but for a much 
larger dead-time before current recommences in the "new" 
bridge. It was noted by Castell [13] that the reduction 
of this dead-time can be essential for some 
applications. However, the advantage of using option 2 
is that as the current demand is applied to the incoming 
converter at the same time in the voltage cycle, 
assuming constant E, the responses obtained will be 

identical. However, with option 1, the transfer of 
control is immediate once current flow ceases in the 
outgoing converter. Therefore, the response obtained is 
itself dependent upon the prior loop conditions. A 
comparison of Figures 6.35 and 6.41 best show the added 
dead-time introduced by option 2, while Figs 6.34 and
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6.40 show the differing action on bridge switch. As 
current ceases soon after the reversal in circuit demand 
after 0.2s, the use of option 1 immediately determines 
the new firing angle and control is released. The proof 
that the starting value of firing angle is correct is 
shown by the following. As the generated emf for the 
outgoing converter was lOOV, the incoming one will see 
an emf of -lOOV. Therefore, the zero current firing 
angle, as given by Eqn 2.15 will be.

aoFF = ÏÏ - asin(-lOO) rad 6.4
275

which in equivalent circuit form is.

Vc = «0 F F .10 - 10 6.5
ÏÏ

Therefore, allowing for the effect the step in demand 
(-1A) would have on the firing angle demand.

Vc - (XoF F . 10 — 10 + ( i p E F . K i . a )  V 6 .6
ÏÏ

and as a is equal to 4.3, Ir e f  is equal to -1, and Ki is 
equal to 0.055, then,

vc = 0.948 V 
130



This is the value at crossover in Fig. 6.34.

The operation for option 2 is similar, except that 
current flow is inhibited and until control is passed 
the firing angle ramps down due to the effect of the 
negative applied current demand on the integral part of 
the P-I controller. However, at the zero mains voltage 
crossing point (zcp) after 0.21 s, the new value of vc 
is determined, which as seen is identical to that just 
determined, and the operation of the incoming converter 
begins.

Option 2 was chosen as the method to be implemented 
because of the known resulting current loop response, as 
will be demonstrated later in this chapter.

6.2.2 Modifications to the Current Loop Model to allow 
for Adaptive Techniques.

In order to allow the investigation of different 
adaptive techniques, it was first necessary to adapt the 
basic current loop simulation. In order to implement all 
the techniques investigated in this chapter, the general 
flowchart of the model, as shown in Fig. 5.3, was 
modified to that shown in Fig. 6.43. This required the 
introduction of three new subroutines, "GAIN-SETUP" 
"GAIN-ADAPTION" and a second version of the numerical 
integration routine. The two forms of the control loop
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modelled, and all the system parameters, are shown in 
Figs 6.44 and 6.45. Fig. 6.44 is similar to that 
described in Chapter 5, but for the introduction of an 
extra forward loop gain. Fig. 6.45 shows the loop 
containing all the features of 6.44, but also containing 
an extra forward path integrator and gain term.

The subroutine gain-setup is used at the beginning 
of the simulation to ascertain the necessary control 
loop parameters required in the programme run e.g. a,b 
and Ki . However, these values might well be varied by 
the gain-adaption routine, depending upon system 
variables. The gain-adaption subroutine is placed in the 
programme loop between the control subroutine, which 
controls the firing angle and bridge selection, and the 
numerical integration routine which determines the 
system parameters at the beginning of the next sample 
interval for the selected form of loop. Therefore, at 
every sample increment, gain-adaption determines the 
necessary values of a,b and Ki , depending upon the
selected adaptive technique, and also whether the loop

shown in Fig. 6.44 or that in Fig. 6.45 is operative. It
is in fact made up of a number of selectable routines, 
and these will be described as they are introduced.

Finally, it is noted that an extra numerical
integration routine has been included. This works in 
exactly the same way as that described in Chapter 5,
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except that the Runge-Kutta numerical integration 
routine has to allow for a third, instead of a second 
order system. Also, in the same way that the program 
routine checked the limits of circuit variables to allow 
for circuit saturation, the output of the extra 
integrator, W, must also be made to stay within the 
permitted limits. In most cases, the adaption control 
routine will only vary the system parameters a ,b and Ki , 
and as these are constants, as far as the numerical 
integration routine is concerned, the calculation 
process remains the same. In some instances, as 
parameters are changed, it will be necessary to ensure 
that no change occurs in an associated variable. For 
example, if the proportional term, a, was changed, there 
would be an associated step change in the firing angle 
demand, v c . This would not always be tolerable, and so a 
compensating effect must take place in the integrator 
output to ensure that no change in vc occurs. Therefore, 
the system variable, g, would also have to change, where 
the new value of g would be given , for Fig. 6.44, by.

g = vc_ - K i . a . i E  6.7
Ki

This is much easier to implement in the model, 
compared with a practical system, but this task must be 
performed by the gain-adaption routine before calling 
the necessary numerical integration programme.
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The result of these changes was that the system was
very flexible and easily altered to experiment with
different strategies, normally only requiring a change 
in the gain-setup and gain-adaption subroutines. An
additional feature that was also used to improve 

flexibility was external to the programme and that was 
the Multics Operating System's interractive debugging 
tool, "Probe" [43]. This allowed interruption of the 
programme at a selected point, either by the use of
fixed or conditional breaks, and the immediate 
investigation, or even alteration, of any required 
system parameter or variable. Thus new control 
strategies could be easily checked for the required 
effect, even if they only occured at irregular intervals 
in a long programme run.

6.2.3 Some Early Attempts at Loop Adaption

This section will describe some of the earlier
attempts at improving the converter response in
discontinuous current, none of which were succesful 
enough to be worthy of implementation, but all improved 
one's general understanding and led to the ideas 
developed in the next section.

Section 6.2.2 described the modifications made to
the current loop simulation to allow the study of 
different adaptive techniques, the key feature of which
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was the addition of the subroutines "GAIN-SETUP” and 
"GAIN-ADAPTION". The version of GAIN-SETUP used for this 
section is shown in Fig. 6.46. This version allowed for 
six different methods of control, all of which initially 
required the input of a,b and K i , as shown in Fig. 6.44 

although not in Fig. 6.46, and these values were those 
required during continuous current. The simplest of 
these was method "1" which offered no adaption, but 
allowed a direct comparison with the output from the 
standard current loop with a P-I controller.

Methods "2","3" and "4" all involved the adjustment 
of the forward gain, K i , although in differing ways, and 
will be described in turn. All set "MODE" to 1, which 
indicates to the main control loop that the extra
integrator is not required. The idea behind all three
can be seen from the first two columns of Table 3. These 
show the variation in current gain with current at zero 
speed for the practical rig. At the boundary between 
continuous and discontinuous current this gain changes 
by a factor of approximately 14. Therefore, an initial 
idea was to increase Ki by this value in discontinuous 
current and hopefully generally improve the response, 
although not allowing for the change of gain in the
discontinuous region. To investigate this, the gain-
adaption routine was written such that the flowchart 
shown in Fig. 6.47 was incorporated. The operation of 
the latter was very simple and relied on the "CONTROL"
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routine setting the variable CONT. If this was 1, Ki was 
set to its continuous current value, and if not, Ki was 
determined as the product of the continuous current
value of Ki and the gain-factor obtained by the
associated gain-setup routine. Three results obtained 
using this method are shown in Figs 6.50 to 6.52 and as 
a means of comparison. Fig. 6.49, which was run for no 
adaption (i.e. method "1") is also included. All are for 

the practical rig values, with a equal to 4.3, b equal 
to 305 and Ki equal to 1 and show a step demand of 6A
at time t equal to 0. However, the responses are vastly
different to those that might initially have been 
expected.

Fig. 6.50, which shows a very good, fast response 
only has a gain-factor of 2, a factor of 7 less than 
that initially expected, and Figs 6.51 and 6.52. which 
are for gain-factors of 5 and 10 respectively, show a 
system that rapidly goes unstable. Fig. 6.52 is a good 
example of ripple instability as described by Fallside 
and Farmer [26].

The second method attempted relied on the 
application of an additional forward gain only during 
zero current periods, the flow chart for which is shown 
in Fig. 6.48. This routine uses the variable VS STATE 
introduced for the "CONTROL" subroutine, which is set 
whenever current is flowing. Therefore, this method
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would allow differing degrees of gain, depending upon 
the armature current. However, as the results of Figs 
6.53 and 6.54 show, which are for gain-factors of 2 and 
10 respectively, the response is similar to the first 

method and equally unstable as the gain is increased.

Finally, the last method of this type investigated 
is shown by the flowchart in Fig. 6.55. This method 
allows the introduction of gain dependent upon the 
degree of discontinuity. In order to achieve this a new 
variable "TOFF" has been introduced, which acts as a 
measure of the zero current period between current 
pulses. Every time the routine is called and the current 
is zero, TOFF is incremented. Therefore, if conduction 
was not to occur, TOFF would increase to 1024 in a 
period of 10ms, as dictated by the sample period, and as 
this corresponds to 180", it is limited at this point.

The routine begins by checking if continuous 

current is present and if it is TOFF is cleared and Ki 
set to the continuous current value. If continuous 
current is not present, the routine then checks to see 
if current flow exists and if not TOFF is incremented as 
just described and the variable "VS_PREV" set to the 
present value of VS STATE i.e. zero. If conduction is 
present, the routine checks to see if conduction has 
just begun by a comparison of the present value of 
VS STATE and the previous, VSPREV. If the two are
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equal, i.e. 1, no change is made and control returns as 
shown. However, if conduction has just begun, the 
necessary value of forward gain, K i , is calculated, as 
given by the equation,

Ki = K b + (Ke - K s ).TOFF 6.8
TOFFS

The reason for the use of such an equation can be
seen with reference to Figs 6.56(a) and 6.56(b). If one
assumes the relationship between current gain and off- 
time as shown in Table 3 is linear, then an
approximation, as shown in Fig. 6.56(a) might be made. 
Figure 6.56(b) shows the form of gain curve that would 
be needed to linearise that in 6.56(a), with one
limitation and that is a maximum limit on applied gain. 
Therefore, by setting values of Kb ,Ke and TOFFS during 
the associated GAIN-SETUP routine, the routine allows
the calculation of a value of Ki to linearise the
expected converter gain. The selection of TOFFS, in
association with the program loop ensures that the
maximum value of gain can be achieved at any value of 

TOFF, and even if TOFF exceeds the selected value of 
TOFFS, Ki would be limited to the maximum value. As the 
routine calculates K i , the variable TOFF is cleared and 
VS PREV set before returning. So a change in gain can 
only occur as current commences, or the off-time exceeds 

10ms. An additional feature included, but not shown in
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Fig. 6.55, is that any initial value of Ki at t equal to 
0 is possible, but this is normally set to Ke .

In order to demonstrate the lack of success of this 
method, Figs 6.57 to 6.61 are included. Fig. 6.57 shows 
the current loop response of a loop without adaption to 
a step in demand of lA. The program was then run with Ks 
equal to 1, Ke equal to 7.2 and TOFFS equal to 683, the 
intention of which was to introduce no extra gain at the 
current boundary, but to linearise lower values of 
armature current. Fig. 6.58 shows the resulting 
response, for a lA step demand, which is stable and 
oscillatory but with little overshoot. However, the 
response to a 6A demand, as shown in Fig. 6.59 is once 
again unstable. Finally Fig. 6.60 shows the response for 
a 1A step when Ks is equal to 2,Ke is equal to 14.4 and 
TOFFS is equal to 683; that is an attempt to double the 
gain at the current boundary, and linearise the gain at 
other currents accordingly. The response shown, although 
eventually stabilising to the correct value, undergoes a 
very severe initial overshoot, and is obviously 
unsuitable.

All three methods indicated that it is not possible 
to simply increase the forward gain, mainly because of 

the effect this has on the proportional term of the P-I 
controller, as demonstrated in Fig. 6.61, which is the 
associated firing angle demand for the response shown in
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Fig. 6.60. In all cases, the initial step in demand 
causes a too severe a jump in firing angle, resulting in 
overshoot and possible instability, although as 
demonstrated in Fig. 6.60, a severe overshoot does not 
necessarily imply instability, although this depends on 
whether the current boundary is crossed.

In order to eradicate the latter effect, the next 
method of control attempted, as shown in the flowchart 
of Fig. 6.62, relied on an increase in the integrator 
gain only, with no change to the proportional gain. The 
effect of such a control action is shown in Figs 6.64 
to 6.66 which are for values of gain-factor of 2,5, and 
10 respectively and are for a step demand of 6A. These 
show an improvement in that the new instability now 
occured at a higher value of gain-factor, but in 
general, the method was not found to be satisfactory. 
However, it did lead to the development of some of the 

ideas described in section 6.2.4.

The last part of this section will describe a 
method that was investigated that was fundamentally 
different to those previously described. This relied on 
the introduction of an extra integrator into the forward 
path, the theory behind which will now be explained, 
however the work was intended initiallly as a means of 
improving discontinuous current performance and so 
continuous current operation is ignored.
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During the initial stages of the work it was
wrongly believed that the dynamics of the converter and
electrical part of the machine were as shown in Fig.
6.67 i.e. a variable d.c. voltage gain, a transport lag 
corresponding to a time delay of 10ms, and the armature 
lag. If one considers the standard P-I controller, then 
the Bode magnitude plot of the forward loop, depending 
upon the relative positions of the breaks could be as in 
Fig. 6.68(a), with Fig. 6.68(b) showing the Bode phase 
plot with and without the effect of the transport lag. 
This shows that without the transport lag, while the 
model remained valid, as the gain is increased the loop 
would remain stable but due to the lag, instability will 
occur with excessive gain due to the rapid increase in 
phase shift with frequency. For a 10ms delay, the phase 
shift associated with the transport lag is given by 
3 .6f.

Therefore, an initial suggestion was to add an 
extra integrator to the forward path, thus altering the 
Bode gain and phase curves, and hopefully providing a 
more stable system. The flow chart for this method is 
shown in Fig. 6.63 and shows that during discontinuous 
current, MODE is set to 2, indicating to the main loop 
that an extra integrator is to be added to the forward 
loop, and so the second numerical integration routine 
mentioned in section 6.2.2 is used. The immediate 
problem encountered with this method was that it was
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greatly dependent upon the position of the motor lag 
i.e. for the armature time constant of the rig used by 
Maslen [l],this would occur at approximately 64Hz, and 
yet for the practical rig occured at 2Hz.

It can be shown [30] that for a simple second order 
system, the time to the first peak,tp, following a step 
in demand is given by,

tp = ÏÏ______ 6.9
WN . y r  -

and the associated peak overshoot, Mp is given by.

Mp = 1 + exp( -S.IT ) 6.10
y i ~ T ^

where S is the damping ratio, and w n  is the undamped 
natural frequency.

If the natural frequency of such a system was 12.5 
Hz and had a damping ratio of 0.6, then the time to peak 
would be 0.05s, with a 10% overshoot i.e. for the 
current loop, the step response would be such that the 
peak would be reached after 5 current pulses, an 
acceptable response, assuming the loop was second order. 
However, if one considers the loop as shown in Fig. 6.67 
the forward loop transfer function is given by,

142



G(jw) = Kl » Kl . b . ( l + .iwa/b ) . Kv . ÏÏ. exp(-.jwT) 6.11
10.R . (jw)2.(1+jwL/R)

where,

Kv = Ka .R 6.12

as shown in Appendix A. So, if Ki is equal to 1 and Ki 
is equal to 0.055 (the practical rig feedback constant) 
then,

|G(jw)| = 0.055.b.KA. ïï.7(lT(wa7b)^y 6.1310w2.y(i+(wl/R)%)

and for a 10ms delay,

/G ( .jw) = -180* + atan(v^) - 3.6.f - atan(v^) 6.14
b R

It can be shown that for the practical rig used, if 
such a system is to give a phase margin of approximately 
45* at the OdB crossover, resulting in an expected under 
damped response, then the P-I break frequency needs to 

be set to occur at 0.15Hz. If Ka is then selected for an 
armature current of lA, the zero crossover would occur 
at 1.2Hz. Although this is not a second order system, 
such a response would result, using Eqn 6.3, in a first 
peak after approximately 0.65 seconds, that is after 65 
current pulses, obviously an unsatisfactory response. 
Figs 6.69(a) and 6.63(b) show the associated Bode plots
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for G(jw), and 6.70 shows the response of the model to a 
1A step demand where a is equal to 136, b is equal to
128, Ka is equal to 3.7 (as shown in Table 3) and Ki is
equal to 1. The response is obviously unacceptable, and
so this method was discarded.

At a later stage, however, following the 
observations that will be described in the next section, 
the dynamics of the converter and lag were reassessed to 
represent a variable gain and transport lag only and 
that this lag, as proposed by Parrish and McVey[25], is 
equivalent to a transport lag of,

0 = -1.8f 6.15

The block diagram representing the new loop is as 
shown in Fig. 6.71 for which the open loop transfer 
function is now given by.

G(jw) = Ki .Ki .b. (l+jwa/b).ÏÏ.KA.exp(-.iTM 6.16
10.(jw)2

and if Ki is equal to 1 and a transport delay is as given 
in Eqn 6.15, then,

G(jw)| = 0.55x10-4 .b.TT.KA .7(TfT'i^7bT^ ) 6.17W2
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/G( .1w) = -180 - 1.8f + atan(wa) * 6.18
b

If a similar analysis is now performed as before, 
then the break frequency of the P-I controller needs to 
be set at 2Hz, in order to achieve a phase margin of 
45* at 20Hz. If the unity gain crossover is also to be 
achieved at this point, then for an armature current of 
6A, K a is equal to 9.56 (from Table 3), and by
substituting into Eqn 6.16 it can be shown that it is
necessary for a to equal 757 and b to equal 9512. For 
such a system the current loop was run, initially with a 
step demand of 5.5A for 0.25s, followed by a demand of 
6.5A for the same period. The current loop response 
obtained is shown in Figures 6.73 and 6.74, the latter 
with vertical axis limiting in order to demonstrate the 
small signal current loop response about 6A. As can be 
seen a marked improvement in response is obtained with 
little overshoot. This method of control did have a
number of disadvantages. The method relies on the unity 
gain crossover occuring at approximately the peak of the 
phase shift curve, as shown in Fig. 6.75, and should a 
change in converter gain cause this to vary on either 
side of the peak, then a less stable system will ensue. 
The method is also meant for discontinuous current only, 
and would be difficult to incorporate into a dual 
structure system which would not include the extra 
integrator during continuous current operation. One

145



advantage this method would have is zero steady state
error to a ramp input. A second is that the extra
integrator gives a measure of the previous average 
current, and the operation of the following P-I
controller is linear. Appendix C shows that for 
discontinuous current operation, the operation of a sole 
P-I controller is distorted. This method of control was 
not investigated further as that developed in the rest 
of the chapter was considered better.

6.2.4 The Development of an Alternative Control Strategy

After the failure of the previous control 
strategies, the action of the loop was investigated in 
terms of previous research and observed action. The
first anomaly that was noted was demonstrated indirectly 
in Chapter 4. The response of the thyristor converter 
and load to a step in firing angle is shown in Figs 4.10 
and 4.11. These show that the rise of current to its 
steady state value is an exponential one during 
continuous current , which as expected is governed by 
the time constant of the motor load i.e. the ratio of L 
and R. However, for a firing angle demand within the 
discontinuous region, no such exponential response 
occurs, in fact the steady state armature current is 
reached on the first firing instance ( Figs 4.12 and 
4.13). This would tend to suggest that the motor lag 
affects the dynamic response in different ways,
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depending upon the current mode.

The second anomaly concerns the action of the P-I 
controller during discontinuous operation. It was noted 
in Chapter 5 that the integral part of the controller 
was essential to the operation within this region, as it 
acted as a measure of the previous average current, as 
by the nature of discontinuous current, at the point of 
firing the current is always zero. Consider the circuit 

as shown in Fig. 6.76. This shows the loop action with a
P-I controller. At the point of firing, the firing angle
demand, v c , is given by,

VC = g + a. ie

= g + a . ( i R E F  -Kri) 6.19

where, g is the integrator output,a is the proportional 
gain, iREF is the current demand,and i is the armature 
current which due to the discontinuous operation is 
zero. So at the point of firing,

VC = g + a.iREF 6.20

(This idea is developed further in Appendix C).

Therefore, as the proportional term has no effect 
on the integrator output, and provided the application

147



of a step in current demand does not result in
continuous current operation, the action of the loop can
be accurately represented by Fig. 6.76(b) i.e. a
feedforward term is introduced. So, the action of the
controller is not as expected and could possible be
changed.

As described in Chapter 3 and based on the work by
Parrish and McVey [25], Castell [13] suggested that the
transport lag theory was pessimistic and could only be 
considered as a worst case analysis during discontinuous 
current, while in continuous current the converter
exhibits constant gain and zero phase shift over the 
frequencies of interest.

Abbott and Wheeler [40], as indicated in section 
6.1.3, supported the work of Castell by determining that 
in continuous current the gain was constant, and the 
phase shift negligible for a large part of the operating 
range, but in discontinuous current there was a fall off 
in gain with frequency. They also suggested that the 
current loop could not be adequately controlled by a 
fixed structure system, but instead required an adaptive 
control that altered the P-I controller, dependent upon 
the level of current discontinuity.

It was decided, therefore, that the plant to be 
controlled varied according to the current mode, and
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that for continuous current is shown in Fig. 6.77(a), 

while that for discontinuous current is shown in Fig. 
6.77(b). The phase lag of the converter for the latter 
case was taken to be given in the worst case analysis as 
that suggested by Castell, as derived by Parrish [25] 
i.e. a linear phase shift with frequency, with a maximum 
phase shift of 180* at the sampling frequency of lOOHz. 
This is given by the time delay element, -exp(- s .Tc/2), 
where Tc is the conduction period. So, the worst case 
occurs on the boundary between continuous and 
discontinuous current i.e. where Tc is equal to Ts the 
period of the sampling frequency.

Figs 6.77(a) and 6.77(b) also represent the 
converter gain as -ÏÏ/10. This is derived by considering 
the equation defining the positive ramp operation, 
i.e.

Vc = 10 - 10. (X 6.21
ÏÏ

Therefore, the ramp gain is given by.

^  6.22 
dvc 10

However, as shown earlier, the d.c. converter gain 
is also negative (Eqn Al) and so the overall gain of the
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ramp and converter is positive.

Lastly, the only element of the plant dynamics that 

was ignored in the analysis was any roll-off in the d.c. 
gain characteristics with frequency, which according to 
Castell did not occur in continuous current,and was more 

or less constant for frequencies less than a quarter of 
the sampling frequency in discontinuous current.

Having ascertained the form of the plant to be 
controlled, it was then necessary to select the desired 
controller. As already stated, the purpose of the work 
was to obtain a fast loop response without overshoot. 
This could be achieved with either a damped second order 
response, or more simply with a first order lag. Also, 
regardless of the differing loop dynamics, the response 
should ideally be the same over the complete operating 
range. Therefore, considering the plant in discontinuous 
current, that is a variable gain with some delay, the 
method chosen was based on the paper by Haalman [44] 
which suggested that for a system with delay, the 
controller is best chosen to produce a forward path, 
which cancels if necessary, to a pure integrator, gain 
and delay element. This is simply achieved with a pure 

integrator and gain, as shown in Fig. 6.78(a), which 
fulfills all the requirements of the discontinuous loop 
action described so far. Also, using the theory of 

Haalman, although in this case the phase shift is
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considered negligible, the current loop controller in 
continuous current was kept as a P-I one, but chosen to
give a pole-zero cancellation with the lag of the motor.
The total loop in continuous current is therefore as
shown in Fig. 6.78(b), with the effective loop after 
cancellation in 6.78(c). Therefore, both loops, that is 
Fig. 6.79(a) and 6.79(c), should provide a first order 
response, although that in Fig. 6.79(c) depends upon the 
amount of phase shift present.

In order to verify this theory a series of small
signal responses were made, as shown in Figs 6.80 to 
6.98. These were obtained by first running the gain 
characteristics programme for the system paramters as
derived in Appendix B. From these four values of
discontinuous current, and their associated d.c. gain 
characteristics were taken, and one value and its 
associated gain in continuous current. The two control 

loops of Fig. 6.79 were then used to model the system 
operation for the two modes. In the continuous current 
loop, the voltage gain of the converter, Kv, is shown 
which was derived from the calculated current gain, K a , 

by the product of the latter and R, as seen when
comparing Eqns Al and A2. The control loops also show 
how the current feedback term has been "block 
manipulated" into the forward loop, and takes the value 
as present in the practical system i.e. 0.055. The 
forward loop gain, G(s), for the two case may now be
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defined i.e. for continuous current.

G(s) - K i .(as+b).K i .—ÏÏ.—Kv 6.23
10(R+Ls)s

and discontinuous current.

G(s) = K i .b.Ki.-ÏÏ.-Ka .exp(-sT) 6.24
10s

To achieve pole-zero cancellation in the continuous 
case it is necessary that.

b = R 6.25
a L

Therefore, if a is equal to L and b is equal to R,

G(s) = K i .Ki .ÏÏ.Kv 6.26
10s

The selected values of steady state current, their 
associated d.c. gain, conduction period, Tc, as derived 
from the model at zero speed, equivalent worst case 
phase shift, and delay time. To at 25Hz, are shown in 
Table 3. The last column gives the equivalent value of 
time delay, if Td is such that when represented as a 
pure transport lag, exp(-sTo), the same phase shift is
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obtained. Table 4 gives the necessary values of forward 
gain, K i , such that for the system parameters, Ki equal 

to 0.055, R and b equal to 1.05, and where applicable, a
and L equal to 0.082 (a is equal to 0 in discontinuous),
the unity gain crossover, for selected frequencies is 

obtained. These were 2,5,12.5, 25 and 50Hz.

In order to provide a means of comparison between 
the responses obtained from the model and those that 
would be expected theoretically, the control loop of 
Fig. 6.79(c) was modelled using the BASIC programming 
language using a microprocesser and the CP/M operating 
system. Responses were obtained for various values of K, 
the forward gain, resulting in unity gain crossover 
frequencies as used in the current loop responses shown
in Fig. 6.80 to 6.98. A brief comparison will follow
considering each crossover frequency in turn, and 
showing that the current loop responses bear a close 
relationship with that expected theoreticaly. Parrish 
and McVey[25] proposed that the phase shift, 0, of the 
converter is given by,

0 = -wTc rad. 6.27

Table 5 shows the phase shift associated with every 
value of armature current given in Table 3, and the 
associated pure delay, Td , that would give the same

153



phase shift, where,

T d = 0  .1 s 6.28
360 f

but now 0 is in degrees.

Figures 6.80,6.81 and 6.99 are for the case where 
the unity gain crossover frequency is 2Hz. Fig. 6.80 
shows the associated firing angle demand for a 4.1 to 
4.7A step, where the converter gain has been set to 
83.5, as shown in Table 4. It should be noted that the 
vertical axes, as in many of the responses shown, has 
vertical axis limiting in order to show the small signal 
step response more clearly. The reason the firing angle 
demand has been included is that it shows the 
exponential rise better than the current response, as 
the period of observation is so long that the limited 
resolution of the graphics routine causes a distortion 
of the "spiky" current waveform. Fig. 6.81 shows the 
responses for an 18 to 22A step at t equal to 2 s, with 
K a as shown in Table 4. The differing switching times 
reflect the time it takes for the initial step to reach 

steady state. Finally Fig. 6.99 shows the theoretical 
response for a pure lag and a transport delay of 10ms 
and a lag. As seen the latter are very similar, and yet 
according to McVey, the actual phase shift at this 
frequency would be less , as shown in Table 5. A
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comparison of all three Figures shows that all reach a 
steady state value in approximately 0.3 s.

Figs 6.82 to 6.85 and Fig. 6.100 show the model and 
theoretical responses for a unity gain crossover at 5Hz. 
Figs 6.82 to 6.85 are for current demands of 0.8 to
1.2A, 2.2 to 2.8A,5.5 to 6.5A, and 18 to 22A
respectively. All have values of armature gain, Ka , as 
given in Table 3 for the associated value of average 
armature current. Fig. 6.100 shows the theoretical
responses for a pure lag and a delay of 10ms, and once 
again the responses are very similar, yet the actual 
delay as suggested by McVey would be less and are as 
shown in Table 5. All responses are within 5% of their 
steady state value after 0.1s and all current loop 
responses are similar in response, thus showing how the 
varying converter gain has been linearised by those 
values of Ka shown in Table 3.

Figures 6.86 to 6.89 and 6.101 and 6.102, show the 
model and theoretical responses for a unity gain 

crossover frequency at 12.5 Hz. Fig. 6.101 shows the 
theoretical response for a pure lag, and also with 
delays of 5ms and 10ms, while Fig 6.102 shows the 
responses for delays of 4.8ms and 2.5ms, from which it 
can be seen that the loops with a delay of less than 5ms 
will give an overdamped response. The current loop 
responses are for the same demands used previously, and

155



again the step demands occur when the previous steady
state values have been reached. All show a similar
overdamped response, and like the theoretical response 
with delay, have reached a steady state value after 
0.05ms

Figs 6.90 to 6.94 and 6.103 show the model and 
theoretical responses for a unity gain crossover at 
25Hz. Fig. 6.103 shows that if the loop response is to 
be underdamped a necessary condition is that a delay 
greater than 2.5ms must be present, which as shown by 
Table 5 is true if McVey's theory holds, although it
should be remembered that Castell proposed that this was
a pessimistic worst case analysis. Figs 6.90 to 6.94 
show the current loop responses for current steps of 0.8 
to 1,2A, 2.2 to 2.8, 4.1 to 4.7A, 5.5 to 6.5A and 18 to
22A. Figures 6.90 to 6.93 show an overshoot as expected, 
although not as great as might have been expected 
according to McVey and with the exception of 6.90, all 

reach the first peak after 0.02s, which is approximately 
similar to that shown in Fig. 6.103. Fig. 6.90 
unaccountably achieves an overshoot on the first current 
pulse, although a later section will show that at low 
currents the response is more affected by the point at 
which firing occurs during the cycle. Fig. 6.94 shows 
the continuous current response which unlike the others 
shows no overshoot and reaches a steady state value
after 0.03s. This is as shown in Fig. 6.103 for the
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theoretical loop without any delay, and tends to verify 
Castell's theory that no delay exists during continuous 
current.

Finally Figs 6.95 to 6.98 and 6.104 show the model 
and theoretical responses for a unity gain crossover at 
50Hz. Fig. 6.104 shows that even for a delay of 2.5ms, a 
severe overshoot occurs although the response rapidly 

approaches a steady state value. Unfortunately, Figs 
6.95 and 6.96, which are for current steps of 0.0 to 0.8 
and 0.8 to 1.2A, and 0 to 4.1 and 4.1 to 4.7A both show 
ripple instability produced by the initial step demand. 
However, Fig. 6.97 which is for an initial step of 5.5A, 
followed by a step of 6.5A, does show a stable response. 
As the initial step had not reached a steady state value 
before the second step occured, it is difficult to judge 
if any overshoot has occured. However, the fact that the 
response is stable confirms that the theory of Parrish 
and McVey is pessimistic. Also the theoretical responses 
with which the loop is being compared are so fast that 
peak responses are occuring during the first sample 
period of the loop response,thus making it difficult to 
compare peak responses. Finally, Fig. 6.98 shows the 

continuous current step response of 18 to 22A, which as 
would be expected by Castell's theory is stable, but 
does exhibit a little overshoot, which tends to suggest 

that a small amount of phase delay is present due to the 
converter.
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The responses previously described confirm that the 
dual structure system, as shown in Figs 6.79(a) and 
6.79(c), is a valid representation of loop action in 
continuous and discontinuous current. Thus the theories 
proposed by Castell about continuous current operation 
and the suggestion of ignoring the effect of the motor 
lag in discontinuous current are also supported. Having 
verified the theoretical basis of the chosen adaptive 
system, the next section will describe its development 
as a software model.

However, the last part of this section introduces a 
problem encountered with practical systems. All the
responses shown so far are for step responses that occur 
on the zero crossing point of the supply voltage. This 
is used as a common means of reference. However, Figs 
6.105 and 6.106 show how firing at different points can 
cause differing current loop responses, where Fig. 6.105 
is for an 8 to 20A step on the zcp, while Fig. 6.106 is 
for an 8 to 20A step just after thyristor firing has 
occured. This effect can be worse depending upon the 
setting of the P-I controller, and the way in which the
latter is set will be discussed in Chapter 8. However,
this feature of response is mentioned here to show this 
does not seriously affect the small signal responses of 
the discontinuous analysis just performed, although
firing at differing points can produce differing 
responses at higher frequencies and lower currents. Figs
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6.107 and 6.108 show the effect of applying the step 
demand just before and just after thyristor firing, for 
small signal responses about 6A at 12.5Hz. As can be 
seen there is little difference in loop response. 
However, Figs 6.109 to 6.112 show the similar effect 
about lA and 6A respectively at 25Hz. As can be seen,
the application of the step demand at differing times
produces a varying response, which is worse for the low 
current analysis, although this was not considered bad 
enough to effect the earlier work of this section.

6.2.5 The Final Control Strategy

Having decided that a dual-structure system is 
required in order to achieve an adequate current loop 
response, certain problems arose in the application of 
the control system introduced in the last section and 
shown in Figs 6.79(a) and 6.79(b). The first was to 
determine how to apply the correct gain for the current 
operating conditions. If one tries to apply the gain 
dependent upon the firing angle for a fixed value of R, 

L and VM, then the correct gain can only be applied at 
one speed, as will now be shown.

Consider the case of three different firing angles
at three different speeds, but producing identical 
current pulses, as shown in Fig. 6.113. As the current 
pulses are taken to be the same, then the small signal
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gains about the firing angle would also assumed to be 

similar. However, if the gains can be assumed to be the 
same, the firing angle certainly is not. Therefore, if
the firing angle, (X2 , as shown in Fig. 6.113, was used
as the measure of the gain, it would indicate a too high
a gain for values of generated emf, E, greater than E2 ,
and too low a gain for values of E less than E2 .

It was decided that a better measure of current 
gain could be obtained by using the current "off-time", 
which is the period between the end of one current pulse 
and the beginning of the next. Therefore, in the ideal 
case just mentioned, as the current pulses are equal, 
the non-conduction period would also be the same. As
before though, an actual value of gain that would be
associated with the off-time would have to be determined
with prior knowledge of the system parameters, and if 
these altered, then the associated gain would be
incorrect. A further problem is that the rate of change 
of supply voltage is different for all three cases and 
so identical current pulses would not be obtained and so 
the gain would also vary.

An analysis of the change of off-time and firing 
angle with speed and gain is shown in Figs 6.114 and 
6.115. Fig. 6.114 is for the system parameters 
determined in Appendix B i.e. R equals 1.05 ohms, L 
equals 0.082H, and peak supply voltage is 275V. Fig.
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6.115 is for a faster armature time constant, where R 
equals 1.0 ohms and L is 0.02H, but the peak voltage 
remains the same. In order to produce both, the first 
computer model, described in Chapter 3, was run for a 
number of values of generated emf and the gain 
characteristics obtained for each. From these, for each 
armature time constant, curves of generated emf against 
off-time and firing angle for constant gain were 
plotted, as shown in Figs 6.114 and 6.115. It can be 
seen that the use of off-time is a much better measure 
of gain than the firing angle, and is more accurate for 
faster values of armature time constant and lower and 
negative values of generated emfs. At higher positive 
values of the latter, the use of off-time would indicate 
a higher gain than actually present and although this is 
obviously incorrect, the response of an adaptive 
controller would at least deteriorate, resulting in a 
more sluggish response, and not go unstable due to 
excessive forward path gain. The loss of gain could be 
compensated by a further increase in adaptive gain with 
positive generated emfs, but this would only be 
necessary for higher values of gain or currents. The use 
of the off-time was therefore adopted as the best means 
available of selecting the necessary gain for the 
adaptive system and was incorporated into the model as 
will subsequently be shown.

The second problem with the application of the dual
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structure system chosen, which has never been fully 
resolved, was determining when to switch structures, 
especially when going from discontinuous to continuous 
current following large step demand changes. In theory, 
continuous current occurs when the firing angle is 
initiated while current is still flowing and the 
relevant devices are forward biased. However, if the 
firing angle demand changes rapidly for the condition 
that during a period of zero current, the firing angle 
applied is such that continuous current would result 
under steady state conditions, then although the current 
is theoretically discontinuous until the next firing 
instance, the high gain associated with the continuous 
region is present. Therefore, for a fast response loop, 
which is causal, such that it has no prior "warning" 
that a large demand is about to occur, some form of 
continuous current estimation would seem to be 
necessary. If not, then a large continuous current step 
demand, occuring while there is zero or low current, 
with the associated large adaptive integral gain, will 
result in a severe overshoot, as will be demonstrated 
later in this section.

The first working method of structure control to be 
introduced to the current simulation relied on an 
estimation of the relative movement of the firing angle, 

compared with that that last produced current, as given 
by the relationship,
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(a - apREv) > TOFF— PREV x occomp 6.29
1024

When applied in the computer programme, acoNP is a value 
entered at the start, which it is hoped represents a 
maximum value by which it is considered that the firing 
angle needs to change during a sampling period, if the 
drives move rapidly from zero to continuous current. 
apREv is the value of the firing angle at the last 
firing instance, assuming current has flowed sometime 
during a defined period, while T O F F P R E V  is the value of 
TOFF at that point in incremental form. For a lengthy 
period of zero conduction, o p r e v  is set to the zero 
current value and T O F F P R E V  to its maximum value of 
1024. The product of the ratio of T O F F P R E V  and the 
maximum value of TOFF, and «c o m p is then compared with 
the absolute value of the firing angle movement.

The relationship shown in Eqn 6.29 is an intuitive 
one by which it is hoped that at low currents, a large 
sudden movement of firing angle would be detected.
However, at values of current much nearer the continuous 
current boundary, it should also detect the smaller 
change needed to produce continuous current. When the 
relationship is found to be true, the control system
changes from the discontinuous to the continuous system, 
even if the current is zero. This change will also 
obviously occur at any point that true continuous
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current occurs. The method will be elaborated on when 
the associated computer programme flowchart is shown 
later in this section.

Another feature which had to be introduced to the 
control system was the control of the integral output on 
structure changeover. As can be seen from Fig. 6.79(b), 
during discontinuous current, the firing angle demand is 
given by,

VC = Ki.g 6.30

where g is the integrator output and Ki the forward 
gain. However, as can be seen from Fig. 6.79(a), the 
firing angle in continuous current is given by,

VC = Ki X ( g + a.iE ) 6.31

However, at the point that a structure change is
initiated, to avoid discontinuities, the firing angle 
just before switchover must be the same as that Just
after. Therefore, as the system changes from the 
discontinuous to the continuous current mode, the output 
of the integrator must be adjusted such that it is given 

by.

g = yc_ - a. Ie 6.32
Ki
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and when goin.g continuous to discontinuous current is 
simply given by,

g = VC. 6.33
Ki

where in both cases vc represents the firing angle 
demand just before the transition.

As was shown in Fig. 6.56 during an early attempt 
at adaptive control, the control structure assumed that 

the necessary applied gain can be approximated by a 
straight line relationship which reaches a maximum value 
for some selected value of TOFF. The flowcharts needed 
to implement the control strategy in software will now 
be introduced.

The format of the first application was very 
similar to that introduced in section 6.2.3. The main 
controlling loop remains as shown in Fig. 6.45 except 
that the subroutines "GAIN-SETUP" and "GAIN-ADAPTION" 
are altered and the variable "MODE" is always set to 1, 
so the extra integrator loop is never selected. The 
system variables stored have also been changed. The 
"CONTROL" routine is also as shown in Figs 5.6 and 6.30, 
except, for reasons explained earlier, only option 2 in 
Fig. 6.30 is selected, so the transfer of control to the 
incoming bridge on changeover only occurs on the zero
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voltage crossing point.

As before, the "DATA-INPUT" routine is used to 
determine the required system parameters, including the 
continuous current integral, proportional and forward 

gain terms. This is followed by the "STEP-INPUT-DATA" 
routine which obtains the desired step currents and 
their duration for the programme run. The last 
subroutine called before the main control loop is GAIN- 
SETUP which as in section 6.2.3 determines the form of 
adaptive control. For this control method, GAIN-SETUP 
determines the value of minimum discontinuous gain, K s , 
and maximum gain, K e , which is present at TOFFS, as 
shown in section 6.2.3 and Fig. 6.56(b). These gains are 
implemented as the integral gain, b, in discontinuous 
current according to the equation.

b = Ks + ( Ke - Ks ) x TOFF 6.34
TOFFS

TOFFS is a fixed value for the duration of the programme 
run, but TOFF is a variable used to give a measure of 
the previous current discontinuity as each current pulse 
begins. Therefore, the new value of b is determined as 
each current pulse begins during the discontinuous mode. 

As TOFF can have a value upto 1024, corresponding to 
180* of zero current, while TOFFS is probably less, b 
must be limited to Ke . The proportional term, a, is also
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set to zero, to ensure no proportional action. The GAIN- 
SETUP routine also determines the required value of 
«COMP, as described earlier, and shown in Eqn 6.28. This 
is determined as the movement of the firing angle from 

zero, at machine standstill, to produce continuous 
current. For the system parameters as determined in 
Appendix B, continuous current occurs when, for a 

generated emf, E, of zero, the firing angle as given in 
Eqn 2.9 is 87.7*. This corresponds to a positive current 
firing angle demand of 5.13V, as given in Eqn 5.14, 
although the latter is for the firing angle in
incremental form. Therefore, it is to this value that 
the firing angle must move to produce continuous 
current, and so in the model o c o m p  was set to 5.13. This 
value is also used to determine the maximum gain. It can 
be shown that assuming a supply frequency of 50Hz, the
ramp voltage of 5.13V occurs 4.87ms after the zero
crossing point of the supply voltage. Therefore, as 
continuous current occurs at 6.8A, the maximum value of 
discontinuous integral gain is that that will give a 
firing angle demand, v c , of 5.13V after 4.87 ms,
assuming a corresponding step demand of zero to 6.8A is 
applied at the zero crossing point. This is given, for a 
pure integral controller, by

vc = Ir e f X K i x b x K i x 4.87 V 6.35
1000
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As Kl equals 0.055, I r e f  equals 6.8A and Ki equals 1, 
then as vc equals 5.13V after 4.87ms, the maximum value 
of integral gain, b, is 2820. The GAIN-SETUP routine
also sets certain programme variables to their initial
condition values.

The GAIN-ADAPTION routine as used for this method 
of control is as shown in Fig. 6.116 and is called every 
program loop. The routine begins by checking if the
CONTROL routine has initiated a bridge switch. This is
determined by a change in the variable "CONV", which 
indicates which converter is in operation, from its 
value in the previous loop. If a change has occured, the 
subroutine "BRIDGE-SWITCH" is called, as shown in Fig 
6.117(b). The latter first sets the firing angle demand 
to its zero current value, determining the value of 
generated emf, E, according to the converter in 

operation and obeying the same definition as originally 
proposed in Chapter 3. The routine then sets the initial 

conditions for the output of the integrator, g , O p r e v , 

CONT, TOFF, TOFF_PREV, VS_STATE, VS_PREV and NCONT. The 
use of the latter will be explained shortly. The routine 
also sets b to the maximum, and ensures only integral 
control is present by putting the proportional term,a , 
equal to zero. The use of VS STATE and V S P R E V  is 
identical to that in section 6.2.3.

Following the check for bridge-switch, the routine
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then checks to see if' continuous or discontinuous 
current is present, dependent upon the system variable 
"CONT". If continuous current is present, a check is 
then made to see if continuous current has just begun. 

If the latter is true, the output of the integrator has 
to be altered as shown in Eqn 6.32. Finally, the routine 
"SETCONT" , as shown in Fig. 6.117(a), is called. This 
ensures the loop conditions are those needed for 
continuous current operation. ACONT and BCONT are the 
proportional and integral gains used in continuous 
current and are as obtained by the data input routine. 
As the current is continuous, TOFF and TOFF_PREV are 
naturally set to zero.

Assuming discontinuous current operation is 
present, as shown in Fig. 6.116, GAIN-ADAPTION then 
checks the relative values of NCONT and VS STATE. The 
variable NCONT is used in association with the 
relationship shown in Eqn 6.29. If during programme 
operation this is found to be true, simulated continuous 
current operation is applied and a loop structure change 
occurs. At this point NCONT is set to 1. This can only 
occur if the current is zero and when conduction begins 
NCONT is set to 2. This is only done as a check for the 
case where actual continuous current does not occur and 
a return to the discontinuous loop structure is 
required. This is done if NCONT is equal to 2, and 
current ceases. At this point NCONT is set to 3, which
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indicates a reverse of loop structure is required. As 
seen in the subroutine SETCONT, if true continuous 
current is initiated by the CONTROL routine, NCONT is 

reset to zero. After setting NCONT, dependent upon its 
relative state with VS STATE, a check is made to see if 
NCONT is equal to 3. If it is, the subroutine "DISCONT" 

is called before returning to the main loop.

The subroutine DISCONT is used to control the 
discontinuous current loop operation, obeying the 
control routine as shown in Fig 6.118. It begins by 
setting NCONT and a equal to zero which are their normal 
discontinuous current states. This is followed by a 
check to see if discontinuous current has just begun. If 
it has then the integrator output needs to be set as in 
Eqn 6.31, in order to maintain continuity as the loop 
controller has changed from a PI to a pure integral one. 
A check is then made to see if current is flowing, as 
indicated by the state of VS STATE. If it is not (i.e. 
VS_STATEis equal to 0), the variable TOFF is incremented 
as described earlier. If TOFF is less than its maximum, 

control returns to GAIN-ADAPTION, otherwise TOFF PREV 
and the integral gain ,b , are set to their maximum 
values before returning. If VS STATE is set, then a 

check is first made to see if conduction has just 
occured. If it has not, TOFF is set to zero, and VS PREV 
set to the present value of VS STATE before returning. 
If conduction has just begun, then it is necessary to
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determine the new value of integral gain. This is 
determined according to Equation 6.34, using the present 
value of TOFF. A subsequent check is made to ensure that 
it does not exceed K s . It is under these conditions that 
apREv is also reset to the present firing angle demand. 
Finally TOFF is set to zero before returning.

If GAIN-ADAPTION finds that NCONT is not equal to
3, a check is then made on its state . If NCONT is
greater than zero, then the loop is in the simulated 
continuous current mode. Under these conditions, the 
proportional and integral gains are set to the 
continuous current values. A check is also made to see 
if conduction has just begun and if it has, O p r e v  is set 
to the present value of firing angle demand before 
returning.

If NCONT is equal to zero, GAIN-ADAPTION next 
checks to see if conduction is present, If it is, 
assuming bridge switch is not required, DISCONT is 
called before returning to the main loop. If it is not, 
the routine then checks to see if TOFF PREV is equal to 
zero, signifying continuous current operation, and if it 
is, DISCONT is again called before returning. If 
TOFF PREV is not zero, the loop finally checks to see if 
simulated continuous current operation is necessary. 

This begins by first checking to see if the firing angle
has increased relative to the previous value of firing
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angle as conduction began i.e. O p r e v . The relative 
movement checked is that that produces an increase in 
current flow and is dependent upon the bridge in
operation. If the movement of the firing angle demand is 
such that the current is apparently decreasing, then 
DISCONT is called before control returns to the main 
loop. Otherwise, the relationship as defined in Eqn
6.29 is checked. If this is not true, the routine
DISCONT is called before returning to the main loop, 
otherwise, NCONT is set to 1, indicating simulated 
continuous current operation. The integrator output is 
then set to obey Equation 6.34 (thus avoiding 
discontinuities as the proportional term is introduced) 
and the routine SETCONT called before returning control 
to the main loop.

As has been shown, the necessary routines needed to 
control the dual structure system are quite complex and 
yet the routines shown in Fig. 6.116 to 6.118 are all 
needed if a stable controlled operation is to be 
obtained. However, as will soon be shown, this method of 

control did have a major fault and was not suitable, 
without modifications, for practical implementation.

Section 6.2.4 showed that the continuous loop 
response when a pole-zero cancellation of the load was 
obtained, only exhibited an overshoot when the unity 
gain crossover frequency was 50Hz. To ensure a fast

172



response in continuous current without overshoot, the
continuous current Pl-control1er values were chosen such
that the unity gain crossover was at 30Hz. For a forward 
gain, K i , of unity it can be shown that if a pole-zero 
cancellation with the motor lag as determined in
Appendix B is to be obtained, and a unity gain crossover
of the effective forward path is to occur at 30Hz, then
a must be 5.12 and b, 65.5. This can be checked by a
substitution of these values into Eqn 6.23.

The method of selecting discontinuous gains K s , Ke 
and the associated value of TOFFS, is also dependent on 
the chosen unity gain crossover frequency. As in section 
6.2.3, the discontinuous gain was assumed to be linear, 
as in Fig. 6.56(a). To linearise the converter gain over 
a wide a range as possible, the adaptive applied gain 
curve is as chosen in Fig. 6.56(b) and is as defined in 
Eqn 6.34, where Ks is the applied gain at the
discontinuous-continuous current boundary, and Ks is the 
maximum gain at some value of off-time, TOFFS. As shown 
previously. Table 4 gives the gains for particular 
armature currents to achieve a particular unity gain 
crossover frequency for the open loop system as shown in 
Fig. 6.79(b). Therefore, if one considers one particular 
frequency, assuming a straight gain curve through the 
gains at lA and 6A, then at 12.5 Hz, the gain Eqn is,

b = 410 + 1.65 X TOFF 6.36
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It should be noted that in table 4, the forward gain did 
not include the integral gain, b , which was 1.06. For 
such an adaptive system, Ks is 410 and Ke is 2095 for 
TOFFS equal to 1024 ( i.e. 180*). For an adaptive 
controller with an open loop crossover frequency of 
25Hz, using table 4, it can be shown that,

b = 820 + 3.29 X TOFF 6.37

For the practical implementation of Eqn 6.37, Ks is 820 
and Ke is 4190 for TOFFS equal to 1024, but as already 
shown using Eqn 6.35, the maximum permissible gain is 
2820, which for Eqn 6.36 requires TOFFS equals 602.

In order to compare the adaptive system with the 
small signal responses obtained in section 6.2.4, the 
programme was run using the two sets of values of K s , Ke 
and TOFFS, and Figures 6.119 and 6.120 show step 
responses from 5.5A to 6.5A,at 0.10s for 12.5Hz and 25 
Hz respectively. These can be compared with Figs 6.88 
and 6.93 respectively which are for the same unity gain 
crossovers, but a fixed forward gain. It can be seen 
that the responses are very similar. Fig. 6.121 shows 
the associated variation of the integral gain for the 
current response shown in Fig. 6.120, which but for a 
small oscillation reaches the steady state value in an 
equivalent time.
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As mentioned earlier, there were drawbacks with the 
system as developed in the flowcharts of Figs 6,116 to 

6.118, as demonstrated in Figs 6.122 and 6.123. It was 
shown that if an overshoot was to be avoided in 
discontinuous current, the maximum applied gain was 

2820, and this was calculated for a 6.8A step demand. 
However, if a demand of 20A is applied to the system 
with K s , Ke and TOFFS set for a 12.5 Hz crossover, the 
sluggish response of Fig. 6.122 is obtained, assuming 
acoMP is 5.13. If the same step demand is requested, but 
with occoMP not operative, the large overshoot of Fig. 
6.123 results, with the associated firing angle response 
shown in Fig. 6.124. The latter response is due to the 
high discontinuous starting gain still remaining during 
the first "continuous" pulse with its associated higher 
gain.

The reason for the former poor response is that 
although the circuit action switches structures in 
sufficient time to avoid any overshoot, as it switches 
from the pure integral to the P-I controller, the firing 
angle is maintained the same, and the continuous loop 
sees no proportional step effect. Therefore, the 
subsequent transient response is mainly due to the 
effect of the error term on the remaining integral term, 
which is much less than its value in the discontinuous 
structure. The fast current loop responses shown in 
section 6.2.4 obviously relied on the combined effect of
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the initial step in the firing angle demand due to the 
proportional term followed by the slower integral
action. To obtain a relatively fast large step demand

response, it was found that it was necessary to apply a 
temporary intermediary step, such that continuous 
current was obtained before the final part of the step
was applied, as demonstrated in Fig. 6.125. This shows
an effective 20A step demand using an intermediary 7A 
step for the 25Hz crossover system. This is followed by 
a couple of continuous current steps i.e. 20A to 8A and 
back. The continuous current transient responses are as 
expected very fast, with no overshoot.

The last responses obtained using this model are 
shown in Figs 6.126 to 6.128. These show a series of 
current steps mainly in discontinuous current, with the 
associated firing angle demand and variation in integral 
gain for the 25Hz crossover values. These show very fast 
responses and show how the responses for the two bridges 
for identical demands are the same, because of the 
switching on the zero crossing point. The firing angle 
demand of Fig. 6.127 shows the pure integral action of 
the discontinuous loop, with the varying rate of change 
of integrator output as the integral gain changes. The 
latter also shows the change in structure after 0.125s, 
with no discontinuity of the firing angle, but the 
change in firing angle response due to the effect of the 
proportional term and Fig. 6.128 shows the sudden change
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in the continuous current integral gain. These responses 
show how the adaptive strategy can provide very fast 

loop responses, and to extend this system to cater for 
the continuous current step response problems shown in 
Figs 6.122 and 6.123, the next model was developed.

As explained earlier, the control method just 
described had one major drawback, which was the failure 
of the system to produce an adequate response when from 
an initial condition of zero, a maximum current demand 
was applied. This limitation was greatly improved by the 
next and final control strategy, which required a number 
of alterations to the software model.

In order to implement the final control strategy, 
the main controlling routine was altered to that shown 
in the flowchart of Fig. 6.129. This begins, as 
before,by setting certain variables to their initial 
conditions, a few of which are shown in the flowchart 
where :

i) RUN-TIME is the required programme run-time.

ii) STRTPOS is a variable used by a new subroutine,
IREF, to control the applied current demand.

iii) LOOP controls the frequency at which the GAIN-
ADAPTION routine is called.
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iv) STORE controls the sampling rate for variable 
storage.

After setting the latter, the programme then 
determines the required system parameters, including the 

values of the PI controller which operates in continuous 
current, by calling DATA-INPUT. The required current 
steps and their associated run-times are obtained by 
using STEP-INPUT-DATA and GAIN-SETUP is used to 
determine the applied discontinuous gain curve, which is 
now defined as.

b = K b + (Ke - Ks) x TOFF 6.38
TOFFS

for TOFF < TOFFS
and,

b = Ke + (K? - Ke) x (TOFF - TOFFS) 6.39
( 256 - TOFFS)

for TOFF > TOFFS

This assumes GAIN-ADAPTION is now called every 
fourth programme loop and allows a greater choice of 
gain structure. Therefore, GAIN-SETUP determines K s , K e , 
K? and TOFFS as well as o c o m p  and NCONT which are used
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as described previously. Finally, the initial conditions 
of certain variables are stored before the operation of 
the main loop begins.

The main loop now begins by calling the subroutine 
"IREF", which is used to control the applied current 
reference, and the flowchart for which is shown in Fig.
6.130, with associated subroutines shown in Fig. 6.131 
to 6.134. IREF begins by checking the condition of the 
variable STRPOS and acting accordingly.
If STRPOS is equal to 1, then:

First check if this is the program start. If not,
check if the present step run-time has been
reached. If it has not, set STRTPOS equal to 1 and 
return to the main loop.

If this is the program start, or if the present 
duration of current demand has been reached, check 
if the programme run has been reached. If it has 
set STRTPOS equal to 5 and return, otherwise get 
the next current demand, IREQ, and run-time, 
RUNREQ.

Finally, check if a bridge switch is required. If 
not, call the subroutine "CHECK-BOUND" before
returning to the main loop, otherwise "BRIDGE- 
SWITCH" is called, again returning to the main loop
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on completion.

In order to improve on the poor current loop 
responses shown in Figs 6.122 and 6.123, IREF uses 
the subroutine CHECK-BOUND to compare the current 
demand with the continuous-discontinuous boundary 
current. If the demand is less than this value, the 
demand is applied normally. However, if it is 
greater, a temporary continuous current value, 
ITEMP, is applied for a defined period, allowing 
the loop to settle to this steady state current 
before applying the actual demand. As the loop is 
now operating in continuous current, the second 
step response should be much faster. The 
discontinuous-continuous boundary will vary with 
speed, so the value of current used as the 
reference, IBOUND, should be at least the minimum 
value, and ITEMP must be greater than IBOUND. The 
flowchart describing the operation of CHECK-BOUND 
is shown in Fig. 6.131 and will now be explained.

The subroutine CHECK-BOUND begins by checking if 
the requested current demand, IREQ, is greater than 
or equal to the boundary value.

If it is not, the current loop demand, IREF, is set 
to IREQ, the run-time increased accordingly and 
STRTPOS set to 1, before control is passed to IREF.
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otherwise, the routine next checks to see if this 
is the initial demand. If it is, the routine then 
checks if the previous demand was greater than 
IBOUND. If it is, then as STRTPOS equals 1, the 
period of current reference "clamping" has passed, 
and so no further restriction is necessary. So, the 
current reference and run-time are set as before, 
with STRTPOS still set to 1, and control returns to 
IREF.

If this is the initial demand, or the previous was 
less than IBOUND, the required current demand is 
stored as IDEM, and then, depending upon the 
converter in operation, IREF is set to the 
intermediary value. The required run-time for the 
latest step is added to the sum of that already 
requested and temporarily stored as RUNDEM. RUN
TIME is then increased by the intermediary current 
run-time, RUN-TEMP, before setting STRTPOS equal to 
2 and returning to IREF.

The other subroutine possibly called by IREF if 
SRTPOS is equal to 1, is "BRIDGE-SELECT", which is 
called if the new current demand will require a 
change in bridges. The routine begins by checking 
if the new current demand is greater than the 
boundary value.

181



If it is not; the current demand is transferred to 
IREF; the run-time increased accordingly, STACK- 
DENAND set according to the present controller and 
STRTPOS set to 3.The latter indicates that a bridge 
transfer is needed, without any current demand 
restriction.

If the current demand is greater than the boundary 
value, the current reference is set to the 
intermediary value, ITEMP, the polarity dependent 
upon the bridge in operation. STACK-DEMAND is also 
set accordingly. Finally, before returning to IREF, 
the total run-time is temporarily stored as RUNDEM, 
while RUNTIME is increased by the period of the 
intermediary step and STRTPOS set to 4. The latter 
indicates that a bridge transfer is needed, but now 
with current demand limiting.

If STRTPOS is equal to 2, then;

The program first checks if the end of the 
porgramme run has been reached. If it has, STRTPOS 
is set to 5, and control returns to the main loop. 
Otherwise, the subroutine TEMPDEM is called before 
returning to the main loop.

The subroutine TEMPDEM, as shown in Fig. 6.134, is 
used to check if current limiting is still
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necessary and begins by checking if the program run 
is greater than or equal to RUNDEM.

If the programme run is equal to RUNDEM, the next 

current demand, IREQ and runtime, RUNREQ are 
obtained. As before, this is checked against IBOUND 
and if it is less, IREF is set to IREQ, RUNTIME set 
to RUNDEM plus the required runtime, RUNREQ, and 
STRTPOS set to 1 before returning. If IREQ is 
greater than the boundary value, then ITEMP remains 
as before, but IDEM is now set to the new value of 
IREQ and RUNDEM increased by the new value of 
RUNREQ.

If the programme run was less than RUNDEM, or the 
new demand was also greater than the boundary 
value, a check is next made to see if the programme 
run is greater than or equal to RUNTIME. If it is 
not, STRTPOS remains set to 2, indicating that the 
applied reference is still clamped to ITEMP and 
control returns to IREF. If it is, IREF is now set 
to the unrestricted input demand, IDEM, RUNTIME set 
to the requested programme run and STRTPOS set to 1 
before returning to IREF.

If STRTPOS is equal to 3, then:

The routine first checks if the programme run is
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equal to RUNTIME. If it is not, the subroutine 
BRIDGE-SWITCH is called before returning to the 
main loop. If it is, a check is next made to see if 
the end of the programme has been reached and if it 
has STRTPOS is set to 5 before returning. 
Otherwise, as shown in Fig. 6.130, the routine 
continues as described in the section for STRTPOS 
equal to 1. This format is necessary as the new 
current demand might no longer require the pending 
bridge-switch.

If STRTPOS is equal to 4, then:

The routine first checks if the programme runtime 
is equal to RUNDEM. If it is then a new current 
reference is requested, and the routine continues 
as described for STRTPOS equal to 3. Otherwise, a 
check is then made to see if the programme run is 
equal to RUNTIME. If it is not, BRIDGE-SWITCH is 
called before returning to the main loop. If it is, 
the current limiting is no longer required and is 
removed by setting IREF equal to IDEM. The variable 
RUNTIME is also altered to that requested by 
putting RUNTIME equal to RUNDEM and as no limiting 
is now required, but a bridge switch is still 
necessary, STRTPOS is set to 3. Finally, the 

subroutine BRIDGE-SWITCH is called before returning 
to the main loop.
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The subroutine BRIDGE-SWITCH, as shown in Fig 
6.133, is used to control bridge transfer and 
begins by checking if the armature current is zero. 
If it is not, control returns to IREF. If it is, 
further conduction is inhibited before checking if 
the zero voltage crossing point has been reached. 

If not, programme control returns to IREF, 
otherwise the bridge change sequence begins.

The firing angle is first set to the zero current 
value for the particular emf as seen by the 
incoming converter and for reasons shown earlier, 
using Eqn 6.33, the integrator output is also 
forced to the new firing angle demand. The 
integrator gain is then set to the new maximum 
value, K v . A number of other variables are also 
initialised as shown in Fig. 6.133 for reasons
explained with reference to earlier versions of 
CONTROL and GAIN-ADAPTION. It should be noted that 
TOFF PREV is now set to 256 and not 1024, as GAIN- 
ADAPTION is now called every fourth programme loop, 
so the maximum value of TOFF is now 256. Finally, 
control returns to IREF.

After calling IREF, the main program loop, shown in 
Fig. 6.129, next checks if STRTPOS is equal to 5. If it 
is, this indicates the programme run is complete, and
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the required output routines are called, otherwise, the 
CONTROL routine is called. This is as shown in Fig. 5.6 
and described in Chapter 5, except that the section 
controlling bridge transfer is now controlled by IREF. 
The loop then uses a simple sampling action to call
GAIN-ADAPTION every fourth loop. This was done partly to 
reduce programme CPU time, but also to show that the 
higher sampling rate is not needed for adaptive control. 
The GAIN-ADAPTION routine is as shown in Fig. 6.116, but 
the initial section concerning bridge switch has been
removed. After a similar sampling action has been used 
to store system variables, the numerical integration 
routine, "RUNG", is called before the loop operation 
begins again with IREF. As described earlier, the value 
of current reference used by RUNG is controller by the 
routine IREF.

Figures 6.135 to 6.145 demonstrate the responses 
obtained using this version of the current loop, with 
adaptive control, for the system parameters given in 
Appendix B. For all the responses, the continuous
current PI values were set as before, such that the
continuous current loop structure had a crossover 
frequency of 30Hz. So, the proportional gain, a is 5.12 
and the integral gain, b is 65.5. Although the 
discontinuous loop crossover frequencies were also 
chosen as before, that is 12.5Hz and 25Hz, the method of 
applying the discontinuous gain had been changed to that
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detailed in Eqns 6.38 and 6.39, with TOFF now having a 
maximum value of 256. Therefore, although the 
application of gain with TOFF was kept as before, to 
achieve the same gain curve for 12.5Hz, Ks was set to 
410, K? to 2095, and Ke to 1234 at TOFFS equal to 125, 
while for 25Hz operation, Ks was 820, K ? , 2800 and K e , 
2800 for TOFFS set at 151. Also, as before, O c o m p  was 
set to 5.13, for all responses.

Figure 6.135 demonstrates the 0 to 20A demand for 
12.5Hz operation and shows a vast improvement on the 
responses of Figs 6.122 and 6.123, which were for the 
previous adaption model. However, it is not as good as 
the fixed structure PI controller response shown in Fig. 
5.8. Fig. 6.135 demonstrates how as the current demand 
is greater than the boundary value, a temporary current 
limit is applied for a fixed period, before the actual 
demand is applied. In this case, ITEMP is 7A and RUNTEMP 
is 0.05s. Although the response at first sight looks 
satisfactory, it demonstrates an added problem with this 
method and that is that as the initial 7A step had a 
small overshoot and had not reached steady state before 
the 20A step was applied, the latter step also exhibits 
this decaying transient response. However, the method is 
obviously better than than that that produced the 
responses of Figs 6.122 and 6.123 and no better 
alternative was found.
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Figures 6.136 to 6.138 show a series of current 
demands for a discontinuous crossover frequency of 25Hz 
and for values of generated emf of OV, lOOV and -lOOV 
respectively. The applied current demands in each case 
were lA, -lA, -6A, 7A, 20A and 8A. The responses for a
generated emf of OV only show a small overshoot for the
step from -1A to -6A. All the other responses are very 
fast. However, the responses with E equal to lOOV and
-lOOV demonstrate how the respective decrease and

increase in gain causes a significant though not
unacceptable alteration of the response. Figs 6.139 and
6.140 show the associated firing angle demand and 
variation in integral gain for the case where E is
-lOOV. Fig. 6.139 shows how on bridge switch the firing 
angle is clamped to prevent further conduction. It also 
shows the smooth transition in firing angle demand as
the discontinuous-continuous structures change. Fig.
6.140 demonstrates the difference in integral gain 
between discontinuous and continuous current, and how 
the discontinuous controller gain is always set to the 
maximum on bridge changeover.

Figs 6.141 to 6.143 demonstrate the current 
responses for the same demands and values of emf as Figs 
6.136 to 6.138, but now for a discontinuous crossover 
frequency of 12.5Hz. The responses are similar to the 
previous ones but now, as expected, the discontinuous 
steps exhibit a slower response. Finally Figs 6.144 and
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6.145 show a series of continuous current loop steps for 
a discontinuous crossover frequency of 12.5Hz and 
generated emfs of 0 and -lOOV respectively. for current 
demands of 20A, 8A, lOA and 20A. They all show the much
faster continuous current responses, while the latter 
also exhibits a slight overshoot due to the increase in 
continuous current gain at negative values of generated 
emfs.

It was concluded from the responses produced by the 
final model, that although the control strategy was not 
perfect, it was worthy of practical implementation. In 
general, the dual structure system with zero current 
firing angle setting on bridge crossover, could give a 
much better response than the fixed PI controller in 
both continuous and discontinuous currents. However, the 
difficulty of switching from one structure to the other 
following large step demands was not fully resolved. The 
next chapter will describe the development of a 
practical system used to emulate the software, using a 
commercial single phase four quadrant thyristor drive 
and additional analogue and digital circuitry. The 
system described does rely on a prior determination of 
the system parameters and any effect a change in these 
parameters might have will be shown in Chapter 8.
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CHAPTER 7
The Practical Implementation of the Chosen Adaptive

Control Strategy

7.1 A Description of a Commercial Thyristor Controller's 
Current Loop

In order to achieve a practical implementation of 
the adaptive control strategy developed in the previous 
chapter, and also to allow a direct comparison with the 
current loop responses of a fixed structure controller, 
a commercial single phase four quadrant converter as 
supplied by SSD of Littlehampton was used. This section 
will describe the operation of relevant portions of that 
drive, while still maintaining as much confidentiality 
as possible. It should be noted that the current loop 
responses that will be shown in the next chapter do not 
necessarily reflect the optimum responses obtainable 
from this drive, as some adaptive techniques 
incorporated were removed to ensure the responses were 
those obtained using a fixed PI controller.

A block diagram of the utilised sections of the 
current loop is shown in Fig. 7.1. The converter control 
circuitry is a complex mixture of analogue and digital 
electronics. The analogue circuit operation is obtained 
mainly using integrated circuit operational amplifiers 
requiring + 15V supply rails, while the digital circuit

190



functions are obtained using devices of the CMOS logic 
family, using 0 and -15V supply rails.

As can be seen from Fig. 7.1, the current loop 
controller is a PI one which allows individual setting 
of the proportional and integral terms. These are 
adjusted during "setting up" to give the desired 
response to the maximum step demand. As can be seen, the 
current feedback signal is derived using an alternating 
current current transformer (ACCT) installed on the a.c. 
power supply side of the converter. The output of the 
ACCT is full-wave rectified using a diode bridge and a 
measure of armature current is obtained as the voltage 
across the user selected burden resistor shown in Fig. 
7.1, which is selected according to the desired full 
load current. This method of deriving the feedback 
current ensures that the isolation between the control 
and power circuitry is maintained. However, this signal, 
as it is a d.c. one, no longer differentiates between 
positive and negative current flow in the motor 
armature. Therefore, the bridge switch logic controls 
the inversion of this signal when the negative current 
converter is operating, as show in Fig. 7.1 using "SI".

In addition to the logic signal used to invert the 
feedback current, depending upon the operating 
converter, two other logic signals derived from this 

part of the loop are necessary. The first. Ye,
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represents the polarity of the demanded current such 
that if the current demand is positive, a logic 1 ( i.e. 
a zero voltage signal) is obtained and if the demand is 
negative, a logic 0 (i.e. a -15V signal). However, to 
remove the problem of integrator drift during long 
periods of zero current, if the demand is about zero, a 

"scan" input of 50Hz is added, producing a continual 
switch in the current demand logic signal. This prevents 
integrator drift away from the zero current firing 

angle, which could result in a more sluggish response
when a non-zero current demand is applied, by producing 
a continual bridge switch. The second logic signal, 
lA,is used to indicate when zero armature current is 
present. This has a logic value of 0 if the current is
zero, and logic 1 otherwise. The symbols used to
represent the logic signals are where possible those 
used by SSD, e.g. Si, I a  and Y a . The SSD drive offers 
three 30-way plug-in sockets which allow the inspection 
of many of the essential circuit test-points and greatly 
assists diagnostic investigations. These are referred to 
as sockets X,Y and Z, with 30 test points on each, thus 
the use of the symbol Ya for the current demand.

The next section to be described is the phase 
locked loop (PLL), ramp generation and comparator
circuits, as shown in Fig. 7.1, but also in expanded 
form in Fig. 7.2. In order to generate an accurate 
timing ramp, regardless of the harmonic distortion of
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the supply voltage or changes in supply frequency, the 
PLL circuit shown in Fig. 7.2 is essential, and is 
similar in concept to the idea of Daniels and Lipczynski 
[24]. An isolated signal is first derived that is 
proportional to , but isolated from, the power source. 
This is then filtered to remove any high frequency 
noise, resulting in a -90* phase shift being introduced. 
The resulting signal is then converted to a logic input 
to the PLL which is at the same frequency as the 
fundamental of the supply, but phase shifted by 90* i.e. 
P i n . The PLL acts to generate a logic symbol, Û4 , which 
tracks P in and under steady state conditions is in 
phase. A frequency divider is included in the feedback 
path and this allows the generation of Q a , O2 and Q i , as 
shown in Fig. 7,3, in addition to a clock signal at 64 
times the mains frequency. The use of these will be 
described subsequently, however, it is the decoding of 
Qi to Q4 by the gating logic that removes the extra 90* 
phase lag introduced by the initial filter.

The output of the active filter is used to ensure 
that the two ramps generated are at the same frequency 
as P i n . The circuit uses two ramps, 1 and 2, as shown in 
Fig. 7.4, which are similar to those described in 
Chapter 2, but inverted. It was suggested in that 
chapter that the two converters required different ramp 
waveforms. However, the SSD converter uses one set of 
ramps, and instead inverts the firing angle depending
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upon the converter in operation. The operation of the 
inversion signal, Mi, will be described during the 
description of the section on the bridge switch logic. 
Two signals Hi and R2 are generated by the gating logic 
to reset the associated ramp at the correct point of the 
cycle. Finally, as stated previously, the output of the 
ramps are compared with the switched firing angle using 
comparators 1 and 2, which generate the outputs Y19 and 
Y2 0 respectively. Yi9 and Y2 0 are at logic 0 only when a 
true comparison is made, that is the switched firing 
angle is less than the associated timing ramp, thus 
indicating that thyristor firing is required.

The bridge switch logic, as shown in Fig. 7.1, 
controls the selection of the required converter, 
inverting the current and firing angle as required. It 
also ensures a safe transfer of control during bridge 
switch. To describe the circuit action, consider the 
drive operating under steady state conditions with a 
positive current demand, i.e. Ya is at logic state 1. To 
indicate to the gating and firing pulse logic which 
converter is in operation, two logic signals, M and S , 
are used. If M is at logic state 1, the positive 
converter is operating, while if S is 1, the negative 
converter is operating, although neither might be 
producing current. M and S can never both be 1, that is 
both drives operating together, however, they can 
simultaneously be 0, thus indicating that both
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converters are disabled. As for the purposes of this 
demonstration the drive is producing positive current, M 
is 1 and S is 0. Also, as the positive converter is
operating, no inversion of the firing angle or the
feedback current, If b , is required and so circuit 
action dictates that SI is at logic state 0 and Mi at 
logic state 1. The bridge switch logic also uses the PLL
SYNC, as shown in Fig. 7.1, which is at logic state 1 if
the PLL is in lock with P i n . While PLL SYNC is 1, normal 
bridge operation is performed, but should the 
synchronisation be lost, PLL SYNC becomes 0 and M and S 
are also forced to 0, thus disabling both converters.

If the current demand becomes negative, Ya is
cleared but this has no affect on the bridge switch
logic outputs until Ia is also zero. At this point, the 
last signal shown in Fig. 7.1 is set i.e. E/S. This is 
used to inhibit any further thyristor firing. At the 
same point that E/S is set, an internal count of the 
CLOCK input is performed to allow a safe period before
bridge switch. If Ia should be set during this period
due to further conduction, E/S is cleared allowing 

further conduction and the sequence begins again when Ia 

is zero. If the count sequence is not stopped, after a 
defined period, both bridges are disabled by clearing M 
and S. At a later stage. Mi and Si are cleared and set 
respectively, ensuring inversion of the firing angle 
demand and feedback current, before S is set, thus
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enabling the negative current converter. Finally, E/S is 
cleared which permits conduction and resets the internal 
clock.

The section shown in Fig. 7.1 as the gating logic 
and firing pulse generator begins by producing the ramp 
reset signals, Ri and R2 . These are shown in Fig. 
7.3(b)where, in Boolean Algebra,

Ri — O3 .Q4 7.1

and is shown as the solid line, and

R2 = 9T.94 7.2

and is shown as the dotted line. The decoding is such 
that it compensates for the 90* phase shift due to the 
initial filter.

The gating logic next generates the end-stop
signals, the need for which was explained in Chapter 2.
If ENDi is the end-stop signal associated with ramp 1
and ENÜ2 for ramp 2, then

ENDi = Q i .02.OT.OT. Ia 7.3

and,
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END2 = Oi.Q2.G3\Q4.lA 7.4

i.e. ENDi and END2 occur after 157.5* of the associated 
timing ramp and only when armature current is present. 
The end-stop signals are shown in Fig. 7.3(b). The last 
part of this section generates the firing pulse signals 
for each ramp and if these are defined as Fi and F2 and 
OSC is a high frequency square wave, then.

Fi = ( YTg + ENDi ). E/S’. OSC 7.5

and.

F2 = ( YiT + END2 ).E/^.OSC 7.6

Therefore, the firing pulses for ramp 1 are generated if 
E/S is not set and either comparator 1 has a low output 
or the associated end-stop signal is set, and the pulses 
for ramp 2 are generated if E/S is not set and either 
comparator 2 has a low output or the associated end-stop 
signal is set. The OSC input is included to give multi
pulse firing for the reasons explained in Chapter 2.

The section shown in Fig. 7.1 that follows the 
gating logic, passes the firing pulses to the desired 
thyristor bridge, depending upon the state of M and S 
logic signals i.e. if M is 1, firing pulses if present

197



are passed to the positive armature current producing 
bridge, while if S is 1, firing pulses if present are 
passed to the negative current bridge. Finally, Fig. 7.1 
shows that the motor field supply used for the
experiments was derived externally.

The SSD just described was used to generate 
responses for a fixed structure controller and was also
modified to incorporate the adaptive controller as
described in the next section.

7.2 The Development and Installation of the Adaptive 
Controller.

Fig. 7.5 shows the block diagram of the practical
adaptive control loop, the key functions of which are:

1) the current demand limiting controller. This is 
used to limit the current demand as and when
required by the adaptive control logic.

2) the continuous current controller. This is the 
fixed PI controller which operates during 
continuous current.

3) the discontinuous current controller. This is
the variable gain adaptive controller, also
controlled by the adaptive control logic.
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4) the four quadrant, single phase proprietary 
thyristor drive which was adapted to ease the 
implementation of the required control strategy.

5) the isolated current detector, used to generate 
an isolated signal indicating the presence or 
otherwise of armature current.

6) the firing angle controller used to set the 
discontinuous current firing angle to the zero 
current value on bridge switch.

7) the adaptive control logic which is used to 
implement the adaptive control strategy by 
controlling the operation of the key circuit 
functions.

The operation of these sections will now be described in 
turn.

7.2.1 The Current Demand Controller

Fig. 7.6 shows the circuit used to implement the 
current demand limiter and the current summing junction. 
This circuit, as do all the others shown in the rest of 
this Chapter, uses Texas Instruments "Bifet" operational 
amplifiers, with their advantages of low bias current 
and high input impedance, fed from a + 15V supply [45].
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In general these are incorporated in the TL084 quad 
integrated circuit device, although the TL081 single 
operational amplifier device is used when an input 
offset voltage null circuit is required. The circuit 
also allows two switches, these, as in all the following 
circuits, are MOS switches which in the "on-state" have 
a typical resistance of 80 ohms, while in the "off- 
state", this is in the order of IQio ohms. These are 
incorporated in the Siliconix DG308 which is a quad 
single-pole, single-throw analogue switch and also uses 
a +15V supply. The state of each switch is controlled 
by a +15V logic input, where a logic "1" is required to 
turn the switch on. The switch control logic is not 
shown but is incorporated in the adaptive control logic 
described in section 7.2.7. A further point to note is 
that in general an accuracy of +1% was intended, 
therefore, as 1% tolerance resistors were not generally 
available, potentiometers are often included in the 
circuits so that the desired circuit gains can be 
achieved.

The current reference signal, I r e f , has a voltage 
range of +10V, which corresponds to a +20A demand. For 
the case where no circuit limiting is required, this 
signal is first reduced using the potentiometer, and 
then inverted using the unity gain inverting amplifier, 
Al. This signal then acts as the input to the current 
summing amplifier, A4. The inverted current reference
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signal, assuming it is not limited, should now have a 
maximum value of +5V, which corresponds to a -+20A 
demand. The current feedback is derived from the SSD 
drive as signal, Z2 6 , which has a value of I.IV for an 
average armature current of 20A and is the other input 
to the summing amplifier. The output of A4 is therefore 
the current error, where,

I e = -(-0.22 X Ir e f  + If b ) 7.7

The summing amplifier gives a unity gain between If b and 
Ie , but a gain of 0.22 between the inverted current 
demand and the current error signal. This ensures that 
for a current error of 20A, a I.IV signal is obtained.

The analogue switches SI and 82 are included to 
allow current demand limiting when required, where 
amplifiers A2 and A3 are used to clamp positive going 
signals, while AS and A6 limit negative ones. The 
clamping action is achieved using a precision feedback 
limiter, which for the positive voltage limiting 
circuit, begins by using the unity gain summing 
amplifier, A3, to add the inverted current demand and 
the negative current limit signal. The latter has a 
range of 0 to -5V, which is obtained by the adjustment 
of the potentiometer, PI and allows the current limit to 
be set to any value between 0 and -20A. (It should be 
noted that as the current is limiting the output of an
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inverting amplifier, the sense of current limit is 
reversed.) A stable signal is obtained by using the 5.1V 
zener diode reference circuit shown in Fig. 7.6. 
Assuming SI is on, the output of the amplifier A3 is 
positive when the inverted demand is less than the 
absolute value of the current limit, resulting in a
negative voltage at the output of A2, reverse-biasing 
the diode D2, thus having no affect on the amplifier Al. 
The diode D1 is included to prevent the op-amp A2 
saturating when the output is negative, ensuring a fast 
switching action when required. When the inverted 
current demand exceeds the absolute value of the current 
limit, the output of A3 is negative, resulting in a
positive output from A2. This forward-biases the diode 
D2, allowing a negative feedback limiting action 
whenever the limit voltage is exceeded, thus clamping 
the output of Al to the desired value. The capacitor Cl
is included to prevent undesireable oscillations. A
similar circuit using the same control principle is 
included to limit positive current demands, selected by 
the potentiometer, P2, whenever S2 is turned on.

Therefore, depending upon the state of the 
controlling logic driving the switches SI and S2, which 

will be described in section 7.2.7, the current demand 
can be limited as required.
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7.2.2 The Continuous Current Controller

Fig. 7.7(a) shows the circuit used to implement the 
current loop's continuous current PI controller and the 
tracking circuitry used to ensure that the change-over 
from the discontinuous to continuous current controller 
results in no discontinuity in the firing angle. In 
addition, the circuit shows the means of selecting the 
discontinuous or continuous firing angle demand i.e. 

«DISC or «CONT respectively.

The circuit uses several switches that allow the 
different functions to be selected. The action of the PI 
controller on the current error is considered first, 
resulting in the firing angle demand, « c o n t . This uses 
the amplifiers A7,A8,A10 and All and assumes that 
switches S3 and 86 are closed while 84 and 85 are open, 
and the switch on-resistance is negligible compared with 
the associated resistor, while the off-resistance is 
sufficiently large that it is equivalent to an open
circuit. As described in section 7.2.1, the analogue
switches are controlled by logic circuitry which will be

described in section 7.2.7 which describes the adaptive
control logic.

It was decided that in order to implement the 
required values of proportional and integral gains as 

dictated by the adaptive controller technique selected,
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a range of proportional gains of 0 to 10 and integral 
gains of 0 to 100 were necessary in the practical 
system. The actual values required for any test could 
then be obtained by the adjustment of potentiometers. 
The circuit values shown in Fig. 7.7(a) are used to 
implement the above criteria, the selection of which 
will now be described.

It is well known that for an ideal operational 
amplifier, if Z in is the input impedance and Z f the 
feedback impedance, then when used as an inverting 
amplifier, its voltage gain, A v , is given by,

Av = - Z f 7.8
Z in

Therefore, it can be seen that the amplifier A7 which 
uses an input resistance of 10k ohms and a feedback 
resistance of 100k ohms, has a voltage gain of -10. When 
used in association with the potentiometer, PI, this 
allows the selection of any desired gain between 0 and - 
10. The amplifier All is used to generate the required 
integral gain, where the latter is given by,

Av = 1 7.9
Rl.Cl

Therefore, for the circuit values shown, a gain of -110
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is obtained which can be reduced by adjusting 
potentiometer P2. The output of the latter is buffered 
using the non-inverting amplifier, AlO. The desired sum 
of the proportional and integral terms, o c o n t , is 
obtained using A8, which is an inverting unity gain 
summing amplifier. Therefore, if a is the proportional 
gain and b the integral gain, for the switching 
conditions previously described.

ac oN T  = - (-A.ÏE + (z^) •I e )
s

= ( a + b ) . l E  7.10
s

In addition to the feedback capacitor. Fig. 7.7(a) shows 
that the amplifier All has a number of other feedback 
components. The transistors TRl and TR2 are used to 
ensure a "hard" limit on the voltage range of All is 
achieved, where TRl is the npn, 2N3705 transistor, while 
TR2 is the pnp, 2N3703 transistor. TR2 is used in 
association with the potentiometer P3 to set the maximum 

negative voltage. Whenever the voltage at the emitter is 
sufficiently less than the base voltage set by P3, the 
transistor conducts, resulting in a low impedance path 

around All, preventing the output from increasing 
further. The diode D2 is included to prevent the reverse 
base-emitter voltage of TR2 being exceeded when the
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output of All is positive. The transistor TRl, 
potentiometer P4 and diode Dl, are used in a similar way 
to limit the positive voltage excursions of All. As 

explained in Chapter 5, the circuit voltages were 
limited to an excursion of +10V and so P3 and P4 were 
set accordingly. The potentiometer P5 is included as an 
input voltage offset null control, thus reducing the 
effect of amplifier drift, which could result in a ramp 
in the output voltage due to charging of the feedback 
capacitor. Cl. Finally, the switch S5 and series 
resistor R2 are included for use in the tracking mode 
which will be described shortly. Therefore, provided S3 
and S6 are closed, and 84 and 85 are open, the output of 
amplifier A8, o c o n t , can be seen to be the result of a 
Pl-controller acting upon the current error, Ie .

The previous circuit operation assumes that the 
circuit is in the continuous current mode and ignores 
the transitional requirements of switching from the 
discontinuous to continuous current controller. However, 
Chapter 6 used Eqn 6.7 to show that as the adaptive 
control logic switches from the discontinuous to 
continuous current controller, the instantaneous firing 
angle demand should remain unaltered i.e. the firing 
angle demands « c o n t  and « d i s c  shown in Fig. 7.7(a) 
should be equal at the transition point. The generation 
of «DISC will be described in section 7.2.3, but ,as 
explained earlier, is the output of a pure integrator.
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So if at the transition point, when the proportional 
term is added, if «c on t  and o di s c  are to be equal, the 
output of All, O t 1 , needs to be set such that,

<Xd i s c = c x c o n t 7.11

= Ie . a — (XT 1

Therefore,

(XT 1 = — (Xd I sc + Ie . a 7.12

This allows for the inversions introduced by the 
different amplifiers.

»

As the circuitry obviously cannot "predict" when a 
transition will be required, during continuous 
conduction the output of All is controlled such that 
equation 7.12 is obeyed. This is achieved using 
amplifiers A 7 ,A 8 ,All,A13, and A14 and switches S3,34,85 
and 86. In order to produce the desired value of cxt i , 

during discontinuous current, 86 is turned off, and so,

(XcoNT = lE .a  7.13

Therefore, as amplifier A14 is used to invert o c d i s c , it 
can be seen that the output of the summing amplifier, 
A13, is,
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A13 = -2 X ( —(Xd i s c  + I e . a )

= 2 X ( Go ISC - Is.a ) 7.14

The input resistors are set to a nominal value of 100k 
ohms. The need for the gain of 2 will be described
shortly. The output of A13 is then reduced using P6, the
output of which is buffered using the voltage follower, 
A12. In order that the amplifier Al can now effectively 

track the output of A13 to produce the desired value of 
«T 1 , it is necessary to change All so that it is no 
longer an integrator. This is achieved by turning on S4
and S5 and turning off S3. If RS is the nominal
resistance of any of the analogue switches in the "on" 
state, and s the Laplace Operator, then the voltage gain 
of All is now given by.

Av(s) = - ((R2 + RS) X (l/(s.CD) 7.15
((R2 + RS) + (l/(s.Cl))(RS + R3)

If RS is assumed negligible in comparison with R2 and 
R3, then.

Av(s) = -____________1____________  7.16
R3.C1.(s + 1/(R2.C1))

It can be shown [30] that the inverse Laplace Transform 
of such a transfer function for a unity step input is
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given by,

L-i G(s) = L-i A
s ( s +■ T)

= A .( 1 - exp( -T.t )) 7.17
T

where A is given by 1/R3.C1 and T by 1/R2.C.

It was decided that an adequate response would be 
that, that for an application of a step in the demand 
signal, the output of All would reach 1 % of its steady 
state value in 1 %  of what is taken to be the loop 
sampling frequency, that is lOOHz. Therefore, the 
exponential part of Eqn 7.17, for a unity step input, 
should be less than or equal to 0.01 after 0.1 msec.

i.e.
exp ( - T .t ) = 0.01 

and for t = 1 X 10-4 sec, then,

T = In 100 7.18
1 X 10-4

but ,
T = 1

C1.R2
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so

R2 = 1 X 10-4 7.19
In 100 X Cl

As Cl has already been set by the desired integrator 
gain range to O.OlpF, R2 is required to be 2170 ohms or 
less. However, if the d.c. gain is also required to be 
such that the steady state output of All is equal to 
that of A12, then.

Av = A 7.20
T

R2
R3

= 1

So, R3 is required to be equal to R2 and both were 2000 
ohm resistors, as shown in Fig. 7.7(a). Any innaccuracy 
is removed by the adjustment of potentiometer P6, thus
the selection of a gain of 2 for the amplifier A13.

Therefore, provided S3 and S6 are open and S4 and 
S5 closed, the output of the amplifier All is Gt i , which
assuming P6 is suitably adjusted, is given by.
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GTi = - (1 - exp(T5.10*.t)) X («DISC - lE.a) 7.21

and under steady state conditions,

GTl = - GDI sc + l E . a  7.12

Therefore, when the transition is required from
discontinuous to continuous current, S3 and S6 are

closed and S4 and S5 opened, such that g con t is now 
given by,

g c o h t  = — (— l E . a  + g t 1)

= a.Is - Gri 7.22

So, substituting for Gt i as given in Eqn 7.12, at the
transition point, as desired,

g c o h t = g d i s c  7.11

It should be noted that the switches used were 
break-before-make. When it is desired to switch from the 
tracking to integrator mode, the value of g d i s c,  which 
is the voltage across Cl, is isolated by opening S13 and 
S14, so that when S 12 is closed the required starting 
value of G di s c  is ensured, even if the driving controls 
are complementary.
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The final part of the circuit shown in Fig. 7.7(a) 
uses the summing amplifier A9 and switches 87 and 88 to 
set the inverted firing angle demand, -vc, to the 
required value of firing angle, dependent upon the 
operating structure. The output of A9 is then used as 
the firing angle demand input to the S8D drive, the 
inversion of which is required due to the shape of the 
88D timing ramps described in the first part of this 
chapter.

Fig. 7.7(b) shows an additional circuit used for 
open loop tests of the converter. It allows positive and 
negative clamps on the firing angle demand, such that 
when no feedback control is present, a destructive 
armature current surge can be avoided by limiting the 
firing angle excursions, but its unity gain does not 
affect the value of the firing angle produced in Fig. 
7.7(a).

7.2.3 The Discontinuous Current Controller

The circuit used to implement the discontinuous 
controller is shown in Figs 7.8 and 7.10. They require 
four analogue input signals in addition to the logic 
switch controls which are generated by the adaptive 
control logic, and these are:

i) acoNT, the continuous current firing angle
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generated in section 7.2.2.

ii) asET, a value of firing angle demand required 
during bridge switch and generated by the circuits 
described in section 7.2.6.

iii) Ie , the current error signal generated by the 
current limiting circuits described in section 
7.2.1.

iv) TOFFP, a signal generated by the adaptive 
control circuitry described in section 7.2.7, and 
gives a measure of the current off-time, TOFF, at 
the point that current last commenced. The circuit 
of Fig. 7.10 actually uses the inverse of TOFFP.

The circuit generates the discontinuous current firing 
angle, G d i s c , the use of which was described in the 
preceding section.

The discontinuous controller, as described in 
Chapter 6, is a pure integrator with variable gain, 
which is set depending upon the degree of current off- 
time. Fig. 7.8 shows the circuitry used to implement the 
integrator and gain controls, the gain applied being 
dependent upon the "GAIN" signal. This is generated by 
the circuitry in Fig, 7.10, dependent upon the level of 
current off-time, and will be described shortly, but the
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operation of Fig. 7.8 will be explained first.

The integral controller circuit in Fig. 7.8 uses 
the amplifiers A15, A16 and A17 in addition to a four
quadrant analogue multiplier and assumes the switch Sl2 
is closed while SI3 and SI4 are open. The analogue 
multiplier is the Intersil 8013B, whose output is 
proportional to the algebraic product of the two input 
signals, such that if MXi is the output of the 
multiplier in Fig. 7.8, and X ih and Y i m , the analogue 
outputs, then.

MXi = XiN.Yim 7.23
10

The 8013B has a maximum full scale error of +1% 
provided the device set-up procedure, as dictated by the 
manufacturers instructions, using the potentiometers 
P2,P3,P4 and P5 , is followed. The device uses the same 
+15V supply used by the operational amplifiers and 
analogue switches, but only has a +10V input/output 
voltage range, but this is compatible with the circuit 
limits already described.

The multiplier is implemented in Fig. 7.8 such that 
the GAIN signal, which is always positive and has a 
maximum value of +10V when TOFFP is also at its maximum, 
compensates for the inherent division by 10 indicated in
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Eqn 7.23. Therefore, the multiplier has a maximum gain 

of 1, which is reduced as GAIN reduces due to decreasing 
values of TOFFP. The maximum gain possible is set by 
that introduced by other elements of Fig. 7.8, however, 
these must be chosen such that circuit saturation does 
not occur.

From the work carried out in Chapter 6, it was 
decided that the maximum integrator gain required would 
be 4000. It was also assumed that due to the known 
system parameters and the effect of the current limiting 
circuit, the maximum current reference that would be 
applied during the discontinuous mode would be 8A. 
Therefore, as section 7.2.1 indicated that the current 
error corresponding to a demand of 20A was I.IV, in 
discontinuous current this would be limited to 0.44V. 
So, the inverting amplifier, A15, is used to introduce a 
gain of 20 as shown in Fig. 7.8. The remaining gain of 
200 is introduced as the integrator gain of A17, as
defined in Eqn 7.9, which requires the values of HI and
01 show in Fig. 7.8. The amplifier A17 also uses 
transistors TRl and TR2 to limit the output voltage

excursion to + lOV, in an identical manner to that
described in the previous section. The potentiometer P6 
is used to reduce amplifier drift, also as described in 
the preceding section. The other feedback components R3 
and S 13 are used in the tracking mode which will be 
described shortly. Finally, the potentiometer PI is used
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to reduce the maximum gain as required, the output of 
which is buffered using the voltage follower, A16.

The preceding description shows how the circuit 
uses the GAIN signal to generate the necessary adaptive 
discontinuous gain, assuming this structure is selected 

by the adaptive control logic. However, the amplifier 
A17 is also used for two different tasks. The first for 
setting the value of aoisc on bridge switch, and the 

second for tracking o c c o n t , so that the instantaneous 
firing angle is maintained on the transition from 
continuous to discontinuous controllers. In either 
tracking mode, S12 is opened and S 13 and S 14 is closed. 
When a bridge-switch is required, the circuits that will 
be described in 7.2.6 generate the firing angle demand, 
«SET. This signal is inverted using amplifier A19, and 
either ocset or -asET is selected by the adaptive control 
logic by closing either SIO or SI1 respectively, 
depending upon the incoming converter. When tracking of 
the continuous current firing angle, o c c o n t , is required, 
810 and 811 are opened, and 89 closed. Therefore, the 
desired tracking signal is selected by closing either 
89,810 or 811. This signal is inverted using A18, the 
output of which is used to drive A17, forcing «Disc to 
the desired value. The values of R2 and R3 are chosen 
using the same criteria as in section 7.2.2 and as Cl is 
now 8.2nF, the value of R2 is determined using Eqn 7.19 
as 2700 ohms.
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Fig. 7.9(a) shows the typical gain curves and 
equations implemented in the last software model i.e. 
Eqns 6.38 and 6.39.These equations are implemented in
block diagram form in Fig. 7.9(b) and in circuit form in
Fig. 7.10. As can be seen this circuit requires a
farther multiplier and the 8013B is again used.

It was explained earlier how the GAIN signal is not 

used to apply a particular value of gain, but is used
instead, depending upon the value of TOFFP, to reduce 
the maximum gain which is set by the circuits shown in 
Fig. 7.8 i.e. the gain K? as shown in Fig. 7.9.
Therefore, neither is the circuit in Fig. 7.10 used to 
select a particular gain value, but instead defines the 
shape of the curve relative to K? . The maximum gain is 
applied when GAIN has its maximum value of lOV. This 
occurs when TOFFP is also a maximum which is again lOV.

The relationship of TOFFP and TOFFl is checked by 
the adaptive control logic. If TOFFP is greater than 
TOFFl then Eqn 6.3S is implemented by closing the 
switches S16, S 18 and S20, while if TOFFP is less than 
TOFFl, Eqn 6.38 is implemented by closing S15, S 17 and 
819. The circuit is difficult to explain and so an 
example will now be given to describe the operation. 
Consider the case where a gain curve is required such 
that K? is 2500, Ke is 2000, K b is 250 and TOFFl is 200, 
noting that the maximum value of TOFF is 256. The value
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of K? is first set-up by adjusting the potentiometer PI 
in Fig. 7.8 to set the maximum forward gain to 2500. K? 
in Fig. 7.10 then corresponds to lOV, as does the
maximum value of TOFFP. So the equivalent values are
now, K7 is lOV, Ke is 8V, Ks is IV and TOFFl is 7.81V
while the maximum value of TOFF is also lOV.

The output of A26 is "GAIN" which has a maximum
value of +10V. Assuming that TOFFP is less than TOFFl, 
such that S15, 817 and 819 only are closed, then,

GAIN = - ( -MXi + (-Ks))
= - MXi + Ks 7.24
= - MX% + 1 V

where MXi is the output of the multiplier and -Ks is set by
adjusting P7. The inputs to the multiplier are X ih and
Y i n , where, as 817 is closed and 818 open,

Y in = - ( -TOFFP+ 0 )
= TOFFP 7.25

The amplifiers A21 and A24 and potentiometers PI and P4 
are adjusted such that.

XiN = -10 X (Ks - K s ) 7.26
TOFFl
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= -10 X 0.896 V

Therefore, substituting for X ih and Y in in Eqn 7.23 
using Eqns 7.25 and 7.26, then.

MX 2 = -TOFFP X (Ks - K s ) 7.27
TOFFl

and substituting for MXa in 7.24, then as expected.

GAIN = Ks + TOFFP x (Ks - K s ) 6.38
TOFFl

= 1 + TOFFP X 0.896 V

That is under these conditions the maximum value of 
TOFFP is 7.81V and so the associated maximum value of 
GAIN is 8V, resulting in a discontinuous controller gain 
of 2000.

For the case where TOFFP is greater than TOFFl, as 
switches S16, S 18 and S20 are now closed, while S15, S17 
and S19 are open, then,

GAIN = - ( MX 2 + ( -Ks) )
= - MX2 + K s 7.28
= - MX2 + 8  V
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where -Ke is obtained by adjusting potentiometer P8. So, 
now,

Y in = - (-TOFFP + TOFFl)
= TOFFP - TOFFl 7.29
= TOFFP - 7.81 V

where TOFFl is set by adjusting P3.

The amplifiers A2Zand A23 and potentiometers P2 and 
P5 are adjusted such that.

XiN = -10 X ( K? - Ke ) 7.30
(256-TOFFl)

= -9.13 V

Therefore, as.

MXz = XiN.Y in 7.23
10

substituting for X in and Y in from equations 7.29 and 

7.30, then.

MX2 = - (TOFFP - TOFFl) x (K? - Ke ) 7.31
(256 - TOFFl)

So, as expected, substituting for MX2 in 7.28 gives,
220



GAIN = Ke + (TOFFP - TOFFl) x (K? - Ke ) 6.39
(256 - TOFFl)

= 8 + (TOFFP - 7.81) X 0.913

If TOFFP is 7.81V, then GAIN is 8V, corresponding to a 
forward path gain of 2000, and if TOFFP is lOV, GAIN is 
also lOV, corresponding to a forward path gain of 2500.

Therefore, the circuit in Fig. 7.10 can be used to
implement any gain curve of the type shown in Fig. 7.9.
However, it might be necessary to adjust certain
amplifier gains as necessary by increasing or decreasing 
their feedback resistors, depending upon the relative 
values of Ks and Ke to K ? , and TOFFl to TOFFP.

7.2.4 Interfacing to the SSD Drive

The operation of the SSD drive, when being used for 
closed loop armature current control with a PI
controller, was described at the beginning of this 
chapter. The drive was also used to implement the 
adaptive control, thus avoiding repetitive circuitry. In 
order to interface to the unit, only two analogue
signals were required, and these were the current

feedback signal, which was taken from from the SSD
connection point, Z2 6 , and used directly as shown in
Fig. 7.6, and the machine speed, taken from the
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connection point, Zie.

Only one analogue output was interfaced to the SDD 
drive and this was the inverted firing angle demand,
VC , derived as shown in Fig. 7.7(a). When adaptive 
control was required, this replaced the SSD inverted 

firing angle demand, which is available on connector 
position Z2 7 , by disconnecting the SSD signal at the 
connection point of resistors R293 and R296 on the SSD 
motherboard, and inputting -vc.

To interface to the SSD bridge switch control logic 
when required, certain logic signals needed to be 
applied to the adaptive control logic and these, 
together with the circuit positions from which they were 
obtained, are:

i) the ramp reset signals Ri and R2 which, as they 
are not brought out to any connector, were taken 
directly from IC20 pins 11 and 10 respectively. 
These, as all other signals, were interfaced to the 
adaptive control logic using screened leads.

ii) the firing pulse signals FI and F2 , described 
earlier, which were taken from connector positions 
Y2 1 and Y22 respectively.

iii) the positive and negative current controller
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selection signals, M and S, described earlier, 
taken from connector positions Yio and Yii.

iv) the zero armature current signal, Ia , taken 
from connector position Y g .

v) the bridge-changeover firing disable signal, 
E/S, which could have been taken from
connector position Yi4, was in fact taken from ICIO 
pin3. The reason for this was that the signal was 
extended by the logic circuitry, and the modified 
signal was then returned to the SSD printed circuit 
board.

As described in section 7.1, the SSD drive used a 
OV and -15V supply for its CMOS logic such that 0V 
represented a logic "1", while -15V was a logic "0". 
However, the adaptive control logic was implemented 
using TTL with a +5V supply. Therefore, all the SSD 
signals needed to be converted to TTL levels, and to 
achieve this the National Semiconductor LM339, quad 
voltage comparator was used. The interface connections 
are shown in Fig. 7.11, and as the circuit was repeated 
eight times, only one is shown. The circuits use IK ohm 
input resistors to reduce stray coupling, and every one 
introduced a few millivolts of positive feedback, thus 
introducing a hysteresis effect that avoided 
oscillations due to noise on slowly rising signals and
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resulted in a more rapid level transition. The output of 
each comparator was an open collector transistor, whose 
emitter was connected to the negative rail, i.e. -15V. 
Therefore, the resistor, Rl, connected to the +5V TTL 
supply, was used to limit the collector current when the 
transistor was on. At this point the output would be 
-15V, and so the diode and current limiting resistor R2 
was used to reduce the logic "0" signal to 1 diode drop 
below the TTL OV supply. It can be seen that the 
comparator outputs were inverted with respect to their 
inputs, and this had to be allowed for by the adaptive 
control logic, which will be described in section 7.2.7.

Two logic output signals from the adaptive control 
logic were required to control the SSD bridge switch 
logic, and these were:

i) a current demand signal, which was used to 
replace the SSD demand on connector position Y s . 
This was achieved by lifting one end of resistor 
R193 and applying the converted adaptive control 
logic signal.

ii) a modified E/S signal, which entered at the 
point where ICIO pin3 joined the main PCB.

Two comparator circuits were needed to convert the 
signals from TTL to the SSD CMOS logic levels. The LM339
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was again used and the circuit is shown in Fig. 7.12. As 
can be seen the interface is much simpler.

On both forms of comparator circuit it can be seen 
that the non-inverting comparator output is taken from a 
diode chain. This is used to ensure that the comparator 
voltage is outside the TTL low voltage range ( i.e. 0 to
0.8V) and the CMOS high level range (i.e. 0 to -0.5V).

The adaptive control circuitry used + 15V and +5V 
supplies derived externally from the SSD drive, but the 
OV levels were commoned.

7.2.5 A True Zero Current Detection Circuit

In verifying the current loop simulation in Chapter 
5, Fig. 5.18 shows an actual current signal derived from 
the SSD drive. In that section it was mentioned that as 
ACCTs were used on the a.c. side of the converter, as 
the current reversed twice every mains cycle, a zero 

pulse was detected every time the current direction in 
the ACCT altered, even during continuous current. The 
effect this unwanted zero signal had on the adaptive 
control logic will be described in section 7.2.7. 
However, in order to generate a signal that gave a 
better indication of when the armature current was zero, 
two parallel 0.1 ohm high wattage resistors were placed 
in series with the converter a.c. power supply. The
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voltage generated across the resistance was then 
amplified and converted to an isolated logic signal 
using the circuit in Fig. 7.13. This used a separate 
"floating" power supply to generate the + 15V supply 
needed for the operational amplifiers, as the supply OV 
is connected to one side of the series resistor and this 
obviously varied with the alternating supply voltage.

The voltage across the series resistor was first 
amplified, filtered and limited by amplifier Al. The 
amplification of approximately 20 was added so that the 
rate of rise of the lower current values was 
emphasised, and as this would certainly result in higher 
currents causing limiting, the signal was clamped to 
prevent amplifier saturation by using the back-to-back 
zener diode arrangement shown. The signal was filtered 
to eliminate noise, where the filter capacitance was 
chosen such that the break frequency of the filter was 
at least 50 times the loop sampling frequency of lOOHz, 
thus hopefully not distorting the current waveform.

The output of Al was then operated upon by 
amplifiers A2 and A3 to produce a positive absolute 
value. To demonstrate the operation consider the 
following. The amplifier A2 is a precision zero limiting 
circuit that blocks negative signals, such that if SIGl 
in Fig. 7.13 is positive, where SIGl is the input to Al, 
SIG2 its output and SIG3 the output of A3, then,
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SIG2 = -SIGl 7.32

and,

SIG3 = -(SIGl + 2.SIG2)
= -(SIGl + 2.(-SIGl))
= SIGl 7.33

i.e. no inversion. If SIGl is negative, then the output 
of A2 is clamped to zero due to the precision diode 
circuit, and so,

SIG3 = -SIGl 7.34

Therefore, SIG3 is always positive.

The positive output of A3 is then compared with an 
input as close as possible to zero, allowing for circuit 
noise, using amplifier A4. The output of A4 is then 
limited to a TTL signal using the 5.1V zener diode, and 
this logic signal is then buffered using the Litronix 
ISO-LIT 101 high speed optical isolator. The TTL logic 
signal that is generated at the output of the opto- 
isolator is a logic "1" for zero current i.e. the 
inverse of the SSD, Ia signal.
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7.2.6 The Generation of the Zero Current Firing Angle

It was shown in Chapter 6 that if a fast, 
consistent current loop response is to be obtained on 
bridge-crossover, then it is necessary to reset the 
firing angle to the zero current value, as control is 
transferred to the in-coming converter. This value of 
firing angle, « o f f , was shown in Chapter 2 to be 
dependent upon the ratio of the generated emf, E, and 
the peak voltage of the a.c. supply, Vm, where,

«OFF = ÏÏ - as in(E_) 2.15
Vm

«OFF is obtained by the comparison of the firing angle 
demand, v c , with the associated timing ramp, where the 
latter has been shown to be given by,

Vc = 10 - 10.g 5.14
ÏÏ

It can be seen that in order to generate the zero 
current firing angle, it is necessary to generate a non
linear, inverse sine function and the following will 
show how this was done using Figs 7.14 to 7.17.

As already indicated, in order to generate « o f f , it 
is necessary to obtain the value of E at the point of
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voltage cross-over. Due to the nature of the use of non
circulating drives, at the point of bridge switch, the 
armature current is zero, therefore the voltage at the 
converter output is the generated emf. In order to 
protect the thyristors from voltage transients, it was 
shown in Chapter 2 that R-C snubber networks are used. 
However, at the point that current ceases, a resonant 
circuit formed by the capacitance of the snubber 
networks and the inductance of the armature, produces a 
decaying voltage oscillation thus making it difficult to 
obtain the present value of emf. It was decided that the 
best means of generating a value of E would be to use 
the machine speed, but as can be seen from Eqn 2.23, 
this method is dependent upon the field current 
remaining constant. To simplify the calculation further, 
it was also assumed that the peak supply voltage would 
also remain constant and this assumption is assisted by 
the fact that as the current is zero, the converter in 
question would not introduce any voltage changes that 
might normally occur due to the source impedance.

The speed signal used was one produced by the SSD 
drive on connector position Zie, which is the amplified 
speed tachogenerator feedback signal, which has been 
calibrated such that it gave an output of 10V at the 
machine's rated speed of 1500 rpm. This was equivalent 
to a generated emf of lOOV for the value of field 
current shown in Appendix B.
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The analogue to digital converter circuit shown in 
Fig. 7.15 was designed such that it accepted a maximum 
lOV unipolar input, which corresponds to a ratio of E to 
Vm of 1. However, the speed output of the SSD drive was 
a maximum of lOV, corresponding to a generated emf of 
lOOV, for a peak supply voltage of 275V. So, the circuit 
of Fig. 7.14 was used to convert the bipolar speed 
signal from the SSD drive, to a scaled unipolar signal. 
The potentiometer PI was first set to give a reduction 
in gain of 0.36, that is the ratio of the value of E to 
VM for a lOV SSD output, and the output buffered with 
the voltage follower, Al. The output of the amplifier, 
Al, was then used to generate two logic signals using 
the comparator A2 and the transistor TRl. The signals 
generated are SPD and SPD, where a logic 1 of 15V 
represents positive speeds and 0 negative speeds. The 
output of A2 was also used to generate a positive 
absolute value using amplifiers A3 and A4 in an 
identical manner to the circuit described in the
preceding section.

This circuit also used a transistor clamping 
circuit to ensure a 10V output voltage limit. Some 
filtering was also included by the addition of the 50pF 

capacitor. The absolute value produced has now
disregarded the rotation of the machine. However, the 
logic signal SPD does indicate the direction of rotation 
and was used at a later stage to generate the true
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firing angle demand.

The absolute speed was converted to a binary code 
using the Ferranti ZN425E, which is an 8 bit, successive 
approximation,analogue to digital converter (ADC), and 
is shown in Fig. 7.15. Apart from various passive 
components shown, the device also requires a clock 
input, CKl and a signal to initiate an analogue to 
digital conversion, SC. The operation of this type of 
ADC is such that the conversion is produced after 8 
cycles of CKl, once a conversion is initiated. The 
necessary control signals were generated using the 
circuit shown in Fig. 7.16.

The first stage of this counter was the NE555 
precision timer, which was used in its astable mode to 
generate a clock frequency of 200kHz. This was buffered 
using one gate of a 74LS04 hex inverter , to produce the 
clock signal, CKl, already shown in Fig. 7.15. In 
addition to driving the ADC, this signal ws also used as 
the input to a frequency divider which uses two 
SN74LS160 synchronous decade counters, which were 
configured in their simplest of operating modes, 
producing a division of two and a division of ten from 
the first stage i.e. Q a i and Q d i respectively. Although 
the devices have been designed to use built-in "look
ahead carry" circuits to allow simultaneously clocked, 
cascaded counters, in this application, Q d i  was simply
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used as the clock input to the second counter, producing 

a further division of 10 at Q d z . The two signals Qai and 
Qd2 , which were at frequencies of 100 kHz and IkHz 
respectively, were then indirectly used as the inputs to 
a 741874 D-type flip-flop, producing the start 
conversion signal, SC, also shown in Fig. 7.15, at the 
"Q" output.

Qai was first inverted using one gate of the 74LS04 
and the resulting signal, Qai, used to drive the preset 
input of the flip-flop. Everytime this signal went low, 
irregardless of the D input or the previous output, the 
Q output was forced high. Qd2 was inverted twice using 
two gates of the 741804, producing CK2, used to drive 
the clock input of the flip-flop. As the D input was 
permanently grounded, the resulting circuit action was 
such that on the rising edge of the buffered Qo2 signal, 
the output, Q, went low. However, this only remained in 
this state until the next logic 0 of Qai , whereupon Q 
was again forced high. Therefore, as Qai was 100 times 
the frequency of Qd2 , the Q output only remained low for 
half of one clock cycle of Qai i.e. 5ps.

The timing of the circuit was arranged such that 
due to the propagation delay of the 7418160, Qd2 occured 

approximately 10ns after Qai . Qai was then inverted 
once, while Qd2 was inverted twice, and as the typical 
propagation delay of an 741804 is also 10ns, CK2 occured
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typically 20ns after the preset signal. So, as shown in 
Fig. 7.18, Qai had already gone high 20ns before the 
clock input, thus ensuring sufficient time for the clock 
input to have an effect and producing the start 
conversion signal, SC, which was normally high, but went 
low for approximately 5 p s  every 1ms.

Using SC and CKl, the ADC in Fig. 7.15 produces a 
latched digital output of the E to VM ratio every 1ms, 
which should be more that adequate for the more slowly 
changing speed signal. As shown in Fig. 7.18, as SC goes 
low, allowing for the propagation delay, the clock 
signal CKl had already gone high and will not go low for 
2.5ps. This fulfills the timing requirement of the ADC 
which requires SC to go low at least Ips before the next 
negative edge of CKl. As the start conversion signal has 
been correctly initiated, the conversion process begins 
and takes eight clock cycles to complete. However, from 
the point that the conversion begins, an end of 
conversion signal, EOC, goes low and remains so until 
one clock period after the conversion is complete.

The digital output was then converted using a 2716 
EPROM, of which the top three unused address lines have 
been tied low, as has the chip enable, thus permanently 
enabling the device. The 2716 had been programmed such 
that the output was the required digital version of the 
zero current firing angle demand signal, that is
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performing the combined action of Eqns 2.15 and 5.14. 
The programme contained in the first 256 locations of 
the EPROM is shown in Table 6. The output of the EPROM 
was then latched using the 74LS373, which is an octal D- 
type latch. This was included as during the conversion 
period of the ADC, the digital output would not be 
valid, thus producing a spurious EPROM output. So the 

end of conversion (EOC) signal produced by the ADC was 
used directly to store the EPROM output until the ADC 
output was again valid. The settling time of the EPROM 
is 450 ns, therefore, as the EOC was low for 5 ps after 
the conversion, that is one period of CKl, the EPROM had 
settled long before the 74LS373 was re-enabled, such 
that the outputs followed the data inputs.

The converted digital output was returned to an 
analogue signal using the RS DAC0800, as shown in Fig. 
7.15. This is an eight bit, high speed, current output, 
digital to analogue converter (DAC) with a 100ns 
settling time. The inputs to pins 14 and 15 allowed a 
reference current, Xin, to be accurately set, such that 
the maximum output current at pin 4, I f s , was given by.

IIN = - I f s X 255 mA 7.35
256

This was the output current when the digital inputs were 
all high. For smaller binary inputs the output current
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was linearly decreased and the negative value indicates 
that current was into the device. The analogue voltage 
was therefore produced across Rl and R2 and buffered 
using the voltage follower,Al, to produce the absolute 
value of the required firing angle demand, « s e t . 

However, due to the direction of the current flow this 
was negative. The inversion shown in Fig. 7.17 was then 
used to produce the bipolar signal, « s e t , depending upon 
the selection of the switches, S21 and S22. This was the 
zero current firing angle demand for the generated emf 
of the machine, as shown in Fig. 7.8, and described in 
section 7.2.3, and was used when required to set a o i s c.  

Fig. 7.8 also shows a further possible inversion of 
ocsET, depending upon the selection of switches SIO and 
811, which caters for the need to invert « s e t  for the 
negative current producing converter, as the timing ramp 
is effectively inverted, as described in earlier 
chapters.

It can be seen that the two inversion circuits of 
Fig. 7.17 and 7.8 could be reduced to one by suitable 
switch logic control circuitry. However, the design was 
left as shown to assist prototype testing. The logic 
needed to drive the switches shown in Figs 7.8 and 7.17 
will be described in the next section.
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7.2.7 Generation of the Current Off-time and Switch 
Control Logic

Figs 7.19 and 7.20 show the generation of the 
signal, TOFFP, which is a measure of the current off- 

time at the point that current last commenced, and has
been fully described in the last chapter. The use of
this signal in the practical system has already been 
shown in section 7.2.3, where it controls the selection 
of the adaptive gain in discontinuous current.

The circuit shown in Fig. 7.19 is the original one 
used in the experimental work and begins by using the 
amplifiers Al and A2 to obtain a positive absolute value 
of the current feedback, I f b , in a similar way to the 
circuit described in section 7.2.5 and shown in Fig. 
7.13. In this application, however, instead of a gain of 
unity, the signal produced has a magnitude 2.5 times 
that of I f b . This signal is then compared with a small 
non-zero voltage using A3, which is an LM339 using a 
+15V and OV supply. The output of A2 will be zero for 
zero armature current and a comparison with zero could
not obviously produce the correct switching action of
the comparator, thus the use of the small offset signal 
to the non-inverting input of the amplifier. This is set 
to be slightly greater than the output of A2 during zero 
current, allowing for circuit noise effects. As 
explained earlier, the output of the LM339 is open
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collector, and as this is connected to the +5V rail 
using resistor Rl, the output of the comparator. Ip, 
switches between TTL logic levels. Ip is 5V when the 
armature current is zero and zero otherwise. As before,
a small amount of hysteresis is included to reduce
spurious switching.

The amplifier A4 is then used to invert Ip and due
to the gain of approximately -5 and the transistor
clamping circuit, produces an output which is accurately 
set to -lOV during zero current and OV otherwise. This 
signal is then used to drive amplifier A5 which,
depending upon the state of switch 823, either acts as 
an integrator or maintains the output at zero. Using the 
logic signal Ip, the switch control logic ensures that 
during periods of current flow, 823 is on and as the
output of A4 is zero, the output of A5 , TOFF, is also
zero due to the low resistance feedback path. Also due 
to the low feedback resistance, the time constant of the 
decay is approximately 20ps and so the output rapidly 
decays to zero when 823 is turned on.

When Ip is a logic 1, 823 is off and due to the

clamping action of Tl, the input is -lOV. 8o, in this
mode, AS is an integrator whose gain is the reciprocal 
of the product of R2 and C. This has been selected such 
that as the input is a constant -lOV, the output of AS 
is a voltage ramp, where,
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TOFF = -( -10 X 1.t ) 7.36
C.R2

where t is the time and is defined such that t is zero 
as conduction ceases. As can be seen, TOFF is 
proportional to the duration of the current off-time as 
required. C and R2 are selected such that after 10ms, 
TOFF is lOV, corresponding to the maximum off-time i.e. 
1024 increments in the model. This is clamped using T2 
to lOV, such that if the armature current is zero for 
longer periods, this maximum value is maintained.

As on other integrators used, the potentiometer PI 
is included to give an offset null circuit which is used 
to reduce amplifier drift.

During bridge-crossover, S23 is turned off and S24 
turned on, applying an input of approximately -IIV, 
which due to the lower resistance of R3 than R2, results 
in a rapid rise of TOFF to its maximum. This is included 
so that on bridge switch, the previous value of TOFF is 
set to its maximum, as in the software model described 
in Chapter 6.

The circuit action is incorrect in that the rise of 
TOFF from 0 to 10V in 10ms assumes a supply frequency of 
50Hz, and does not allow for any variations of the
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latter. However, if accurate tracking of the supply 
frequency is required, a digital circuit could be used, 
which uses the PLL CLOCK signal described earlier. 
Assuming the PLL was in lock, the clock frequency would 
vary as the supply changes and the count would always be 
a maximum after 180 degrees of the supply.

The circuit shown in Fig. 7.20 is used to generate 
-TOFFP, which is the inversion of the value of TOFF at 
the point that discontinuous current has started. This 
is the signal that was used in the circuit shown in Fig. 
7.10 to select the required discontinuous adaptive gain. 
The circuit first buffers TOFF using the voltage
follower, Al. The switch S25, Rl, Cl and the voltage 
follower A2 are then used to give a simple but effective 
sample and hold circuit. When S25 is closed, the voltage 
across Cl, V c a p , rises to within 1% of TOFF in 5T secs, 
where T is the time constant of the charging current. As 
the switch resistance is approximately 80 ohms, T can be 
shown to be approximately 15 ps which was considered 
more than adequate. The resistor Rl is included to limit 
the switch current to approximately 10mA.

When 825 is "opened", the value of TOFF at that
time is stored as the voltage across the capacitor Cl. 

In a perfect circuit this would remain constant until
the switch was closed. However, due to the circuit
leakage currents, the voltage will drift, but the
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following will show that this is negligible. The op-amps 

used were, as explained earlier, Texas Bifet TL084 
amplifiers, which have a maximum bias current of 200pA. 
As the switch in its open state has a leakage current of 
only lOOpA or less, and the capacitor was a polystyrene 
one with its low associated dielectric losses, then the 
total worst case leakage current is 300pA. The drift 
rate, as shown in the Texas Bifet Applications Manual 
[45], is therefore given by.

dVc A p = I_D_ 
dt Cl

= 300 X 10-12 mV/sec 7.37
Cl

For Cl = 0.1 pF,

dVcAP = 3 mV/sec 
dt

As the output is only meant to be held for approximately 
10 ms, that is the nominal conduction period in 
discontinuous current, a drift of only 30pV would 
result.

The sampled output of A2 is then fed into two more 
sample and hold circuits which, as shown in Fig. 7.20, 
are similar to those just described, and use switches
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S26 and S27. These are used to sample the value of TOFF
at the point that conduction begins. Two circuits are
required as at any point in discontinuous current the
following circuitry requires the value of TOFF at the
point that current last begun, and this requires a
stored value. However, while this is stored, the present
value of TOFF needs to be tracked so that at the point 
that conduction next starts, the latter value can then 
be stored.

The logic control of S26 and S27 is therefore 
complementary, changing as conduction begins in 
discontinuous current. During continuous current or 
bridge-crossover, both switches are activated 
simultaneously, which is compatible with the operation 
of the model i.e. both outputs reflect the minimum and 
maximum values of TOFFP respectively and the 10ms 
sampling rate is no longer valid. The logic controls for 
switches S28 and S29 are such that the output of the 
"stored" sample and hold circuit acts as the input to 
the amplifier A5. The control in discontinuous current 

is therefore the inverted complementary drive used for 
switches S26 and S27. However, during bridge-crossover 
or continuous current, logic ensures that only one 
switch is open, but as 826 and 827 are both closed, the 
correct value of TOFFP is transferred to A5. The output 
of the unity gain inverting amplifier, A5, is therefore
-TOFFP as used in Fig. 7.10
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The rest of Fig. 7.20 is used to generate three 
logic signals, CP2, CP3 and CP12. The latter is produced 
by the comparison of -TOFFP and -TOFFl and is used to 
control the operation of the circuit shown in Fig. 7.10. 
The potentiometer PI and the associated zener diode 
circuit are used to set -TOFFl to any desired value 
between 0 and -lOV, which represents the point of 
transition between the two gain curves generated in that 
circuit. For the example described in section 7.2.3, 
which required TOFFl equal to 200, corresponding to a 
voltage of 7.81V, -TOFFl would be set to -7.81V. The 
suitably adjusted value of -TOFFl acts as an input to 
the non-inverting terminal of the comparator, which 
again incorporates some positive feedback, and -TOFFP is 
applied to the inverting terminal. The resulting output, 
CP12, which as before is converted to a TTL level using 
the diode and resistor arrangement shown, controls the 
selection of either switches S15, S 17 and S19, or S16, 
S18 and S20, as will be shown later. As can be seen, 
ÇP12 is low if -TOFFP is greater than -TOFFl ( i.e. 
TOFFl > TOFFP ) and high if TOFFl is greater than -TOFFP 
( i.e. TOFFP > TOFFl ).

The remaining part of the circuit generates the 
signals CP2 and CP3 using the input "B" from Fig. 7.21 
and it will be shown that B is given by,

B = v c - < x p r e v  7.38
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It was shown in Chapter 6 that in an attempt to 
detect the onset of continuous current, Eqn 6.29 was 
checked for the movement of the firing angle demand from 
its value when conduction last begun. If this was found 
to be greater than the product of a constant, o c o m p , and 

a ratio of the present value of TOFFP and its maximum, 
then the circuit switched to the continuous controller. 
The last part is used to allow for the level of 

discontinuity as explained in Chapter 6. To implement 
this operation in circuit form, the combined operation 
of the comparator outputs CP2 and CP3 is necessary. If 
the positive current converter is operating, then 6.29 
can be represented as the comparison.

Is (VC - apREv ) > ( TOFFP x « c o m p  ) ? 7.39
10

i.e. the maximum value of TOFFP is now lOV. If the 
negative converter is operating, then Eqn 6.29 is 
represented by the comparison.

Is (VC — ocpREv ) < ( —TOFFP X occomp ) ? 7.40
10

Potentiometer P2 and amplifier A7 are adjusted such that 
if CP is the output of A 7 , then.
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CP = «c oM P  X TOFFP 7.41
10

The unity gain inverting amplifier, A8, is used to 
generate the inverse of Eqn 7.41 i.e. -CP. It can 
therefore be seen that the output of comparator AlO, 
CP2, gives a comparison of -CP and "B ", where

CP2=1 if (VC - a p R E v )  > (-TOFFP x O c o m p ) 7.42
10

or

CP2=0 if (vc - a P R E v )  < (-TOFFP x « c o m p ) 7.43
10

Similarly, the output of A9, CP3, gives a comparison 
between CP and "B" such that.

CP3=1 if (vc - apREv) < ( TOFFP x « c o m p ) 7.44
10

or

CP3=0 if (vc - a p R E v )  > ( TOFFP x « c o m p ) 7.45
10

Both comparators include some positive feedback to give
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a hysteresis switching action, and use the same diode 
and resistor configuration shown before, to ensure CP2 
and CP3 are TTL compatible outputs.

The first part of the circuit in Fig. 7.21 generates 
the signal, o c p r e v , in a similar manner to the method used 
to produce TOFFP. The inverted firing angle demand, -vc, 
is first buffered using the voltage follower Al and 
applied to either or both of the sample and hold circuits 
shown, depending upon the state of the switches S30 and 
S31. The latter are controlled using the same criteria as 
826 and 827 in Fig. 7.20. Therefore, during discontinuous 
current, one switch is open allowing the associated 
sample and hold circuit to track -vc, while the other is 
closed storing the value of firing angle demanded at the 
point that conduction last began. During either prolonged 
periods of zero current, bridge-switch or continuous 
current, both switches are closed allowing both circuits 
to track the input signal. The switches 832 and 833 are 
driven in a complementary manner, switching whenever 
conduction begins and allowing the stored output to be 
passed to the inverting amplifier, A4. The output of the 
latter is therefore the stored firing angle demand,
CXp RE V .

The unity gain summing amplifier, A5, is then used 
to add the signals -vc and o p r e v  to produce the output 
*'B", as given in Eqn 7.38. Finally, o p r e v  and vc ,
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produced using A7, are then compared using the 
comparator, A8, producing the signal CPI. CPI is 0 for 
Vc greater than apREv and a logic 1 if vc is less than
CXp R E V .

Figures 7.1 to 7.23 showed the "analogue" circuitry 
needed to produce the discontinuous and continuous 
controllers, together with associated circuitry, 
resulting in the firing angle demand, -vc. This is then 
used to replace the firing angle demand produced by the 
SSD drive, although still using the letter's ramp and 
firing angle circuitry. However, the circuit operation 
depended upon the control of the 33 analogue switches 
shown. Although the effect of switching the various 
switches has been described, the means of doing so has 
not. Therefore, the final part of this Chapter uses Figs 
7.22 to 7.28 to show how the switch logic was produced.

It was explained earlier that the analogue switches 

used were the Siliconix DG308, which were turned on if a 
CMOS logic 1, of 15V, was applied and turned off by 
applying a logic 0 i.e. 0V . In order to generate a CMOS 
compatible input, the TI 7416 and 7417 devices were 
used. These are hex inverter buffers and hex non
inverting buffers respectively, both of which 
incorporate high-voltage open collector outputs. In all 
cases, the output of the devices were connected to the 
+15V supply using "pull-up" resistors, resulting in
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outputs that switched between 0 and 15V and were used to 
drive the analogue switches directly. In the following 
circuits, with the exception of those just described, 
all logic devices were of the TI low-power Schottky 
family. The circuits used to represent the desired 
logical expressions were not necessarily the optimum 
configuration, but show the actual circuits used which 
attempted to implement the expressions in the most 
efficient way with the devices available.

Fig. 7.22(a) shows the generation of the control
signals "CONT" and "CONT", where CONT equal to 1 
indicates continuous current operation. The circuit uses 
a Texas 74LS76 J-K flip-flop configured to act similarly 
to a D-type one, but the output Q, assuming the clear 
input, CLR, is high, switches on the negative clock 
transition. The clock input ,CK, is driven by the 
combination of the comparator outputs, CP8 and CP9, 
where,

CK = (TFF.CP? 7.46

However, as shown in Fig. 7.11, CP8 and CP9 are the 
inverted firing angle demand signals, Fi and F2 , so,

CK = F1 .F2 7.47

As Fi and F2 are active low signals, CK goes low
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whenever firing pulses are applied in the SSD drive. 
Continuous current begins when thyristor firing occurs 
while armature current is still present. So, in order to 
generate a digital signal to represent this condition, 
Ia and its inverse were applied to the J and K inputs 
respectively, 
i.e.

J = CFF

= Ia 7.48

K = CP6
= T7 7.49

and.

Therefore, if the clock input goes low ( indicating 
firing pulses applied in the drive ) when current is 
present ( i.e. Ia equals 1), the operation of the J-K 
flip-flop is such that the "Q" output is high, so CONT 
is also high. If Ia is low, then as expected, CONT is 
low, indicating that continuous current is not present. 
Continuous current ceases when the armature current flow 
ceases. Therefore, Ia is applied directly to the active 
low CLR input, forcing the output and CONT low whenever 
armature current is zero.

It was noted earlier in this chapter that the SSD 
Ia signal, because of the use of ACCTs, was zero briefly 
each half-cycle during continuous current. However, this
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resulted in CONT incorrectly being forced low. So, it 
was found during the application of this circuit to 
substitute CP6 directly for the signal generated by the 
circuit shown in Fig. 7.13 and described in section 
7.2.4, which gave a more accurate "I a " signal and 
consequently an accurate CONT signal.

Fig. 7.22(b) shows the generation of the signals 
(Xc , ÔF and E/S’. The description of the operation of the 
SSD drive at the beginning of this chapter showed how 
the signal E/S was used to disable the drive during 
bridge-crossover. As the adaptive logic was intended to 
release control to the incoming converter on the zero 
crossing point, the modified signal E/S’ was produced 
which inhibited bridge firing until this point. The 
signals <xc and were also produced, where (Xc is high 
during bridge-crossover and is used for logic control 
during this period.

The circuit also introduces the signal, Ic, which 
represents an initial condition signal and is low until 
circuit operation is required, when it goes high.

The clocking input to the 74LS74 D-type flip-flop, 
CK, shown in Fig. 7.22(b), is given by,

CK = CP10 + C P U  7.50

CPIO and C P U  are the inverted ramp reset signals, Ri
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and R2 , described earlier, so,

CK = Rf + R 2 7.51

Fig. 7.3(b) shows that Ri and R2 are active high signals 
which end on the zcp i.e. Ri is active from 270* to 360* 
and R2 from 90* to 180*. Therefore, the inversion of the 
logical ORing of Ri and R2 produces a signal whose 
positive edge transitions occur on the zero crossing 
points as shown in Fig. 7.22(c). The operation of the 
74LS74 is such that assuming the preset (PR) and clear 
inputs are high, the signal at the D input is 
transferred to the output on the positive transition of 
the clock signal.

The input to the preset input is given as,

PR = Ic.( CT4 + Ü V 5 )  7.52

As CP4 and CP5 are the inversions of the SSD logic 
control signals, M and S, then,

PR = Ic . (M + S) 7.53

The PR signal is low whenever Ic is low, that is during
the initial condition state, forcing (Xc high. Otherwise,
PR is only active low if M and S are both low, the
latter only occuring during bridge-crossover, as M and S
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control the selection of the positive and negative 

current producing converters respectively. Once set, ac 
remains high until the next positive edge transition of 
the clock signal after the PR signal has gone high, when 
the logic 0 at the D input results in ac going low. This 
signal is logically ORed with the buffered E/S signal, 
so that E/S* remains high until the first zero crossing 
point after bridge switch has been completed, 
i.e.

E/S' = ac + U ¥ T

= ac + E/S 7.54

The signal produced was inverted and then converted to a 
signal compatible with the SSD CMOS logic using the 
comparator circuit of Fig. 7.12.

Fig. 7.23(c) shows the circuit used to generate the 
CONV and COINV  signals, where CONV is 1 if the positive 
current producing converter is operating. The Ic signal 
is used to drive the preset input directly, so that as 
control is passed to the adaptive control logic, the 
positive converter is initially selected, as in the 
software model.

Assuming Ic is high, the signal at the D input is 
transferred to the Q output on every positive edge
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transition of the clock signal, where,

D = CP5 7.55

Although not used directly, the operation is also

dependent upon the state of Y s ' which is a logic signal
derived using the comparator circuit shown in Fig. 7.23. 
This uses a TL084 to compare the current reference with 
zero, the output of which is low for positive current 
demands and high for negative current demands. The TL084 
output swings between the +15V and -15V supplies, so 
this is converted to TTL levels using the zener diode
shown, producing Y e '. This signal was transferred to the 
SSD drive using the comparator circuit shown in Fig. 
7.12 and controls the SSD bridge switch logic. This 
controls the selection of the M and S and as CP5 is the 
inverted M signal,

D = M 7.56

This is clocked through using produced in Fig.
7.22(b). This is normally high, but goes low during 
bridge-switch. As it goes high, the signals M and S 
would have settled such that one is high, depending upon 
the converter operating. Therefore, if the positive 
converter is selected, M is 1 and as goes high, CONV 
will also be set to 1. Otherwise, M will be low and CONV 
will also be low, indicating that the negative current
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bridge is operating.

Chapter 6 showed that a simulated continuous
current condition was necessary if the firing angle
moved by more than a specified amount during
discontinuous current. In the practical circuit, if this 

condition occurs, the signal ach k , as shown in Fig.
7.24(a) goes high. The determination of the comparator 
signals CPI, CP2 and CP3 needed to produce achk has 
already been described. If the converter is producing
positive current, for achk to be true, the movement of 
the firing angle must be such that vc is greater than 
apREv, resulting in an increase in current i.e. CPI is 
low. For negative currents, vc must be less than apr e v 
and in this instance CPI is high. Therefore, with
reference to 6.29 and the equations 7.40 to 7.43, it can 
be shown that,

acHK = ÜFT.ÜFS'.CONV + CPI.CT^.CONV 7.57

i.e. the simulated continuous current condition is 

dictated during positive current operation by the state 
of CPi and CP3, otherwise by CPI and CP2. Using De
Morgan’s Theorem [46], this can be converted such that,

acHK = CPT.CF3r.C0NV + CPI .CFZ. CONV
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= (CFT.ÜFT.CONV).(CPI. CFZ.CONV) 7.58

This is implemented using the three input NAND gate

shown in Fig. 7.24(a). achk is then used to generate the
NCONT signal, as shown in Fig. 7.24(b),

The NCONT signal, as described in Chapter 6, has 
four states:

i) NCONT is 0 during normal discontinuous and 
continuous current operation.

ii) NCONT is 1 when conditions dictate that a 
simulated continuous current condition is necessary 
i.e. acHK is 1.

iii) NCONT is 2 when the current flow begins when 
NCONT is 1.

iv) NCONT is 3, if NCONT is 2 and armature current 
ceases i.e. the expected continuous current 

condition has not occured.

In order to implement this signal digitally, a two state 
synchronously clocked sequential counter was necessary 
and the two J-K flip-flops incorporated in the dual 
74LS76 were used. If Qa and Q b are the two converter 
outputs, then:
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i) if NCONT is G, Q a is G and Q b is G.

ii) if NCONT is 1, Qa is 1 and Q b is G.

iii) if NCONT is 2, Qa is G and Qb is 1.

iv) if NCONT is 3, Qa is 1 and Q b is 1.

The operation of the required converter circuit is 
shown in Fig. 7.24(c), and relies on the state of the 
armature current signal, Ia and the simulated continuous 
current signal, achk. Fig. 7.24(c) also shows the 
necessary subsequent states of the counter outputs i.e. 
Qa * and Q b and the necessary logic signals applied to 
the J-K inputs. The operation of J-K flip-flops is such 
that [46] :

i) for a G to G transition, J must be G .

ii) for a G to 1 transition, J must be 1.

iii) for a 1 to G transition, K must be 1.

iv) for a 1 to 1 transition, K must be G .

The asterix in Fig. 7.24(c) indicates "do not care" 
conditions, such that the input can be either a G or 1. 
The necessary driving logic is minimised using the four
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state Karnaugh maps [46] shown in Fig. 7.24(d). These
show that the required driving logic is given by,

JA = Qb . 0(c h k + Qb . Ia 7.59

and using De Morgan's Theorem,

JA - (Qb .cxchk ) . (Qb . Ia ) 7.60

Also ,

KA - Qb + IA 7.61

= QF.TT

and,
JB = 07.TT 7.62

KB = Qa 7.63

The required converter circuit is therefore shown in 
Fig. 7.24(b). The circuit also shows the required clock 
input, which is the 200kHz signal generated in Fig. 7.17 
and is buffered using the two input OR gate. The 
circuit also incorporates a clear input, which ensures 

NCONT will be cleared during bridge switch and at the 
onset of continuous current, and as CLR is active low,

CLR = CONT + (Xc

= QOTT.Ô7 7.64
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This is implemented in Fig. 7.24(b) and NCONT, the 
signal used by the logic switch control circuits, is 
high if either Qa or Q b is high.
I.e.

NCONT = Qa + Q b

- Qa .Q b 7 . 65

Fig. 7.25 shows the circuit used to generate two 
complementary outputs, that switch every time armature 
current begins to flow, using two D-type flip-flops and 
the same clock input used in Fig. 7.24. The clear input 
on the first D-type flip-flop is connected to the Ic 
input and so until the circuit operation commences, the 
Qi output of the first flip-flop is held low. The second 
flip-flop acts as a frequency divider in that every time 
its clock input goes high, the outputs toggle. 
Therefore, as the clock input is permanently low while 
Ic is low, the outputs are complementary but fixed.

When circuit operation begins and Ic is 1, on every 
positive edge clock transition, the state of Ia , which 
is buffered using the AND gate shown,is transferred to 
the output, Q i . The clock input to the second flip-flop 
will only have a positive edge transition when current 
flow begins ( i.e. Ia goes high ) forcing the outputs of 
the device, 0/P and 0/P to switch. This circuit also 
required the use of the zero current signal produced by
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the circuit described in section 7.2.5, as the SSD Ia 

signal produced incorrect switching due to the zero 
voltage pulses described earlier. Having described all 
the required logic output, the remaining part of this 
chapter will show how these signals were used to produce 
the switch control logic.

The use of the switches SI and S2 was described in 
section 7.2.1. When turned on, SI and S2 limit the 
current demand to the discontinuous current levels and 
this clamp is only released a fixed period after the 
CONT signal goes high. Therefore, if DEL is a delay 
introduced by the 74121 non-retriggerable monostable, 
which is variable between 10 and 100ms, then,

S1,S2 = CDFT.DEL 7.66

This was achieved using the circuit shown in Fig. 
7.25(b) where DEL was obtained as the Q output of the 
monostable. This was high until the CONT signal went 
high, when it would go low for a predetermined period.

The switches S3 to S8 are shown in Fig. 7.7(a) and 
the operation of which was described in section 7.2.2. 
During simulated and continuous current operation, S3, 
S6 and S7 are closed and the others open. During 
discontinuous current operation, the continuous current 
controller tracks the discontinuous current output and
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the switch states are reversed. The switching logic is 
therefore given by,

53.56.57 = CONT + NCONT 7.67

54.55.58 = CONT + NCONT 7.68

The equations 7.67 and 7.63 were implemented as shown in
Fig. 7.25(c).

The switch S9, which is shown in Fig. 7.8, the 
operation of which was described in section 7.2.3,is 
only on when the discontinuous controller is tracking 
the operating continuous current controller. It was also
necessary to ensure that S9 was open during the initial
condition phase and during bridge-switch. ac is high 
during both instances. Therefore,

S9 = (CONT + NCONT).ocT 7.69

Eqn 7.6S was implemented using the circuit shown in Fig 
7.26(a).

The switches SIO and Sll, also shown in Fig. 7.8 
and described in sections 7.2.3, are used to control the 
inversion, or otherwise, of aset during bridge switch, 

asET is the zero current firing angle generated by the 
circuit in Fig. 7.17 and described in section 7.2.6. If

259



the incoming converter is the one that produces positive 

current, then no inversion of 0(s b t  is required, but if 
it is the negative current one, then « s e t  needs to be 
inverted as required by the ramp circuitry used in the 
SSD drive. The CONV signal only changes state,at the end 
of the bridge switch sequence, that is as ac goes low, 
and so the CONV signal present when ac is high is the 
inverse of that required. As the CONV signal is also set 
during the initial condition phase, then the no 
inversion control, SIO, is given by,

510 = T7 + (CTÜW.ac) 7.70

This is implemented in Fig. 7.26(b). The inversion
signal, Sll, is only valid when,

511 = Ic.(ac.CONV) 7.71

This is implemented using the circuit shown in Fig.
7.26(c).

The switches S12, S 13 and S14 are used to either 
select the discontinuous controller or the discontinuous 
tracking mode, as shown in Fig. 7.27(a). The latter is 
selected during the initial condition phase, bridge-
switch or during continuous current controller operation 
and requires S 13 and S14, as shown in Fig 7.8, closed, 
i.e.
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813,814 = (ac + NCONT + CONT) + IF 7.72

The discontinuous controller is required at all other 
times and so 812 is closed when.

812 = ac + NCONT + CONT + TF 7.73

Fig. 7.10 shows the gain control circuitry
associated with the discontinuous controller. Two gain
curves are produced, one relies on 815, 817 and 819
being closed, the other on 816, 818 and 820. The latter 
are selected when TOFFP is greater than TOFFi, that is 
when CP12 is high, 
i.e.

816,818,820 = CP12 7.74

8o,

815,817,819 = CPTF 7.75

The application of these control signals is shown in 
Fig. 7.27(b).

In order to produce the bipolar zero current firing 

angle, aser, the inversion circuit of Fig. 7.17 was 
used. This inverts the signal -|asET| depending upon 
whether 821 or 822 is closed. 821 is driven directly by
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the signal SPD and S22 by SPÏ), both of which were 
produced in Fig. 7.14. Therefore, when the speed signal 
is positive, such that the generated emf "seen" by the 
positive current converter is also positive, then S21 is 
closed and « s e t  is positive. When the signal is 
negative, SPD is a logic 1, turning 822 on and ensuring 
«SET is negative.

Fig. 7.19 showed the generation of the logic 
signal. Ip, which was logic 1 during zero current and 0 
otherwise. When current is flowing, the switch 823 is 
closed, thus ensuring TOFF is zero, so,

823 = J 7  7.76

During periods when the current was zero, 825 was closed 
so that the first sample and hold circuit in Fig. 7.20 
tracks the signal, TOFF, 
i.e.

825 = Ip 7.77

This was the control used during the experimentation, 
but it was realised afterwards that this was incorrect 
and that 825 should also have closed during continuous 
current. Therefore, the control for 825 should have 
been,

825 = Ip + CONT 7.78
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Fig 7.19 also showed the switch S24 which was used to
force TOFF to the maximum during bridge switch,
i.e.

S24 = ac 7.79

Fig. 7.27(c) shows the practical circuits used to 
control S23, S24 and S25.

The switch controls shown in Fig. 7.28 will be the 
last to be described and these are required for the 
sample and hold circuits of Figs. 7.20 and 7.21. 
Initially, the sample and hold circuits were driven such 
that for each circuit, the input switch drives were 
complementary during normal discontinuous current 
operation and simultaneously on during continuous 
current and when the current was zero for periods longer 
than 10ms. However, this did not allow for bridge-switch 
and so as the experimental work was such that the 
current was not zero for long periods, the switch 
controls were altered to,

S26,S30 = Ü7F + CONT + E/S' 7.80

and.

827,831 = 0/P + CONT + E/8' 7.81
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In a full working model, the switch controls would 
either have to be altered to allow for long periods of 
zero current, or a system such as that in the SSD drive 
introduced earlier, where a continual switch in bridges 
occured ,controlled by "SCAN".

The output switches of the sample and hold circuits 
were always complementary such that,

828.832 = 0/P 7.80

829.833 = 07F 7.81
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CHAPTER 8
Practical Analysis of Current Loop Operation

8.1 Introduction

This chapter will demonstrate the practical 
operation of the adaptive current loop, comparing it 
with the output of the model and the commercial current 

loop using a fixed PI controller. The first section will 
describe the qualitative method used to setup the 
latter, which is the method commonly used in an 
industrial environment. As before, the constraint of a 
fast response with little or no overshoot is assumed.

8.2 Commissioning of the Commercial Drive

The most common method of commissioning a dc drive 
in "the field" is not a quantitative one, where all 
system parameters would be known, thus allowing the 
determination of the necessary PI values for a defined 
response using some control design method. Instead, 
qualitative methods are used where the controller values 
are simply adjusted until a desired current response is 
obtained. This section will describe the method used by 
the sponsoring company to achieve an adequate response.

As repeatedly mentioned in this thesis, the current 

gain is greater in continuous current and for typical
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values of armature resistance and inductance, allowing 

for the additional inductance included to improve the 
form factor, the greatest gain is present at the highest 
values of armature current. Therefore, for the type of 
applications discussed earlier, where fast responses to 
a step input with little or no overshoot are required, 
the drive is normally setup using a demand switching 
between the maximum and minimum values of armature 
current, which for this application are 0 and 20A. Due 
to the nature of the changing converter gain, smaller 
demands will show a deterioration in response.

The procedure is then as follows;-

i) remove the field excitation.

ii) set the integral and proportional gains to 
their minimum values by the adjustment of the 

associated potentiometers.

iii) apply the necessary demand to the current 
loop.

iv) carefully increase the integral gain to give a 
fast, underdamped response. (Too much gain will 
result in the destruction of the fuses used to 
protect the thyristors.)

266



v) increase the proportional gain, which has the 
effect of "dampening" the response, until the
desired waveform is obtained. A further small 
adjustment of the integral gain might also be 
necessary.

The result of such a procedure was shown in Fig. 
5.18 from which it can be seen that a steady state value 
of average armature current is achievable after 
approximately four current pulses. The values of
proportional and integral gains were subsequently
measured and found to be 4.3 and 305 respectively, as 
used earlier.

Fig. 5.18 also shows the presence of small current 
pulses during the zero demand periods. This is the 
effect of the "SCAN" input described in Chapter 7, which 

ensures that integrator drift does not have a 
detrimental effect on the performance of the loop during 
long periods of zero current demand.

This method has the advantage of allowing less 

skilled operatives to quickly setup a drive in an 
industrial environment, when time is limited due to 
commercial pressures. However, the disadvantage is that 
due to the relatively high integral gain, a variation of 
the current response depending upon the point that the 
step demand occurs, relative to the firing point (as
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discussed in section 6.2.4) can be significant, 
especially for step demands within the continuous 
current region.

8.3 The Generation of Current Off-Time and Adaptive Gain

Chapter 6 described the development of the adaptive 
control technique employed to improve the performance of 

a four quadrant thyristor converter and how this was 
implemented on the computer simulation. The necessary 
circuitry to implement this technique practically was 
then described in Chapter 7, one of the key factors 
being the need to generate a signal proportional to the 
current off-time, TOFF, which allowed a means of 
determining the necessary adaptive gain, independent of 
machine speed and generated emf. It was initially hoped 
to use the logic signal, Ia , generated by the commercial 
drive, which was logic "true" when armature current was 
present. However, as demonstrated in section 5.3, this 
was derived using the ACCTs needed for armature current 
feedback. This resulted in two problems;-

i) each half-cycle of the supply a "zero current" 
pulse was obtained for the reasons described in 
section 5.3 and demonstrated in Fig. 5.18.

ii) the start of the current waveform in 
discontinuous current did not show the gradual
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increase demonstrated in Fig. 4.11, but exhibited a 
small though noticeable step, probably associated 
with the necessary forward voltage needed to put 
the diodes of the rectifier used within the ACCT 
into their conductive state.

The first problem resulted in the incorrect operation of 
some of the logic signals used in Chapter 7, especially 

"CONT".This was logic true when continuous current was 
present and was reset when the armature current became 
zero and so initially was continually reset by the 
"zero-current" pulses. The second problem resulted in an 
incorrect estimation of the current off-time, as shown 
in Fig. 7.19,

To solve both these problems, the circuit of Fig.
7.13, described in section 7.2.5, was introduced and 
required the insertion of a resistive shunt in the a.c. 
supply to the thyristor converter.

Fig. 8.1 shows a comparison of average armature 
current against off-time at zero speed for the converter 
signal, 1a , the output of Fig. 7.13, Iz, and that 
predicted theoretically by the converter simulation 
described in Chapter 3. The former shows a significant 
error. Iz, however, is much closer to the theoretical, 
especially as the theoretical curve is for the exact 
values of armature resistance and inductance determined
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in Appendix B, which need not necessarily be correct due 
to experimental innaccuracy. Some error would also be 
present due to the small d.c. offset necessary in Fig.

7.13 to reduce the effect of circuit noise. The small 
error introduced by the circuit of Fig. 7.13 is such 
that for a particular value of armature current, the 
applied adaptive gain would be less than expected, 
resulting in a small degradation in performance.

The practical values were obtained by the 
introduction of a d.c. ammeter into the armature circuit 
and using a digital meter to measure the current off- 
time of the circuit of Fig. 7.19. The results therefore 
represent a "static" test in which the value of TOFF 
would have had time to settle and do not demonstrate a 
dynamic response.

The current off-time signal generated in Fig. 7.19 
is then used in Fig. 7.10 to produce the signal, GAIN, 
which controls the application of the adaptive gain, as 
described in section 7.2.3. In order to simplify the 
practical analysis, the adaptive gain was chosen to be a 
straight line, the actual values of gain and the reason 
for their selection being described in section 8.3. 
However, Fig. 8.2,which shows a comparison of the 
desired control of GAIN with off-time and that produced 
in practice, demonstrates the accuracy of the circuit of 
Fig. 7.10.
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8.4 The Selection of Current Loop Gains

In order to set-up the current loop with the fixed 
PI controller, it was first necessary to select the 
burden resistor used in association with the ACCT, such 
that the maximum current demand was 20A.Under these 
conditions, the voltage fedback to the current loop 
summing junction was I.IV, therefore making the feedback 
gain, K i , equal to 0.055. (It should be noted that to 
allow for a safety factor during experimental work, the 
actual thyristors and protective fuses used in the 
converter were rated at twice the maximum current 
demand.)

The current loop was then set-up using the 
procedure described in section 8.1 to give the current 
loop response of Fig. 5.18, which was considered the
best obtainable. The loop was then opened and a small
step input applied to the PI controller. By measuring
the associated step and ramp parts of the controller 
output, the actual values of proportional and integral 
gain (i.e. a and b respectively) were found to be 4.3
and 305. The plant parameters were as derived in 
Appendix B.

In order to select the values for the adapted loop, 
the discontinuous and continuous controllers were 
considered separately, but due to the selection of
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circuit values in Fig. 7.6, the feedback gain, K i , was 
maintained as above.

The selection of the continuous current loop 
controller was based on the theory developed in Chapter 
6 , whereby a PI controller was used which resulted in a 
pole-zero cancellation with the motor lag, resulting in 
a type 1 controller, consisting of a pure gain and 
integrator. The open loop system was then as described 
in Eqn 6.22 but with Ki equal to 1. A nominal value of 
converter gain, K v , of 175 was chosen, which 
corresponded to an average continuous current of 13A. 
Therefore, in order to achieve a 30Hz unity gain 
crossover, as used in the model output of Figs 6.135 to 
6.145, assuming the values of R and L to be as 
determined in Appendix B, values of a and b of 5.12 and
65.5 were needed. In setting these practically, the 
actual values obtained were 5.23 and 67, which gave the 
same pole-zero cancellation, but a slightly higher 
crossover frequency (30.7 Hz).

The discontinuous current controller was more 
complex in its operation and it was decided, with 
reference to the responses obtained in Chapter 6, that a 
nominal unity gain crossover for the adapted loop should 
be 12.5 Hz, but that the controller gains should be such 
as to simplify their implementation. Therefore, with 
reference to Table 4 and Eqns 6.38 and 6.39, Ks was
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chosen to be 250, K s , 2000, K ? , 2500 and TOFFS, 200,
which as shown in Fig. 8.2 is almost a straight line.
With these values, for an armature current of 6A, 
considering the curve of Fig. 8.1 generated using the 
circuit of Fig. 7.13, an off-time of 13 degrees was

obtained. With the values of gains given above, this
would result in a forward gain of 413, which is within 
10% of that required using Table 4. The value of gain
introduced at lA, again using the same curve in Fig.
8.1, can be shown to be 1375. This corresponds in Table 
4 to a break frequency of 14.6 Hz. The setting-up of 
these gain values was described in section 7.2.3, while 
the maximum gain of 2500 was set by the adjustment of 
the potentiometer, PI, in Fig. 7.8. The latter allows a 
maximum value of 4000.

Section 6.2.5, using Eqn 6.34, suggested a maximum 
value of Kt as 2820. However, this was based on the
assumption that a step change in demand would occur at
the zero crossing point, which could not be guaranteed 
in the practical system, so the value of 2500 chosen was 
considered adequate.

The other values requiring adjustment were as 
follows ; -

i) in order to determine the onset of continuous

current, the variable, o c c o m p , introduced in section
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6.2.5 in Eqn 6.28, as in that section was set to
5.13.

ii) the circuits of Figs 7.14 to 7.17 were adjusted 
so that for the maximum machine speed of 1500 rpm 
(corresponding to a generated emf of lOOV) the zero
current firing angle demand, o c s e t , (determined by
the combination of Eqns 2.15 and 5.14) was 1.18V. 
This value was the maximum, all other values being 
generated by the inverse sine function programmed 
into the EPROM of Fig. 7.15.

iii) the final values to be set for the 
experimental work considered the current demand 
limiting circuit of Fig. 7.16. This was the
intermediate current step level, described in
section 7.2.1, which was nominally set at 7A and 
its duration, initially set to 40ms, although both 
were varied during the experimentation.

The last part of this section covers the generation 
of the step demands used during the experimental work. A 

variable frequency square wave generator was used in 
association with a circuit similar to that in Fig. 
7.7(b) to generate an accurately controlled step 

waveform about OV. This was then combined with a 
variable d.c. input, allowing the generation of any step 
demand required. Two problems were encountered, however.
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The first was that the maximum demand of 20A was given 
in the non-adapted commercial drive by an input of 5 V , 
while in the circuit of Fig. 7.6, it required a 10V
signal. The second was that it was not possible in the 
time available to generate a step demand that could be 
guaranteed to occur at a particular point in the mains 
cycle, as it was in the model. The input therefore 
varied, giving the problems described in earlier 
sections, concerning the differing responses for the
same demand due to the step demand occuring at varying 

times in relation to the firing instance. One exception 
to this was that on bridge switch-over, the control 
circuitry waited for the next zero crossing point before 
releasing control to the incoming bridge. This was
sometimes longer than necessary as it was combined with 
the delay imposed by the bridge switch circuitry of the 
commercial drive.

8.5 The Demonstration and Comparison of Different 
Current Loops Responses

The final section of this chapter will compare the 

results of the following forms of armature current 
control;

i) the practical unadapted PI controlled current 
loop, supplemented by some results from the 
simulated loop developed in Chapter 5.
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ii) the simulated adapted current loop, as 
developed in section 6.2.5.

iii) the practical adapted current loop, described 
in Chapter 7.

With these results, which show the responses for 
differing step demands at different values of generated 
emf, a demonstration will be given of the strengths and 
weaknesses of the two practical systems. In addition, a 
comparison will be made between, first, the simulated 
and practical current loops and second, the adapted and 
standard controllers.

In order to fully demonstrate the responses of the 
loops over the complete operating range, the analysis of 
the results will be split into sections, all showing 
responses at the extremes of machine speed and normally 
with bridge changeover, and these are;

i) small steps at low values of discontinuous 

current.

ii) large steps in discontinuous current.

iii) step changes from discontinuous to continuous 
current operation.
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iv) step changes in continuous current.

In order to obtain the step responses at different 
values of generated emf, the load machine which was 
connected in series with the work machine, was 
accelerated slowly under open loop armature control to 

the desired shaft speed in the required direction of 
rotation. While the machine was at the desired speed, 
the current demand was applied, and the resulting 
responses recorded with a digital oscilloscope. In all 
Instances, the field of the armature of the work machine 
was maintained as in Appendix B.

8.5.1 Small Discontinuous Current Steps

This section will demonstrate the responses of the 
three systems to small steps in current demand at the 
extremes of the selected operating range of the machine 
i.e. a variation of generated emf, E, from lOOV to 
-lOOV.

Figs 8.3 and 8.4 show the responses of the adapted 
loop model for a step demand of + lA. Fig. 8.3 is the 
result for E equal to OV and shows that the response is 
identical for both bridges, reaching a steady state 
value in approximately three current pulses, with a 
"dead-time" between bridges of about 15ms. The second 
response is for E equal to lOOV for the positive current

277



bridge and thus -lOOV for the negative one.As expected, 
due to the lower gain and the lessening effect of using 
the off-time signal as an adaptive measure of gain at 
higher values of E (see Fig. 6.114), the initial 
response is worse, requiring approximately 50ms to reach 
a steady state value. Conversely, the response at E 
equal to -lOOV is faster but with a slight increase in 
the dead-time between bridges.

The responses for the practical adapted loop for 
the same current demand and values of E are shown in 
Figs 8.5 and 8.6, which also include the firing angle 
response. Fig. 8.5 demonstrates the response for E equal 
to OV, with a more variable dead-time. Fig. 8.5(b) gives 
the associated firing angle response and the effect of 
the zero current firing angle circuit on moving the 
firing angle demand during bridge switch is very 
evident. Figs 8.6(a) and 8.6(b) show the responses for a 
value of E of lOOV with respect to the positive current 
bridge. The responses are a little better than the model 
in terms of reaching a steady state value, but a longer 
dead-time is present due to the utilization of the 
bridge switch circuitry of the commercial drive. Also 
included for reference are the responses of Figs 8.7(a) 
and 8.7(b). These are for a value of E of 50V, but with 
the maximum forward gain reduced to 1250 .They exhibit a 

marked deterioration in current response, but more 
clearly show the operation of the zero current

278



positioning circuit at maximum speed.

It will be noted that in these, as in all other 
practical responses, a certain amount of current ripple 
is present. This is the effect of induced noise in the 
"bread-boarded" control circuits due to the generation 
of r.f. interference by the switching of the thyristors. 
This is greatly reduced in the commercial drive by the 
introduction of filtering circuits into every 
operational amplifier and although it would also have 
improved the adaptive loop, was prohibitive due to the 
limited time available for the experimental work.

The results for the standard PI controller for the 
same current demands and values of E shown in Figs 8.8 
and 8.9. These show a significant degradation in 
performance with longer than 200ms being required to 
reach a steady state value and a dead-time of 
approximately 160ms under all conditions. The reason for 
the poor responses can be seen in Fig. 8.8(b) and 
8.9(b), where the effect of the combination of a small 
error term, integral gain and low converter gain produce 
a very slow ramp in firing angle, with little effect due 
to the proportional term.

The other small current demand demonstrated in this 
section is a step from lA to 2A. The model response for 
values of E of lOOV and -lOOV are shown in Figs 8.10 and
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8.11 respectively, which show that steady state values 
are achieved within 40ms. The equivalent responses for 
the practical adapted loop are shown in Figs 8.12 and
8.13 and ignoring current ripple, it can be seen that 
they very closely resemble the theoretical responses.

The responses of the non-adapted loop are shown in 
Figs 8.14 and 8.15 and are also for the same conditions 
but the responses are for the negative current bridge. 
These again show a slower response due to the smaller 
loop gain and take more than 100ms to reach their steady 
state values.

8.5.2 Large Steps in Discontinuous Current

This section will show the responses of the current 
loops to large step changes in discontinuous current for 
various values of generated emf, E. The current demand 
steps considered will be lA to 5A, lA to -5A and 5A to 
-5A. Each will be dealt with in turn.

Fig. 8.16 shows the model response for a 1A to 5A 

step at E equal to OV, in which a steady state response 
following a small overshoot is obtained. This is
compatible with that in Fig. 8.17, which is the
practical adaptive loop response for the same
conditions. However, that in Fig. 8.18, which is a -1A
to -5A demand at E equal to zero for the non-adapted
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loop, demonstrates a much slower response, taking 

approximately 90ms to reach a steady state value. 
However, the effect of the proportional term is now much 
more apparent, giving a step in the current response.

Figs 8.19(a) and 8.19(b) show the current and 
integral gain signal responses of the model for a demand 
of -1A to 5A at E equal to zero, in which the latter
steady state value is achieved in 40ms, with a small
overshoot and is a function of the off-time.. The
equivalent responses for the practical adapted loop are 
shown in Figs 8.20(a) and 8.20(b). These show a much 
more severe overshoot, the reason for which can be seen 
in the latter figure. This shows that the signal is not 
always reset to its maximum value during bridge
crossover. The reason for which can be understood with 
reference to Fig. 7.19 which shows how the amplifier A5 
is used to generate the TOFF signal and incorporates a 
circuit using switch 824 to set TOFF to its maximum 
value on bridge changeover. However, the rate of rise of 
the TOFF signal during bridge crossover only corresponds 
to the rate of increase due to the time constant of 
resistor R2 and capacitor C, which were selected to give 
a ramp rate of 10V in 10ms. The rate during bridge 
switch should have been much faster due to the 
overriding effect of the time constant of R3 and C, as 
switch 824 switches on, controlled by the signal,ac, 
described in Chapter 7. With the latter operating, the
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output of amplifier A5 should have been forced to the 
maximum in 0.5ms. As this apparently did not always 
happen, possibly due to an intermittent signal to S24, 
the output TOFF was not always reset properly, the 
actual value, being dependent on the duration of zero 
current. Even with this error in the circuitry, the 
response does bear some similarity to that in Fig. 8.19, 
reaching a steady state value in about 60ms.

The response of the non-adapted loop for the same 
step at E equal to zero is shown in Fig. 8.21. Once 
again, the result of having to change bridges resulting 
in a much slower response, with the 5A steady state 
level being reached after approximately 120ms, following 
a dead-time of about 40ms. The associated firing angle 
response is shown in Fig. 8.21(b) for reference. The 
response at E equal to lOOV for the positive current 
bridge is shown in Fig. 8.22 which demonstrates the 
different dead-times, depending upon the different 
current demands and value of E. Figs 8.23(a) and 8.23(b) 
show the adapted loop response at E equal to lOOV but 
with the forward gain reduced to 1250, and a much more 
acceptable response is obtained.

The model responses for step demands of 5A to -5A 
and values of generated emf of OV and lOOV are shown in 
Figs 8.24 and 8.25(a).Figs 8.25(b) and 8.25(c) are 
included and show the associated firing angle demand and
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integral gain for E equal to lOOV. The response at 
"standstill" is the same as Fig. 8.19, with a small 
overshoot and reaching a steady state average current 
after about 40ms. The response at E equal to lOOV, as 
expected, is slower due to the lower converter gain, 
however, that at e equal to -lOOV shows a greater 
overshoot, but also a large undershoot. The reason for 
this can be seen in Figs 8.25(b) and 8.25(c), where the 
initial current overshoot results in continuous current 
being achieved briefly, with the resulting lower gain 
controller.

The results for the practical adapted loop under 
the same conditions are shown in Fig. 8.26 and 8.27, 
which also shows the associated firing angle responses. 
As an overshoot is obtained, but possibly due to the 
incorrect operation of TOFF on bridge crossover, as 
continuous current is not reached, the undershoot 
obtained before at E equal to -lOOV is not present. For 
both conditions a steady state response is achieved 
within 60ms, with a dead-time of about 10ms. The 
responses in Fig. 8.28(a) and 8.28(b) show the results 
with E equal to lOOV but the forward gain reduced to 
1250.

The results of the commercial drive for the same 
conditions are shown in Fig. 8.29 and 8.30. These 
responses are an improvement on those for the same loop
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with smaller current demands but still take more than 
100ms to reach steady state, even for B equal to -lOOV. 
Also, the dead-time of about 40ms is longer than the 
adapted loop.

8.5.3 Step Changes from Discontinuous to Continuous 
Current

This section will show the responses of the current 
loops to step demands from values of discontinuous 
current to continuous ones for differing values of 
generated emf.

The adapted loop model response for a demand change 
from lA to lOA for values of generated emf of lOOV and 
-lOOV are given in Figs 8.31 and 8.32, showing the 
current and firing angle responses. In both cases an 
intermediate current step of 7.5A, which is present for 
a duration of 50ms, is used. The response at E equal to 
lOOV is more sluggish due to the reduced gain, but this 
is mainly in the intermediate step period. The response 
from 7.5A to 20A is much faster. Overall, a steady state 
value is achieved in approximately 80ms. The response at 
E equal to -lOOV is again faster because of the higher 
gain and a steady state value is reached after 70ms. The 
associated firing angle responses show the change from 
the discontinuous to continuous current controllers 
during the intermediate period and the effect of the
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step change from 7.5A to 20A after 150ms.

Figs 8.33 and 8.34 show the responses of the 

adapted practical loop for the same step demand, but for 
values of E of 50V and -50V respectively. They also show 
the associated firing angle demands. For both the
responses, the duration of the intermediate period was
approximately 25ms and the effect of moving from the 
discontinuous to continuous current controllers can 
easily be seen in the firing angle demand responses. The 
accurate tracking of the non-operating controller can 
also be seen as there is no discontinuity in transfer of 
control from the discontinuous to continuous controller 
and vice versa. It was also found that the circuit used
to detect large movements of the firing angle ( so as to
initiate an earlier change of controllers) had much less 
of an effect on the response than the size and duration 
of the intermediate current step. However, on bridge 

switch this would be affected by the fault in the 
operation of the TOFF circuit described in the last 
section. The responses show that a steady state IDA 
demand is achievable in 60ms, while a 1A value is 
achieved in 50ms.

The associated standard loop responses for the same 
step demands and values of E are shown in Figs 8.35 and 
8.36 and again also show the firing angle responses. The 
responses in going from 1A to lOA are better than the
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adapted loop, reaching a steady state value in 60ms, 
without of course the need for any intermediate step 
level. However, in both cases the response in going from 
lOA to 1A is worse, taking 100ms or more to reach a 
steady state value because of the reduced loop gain.

The results of a 1.6A to 20A step demand on the 
theoretical adapted loop for values of E of lOOV and 
-lOOV are shown in Figs 8.37 and 8.38. The same size and 
duration of the intermediate step demand is used and the 
more sluggish response at positive values of E is 
apparent, taking more than 100ms to reach a steady state
value. The response at E equal to -lOOV is much better
with a very fast response in continuous current,
together with a small overshoot.

The results of the practical adapted loop for a
step demand of 1.6A to 20A are shown in Figs 8.39 to
8.41. Figs 8.39 and 8.40 show the responses at E equal 

to lOOV and -lOOV respectively, together with the firing 
angle responses. The intermediate step is again 8A and 
was set to last 25ms. The response for E equal to lOOV, 
as expected, is slower and shows a small overshoot, 
taking more than 100ms to reach a steady state value of 
20A. The slight overshoot is not due to the continuous 
current step but to the fact that the response had not 
reached a steady state value when the intermediate 
demand limit was removed. This effect is seen in many of
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the responses and tends to cover the much faster 
response of steps in continuous current. The response of 
E equal to -lOOV is much faster, especially in going 
from 20A to 1A . Fig. 8.41 shows the response at E equal 
to OV and demonstrates the effect of the variation of

the demand with respect to the firing angle.

Figs 8.42 and 8.43 are for the non-adapted loop and 
the same values of E of lOOV and -lOOV, but now for a 2A 
to 20A demand. The responses are again better than the 
overall adapted loop response, especially for E equal to 
-lOOV. However, it should be noted that the drive is 
setup under similar conditions as these and so a fast 
response would be expected.

The model responses for a demand change of -1.6 to 
20A and E equal to lOOV and -lOOV are shown in Figs 8.44
and 8.45 respectively. They again show the effect of the
change in gain at higher values of E and how the step in 
continuous current is degraded if a steady state value 
has not been reached before the intermediate demand 
clamp is removed.

The associated demands for the practical loop are 
shown in Figs 8.46 and 8.47. Fig. 8.46, which shows the 
response for E equal to lOOV, incorporates a longer 
intermediate step level but now demonstrates the faster 
response in continuous current, even at "positive"
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speeds. The dead-hand on bridge change is small, being 
approximately 10ms.The response of Fig. 8.47 for B equal 
to -lOOV is much faster, with a larger overshoot than 

the model, but quickly achieving a steady state value.

Fig. 8.48 is included to show the effect of 

allowing too short a time for the intermediate step 
demand and is for E equal to OV. If the clamp is removed 
before continuous current is reached, then the effect of 
the proportional step is not present and the slow rate 
of increase in average current shown results. However, 
if the step occurs in continuous current before the 
response has had time to settle then the subsequent 
overshoot shown is obtained.

The responses of the non-adapted loop to a demand 
of 4A to -20A at values of E of lOOV and -lOOV are shown 
in Figs 8.49 and 8.50. The first response again shows 
the problems of switching bridges, even with the large 
step now introduced by the proportional term, showing a 
dead-time of more than 40ms when going from -20A to 4A, 

although this effect is removed when switching to the 
converter with a negative value of E. The time to reach 
a steady state of 20A is now approximately 80ms. Fig. 
8.50 which shows the result when E is -lOOV is much 

improved, with a small dead-time in both directions of 
current reversal, but the time to reach steady state in 
discontinuous current, as in Fig. 8.49, is much slower
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than that obtained for the adapted loop.

8.5.4 Step Changes in Continuous Current

The final section of the Chapter will demonstrate 

the results that can be obtained for steps within
continuous current and large steps from continuous 
current in one converter to the other. Results for 
different values of generated emf are shown, although 
not as comprehensively as earlier sections.

Figs 8.51 to 8.52 show the adapted model output for 
demands of lOA to 20A at E equal to lOOV and -lOOV, both 
showing the intermediate step level of 7.5A present
whenever a continuous current demand is required. The 
responses, as expected, are much faster than the
discontinuous ones, achieving steady state values in 
40ms at E equal to lOOV and 20ms for E equal to -lOOV.

Figs 8.53 to 8.56 show the responses within
continuous current for the adapted loop for various 
values of E. Figs 8.53(a) and 8.53(b) show the armature 
current response at standstill for a lOA to 20A demand 
and the associated firing angle demand. It can be seen 
that the response is very fast, with the steady state 
value being almost reached on the first current pulse. 
Figs 8.54(a) and 8.54(b) show a smaller step change of 
lOA to 12A at E equal to 0V , together with the current
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demand signal. Ignoring the effect of circuit noise, it 
can again be seen that the steady state value is 
effectively reached on the first current pulse. Figs 
8.55(a) and 8.56(a) show the current responses for a 
demand of lOA to 20A at E equal to lOOV and -lOOV 
respectively, with their associated firing angle 
responses in Fig. 8.55(b) and 8.56(b). The response for 
"positive” E is slower, due to the reduced converter 
gain, taking approximately 40ms to reach the steady 
state value, while that for negative E shows a single 
overshoot, attaining the steady state value in 20ms. The 
continuous current controller is a fixed one and so 
cannot adapt for the changes in converter gain, but the 
variation in response is acceptable over the operating 
range considered. The responses shown can be seen to be 
very similar to those predicted theoretically.

The responses of the non-adapted loop for steps 
within continuous current are shown in Figs 8.57 and
8.58 which are for 10 A to 20 A at E equal to 100 V and 
-100 V respectively. It can be seen that in going from 

lOA to 20A, both responses take approximately 40ms to 
reach their steady state value, with a small overshoot 
in the latter. However, in going from 20A to lOA a 

similar "overshoot” is obtained for both cases and 
steady state values are achieved after 80ms. Figs 
8.57(b) and 8.58(b) show the associated firing angle 
demands.

290



The last results of this section compare the 
results of the three systems when large current demands 
result in transfer from one converter to the other. The 
non-adapted loop, however, is now simulated by the
computer programme described in Chapter 5.

Figs 8.59 and 8.60 show the responses of the
adapted loop model for step demands of 20A to -20A for E 
equal to 0V and lOOV. These again show the effect of the 
intermediate step demand and as expected are similar to 
the response from -1.6A to 20A shown earlier.

Fig. 8.61 shows the result of a step from 13A to 
-13A at E equal to lOOV,which is very similar to that of 
Fig. 8.60, suggesting that the response shape in 
continuous current is independent of the demand. As 
before the response for positive E is slower due to the 
reduced loop gain, but steady state values are reached 
in 70ms for all conditions, with a dead-time of about 
10ms .

Figs 8.62 and 8.63 show the response of the

practical adapted loop for a 20A to -20A demand when E
is equal to OV. Both have an intermediate step demand of 
8A for 25ms, although the former gives the associated 
firing angle demand in Fig. 8.62(b) while the latter 
demonstrates the variation of the response as the demand
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changes with respect to the firing instance. Figs 
8.64(a) and 8.64(b) show the current response for the 
associated step demand of 13A to -13A, again for E equal 
to OV. The responses shown, allowing for the fault in 
the TOFF circuit on bridge switch and circuit noise, 
bear a close similarity to the theoretical responses.

Finally Figs 8.65 to 8.67 show the simulated 
standard loop output for a 20A to -20A step at E equal 
to OV, lOOV and -lOOV respectively, together with their 
associated firing angle demands. The first response in 
Fig. 8.65 for E equal to OV, shows the fastest response 
for switching between bridges, with a small dead-time 
and a small overshoot at both extremes. The response 
for E equal to lOOV demonstrates the expected reduction 
in response due to the reduced gain, but in changing to 
the converter seeing E equal to -lOOV, a fast response 
is again obtained. However, the final response in Fig. 
8.67, although showing a very fast initial response at E 
equal to -lOOV, shows a large overshoot when switching 
to the converter seeing lOOV. The cause of this can 
easily be explained with reference to the firing angle 
demand shown in Fig. 8.67(b). The steady state 20A 
signal for the "negative" converter approximately varies 
between 1 and 3V . However, the sudden step change in 
demand results in an immediate change of firing angle 
demand, v c , given by.
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Ave = AIref X Ki X a 8.1

This is equal to 9.43V as the step change in Ir e f

is 40A, K i is equal to 0.055 and the proportional gain, 

a, is 4.3. With the added effect of the error terra on 
the large integral gain, the firing angle rapidly 
saturates and the resulting overshoot is obtained. This 
would be partly remedied on the commercial drive by the 
smaller voltage clamps on the excursion of v c , but the 
problem would still be present. Therefore, although the
standard PI controller can produce a faster response
without the complex circuitry needed in the adapted loop 
to limit the step demand, it does not give such a 
consistent response. Neither is it as fast once 
continuous current has been achieved.
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CHAPTER 9
A Study of the Speed Control of Separately Excited P.O.

Machines

9.1 Introduction

Earlier chapters have shown the formulation and 
application of an adaptive control strategy that has 
improved the transient response of armature current 
control in separately excited d.c. machines, especially 
at low currents. This chapter shows how the current loop 
is incorporated into the speed loop such that a suitable 
dynamic performance can be achieved, while still 
ensuring that the associated machine torque is also 
controlled. This is possible as the electromagnetic 
torque generated is proportional to the armature current 
and so control of the response of the latter ensures a 
controlled torque response. The work described in this 
chapter was only intended as a preliminary study and so 
has not been implemented practically, but investigated 
solely by the development of additional programmes 
utilising the principles used to produce the current 
loop simulation.

9.2 Speed Loop Control using a PI Controller

The most common form of compensator used to achieve 
speed control in industrial machine drives is the
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proportional plus integral controller. In addition to 
the advantages of improved transient response and zero 
steady state error to a step input, the "two-term" 
controller is much easier to set up in commercial
applications where design values are obtained by a 
qualitative adjustment of the PI terms to give the 
desired response and not by a quantitative design. 
Conversely, the "three term" proportional plus integral 
plus derivative (FID) controller is more difficult to 
set up qualitatively. The derivative term acting upon a 
speed feedback signal with either tachogenerator ripple 
or pulsations due to the effect of the armature
waveform, especially in discontinuous current, can also 
cause stability problems. Therefore, the first speed 
loop model written incorporated a PI speed controller.

The block diagram of the first speed loop
simulation is given in Fig. 9.1. This shows the speed PI 
controller generating a current demand input to the 
inner adaptive current loop. This, as explained in 
earlier chapters, uses a fixed PI controller in
continuous current and a pure integrator with variable 
gain in discontinuous current to produce a faster
armature current transient response. The current loop
reference signal is derived as the output of an
amplitude limit controller ( the need for which was
explained in Chapter 6) and a gain of 0.11. The latter 
is used to ensure that for the maximum output of the
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limit controller of lOV, the current reference has an 
associated maximum of I.IV. This was the the 100% 
armature current demand signal level in the commercial 
thyristor drive used for the experimental work and was 
equal to the average current feedback signal when the 
armature current was the rated machine value of 20A. The 
reference to a 100% demand is made as the drive was 

capable of generating an armature current of twice the 
rated current, used for short periods to achieve faster
motor acceleration. This option was removed for the
experimental work and so is not included in the model. 
The product of the armature current and the torque 
constant, Kt , produces the electromechanical torque, Tm . 
The sum of the latter and the load torque, Tl , produces
the input to the "motor lag", the output of which is the
machine speed, n. The speed feedback signal, npB, is 
given as the product of n and the velocity constant, K v ,
the latter having a value such that for the rated
machine speed of 1500 rpm, nre is 10V i.e. 0.0637 
V/rad/s. If the user requires a comparison of the 
performance of the speed loop with a normal fixed PI
current controller, then the continuous current PI
values, a and b, are used throughout the programme run, 
regardless of the mode of current flow.

Initially consider the theoretical operation of the 
non-adaptive model, ignoring the effects of circuit 
voltage saturation limits. If, as in Chapter 5, one
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takes the output voltage of the converter, v s , as the 
input to the analogue part of the circuit, the circuit 
action can be defined as a set of state space equations. 
The value of vs present at the start of any sampling
interval is due to the value of the firing angle demand,
V c , at the end of the last, remembering that this is 
compared with the timing ramp to initiate thyristor 
firing as required. Therefore, vc can be considered as 
the output of the system with vs, the load torque, T l , 
and the speed reference ,nREF, the inputs. If c and d 
are the the speed proportional and integral terms 
respectively and selecting the states of the system as 
the speed, n, current, i, the output of the speed
integrator, q, and current integrator, g, then with
reference to Fig. 9.1, it can be shown that,

n " -F/J 0 0“ n "1/J 0 -

q = -Kvd 0 0 q + 0 Kvd

_g_ _-KiKv cb bKi 0_ _g_ 0 cKiKvb_
LnREFjl

9.1

where Ki is 0.11 and i is zero.

The output equation in this instance is given by.

vc = [-KiKvac Ki a I] + CO Ki Kv ac] r  T l

L h r e f J

9.2
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When current does flow in the armature, then.

“i“
n —

q
•

_g_

■-R/L -Kt /L 

Kt /J -F/J 
0 -Kvd

—bKi -Ki Kv cb

0 0" i
0 0 n
0 0 q
bKi 0_ _g_

”1/L 0 0 r  vs - 9.3

0 1/J 0 T l

0 0 Kvd LliR E F_

0 0 KiKvbc

where Ki is 0.11.

The output equation is now given by.

vc = C"Kia - KiKvac Ki A I] 1

n

q

u .

+ CO 0 KiKvac] Vs

T l

n p E F

9.4

The same assumptions used in the development of the 
earlier models (sections 3.2 and 5.2) are again applied
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for the speed loop, with the exception of the generated 
emf, E, which is now proportional to speed. As before, a 
fourth order Runge-Kutta numerical integration routine 
is used to solve the state equations, but as the system 
is now fourth order, four first order differential 
equations are required. For a purely theoretical system, 
these equations would then be solved to give the value 
of the states at the end of each sampling interval, 
which as before is one 2048?" of the mains period. 
However, as it was intended that the model should 
represent a practical system, circuit saturation due to 
the voltage limits of the "analogue devices" has to be 
considered. So, for a maximum circuit voltage of lOV, 
the following had to checked each sampling interval to 
ensure permitted limits were not exceeded, as in section
5.2 i.e. n p B ,  ne, q , i o E M ,  i p B ,  1 e , g , vc and the 
outputs of both proportional terms. For the non-adaptive 
loop, the values of the current PI terms are fixed. For 
the adaptive loop, the values are fixed for each call to 
the numerical integration routine, but are set according 
to the demands of the GAIN-ADAPTION routine, as used in 
section 6.2.5.

The flowchart for the main control routine of the 
model is shown in Fig. 9.2. The programme begins by 
initialising all the variables and obtaining all the 
desired circuit values e.g. R, L, F , J and all PI 
values, where for the adaptive loop, the current PI
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values are those used in continuous current. A check is 
next made to see if an adaptive current loop is 
required.

The programme then determines the required speed 
and torque step demands and their duration. The control 
of the load torque allows the investigation of the
effect this has on the speed dynamics. The final step 
before the start of the main loop is to check if the 
adaptive loop is required. If it is, then the GAIN- 
SETUP routine , as described in section 6.2.5, is called 
to obtain the required values used to control the 
variable integral gain in discontinuous current.

The sections of the main control loop as shown in 
Fig. 9.2, and their function, are as follows;

i) the loop begins by calling the subroutine IREF. 

When the non-adaptive loop is operating, this 
routine is used to check if bridge switch is 
required and ensures the current demand limit 
control is not operating. The bridge switch
sequence for this condition is as described in 
Chapter 5, that is bridge switch can only occur if 
the armature current is zero and no adjustment of 
vc is made. If the adaptive loop is required, IREF 
is again used to control the bridge switch
sequence, but also to operate the current reference
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control. The bridge change-over strategy applied 
for this option is as described in Chapter 6, that 
is bridge switch occurs when the current is zero 
and the supply voltage is at a zero crossing point. 
Before control is released to the incoming 
converter, the firing angle demand, v c , is set to 
the zero current value.

ii) the next stage of the main loop is the CONTROL 
subroutine. This is as described in section 5.2.1, 
except that the routine no longer has to control 
the bridge change-over.

iii) the subroutine DATA-STORE is then used to 
store circuit values at regular intervals, these 
being required by the output routines at the end 
of the programme.

iv) if the adaptive loop is operating the GAIN- 
ADAPTION routine is called next. This is similar to 
that described in section 6.2.5, being used to 
control the dual structure variable gain adaptive 
controller, except that IREF is now used to control 
bridge switching.

v) the numerical integration routine, RUNGEl, is 
then used to determine the circuit values for the 
start of the next integration routine.
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vi) the penultimate operation of the loop is to 
call a subroutine to check if the present step 
demand run-times for torque or speed have been 
reached, applying the next demands and run-times as 
required.

vii) finally a check is made to see if the desired 
programme run has been reached. If not, control 
returns to IREF, otherwise the output routines are 
called to display the results of the programme run.

9.2.2 Choice of Parameters of PI Controller

Chapter 6 outlined the adaptive control strategy 
used to improve the transient response of the current 
loop. This used a dual structure controller so that the 
combination of controller and plant resulted in a delay, 
pure integrator and gain and the step response of the 
loop was shown in both modes to be that for a system 
with a lag, but with some overshoot due to the delay 
term. Although a much better response was possible in 
continuous current, it was estimated that break 
frequencies in the order of 15 to 20 Hz were possible 
while still maintaining a suitable response. Therefore, 
the underlying premise behind all the speed loop 

designs was that provided the latter was calculated for 
a natural frequency sufficiently less than the break 
frequency of the current loop, then the current loop
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could be considered as a pure gain. This would make the 
speed loop plant first order and greatly simplify the 
design. Natural frequencies upto 2 Hz were considered 
suitable for such a design philosophy, assuming the 

current loop was correctly set up, while higher 
frequencies would be expected to start exhibiting higher 
order effects.

It was explained in section 9.2.1 how a gain of
0.11 was included in the forward path of the speed loop 
to limit iREF to a maximum of I.IV for ioEM equal to 
lOV. This corresponded to a current demand of 20A in the 
practical system. Therefore, taking the current loop to 
be a pure gain, the gain between ioEM and i can be seen 
to be two. So, if the velocity constant, K v , is block 
manipulated into the forward path, then the system to be 
controlled , G(s), with reference to Fig. 9.1, can be
seen to be.

G(s) = 2K v Kt 9.5
F + Js

If a PI controller is then used to achieve a 

desired response, then the transfer function of the 
closed loop speed control system, T(s), can be shown to 
be.

303



2Kv Kt c  ( s  + d)
T(s) = __________ J____________ Ç_______ 9.6

s2 + (F + 2Kv K t c )s + 2KvKTd 
J J

There are many design methods by which c and d can 
be selected to give a stable system and meet a desired 
performance specification. However, as the system in 
question will be considered second order, the design 
objectives will be considered as time domain ones, 
requiring a particular overshoot and speed of response. 
The most common method is to select values of natural 
frequency, ww and I where.

T(s) =  WN ̂_______  9.7
S2  +  2 S W n S +  W N  ̂

For such a system the time to the first peak, tp , and 
the magnitude of the overshoot for a unity step input, 
M p , are given b y ,

tp =   ÏÏ 9.8
W N  v/ I — 5^

and,

Mp = 1 + exp ( -SÏÏ ) 9.9
y 1 -
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It is also known that due to the presence of the 
integrator in the PI controller, there will be no zero 
steady-state error between the output and the input of 
the system for a step input. This can be confirmed by 
applying the final value theorem [30] to Eqn 9.6. 
Therefore, assuming the design procedure was a 
quantitative one, the normal practice would be to select 
values of I and w n  from which the necessary values of c 
and d could be selected. That is by comparing Equations
9.6 and 9.7 it can be seen that,

d = WwZ.J 9.10
2K v Kt

and,

c = 2SWNJ - F 9.11
2 K v K t

However, this has ignored the effect of the zero in 
the numerator in Eqn 9.5 and can therefore be shown to 
be invalid for the specified design criteria. To combat 
this problem, appendix D outlines the basis of a simple 
computer programme used to analyse the step responses of 
systems of the type given in Eqn 9.6, that is.

T(s) = A (s + B) 9.12
(s2 + Cs + D)
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This utilises the diminishing cost of computers and 
their increasing graphical output capability to find the 
particular system values by a trial and error method 
until the desired response is obtained. Systems of this 
type could also be designed using root locus techniques, 
where the positions of the closed loop poles would 
dictate the system response, but again it is difficult 
to specify a time response.

In order to demonstrate the responses of both
computer programmes, a design requirement was specified 
with regard to the transfer function of Eqn 9.7 such 
that WN is 2Hz and C is 0.7, which would give a small 
overshoot for a step input of slightly less than 5% and 
a time to first peak of 0.35s assuming a system of the 
type shown in Eqn 9.7.

For the system parameters defined in appendix B and 
current loop values as determined in earlier chapters
for the adaptive loop, Eqns 9.10 and 9.11, were used to
produce the speed PI terms i.e. 20.3 and 183
respectively. The speed loop model was then run for a 
small step demand of 75 rpm and generated the responses 
shown in Figs 9.3 to 9.5. These show the speed loop 
response, the speed PI controller output, which produces 
the current loop demand, and the armature current 
response. Larger speed demands would only result in a 
current demand limit, with an associated limit in
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machine acceleration and produce a non-second order type 
response. The speed response demonstrates how the zero 
in the numerator of the transfer function in Eqn 9.6 
affects the response, producing a response much in 
excess of the desired 5%.

The theoretical response programme described in 

Appendix D was then run for the same PI values and the
response produced is shown in Fig. 9.6. This is similar
to that shown in Fig. 9.3, showing the same time to 
first peak, but the overshoot in the "practical" system 
is much greater. However, the response shown in Fig. 9.6 
when defined in terms of the time to first peak and 
magnitude of the overshoot for Eqns 9.7 to 9.9, exhibits 
a value of 5 less than 0.5 and w n  of approximately
3.5Hz. The latter is much greater than the maximum of 
2Hz, set if the current loop was to be considered a pure 
gain and so it was felt that this would be the reason 
for the excessive overshoot, as the response of the 
current loop could not match that required by the speed 
controller.

The programme that generated the theoretical
response was then repeatedly run until a response was 
achieved which approximately matched the time domain 
performance specification described earlier i.e. time to 
first peak of 0.35s and overshoot of 5% and this is 
shown in Fig. 9.7. For this response ,using Eqns 9.10
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and 9.11, the programme indicated that the desired speed 
loop PI values are 18.4 and 18.5 respectively, and these 
were used in the speed loop simulation, using the 
adapted current loop, this time for a demand of 100 rpm. 
The results of this run are shown in Figs 9.8 to 9.10, 
which show a speed loop response very similar to that 
theoretically predicted in Fig. 9.7 and confirming the 

design philosophy for this type of speed loop 
controller.

The speed loop simulation was also run for the same 
PI values of 18.4 and 18.5, but now with the non-adapted 
current loop and using current loop PI values of 4.3 and 
305, which were the values used in Chapter 6 and Chapter 
8. The output produced by this run is shown in Figs 9.11 
to 9.13 and shows a similar speed response. They also 
show that as there is little overshoot in the speed 
response, the demand on the current loop is such that it 
does not have to operate excessively in the areas of low 
gain, which would normally be expected to worsen the 
response. By the time the current demand has reached a 
zero value the speed response has effectively been 
achieved. Therefore, in this example, the use of the 
adapted current loop does not produce a significant 
improvement in the response shown, but although possibly 

over elaborate, this technique does produce a method for 
achieving a desired second order time response.
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9.3.1 The Development of the Second Speed Loop Model

Although the PI controller is commonly used to 
achieve speed control in machine drives, the last 

section has shown the difficulty in achieving a designed 
response due to the presence of the zero in the closed 
loop transfer function. However, as described earlier, 

setting up a commercial drive is invariably done in a 
qualitative manner and so this problem is not 
appreciated.

This section will describe the development of a 
second speed loop simulation which will allow speed 
control by means of state variable feedback. This is the 
concept of feeding back the states of a plant in 
addition to that of the output to achieve a desired 
closed loop control system. In order to apply this
method to a control system incorporating either of the 
two current loops discussed so far, it was necessary to 
extend the first speed loop simulation.

By definition, state variable control requires the 
feedback of different states of the system and if these 
are not available then, as in this case, it is necessary 
to generate them. Using the same assumptions as 
discussed in section 9.2.1, the plant to be controlled 
will be considered a first order one, as the current 
loop is considered represented by a pure gain of 2. In

309



addition to this, it is also necessary to add an extra 
integrator to the forward path so as to ensure a zero 
steady state error to a step input in the final closed 
loop system. As the system is now second order, if the 
speed output is taken as one state, then it is necessary 
to obtain another and so the derivative of speed-rate is 
produced.

Due to the way in which the numerical integration 
is used to solve the state equations, producing a model 
of the system, the speed derivative is in fact present. 
This is obviously not available in practice and the 
model will allow the comparison of the true speed-rate 
with a simulated one, either estimated, as done by 
Maslen [1], or by "analogue" means. The latter includes 
a means of filtering the effect of the current 
pulsations on the speed, but not the effects that can be 
introduced by ripple due to the tachogenerator used to 
produce a speed feedback signal. However, speed signals 
can be generated either using shaft encoders or by a 
method under investigation at Bath University whereby a 
sampling action is used to measure the speed signal at 

points when the output is least effected by pole ripple.

The block diagram of the second simulation is shown 
in Fig. 9.14 and is very similar to that shown in Fig 
9.1. In this case the PI controller has been replaced by 
a pure integrator and two gains, d and Ks. The latter is
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only used in the investigation of VSS control and so for 
the linear control investigation, d is the only variable 
forward path gain. However, an additional feedback path 
is now added and as shown this uses one of the three
speed derivative signals, all three being available for 
comparison but only one being used during a programme 
run as the feedback signal. Feedback gains, hi and ha,
are also included in the loop for control purposes. As 
seen from Fig. 9.14, one method of deriving a speed-rate 
signal is by a sampled estimate such that the
approximate derivative n is given by,

n = n(T) - n(T-l) 9.13
T

where n(T) is a sampled value of the speed at some time 
t, and n(T-l) is the value of the speed T secs earlier. 
This is designated the symbol m. Although T is 
selectable, it was fixed for the programme runs as the 
time between the zero crossing points of the supply 
voltage i.e. 10ms for a frequency of 50Hz.

The other method simulates the use of an 
operational amplifier to produce a differentiator, but 
also includes filters used to ensure that 
differentiation of high frequency noise does not occur 
due to the inevitable detrimental effect this would have 
on the system stability. This derivative signal is
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allocated the symbol z, while the true derivative signal 
is referred to as k. The outputs of the two filters, 
used for filtering the speed signal before producing the 
derivative z, are zi and Z2 .

In order to model the system, as before it is 
necessary to define the state equations. Due to the 
addition of the analogue filter, the system is now sixth 
order. Also, to allow the selection of one of the three 
speed-rate signals, a speed-rate signal np is 
introduced. This is considered as an input to the system 
and is set at the start of each programme loop depending 
upon the selected feedback signal. So, taking the system 
inputs as h r ,  vs,  Tl and u r e f ,  the system states as i, 
n, zi,Z 2 ,q and g and the system outputs as v c , k, m and 
z, then the state equations are given , during current 
flow, by,

i "-R/L -Kt /L 0 0 0 0" ” i“
n Kt /J -F/J 0 0 0 0 n
•Zl 0 0 -e e 0 0 Zl

Z2 = 0 f 0 -f 0 0 Z2

q 0 Kv hi d 0 0 0 0 q

_ g_ _-bKi 0 0 0 bKi Ks 0_ _ g_
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-1/1 0 0 0“ vs
0 -1/J 0 0 Tl
0 0 0 0 d r

0 0 0 0 _nRBF_
0 0 -hz d dKv
0 0 0 0

9. 14

The system output equation is given as.

vc “-aKi 0 0 0 aKi Ks 1“
k = Kt /J -F/J 0 0 0 0

_ z_ 0 0 -e e 0 o_

1

n
Zl

Z2

q
. gJ

“0 0 0 0"
+ 0 -1/J 0 0

_0 0 0 0_

vs

Tl
h r

UREF

9. 15

When current is not flowing.

n
,
Zl

Z2

q
,_g _

-F/J
0
f

Kv hi d 
0

0 0 0 0 ” “n ”

-e e 0 0 Zl

0 -f 0 0 Z2

0 0 0 0 q
0 0 bKiKs 0 _g _
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"-1/J 0 0 - " Tl
0 0 0 nR

+ 0 0 0 _nR EP_
0 -h2 d dKv

_ 0 0 0

“vc*” “ 0 0 0 aKiKs 1”
k = -F/J 0 0 0 0

-Z _ 0 -e e 0 o_

n
ZI

Z2
q

Lg .

9.16

0
-1/J
0

vs 
Tl 
ns

_nR E F

9.17

where in both sets of equations Ki is 0.11 for the 
reasons described in section 9.2.1.

The main control routine flowchart is shown in Fig. 
9.15. The programme again uses the assumptions described 
earlier in sections 3.2,5.2 and 9.2.1 and when running 
the adaptive loop, the current reference limit circuit 
is again used. As can be seen from a comparison of Figs
9.2 and 9.15 the flowcharts are very similar and the 
only differences between the programmes are as follows;
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i) the run begins by initialising variables and 
obtaining desired circuit values. As the control 
loop in Fig 9.14 is of a different form to that in 
Fig. 9.1, different values are required. In the 
same way, the output routines are also changed to 
suit the new loop.

ii) the numerical integration routine used is 
called RUNGE2. This is different to RUNGEl because 
of the change in loop structure and system order.

iii) the only new subroutine is RATE-EST. This is 
used to;

a) calculate, using Eqn 9.13, the value of the 
estimated speed-rate, m, at every zero 
crossing point of the supply voltage and set 
the new value of n p R E v .

b) depending upon the required option, every 
programme loop sets np to the value of the 
chosen speed-rate signal i.e. m, k or z.

c) if the chosen control method uses VSS 
control [1], then the appropriate values of 
the feedback gains and/or Ks are made, 
depending upon the values of the desired 
switching function, S and speed, as will be
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described later in this chapter. If linear 
control is chosen, that is the system gains 
are fixed, then Ks is always equal to 1.

9.3.2 Choice of Parameters for State-Variable Feedback 
Control

The design procedure for determining the necessary 
parameters for linear control uses the same assumptions 
described in section 9.2.2. For natural frequencies upto 
2 Hz, the current loop ,whether adapted or otherwise, is 
considered to be a pure gain of 2, thus making the speed 
loop plant first order. An extra integrator is added to 
the forward path to ensure a zero steady state error for 
a step input and so when a gain, d, is added, the 
forward transmittance, G(s), is.

G(s) = n(s) 
nE (s)

2dKT 9.18
s (F + Js)

Assuming the perfect derivative of speed is available, 
then with reference to the block diagram in Fig. 9.14,

nE(s) = KvnREF - h 2 sn(s) - Kvhin(s) 9.19
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By manipulating Equations 9.18 and 9.19 it can be shown 
that the transfer function of the loop is given by,

T(s) = n(s) 
nR E F ( s )

2dKvKT
J 9.20

s2 + (F + 2dh2KT )s + 2dhi K v K t 
J J

By applying the final value theorem [30], it can be seen 
that if there is to be a zero steady-state error to a 
step input, then hi must be set to 1. Eqn 9.20 is then 
of the same form as Eqn 9.7. So, as no zero is now 
present in the numerator, the desired time response can 
be selected by choosing appropriate values of 5 and w.

I.e.

WN = 12dKv Kt 9.21

and

I = (F + 2dh2KT) 9.22
2 w m  j

The gains d and h2 are therefore calculated to give the
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desired values of w n  and 2 and if these are set to 2 Hz 
and 0.7 respectively, then d is 183 and h z is
7.07 X 10-3.

For the system parameters defined in appendix B, 
adapted current loop values as selected in earlier 
chapters and the values of d and h z just given, the 
speed loop model was run and generated the responses 
shown in Figs 9.16 to 9.21. This is for a speed demand 
of 100 rpm and uses the true speed derivative for the 
feedback signal. Figure 9.16 demonstrates the speed loop 
response which as expected is very similar to that 
predicted theoretically for the desired demands of 2 and 
WN i.e. a time to first peak of 0.32s compared with the 
theoretical 0.35s, a peak overshoot of 6% compared with 
the expected 4.5% and a small undershoot.

Fig. 9.17 shows the current demand signal, which 
differs from those shown previously due to the removal 
of the proportional term from the forward path 
controller. The current waveform shown in Fig. 9.18, 
demonstrates the initial current limit of 7A, present 
until continuous current has occured and also the need 
for two bridge change-overs to occur before the steady 
state value is obtained. The oscillation in the steady 
state current waveform seen in this and other figures is 
due to a sampling action of the graphical subroutines 
which only allows a limited number of representative
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points or the necessary disk memory for output storage 
became excessive.

Figs 9.19 to 9.21 demonstrates the three speed-rate 
signals k, m and z as shown in Fig. 9.14. These are the
true speed-rate signal, as produced by the numerical
integration routine, an estimated speed-rate derived as 
described in Eqn 9.13 and a speed-derivative signal 
obtained using an "analogue filter", comprising of two 
first order lags, both set at 30Hz and a derivative
term. These are chosen to eliminate the effect of the
current ripple on the speed signal but not unduly filter 
the rate of change of speed. it can be seen that all 
bear a close resemblance and that the current ripple
introduced by the graphics routines in Fig. 9.18 is not
present in practice.

The speed loop simulation was then re-run for the 

same system parameters, values of d and hz and a speed 
demand of 100 rpm, but now with the non-adapted current 
loop and PI values of 4.3 and 305. The resulting speed, 
current demand and current responses are shown in Fig. 
9.22 to 9.24 and a comparison of Figs 9.16 and 9.22 
shows a deterioration in the speed response, the latter 
no longer exhibting a second order type response. The 
reason for this can be seen by studying the current 
waveform in Fig. 9.24 whose response is no longer
sufficient to meet the required current loop demand.
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This results in the "dead-hands" on bridge cross-over, 
which results in the sections of the speed responses 
from 0.3s to 0.5s and 0.6s to 0.8s where the speed
decays solely due to the effect of friction. Between the
cross-over periods, the non-adapted current loop is
still operating in its low gain region and so the speed 
response would take a lot longer to reach its steady 
state value. The responses not being second order need 
not of course , in a different situation, be a problem, 
except that whether the response is adequate becomes a 
subjective assessment.

The comparison of Figs 9.16 and 9.22 shows the
effect of the improved dynamic response of the adapted 
current loop on the speed response. This loop is capable 
of producing a response that matches the theoretical 
response for the desired values of 2 and w n  while the 
non-adapted loop, because of its lesser dynamic 
characteristics is incapable of producing the desired 
response under these conditions. However, it should be 
noted that the non-adapted current loop waveform was 
set-up using the method described in Chapter 8 and 
assumes a maximum step input in demand. As the action of 
the integrator ensures that no step demand can be 
applied to the current loop , the current PI values 
could be selected to give a better response, but any 
problems due to the reduced gain at low currents and the 
effect this has on bridge change-over would
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still be present.

9.4.1 An Introduction to Variable Structure Control

The control philosophy used in section 9.3 was 
based on the use of state variable feedback in order to 
achieve a desired response for the single input dynamic 
systems of the form,

x = A x + b u  9.23

where u is the input and as state feedback is used is 
expressed as,

u = 1^ X 9.24

For this type of system, the feedback gains are chosen
and then remain constant. In variable structure systems
(VSS) the chosen switching logic allows the system to 
change its structure by the selection of different 
parameters and the design problem for such systems is to 
select the necessary parameters of each structure and 
the switching logic [47].

If one considers the responses of systems expressed 
in terms of their phase plane portraits then an 
important feature of VSS can be noted, which is critical 
to the remaining part of this chapter. This is the
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ability of VSS to obtain a trajectory that does not
exist in any of the structures used by the creation of
the so-called sliding plane [1,47,49,50]. The phase 
trajectories of the system are directed to this plane 
and then forced to stay on it, thus achieving a 
trajectory defined by the selection of the sliding 
plane. This technique is described more fully by Utkin 
[47] but can be demonstrated by the use of a simple 
example for a second order system. Consider a structure 
where for one selection of feedback gains the system 
would exhibit an underdamped stable response, as shown 
in Fig. 9.25(a), while for a different selection the 
system has one stable and one unstable root, as shown in 
Fig. 9.25(b). By the selection of a "desired switching 
function", S, a stable sliding trajectory can be
obtained as shown in Fig. 9.25(c), provided the correct 
structure is selected by the switching logic at the 
appropriate position in the phase plane or state space.

The remainder of this chapter will describe two 
attempts at VSS control. The first was an initial
attempt which failed to produce an adequate response.
The second is more complex and based on the design
principles proposed by White[49] and produced responses 
which demonstrate the sliding action. Both are based on 
the control loop introduced in section 9.3 and again use 
the speed and its derivative as the states. These were
selected for simplicity and the ease of implementation
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in the software model, but such a selection is only 
valid for zero speed demands following a non-zero 
initial condition as once the trajectory is on the 
sliding plane, the sliding action forces the states to 
zero as shown in Fig. 9.25(c). For a system that is to 
respond to any step in input demand, it would be 
necessary to re-define the system with the states as 
error and error-rate.
9.4.2 An Initial Attempt at VSS Control

Section 9.3.2 showed how the plant to be controlled 
by state variable feedback was given by Eqn 9.18. If the 
forward gain, d, is replaced by Ks , then the block 
diagram of the simplified closed loop is as shown in 
Fig. 9.26(a) for which the state space equations can be 
shown to be given by.

XI =
*

_ X 2 _

0

L -pi

CrJ 9.25

where,

pi = 2hi Kv Ks Kt 
J

9.26

V2 = F + 2KsKTh2 9.27
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and,

P3 = 2Ks Kt 9.28

The system, because of the selection of the states, is 
in the so-called companion form [1,49] which simplifies 
the design procedure as the eigenvector associated with 
a particular eigenvalue can be defined directly once the 
eigenvalue is known.

In order to design a variable structure control 
system, the design procedure as described by Maslen[l] 
was used and is as follows;

i) choose the coefficients ci in Equation 9.29 that 
correspond to the desired switching function, S, 
i.e.

P
S = Z c i X i = 0  9.29

i = 1

where p is the number of states.

ii) find a control that guarantees the existence of 
a sliding mode at every point of the desired 
sliding plane, S = 0.
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iii) ensure that the elected control will guarantee 
that the sliding plane can be reached from any 
position in state space i.e. the so-called 

"reaching condition" [1,47,49,50].

For the sliding plane to exist, it is sufficient that 
the following inequalities hold [47],

lim S > 0  and lim S < 0  9.30
S — ^ —0 S —^ +0

where for this system,

S = X2 + cixi 9.31

The desired response would therefore be that for a
pure lag and so ideally exhibit an exponential time 
response with a time constant of -1/c s. For the period
of the study, c was chosen to correspond to a break
frequency of 0.5 Hz i.e ÏÏ rad. The two structures chosen 
to achieve the sliding plane are shown in Figs 9.26(b) 
and 9.26(c). The first represents an underdamped stable 
system with the maximum permitted natural frequency, w n , 

as discussed earlier set to 2 Hz and 2 taken as 0.1. For 
these values the complex conjugate pair of roots for the 
transfer function of Eqn 9.6 is given as -or +- jwo, 
where,
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O' = -2.WN 9.32

and

WD = W n y  1 - 22 9.33

It can be shown that if hi is set to unity to ensure a 
zero steady state error to a step input, then for the 
above criteria of w n  and 2 to be met, Ks is 183 and h2 

is 9.84 X lQ-4.

The other structure is for the case where the 
system has two real stable roots, -oi and -«2 , the 
latter being much faster so that the phase plane 
trajectory shows a rapid decay onto the eigenvector 
associated with the slower eigenvalue. The fastest 
eigenvalue was chosen to meet the loop frequency 
constraints and was set at 4ÏÏ rad. The other value 
needed to be much slower and was nominally set to 0.1 
rad. For these values, with hi again set to 1, it can be 
shown that Ks is 1.45 and h2 is 0.64.

In order to fulfill the second part of the design 
procedure, it was necessary to ensure that the 
inequality defined in Eqn 9.30 was valid about the 
switching plane. The desired switching function defined 
the desired sliding plane such that on the plane,
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s = X 2 + cixi = 0 9.31

From Eqn 9.25 it can be seen that,

XI = X2 9.25

X2 = — pixi - P2X2 + par

So, differentiating Eqn 9.31 and substituting for xi and 
X2 it can be shown that,

S = ( — pi + p2 Cl — ci2)xi — ( p2 — ci)S + par 9.34

For the zero input condition described earlier, and 
considering the case where the representative point of 
the trajectory is close to S, then as S is approximately 
zero,

S = (-pi + P2C1 - ci2)xi 9.35

If the inequality of Eqn 9.30 is to be met, then if S —> 
0+, S must be negative and so,

(-pi + P2C1 - ci2)xi < 0 9.36

I f  S 0-, S must be positive and so,
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( — pi + P2C1 - ci2)xi > 0 9.37

With reference to Fig. 9.26 (d), which shows the 
combined system trajectories and the switching function 
S, to achieve a sliding mode it can be shown that in 
order to fulfill the condition imposed by Eqn 9.30, 
then ;

i) if S > 0 and xi > 0, Ks is 183, h z is 9.84 x lO"* 
and from Eqns 9.26 and 9.27, pi is 158 and p2 is
2.5.

ii) if S > 0 and xi < 0, Ks is 1.45, h z is 0.64 and 
from Eqns 9.26 and 9.27, pi is 1.25 and p2 is 12.7.

iii) if S < 0 and xi > 0, Ks is 1.45, h z is 0.64
and from Eqns 9.26 and 9.27, pi is 1.25 and pa is
12.7.

iv) if S < 0 and xi < 0, Ks is 183,ha is 9.84 x l O *  
and from Eqns 9.26 and 9.27, pi is 158 and pa is
2.5.

With these values the reaching condition is ensured as
in regions 1 and 3 the system has a stable oscillatory
response ensuring that the phase plane trajectory will 
quickly sweep through state space, eventually
cutting the switching line [1,49].
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In order to implement this control strategy in the 
speed second loop simulation, the subroutine RATE-EST 
was adjusted so that at regular intervals the desired 
switching function, S, would be calculated and depending 
upon the relationship of S and the state x i , the correct 
values of Ks and ha chosen. For the results shown in the 
remainder of this Chapter, the speed derivative was 
derived using the estimation described in Eqn 9.13 and 
so S was calculated at every zero crossing point of the 
supply voltage waveform.

The type of response obtained using this method is 
shown in Figs 9.27 to 9.31 and is for the adapted 
current loop. As can be seen from Fig. 9.27, which shows 
the resulting speed response, the expected exponential 
decay was not obtained. This is confirmed by the phase 
plane portrait in Fig. 9.31 which shows that the desired 
sliding mode was not achieved until the overshoot in 
speed had occured.

It was decided that the reason for this was that 
the dynamics of S in region 1 of Fig. 9.26(d), as 
described by Eqn 9.34, because of the selection of the 
gains in this region, were much faster than those of S 
in region 2. Therefore, in the latter region, the system 
was unable to drive the trajectory back onto the 
switching plane, S, before it had crossed the faster
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eigenvector, after which point the trajectory moved away 
from the sliding plane. The trajectory then followed the 
oscillatory path in region 3 until it again crossed the 
switching line when, possibly due to the smaller value 
of XI and the slower dynamics of the current loop due to 

the low currents,as seen from Fig. 9.29, a sliding 
action was obtained.

In order to achieve a system where the dynamics of 
S about the sliding plane would be more equal, the work 
of the next and last section was undertaken, based on 
the more detailed control theory proposed by White [49].

9.4.3 A Second Method for Achieving VSS Control

In order to achieve a more "balanced" sliding 
plane, so that the dynamics of S should be the same on 
either side of the sliding plane, the control technique 
proposed by White [49] was implemented.

The combination of the single input dynamic system 
of Eqn 9.23 and the state variable feedback of Eqn 9.24 
combine to produce the closed loop system,

X = ( A  - bkl ) X

= A£ X 9.38
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The desired switching function, S, is expressed as,

S = oI X 9.39

Consider j l expressed as the sum of scaled eigenvectors, 
such that.

P
K  = Ï. 9.40

i = l

If JlI is chosen to give the desired eigenvalues 
such that all but one lie on the switching plane, then 
it can be shown that the eigenvalues that lie in the 
switching plane describe the dynamics of the system, 
while that which does not defines the dynamics of S.

If one considers a second order system, then by 
substituting ü . in Eqn 9.40 into Eqn 9.39,

S = ( %iZj + %2Za )

= 9.41

However, as one of the eigenvectors, ^ , lies on 
the desired switching function, S, then this vector is 
normal to and so their product is zero. Therefore,
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s = »2 0 j ^  9.42

Differentiating both sides with respect to time gives,

S = »20jZ2 9.43

As Z2 is the remaining eigenvector with eigenvalue X2 , 
then by definition,

Z2 = X2 Z 2 9.44

So,

S = b20(JX2^ 9.45

and substituting for S in Eqn 9.42 gives,

S = X2 S 9.46

Therefore, as one eigenvector lies on 8, the dynamics of 
8 will be governed by the remaining eigenvector and to
get the trajectory onto 8 as quickly as possible ideally

X2 > > Xi .

However, if ^  changes due to the changes in the
environment then ^  will also change and so will ^ ,
changing the dynamics. To allow for this problem,
consider split into parts, k^ and Ak%. Therefore,
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Equation 9.38 can now be redefined as,

= (A -bkl )x. - bAkJ

AcX - bAk?x 9.47

By the same process used to derive Equation 9.46, it can 
be shown that the dynamics of S are now given by.

S = X2 S - «TbAk^x 9.48

If the trajectory is close to the switching plane, such 
that S 0, then.

S = -a?bAkTx 9.49

However, as the system is defined in companion form, 
then,

b = and ^  = [Xi I]

S o ,

S = -Ak?x 9.50

For the sliding plane to exist, the inequality of 
Eqn 9.29 must be fulfilled and so Ak^ can now be chosen
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to ensure that the dynamics of the system remain fixed
even if the system parameters are not time invariant
[49] and the greater the value of Ak^ the faster the
trajectory will move onto S. So, if,

AkT = [Aki O J  9.51

For S > 0, to fulfill the switching mode criteria;

if XI > 0 Aki > 0

and if xi < 0 Aki < 0

If S < 0, to fulfill the switching mode criteria;

if XI > 0 Aki < 0

and if xi < 0 Aki > 0

The desired signs of the gains depending upon their 
position in state space is shown in Fig. 9.32(a).

To implement the theory in the speed loop 
simulation, the speed loop block diagram was redefined 
as in Fig. 9.32(b). The state space equations for the 
closed loop are again given by Eqn 9.25 but ki and kz 
are now chosen to define Xi and X2 , where as explained 
earlier, Xi defines the eigenvector upon which S lies,
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while X2 defines the dynamics of S.

As before, the switching function was set so that 
the system response should be an exponential decay with 
a time constant of 1/ÏÏ s and so Xi equals ÏÏ rad. The 
programme was run for two values of X2 , 411 and 10ÏÏ. The
former is equivalent to the fastest permitted 
eigenvector, equivalent to a break frequency of 2Hz, 
while the latter was set to exceed this.

For X2 equal to 411 it can be shown that ks is 45.7
and h2 is 4.94 x 10"3 while if X2 is 1011, ks is 114 and
h2 is 4.94 X lQ-3. For both values of X2 , the computer 
simulation was run with Aki set to 10 and 25, while k2 

was kept constant. For each computer run responses
showing speed, estimated speed-rate, current , desired 
switching function and phase plane portrait were
obtained. Therefore;

i) Figs 9.33 to 9.37 show the responses for Xi = H, 

X2 = lOH, Aki = 25, requiring ks = 506 and -278 and 
h2 = 4.46 X 10"* and -8.13 x 10"* depending upon 
the position in the phase plane as shown in Fig. 

9.32(a).

ii) Figs 9.38 to 9.42 show the responses for Xi = 
H, X2 = ion, Aki = 10, requiring ks = 271 and -43 
and h2 = 8.34 x 10"* and -5.26 x 10~3 depending
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upon the position in the phase plane as shown in 
Fig. 9.32(a).

iii) Figs 9.43 to 9.47 show the responses for Xi = 
ÏÏ, X2 = 4IT, Aki = 25, requiring ks = 831 and -739 
and h2 = 2.72 x 10“  ̂ and -3.06 x 10"* depending 
upon the position in the phase plane as shown in 
Fig. 9.32(a).

iv) Figs 9.48 to 9.52 show the responses for Xi =
ÏÏ, X2 = 4ÏÏ, Aki = 10, requiring ks = 203 and -111
and h2 = 1.12 X 10-3 and -2.03 x 10-3 depending
upon the positi on in the phase plane as shown in
Fig. 9.32(a).

For all cases the two systems are of the type shown in 
Fig. 9.25. Therefore, the reaching conditions, as 
before, are guaranteed.

All the responses are for the adapted current loop
and have an initial speed demand of 100 rpm for 0.1s
followed by a zero demand for a further 0.9s.

All the phase plane responses (Figs 37,42,47 and
52) demonstrate the existence of the sliding plane, but
in general, the responses with X2 set to lOTT show a 
greater excursion about this line, which would be 
expected as the current loop cannot react quickly enough
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for the demands of the speed control. Also, the 
responses with a smaller value of Aki also showed a 
better response, the best response therefore being for 
X2 equal to 41T and Aki equal to 10. The speed response 
for this condition shows the expected exponential decay 
with a time constant approximating to that which was 
expected for the choice of Xi i.e. a time constant of 
0.32 s with the response falling to approximately 6% of 
its initial value in 0.9s. The speed response also shows 
the effect of the current ripple, produced by the gain 
switching of the VSS control, due to the low inertia of 
the machine.

From the results shown, it can be seen that this 
technique does produce a much more accurate control 
system than that developed in section 9.4.2 and is 
worthy of further research. The brief analysis shown 
here has not explored the adaptive benefits of VSS which 
were extensively described by Maslen[l] and also by 
White[49]. As this was only intended as a preliminary 
study, the adaptive nature of the sliding plane method 
of VSS will be demonstrated using Figs 9.53 to 9.58. 
Figs 9.53 to 9.55 show the speed, current and phase 
plane portrait for the same conditions as that 
demonstrated for the case in Figs 9.48 to 9.52, but with 
the moment of inertia, J, doubled. Figs 9.56 to 9.58 

show a similar set of conditions, except for the moment 
of inertia, which is half that used in Figs 9.48 to
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9.52. The two sets of results show that the sliding 
plane is maintained, even though plant parameters can be 
varied considerably. However, as would be expected, the 

speed responses for the case of increased moment of 
inertia are better as the current pulsations are more 
filtered by the increased mechanical time constant. 

Conversely, for the case where J is halved the speed 
response is worse. A more comprehensive investigation of 
VSS for adaptive control systems is left as further 
work.
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CHAPTER 10 

10.1 Summary and Conclusions

The thesis began by highlighting problems 
encountered in the steel and paper industries when using 
phase controlled thyristor converters for the speed 
control of separately excited d.c. machines because of 
the problems resulting from the non-linear gain 
characteristics. These were demonstrated with reference 
to the examples given by Black[7] and in register 
controlled printing using roto-gravure, the problem 
mainly manifesting itself in non-circulating current 
drives operating under light load, as these would then 
be within the low gain discontinuous current region.

Chapter 6 also demonstrated the problems that can 
be encountered when, using four quadrant non-circulating 
current drives, a reversal of armature current is 
required. The "dead-time" between the cessation of 
current flow in one bridge and the generation of current 
in the other can be unacceptable in some applications, 
one of which will be highlighted in the second part of 
this chapter.

These problems can be minimised by the use of 
circulating current drives. However, for three phase 
applications these are in general about 2 5 %  more
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expensive and have the additional problem of increased 
power losses. Castell[13] reduced these problems by 
developing a system that only operated in continuous 
current during bridge cross-over, thus reducing the 
dead-time, but still having the problems of requiring 
additional current smoothing reactors and still 
exhibiting lower gain while operating in the 
discontinuous current region. Therefore, the aim of the 
work described was to investigate methods of improving 
armature current loop control using non-circulating 
current drives, hopefully making the chosen method even 
more cost effective.

In order to simplify the analysis it was decided to 
concentrate on single phase drives and using the theory 
outlined in Chapter 2, the computer simulation of a 
thyristor converter was developed as described in 
Chapter 3. This allowed the investigation of the non

linear gain characteristics of the device, as well as 
other parameters, and these were proven and demonstrated 
in Chapter 4.

The first computer simulation was then used not 
just to investigate the static operation of the 
converter, but also as the basis of a current loop 
simulation programme, the development of which was 
described in Chapter 5. That chapter then proceeded to 
show the validity of the model by comparison of its

340



output with that of a commercial linear drive, having 
adjusted the model gains and plant parameters to those 
determined experimentally from the practical rig. The 

reason for the development of this model was to allow 
the investigation of different methods of adaptive 
control, without the burden of possible damage to the 
work machine or thyristor converter due to the failure 
of proposed control stategies. It also allowed these 
methods to be investigated relatively quickly, without 
the need for the design and construction of electronic 
hardware and yet also permitted the investigation of 
any desired system variable.

Section 6.1 began with an investigation of 
published work aimed at improving the current loop 
response and noted three areas of research. The first 
was by some form of manipulation of the timing ramps. 
However, these were found to be mainly aimed at 
improving the continuous current loop response, but did 
suggest the use of the forced setting of the firing 
angle demand on bridge crossover. The second area 
investigated the use of armature voltage or current rate 
feedback, but these tended to be complex and could 
result in instability due to ripple feedback.

The final part of Section 6.1 looked at non-linear 
and adaptive control strategies. Again the forced 

setting of the firing angle on bridge switching was
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suggested and Buxbauin[32] also Indicated that the point 
at which control was released to the incoming converter 
was also important. Abbott and Wheeler[40] proposed that 
an adequate response could not be obtained from a fixed 
structure system and with reference to these points the 
current loop model was then extended in the next 
section. However, it was noted that all the methods, 
even that finally adapted, relied on the prior knowledge 
of the armature resistance and inductance and did not 
directly compensate for changes in these parameters.

Having extended the model, a number of control 
strategies were investigated and from these it was found 
that simply increasing the forward path gain in 
discontinuous current did not give an improvement in 
response. Increasing just the integral gain was better 
but still not adequate and so, following the work of 
earlier sections. Section 6.2.4 developed the idea of 
using a split structure system and proposed the use of a 
pure integral control in discontinuous current. The use 
of a PI controller was maintained in continuous current, 
but now using a pole-zero cancellation, so that the 
effective open loop reduces to an integral controller, 
gain and delay due to the converter, although the gain 
of the latter varied with current. The basis of this 
theory was confirmed by a series of small signal 
responses over a range of armature currents. A method of 
allowing for the varying discontinuous gain was then
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found and relied on varying the gain as a function of 
the current off-time and for the application considered, 
a linear gain approximation was assumed.

Therefore, with these proposals for an adaptive 
control strategy, the model was again extended so as to 
allow a full study of this method. The final conclusion 
of this analysis was that in discontinuous current a 
variable gain integral controller was required, where 
the discontinuous gain was increased with increased off- 
time. In continuous current a fixed PI controller was 
necessary, but chosen to give the desired forward gain 
and a pole-zero cancellation with the armature lag. Any 
variation in continuous current gain would be small for 
the application considered and so was ignored.

On bridge switch, the firing angle would be forced 

to the zero current value but control would not be
released to the incoming converter until the next zero
crossing point of the supply voltage. However, although 

this strategy did offer an improved response, the
increased discontinuous current gain did make the
switching from the discontinuous to continuous 
controller a problem, especially on the application of 
large demand steps. This was partly remedied by the use 
of an intermediary step to ensure that continuous 
current was attained before the application of the rest 
of the step demand, in addition to a checking for large
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excursions in the firing angle demand. It was also 
necessary to ensure continuity of the firing angle 
demand on switching from one controller to the other.

Chapter 7 describes how the chosen adaptive control 
was implemented practically using a mixture of analogue 
and digital electronics. In order to simplify the 

investigation the circuitry was built around a 
commercial linear drive which also allowed a direct 
comparison of the responses of the adapted and linear 
controllers. The electronics required was complex due to 
the difficulty in achieving practically what was 
relatively simple in the simulation. This can be seen 
from the complex circuits in Figs 7.7, 7.8 and 7.10
which are used to generate the continuous and 
discontinuous current controllers, together with the 
necessary firing angle tracking circuitry. The circuitry 
needed to implement the firing angle excursion 
monitoring, used as a check for the onset of continuous 
current, was also intricate but could possibly be 
excluded as this function was mainly performed by the 
current demand limiting circuits.

As stated in Chapter 8, it would also have been 
beneficial to have built a current reference generator 
that utilised the digital outputs of the phase locked 
loop circuits so that the steps in current demands could 
have been varied in relation to the zero crossing point
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of the supply voltage. However, considering the 
complexity of the application and the limited time to 
implement it, the circuitry worked well, although, as 
indicated in Chapter 8, was not fault free.

Chapter 8 began with a description of the 
qualatative method used to commission the linear drive 
and utilising this technique the response shown in Fig. 
5.18 was produced and taken as the basis for further 
comparisons i.e. this is the response corresponding to 
the highest converter gain. This was followed in Section 
8.4 by a description of how the adaptive loop was setup 
using the theories developed in Chapter 6. It was then 
possible to undertake a fairly comprehensive comparison 
of the output of the three systems with the aim of 
proving that the adaptive rig was a true representation 
of the model and that it gave an improvement in response 
compared to the linear system.

In order to fully investigate the performance of 
the three systems, the analysis was split into four 
sections, each displaying responses over the whole speed 
range considered i.e. varying the generated emf, B, from 
lOOV to -lOOV. The first section studied the application 
of small step demands in discontinuous current and these 
were for steps of +1A to -lA, and lA to 2A as 
demonstrated in Figs 8.3 to 8.15. They all show that but 
for a slightly longer bridge switch time, the adaptive
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rig closely resembles the model's response. However, the 
performance of the linear drive is severely degraded, 
especially when bridge switching is necessary and so the 
adaptive control strategy offers a much improved 
response.

The next section compared the responses for large 
steps in discontinuous current and,for a step change of
lA to 5A, the adaptive loop response was similar to the
model and still showed a significant improvement over 
that for the linear drive. However, the latter was 
better than that in the first section, demonstrating the 
increased converter gain. The next part this section,
which was for -lA to 5A demands indicated a fault in the
adaptive logic circuitry. The integral gain, as seen in 
Fig. 8.20(b), was not always reset to its maximum and 
consequently a variation in response was seen and a 
greater overshoot was obtained than in the model. This 
was also displayed in the step demands of 5A to -5A. 
However, allowing for the incorrect gain application, 
tha adaptive rig response was similar to that of the 
model and still showed an improvement over the linear 
drive, even for the last step demand, which showed a 
slower rise to the steady state value and an increased 
dead-time on bridge switch.

The penultimate section looked at step changes from 
discontinuous to continuous current and demonstrated the
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effect and delay due to the intermediary step change, 
but once the steady state temporary current value had 

been achieved, the remaining part of the response was 
very fast. It was also noted that should the remaining 
part of the split step occur before the steady state 
value, then the settling in response is transferred to 
the continuous current response. However, the 

intermediary delay meant that the linear drive responses 
were under these conditions better, but not 
significantly so as under certain conditions changes in 
bridge-switching still resulted in longer dead-times on 
the linear loop than on the adaptive systems.

The final section looked at step changes in 
continuous current and as in the first two sections, 
indicated that the adaptive rig response was very 
similar to that of the model and showed a significant 
improvement on the linear loop. As in the model, at zero 
speed a step change in demand resulted in a steady state 
adaptive rig response after only one current pulse, as 
shown in Fig. 8.53. The concept of designing the 
adaptive controller on a pole-zero cancellation with the 
armature load also resulted in smaller integral gain 
values than the linear loop, which was commissioned 
using the method discussed earlier. Apart from producing 
faster responses, this method had the added benefit of 
being less sensitive than the linear loop to the 
position of the step demand, relative to the firing
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instance.

Therefore, when considering the complete operating 
range of the drives, although the linear loop produced 
better responses when a change of structure was 

required, in all other cases the adapted loop gave an 
improved response. This was most obvious for smaller 
currents and when comparing the relative dead-times on 
bridge crossover. The response of the adapted loop could 
be improved further by the rectification of the problem 
of restoring the discontinuous current integral gain to 
its maximum value on bridge crossover. A better layout 
of the adaptive circuitry with the addition of r.f. 
noise filtering as present on all the amplifiers on the 
commercial drive, would also result in improved 
responses and less electrical "noise".

The final area of research, undertaken to allow the 
study of the speed control of separately excited d.c. 
machines and the relative merits of the linear and non
adapted current loops, was described in Chapter 9. This 
was only intended as a preliminary study and so was 
investigated solely by the extension of the current loop 
model to allow speed control.

It initially studied the use of a PI controller to 
obtain closed loop speed control, assuming that the 
natural frequency of the system was sufficiently low so
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as to consider the current loop to be represented as a 
pure gain. This resulted in the plant to be controlled 
being first order and the total loop transfer function 
second order.

There are many design methods by which the PI 
values can be selected to meet a desired performance, 
and as the system is second order, this is normally 
defined in terms of time domain objectives and requires 
a particular overshoot and speed of response. The most 
common method is therefore to select values of w n  and S 
as in Eqn 9.7, and for such a system the time to first 
peak and the magnitude of that peak can be obtained from 
Equations 9.8 and 9.9. The PI values are then selected 
such that the denominators of Equations 9.6 and 9.7 are 
equal. However, Section 9.2 showed that the effect of 
the zero in the numerator in Eqn 9.6 due to the PI 
controller made this method invalid. Therefore, the 

model was adapted to investigate the use of state 
variable feedback and using this method of control it 
was found that such a method of specification was valid 
and suitable gains could be specified to give a desired 
response using Eqn 9.20. However, this method did show 
that although the adapted loop was fast enough to 
respond to the required current demand, the linear loop, 
with its decreased gain and longer dead-times, was not 

and produced a non-second order response i.e. the 
assumption that the current loop could be considered a
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pure gain was not valid under these conditions for this 
method of control.

The last part of Chapter 9 investigated the use of 
VSS control, studying two methods of design, both of 
which relied on the generation of a sliding mode in 

order to produce a first order response from two second 
order systems. The first method was based on the work of 
Maslen[l] but although it theoretically fulfilled the 
design criteria it was found to be incapable of 
maintaining the sliding action. This suggested that the 
system for this design method, even with adaptive 
control, could not be considered second order.

The second method investigated was that developed 
by White[49] and was designed so as to develop a more 
"balanced" sliding plane i.e. the dynamics of the 
switching function, S, were the same either side of the 
sliding plane. The method was found to be successfull 
and the responses obtained demonstrated the exponential 
decay dictated by the sliding plane. The design method 
proposed by White also allowed for variations in the 
plant parameters and this was demonstrated at the end of 
the chapter by doubling and then halving the moment of 
inertia and in both cases the sliding plane was 
maintained, thus demonstrating the adaptive qualities of 
VSS control.

350



10.2 Further Work and Applications

The most obvious and immediate area of further work
is to study and attempt to improve on the method of
switching structures while still maintaining the 
improved dynamics at low currents. If this can be 
achieved then the following proposals become viable.

Due to the complex nature of circuitry needed to 
implement this chosen system, this would be an ideal use 
of microprocessor control. However, as indicated in the 
introduction, the problem is that the necessary speed of
calculations is too great for pure software and to
achieve a viable speed of response, whether using a 16 
bit or one of the new generation of 8 bit 
microcontrollers, the addition of a hardware multiplier 
seems essential. The use of a microprocessor would allow 
built-in health monitoring and fault diagnostics and 
also the interrogation of the system over a modem link, 
thus allowing potential service cost reductions.

The other obvious application would be the 
extension of the control system to a three phase system 
and associated higher power systems. If the initial 
problem of structure switching could be overcome, then 
the system might well be applied to applications which 
presently require the use of circulating current 
converters.
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In newspaper printing, during the changeover from 
the expiring web of paper to the new reel, it is 
necessary to slow the speed of the machine to the 
"splice" speed while bringing the new reel up to the 
same surface speed. During the point of splicing (i.e. 
sticking "new to old") it is important that there is no 
variation in the relative speeds or a bad splice might 
occur leading to a web breakage. An added problem is 
that the inertia of the new reel varies with changing
diameters and whether a single or double page is being
printed. Therefore, this is a potential application of
VSS control if a system could be designed that allows a
faster splice speed, thus ensure greater production, and 
yet being insensitive to different loads. However, it 
would have to be ensured that the current oscillations 
required to maintain the sliding plane, as shown at the 
end of Chapter 9, did not have an adverse effect on the 
w e b .

Another application is in the sheeting of paper 
into which a watermark has been formed. The process of 
creating the watermark is a traditional one with a 
limited accuracy of approximately 4mm, yet when the 
watermarked paper is used for high security 
applications, as in the printing of banknote paper,it is 
necessary to obtain a cut accuracy better than +0.5mm. 
In order to control the high inertia rotating knives to 
achieve the desired accuracy, experience has shown that
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circulating current drives are needed due to the 
problems encountered with the dead-time associated with 
non-circulating current systems. So, if the adaptive 
control could be added to such systems, a saving in the 
design of such machines would be possible. This would 
have to be a three phase application as powers up to 

lOOkW are needed.

The better dynamics of the adapted converter would 
also be useful when one considers the load variations on 
the "draw roll" of the sheeter. This is used to pull the 
paper into the machine, whose load varies depending 
upon whether board or paper is being cut and for the 
latter, depending upon whether one to six webs are being 
cut at once. For the lightest load, that is for single 
web cutting, problems can be experienced due to 
variations in the tension of the web due to mechanical 
braking used to maintain web tension and also due to 
eccentricity of the web reel. However, any variation in 
draw roll speed will produce variations in the cut sheet 
lengths, and this must be minimised if accuracy is to be 
maintained. Therefore, for high speed cutting of light 
loads, which would not justify the added cost of a 
circulating current drive, the increased loop gain could 
allow the cutting of more accurate sheet lengths.
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APPENDIX A
Use of Cosine Ramps for Linearisation of Converter Gain

It has been shown in Chapter 2 that provided 
continuous current operation is maintained, the 
relationship between firing angle, a, and the average 
output voltage , Et, is given by.

Et = 2 Vm . cos (x 2.11
ÏÏ

If the converter gain is considered as the rate of 
change of average voltage with firing angle, then,

dET = -2Vm .sin a A1
da ÏÏ

Similarly, as the armature current was shown in Eqn 2.22 
to be given by.

I = y^. (2.cosai - E_) 2.22
ÏÏR Vm

the armature current gain is given as.

dl = -2Vm .sing A2
da ÏÏR
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assuming E is constant.

However, the operation of the thyristor amplifier 
must be considered in association with its timing ramp, 
as shown in Fig. Al, where vc is the control voltage 
generated by the current controller. When the timing 
ramp is the more common linear type shown in Fig. A 2 , 
then,

a = ÏÏ - ÏÏ.VC A 3
Vr

So ;
Et = 2 .V m .c o s (ÏÏ - ÏÏ.v c )

ÏÏ Vr

= 2 . Vm [COSÏÏ. cos ( ÏÏ.yc_) + sinïï.sin(ïï.sinïï.vc)1 
ÏÏ Vr Vr

2 .V m .c o s (ÏÏ.V c ) A4
ÏÏ Vr

The gain of the complete converter therefore has a 
non-linear relationship, given by.

dEr = 2 .V m .s i n (ÏÏ.v c ) A 5
dvc Vr Vr

In order to achieve a linear relationship and 
therefore simplify the analysis of any closed loop 
system incorporating a thyristor converter, a cosine
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ramp is often used, as shown in Fig. A3, where.

vc = Vr_. ( 1 + cosa) A6
2

S o ,

Et = 2.Vm . (2. VÇ. - 1) A7
ÏÏ Vr

and the gain of the combination is now given by.

dET = 4 .V m A8
dvc ÏÏ. Vr

Thus a linear gain of the thyristor power amplifier 
can be obtained in continuous current, however, such a 
system is more sensitive to distortion and "spikes" 
present on the supply voltage waveform, if driven 
directly from it. This problem can be considerably 
reduced by deriving the timing pulses from a digital 
system incorporating phase locked loop principles, as 
described in Chapter 2, and a programmed inverse cosine 
function.
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APPENDIX B 
Determination of System Parameters

In order to validity the results of the model, it 
was first necessary to determine the relevant motor 
parameters for the experimental rig i.e. armature 
resistance,R, armature inductance, L, torque constant, 
Kt , peak supply voltage, Vm , friction, F, and moment of 
inertia, J. Each of these was investigated in turn, but 
it should be noted that these apply to the so-called 
"work" machine, whose shaft was solidly coupled to a 
further d.c machine, referred to as the "load" machine.

i) Armature Resistance

The armature resistance, R, referred to in the 
computer model did not only represent the resistance of 
the armature of the d.c. machine, but also included a 
number of other factors i.e the source resistance, R s , 
resistance of the additional series inductance (2.46), 
and a series resistance used for occasional current 
monitoring.

It was found during the early stages of 
experimental work that the source impedance could not be 
ignored. However, this was assumed to be mainly 

resistive, as the current transfer between thyristor 
pairs in continuous current did not produce a
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significant distortion of the source voltage, and any 
inductance would be negligible in comparison with the 
armature inductance. The voltage source applied dropped 
noticeably when on load, and so to determine the source 
resistance, R s , the source voltage was measured as shown 
in Fig. Bl(a). The no-load source voltage during the 
taking of the readings was found to be between 191.4 and 
191.9 volts. From the latter, Rs was taken to be 0.37Q. 
The resistance used to vary the load current, II, was a 
non-inductive load bank.

In order to determine the resistance of the 
armature and series inductor, the armature current and 
voltage drop across both was determined using a variable 
supply and resistive load. By this method the armature 
resistance was found to be 0.65Q, as shown in Fig. 
B2.When the series resistance of 0.030 for current 
observation was included, this gave a total "armature" 
resistance,R, of 1.050.

ii) Armature Inductance

In order to determine the armature inductance, L, 
where for the purposes of experimentation this was taken 
to include the additional series inductance. Equation 
2.*̂  was used ,which indicates the firing angle at which 
transfer from discontinuous to continuous current occurs 
at zero speed,
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I.e.

02 = atan(w.L) 2.9
R

At this point the theoretical average current, I a v , for 
E=0, is given by.

Ia v = 2.Vm .c o s (02) 2.22
ÏÏ.Rl

The firing angle ,02, was determined using the 
timing ramps of the commercial single phase thyristor 
converter which were compared against the demanded 
control voltage, v c , as shown in Appendix 1.

A non-inductive load bank was used to provide a 
series of values of Rl , for which the associated values 
of 02 were determined. The inductance for each was 
calculated, as shown in Table 2, and the average, 0.082 
H, taken as the armature inductance L.

iii) Torque Constant

For the purposes of experimentation, the field 
current of the work machine. Ip, was adjusted so that 
the generated emf was 100 V at rated machine speed i.e 

1500 r.p.m. The speed of the in-line load machine was
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then varied between the limits of rated speed, and a 
series of values of generated emf taken. The results are 
shown in Fig B3, from which the the torque constant, Rt , 
was found, where,

T = Kx.i 2.25

E = Kt .n 2.23

K t = 0.64 V/rad/s

for If = 0.68 A

iv) Peak Supply Voltage

The peak supply voltage was found to vary between 
267 V and 280 V, and a nominal value of 275 V was taken 
for modelling use.

v) Friction

The friction of the machine was present in two
forms, static and coulomb friction, F , the latter being
somewhat non-linear. In order to determine F, for the 
value of Kt already determined,the work machine was 
gradually run up to rated speed under open loop speed 
control, but closed loop current control. For each value 
of Ia , the steady state speed was determined, such that
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the load torque, Tl , due to friction at that speed was 
given by,

Tl = K t . Ia B1

The values taken for each direction of rotation are
shown in Fig. B4. The linear approximations for each
were such that the different values of F were present,
and an average value was found, 
i.e.

Tl = F.n + J .dn B2
dt

and for constant speed,

F = Tl 
n

= Kt . Ia B3

For positive speeds.

F = 0.64 X 1.68 Nm/rad/s
157

and for negative speeds.
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F = 0.64 X 1.78 Nm/rad/s
157

giving an average of,

F = 7.05 X 10-3 Nm/rad/s

An average load torque, independent of speed can 
also be noted fron Fig. B4, which will be taken to 
correspond to an armature current of 1.6 A,

i.e.

T l = K t . Ia

= 1.0 Nm

Vi) Moment of Inertia

As already shown, the relationship between the load 
torque and speed is given by.

T e = T l + N(s).F + s.J.N(s) 2.30
s o ,

N(s) = ( _ 1 _ ) . ( T e + T l ) 2.33
F + s . J

Therefore, if the machine is run up to speed and
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then allowed to decay due to friction, and if coulomb 
friction only is present, the machine speed will decay 
exponentially, 
i.e.

n = A.exp(-F.t) B4
J

where A is an arbitrary constant.

However, as static friction is also present, the 
machine was run up to speed , and then allowed to slow 
down, but with an armature current of 1.6 A maintained 
to offset the effect of static friction. The time 
constant of this exponential decay over the speeds where 
F is relatively constant (see Fig. B4) was then 
determined, and using the value of F previously 
obtained, the moment of inertia, J, was calculated to be 
9.45 X 10-2 Kg m2.
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APPENDIX C
A Proof that the Effective Action of an Armature Current 
Control Loop using a P-I Controller alters during 
Discontinuous Current Operation.

As described in Chapter 2, the most common form of 
controller used for armature current control is the P-I 
controller. However, by the nature of discontinuous 
current, at the point thyristor conduction begins, the 
armature current is zero. Therefore, provided the 
application of a new current demand does not result in 
continuous current operation, using Fig. Cl, an analysis 
can be developed as follows, where,

vc is the firing angle demand, 
a is the proportional gain, 
b is the integral gain, 
iREF the current reference, 
i the armature current, 
is the current error,
Ki the forward gain, 

and K i the current feedback constant, 
i.e.

VC = Ki . ( a. is + b . iE )s
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= Ki.( a. Kl . ( i R E F - i )  + Ki . b . ( i R E P - i  ) ) Cl
s

However, at the point of conduction, i=0, so,as the 
proportional term has no effect on the integrator 
action, and ignoring circuit saturation effects, Bqn Cl 
becomes,

VC = Ki . ( a . Ki . iR E p + b . Ki . ( 1 r e f - i ) ) C2
s

i.e. the output of the integrator does represent the 
effect of the previous average current.So,

Vc = Kĵ . ( a. Ki . iREF . s + Ki.b. ( i R E F - i ) )  s
= KjL. ( Ki . ( as+b ) . iR E F - Ki.b.i) C3s

This is represented in block diagram form in Fig. 
C2, and shows that during discontinuous current 
operation, the use of a P-I controller results in an 
introduction of a zero and a change in the gain to the 
external forward path, while changes the forward path 
closed loop controller to a pure integrator and gain.
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APPENDIX D
The Determination of the Time Response of a Second Order 
Transfer Function, incorporating a Zero, to a Unity Step 
Input

For a simple second order system, the time response 
for a unity step input can be selected by choosing 
suitable values of the natural frequency, w m , and 
damping factor, 5, where.

T(s) =  ww ̂_______  D1
S2 + 22WNS + WN ̂

For such a system the time to the first peak, tp , and 
magnitude of that peak, M p , are given by,

tp = ÏÏ D2
WM n/ I -

Mp = 1 + exp ( -SÏÏ ) D3
y  1 -

The selection of w h  and S by the suitable selection of 
the loop gain is probably the most common design 
technique for second order systems. However, the same 
design principle is also often incorrectly applied to 
second order systems where the numerator is no longer 
simply a gain term, but also incorporates a zero. As the 
response for such a system cannot be so easily
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determined, a programme was written to display these for 
any selected transfer function, the principles behind 
which will now be described.

Consider a transfer function of the type.

T(s) = a ( s + b ) D4
( s2 + cs + d )

where,

T(s) = Y(s) D5
R(s)

and Y(s) is the system output and R(s) the reference 
input when represented in the Laplace Domain. If R(s) is 
a unity step input, then the output, Y(s), is given by.

Y(s) = a ( s + b ) D6
s( s2 + cs + d )

To obtain the time domain solution, the inverse 

transformation must be found. This can be obtained 
directly by the use of transform tables [30] or by first 
expressing Y(s) as the sum of partial fractions, the 
solution of Y(s) being then the sum of the inverse 
transforms of each fraction.
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In order to select the suitable transformation, it 
is first necessary to check the form of the quadratic 
part of the denominator in equation D.6 for the 
particular values of d and c chosen i.e. if the solution 
of the quadratic part gives two different real roots, 
two equal roots or a complex conjugate pair. Using the 
standard solution of a quadratic equation, for this 
case,

s = -c + V  c% - 4d D7
2

Therefore, after obtaining the desired values of a, b, c
and d, the programme first checks if,

c2 - 4d > 0 D8

If it is, then the solution of the quadratic has two
different real roots, so Eqn D.6 is expressed as.

Y(s) =  a ( s + b )______  D9
s ( s  + e ) ( s  + f )

For this case, the programme first obtains the values of 
e and f by the solution of Eqn D.7 and then the inverse 
laplace transform can be obtained directly [30] as.
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y(t) = ^ [ b  - f (b-e).exp(-et) + e (b-f).exp(-ft)1 DIO 
ef (f-e) (f-e)

where t is time.

The solution is determined for a number of points 
during the required run and displayed in graphical form.

If the expression given in Eqn D.8 is not true, 
then the programme next checks if,

c2 - 4d = 0 Dll

If it is, then the solution of the quadratic has two 
equal roots, and so.

Y(s) = a ( s + b ) D12
s ( s + e )2

The solution of which is now given [30] by,

y(t) = a_[b - b.exp(-et) - et.exp(-et)] D13

After first determining e from Eqn D7, the solution is 
obtained for a number of points during the required run 
and displayed in graphical form.
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Finally, if,

q Z - 4(j > 0 D14

then,

y(s) =  a ( s + b )_____ D15
s( 3 ^ + 2 5wn + wm^ )

The solution of which is now given by.

y(t) = a. exp(-CwN t ). sin(wNv/ 1 - C^t) Wh y  I —

+ ab + ab . exp(-gwN t ) . sin (w n Â~I - t + 0) D16
WH ̂  W H ^ y  I -

where,

WH = yST D17

5 = _c_ D18
2ycT

and.

0 = acos(5) D19
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Once again the programme determines the solution for a 
number of points during the required run and displays 
the response in graphical form.
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TABLE 6
Contents of the EPROM used to Produce an 

Inverse-Sine Function

ADDR LSB_____________ LOCATIONS_____________ MSB

00 00 01 01 02 03 03 04 04
08 05 06 06 07 08 08 09 OA
10 OA OB OB OC OD OD OE OF
18 OF 10 11 11 12 13 13 14
20 14 15 16 16 17 18 18 19
28 lA lA IB 1C 1C ID ID IE
30 IF IF 20 21 21 22 23 23
38 24 25 25 26 27 27 28 29
40 29 2A 2A 2B 2C 2C 2D 2E
48 2E 2F 30 30 31 32 32 33
50 34 34 35 36 36 37 38 39
58 39 3A 3B 3B 3C 3D 3D 3E
60 3F 3F 40 41 41 42 43 43
68 44 45 46 46 47 48 48 49
70 4A 4B 4B 4C 4D 4D 4E 4F
78 50 50 51 52 52 53 54 55
80 55 56 57 58 58 59 5A 5B
88 5B 5C 5D 5E 5E 5F 60 61
90 61 62 63 64 64 65 66 67
98 68 68 69 6A 6B 6C 6C 6D
AO 6E 6F 70 70 71 72 73 74
BO 7C 7C 7D 7E 7F 80 81 82
B8 83 84 85 85 86 87 88 89
CO 8A 8B 8C 8D 8E 8F 90 91
C8 92 93 94 95 96 97 98 99
DO 9B 9C 9D 9E 9F AO A1 A2
D8 A4 A5 A6 A7 A9 AA AB AC
EO AE AF BO B2 B3 B4 B6 B7
E8 B9 BA BC BE BF Cl C3 C4
FO C6 C8 CA CC CE DO D2 D5
F8 D7 DA DD EO E3 E7 EC F2
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FIG 2.1 SINGLE PHASE CONVERTER OPERATION FOR A RESISTIVE LOAD
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FIG 2.13 BLOCK DIAGRAM REPRESENTATION OF 
A SEPARATELY EXCITED DC. MACHINE
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FIG 2.15(b) NEGATIVE CURRENT RAMPS

FIG 2.15 THE TIMING RAMPS USED TO ACHIEVE 
C O M P L E T E  CURRENT LOOP CONTROL IN A DUAL 
C O N V E R T E R



FIG 2.U(a) SUPPLY WITH SUPERIMPOSED CONTROL 
AND TIMING SIGNALS
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FIG 2.U(b) COMPARATOR CIRCUIT USED TO OBTAIN 
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FIG 2.U(c) MULTI-PULSE FIRING STARTED BY A 
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FIG 2.U DEMONSTRATION OF PHASE CONTROL
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FIG 2.16 DEMONSTRATION OF THF EFFECT OF 
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FIG 2.17 DEMONSTRATION OF H O W  COMMUTATION 
FAILURES CAN OCCUR AT HIGHER FIRING ANGLES 
IN THE INVERSION MODE



Vf /N

FIG 2.18 USE OF END-STOPS BY TIMING RAMP 
MODIFICATION
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FIG. 3.2 ARMATURE OUTRENT LOOP RESPONSE FOR A STEP DEMAND OF 0 TO 2A.



c  START )

ARE
YES

CURRENT TYPES CONSISTENT

NO

YES

NO

(  STOP )

WILL

CXi PERMIT CONDUCTION

INCREASE ex.

STORE VALUES

STORE VALUES

STORE VALUES

CALL OUTPUT ROUTINES

1 = 0; Uv2" W l ' C X ^  - (0<2 * 2

CALL S.S AVERAGE CURRENT ROUTINE. RETURN I^ v i

REQUEST INPUT DATA AND OUTPUT FORMAT

CALCULATE: CURRENT GAIN, K . ;  OFF-TIME |0<?-0<

CALL STEADY STATE AVERAGE CURRENT ROUTINE. 
RETURN; AV. CURRENT, 1 .^ . ;  (X^; I TYPE ( CONT/DISC)

CALL STEADY STATE AVERAGE CURRENT ROUTINE 

RETURN: AV CURRENT, OCg; I TYPE(CONT/DlSC)

FIG 3.3 FLOWCHART OF PROGRAMME USED TO DETERMINE THE 
THYRISTOR CONVERTER CURRENT GAIN



(  START )

( r e t u r n )

C A L C U L A T E  V g j ,  V g 2 - V g ]

U S E  t h e  s l o p e  K2 ' T O  

F I N D  I  A T  T =  T d *  H / g

U S E  T H E  S L O P E  K , T O

U S E  T H E  S L O P E  K3  AT Tr  TO 

F I N D  I  A T  T = T _ +  H

U S E  I  A T  T =T p^ ^ H / 2  A ND  

T O  C A L C U L A T E  K g  AT T = T p -  H / 2

TO C A L C U L A T E  K,  AT T r  T,

USE I  AT  T=Tp- ^ H / 2  AND  

T O C A L C U L A T E  K 2  AT T = T p  .  H/ 2

U S E  A N D  I r  t o  D E T E R M I N E  S L O P E  

OF  T H E  C U R V E ,  K , ,  A T  T = T

F I N D  T H F  W E I G H T E D  AVE RAG E OF K. ,

Tp TO C A L C U L A T E  I AT T = T p  + H

FIG 3.A T H E  " R U N G E - K U T T A "  N U M E R I C A L  I N T E G R A T I O N  R O U T I N E



c START 3

NON=1025

YES

( r e t u r n )

AV AV

AV" AV

FIG 3.5 F L O W C H A R T  OF ROUTINE U S E D  TO 
DETERMINE THE AVERAGE CURRENT



C O U N T  = 0

I N C R  4  1 5 3 6

INCR COUNT

F I R I N G  A N G L E  
O U T S I D E  

P E R M I S S I B L E  

R A N G E

NO

YES

NO
( R E T U R N )

T IM E  = H X COUNT

C A L C U L A T E  Vc

INCR COUNT
NO

S T O R E  V AL U ES

YES
NO

V N O
NO

C O N D I T I O N S  

D I C T AT E THAT 
C O N D U C T I O N  IS 

NOT POSSIBLE

YESV
V Y E S

YE S
IS(C0UNT-1026-O(,NCR) >

NO n c c  = C O U N T x T T  
1024

I NCR CO UNT
C A L C  T I M E

STORE V AL U E S
C O N T = 1C A L L  R U N G E - K U T T A

( r e t u r n )NO

Y E S
C O N T =  01 = 0 ;  0 < 0 F F  = C O U N T  x TT ; C O N T  = 0 

1 0 2 4
( r e t u r n  )

S T O R E  V AL UES

( r e t u r n )

F I G  3.6 F L O W C H A R T  OF THE S U B R O U T I N E  U S E D  TO D E T E R M I N E  
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PRO GRAM ME
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FIG 4.2 COMPARISON OF THEORETICAL AND MODEL 
CONTINUOUS A R M A T U R E  CURRENTS FOR 
DIFFERENT VALUES OF EMF, E,

140- R = 2 OHMS, Lr0.008H, V = 275 V
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FIG 4.6 THE FLOWCHART OF A ROUTINE TO FIND THE 
TURN-OFF ANGLE, OCo, FOR SOME VALUE OF 
FIRING ANGLE, 0<i. USING EON 4.3.
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( START )

REQUEST INPUT DATA ;

I.E. R, L, FREQ, EMF, PI. TERMS (a  A N D b ) ,  CURRENT

d e m a n d  a n d  d u r a t io n  o f  e a c h  s t e p

INITIALISE VARIABLES E.G. I, Vg, CONV, KLOCKs ETC SET E 

ACCORDING TO CONVERTER. CALCULATE SAMPLING INTERVAL

CALL CONTROL SUBROUTINE:

CALCULATE Vg AS A FUNCTION OF CX, CONTROLLING 
THYRISTOR FIRING, RAMP GENERATION, BRIDGE 
SELECTION AND CHANGEOVER PROCEDURE

STORE VALUES

CALL NUKERICAL INTEGRATION SUBROUTINE:
USE R-K NUMERICAL INTEGRATION AND OTHER 

CALCULATIONS TO DETERMINE CLAMPED VARIABLES AT 

THE BEGINNING OF THE NEXT SAMPLING INTERVAL.

NEW STEP DEMAND REQUESTED 
?

APPLY NEW CURRENT 

DAMAND AND RUN TIME

1

MODEL RUN

S

COMPLETE
p

' YES

REQUEST OUTPUT 
D A T A  FORMAT. 

PRODUCE OUTPUT.

STOP

INCREMENT
SAMPLING
INTERVAL

(  STOP )

FIG 5.3 CURRENT LOOP MODEL FLOWCHART
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FIG 5.5(a) FOUR QUADRANT SINGLE PHASE BRIDGE

FIG 5.5(b) POSITIVE CURRENT BRIDGE OPERATION

- E

FIG 55(c) NEGATIVE CURRENT BRIDGE OPERATION
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FIG 5.61a) CONTROL ROUTINE FLOWCHART-PART 1
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FIG 5 . 6 ( b )  CONTROL ROUTINE FLOWCHART - PART 2
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FIG 5.7 NUMERICAL INTEGRATION ROUTINE FLOWCHART
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CURRENT RESPONSE OF FIG. 5.20.
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FIG. 6.9(A) CURRENT GAIN VS FIRING ANGLE FOR THE PRACTICAL RIG (E=OV)
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FIG. 6.10 CURRENT RESPONSE FOR +1A STEP DEMAND DEMONSTRATING 
THE 'DEAD-TIME' DURING BRIDGE CHANGEOVER (B=OV).
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FIG, 6.11 FIRING ANGLE DEMAND FOR +1A STEP DEMAND DEMONSTRATING
THE 'DEAD-TIME' DURING BRIDGE CHANGEOVER (E=OV).



to

- 1 0
0 0 5

0 .  i 250 . 0 7 50 . 0 2 5

FIG. 6.12 CURRENT RESPONSE FOR +6A STEP 
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25

20

1 0

- 1 0

-20

- 2 5

-JO
0 . 0 5 2

0 .  I 750 0 7 50 - 0 2 5 0 .  , 2 5

FIG. 6.13 CURRENT RESPONSE FOR +20A STEP DEMAND DEMONSTRATING
THE "DEAD-TIME" DURING BRIDGE CHANGEOVER (B=OV).
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FIG. 6.14 CURRENT RESPONSE FOR +1A STEP DEMAND DEMONSTRATING 
THE 'DEAD-TIME' DURING BRIDGE CHANGEOVER (E=-IOOV).
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FIG. 6.15 CURRENT RESPONSE FOR +6A STEP DEMAND DEMONSTRATING
THE 'DEAD-TIME' DURING BRIDGE CHANGEOVER (E=-100V),
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FIG. 6.16 CURRENT RESPONSE FOR +20A STEP DEMAND DEMONSTRATING 
THE 'DEAD-TIME' DURING BRIDGE CHANGEOVER (E=-100V).
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FIG. 6.17 FIRING ANGLE DEMAND FOR +20A STEP DEMAND DEMONSTRATING
THE 'DEAD-TIME' DURING BRIDGE CHANGEOVER (E=-100V).
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FIG. 6.19 FIRING ANGLE DEMAND FOR +1A STEP DEMAND DEMONSTRATING
THE EFFECT OF A 1.4V FIRING ANGLE DEMAND OFFSET (E=OV)
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FIG. 6.20 CURRENT RESPONSE FOR +6A STEP DEMAND DEMONSTRATING
THE EFFECT OF A 1.4V FIRING ANGLE DEMAND OFFSET (E=OV)
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FIG. 6.21 CURRENT RESPONSE FOR +20A STEP DEMAND DEMONSTRATING
THE EFFECT OF A 1.4V FIRING ANGLE DEMAND OFFSET (E=OV)
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FIG. 6.22 FIRING ANGLE DEMAND FOR +20A STEP DEMAND DEMONSTRATING 
THE EFFECT OF A 1.4V FIRING ANGLE DEMAND OFFSET (B=OV),
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FIG. 6.23 CURRENT RESPONSE FOR +1A STEP DEMAND DEMONSTRATING
THE EFFECT OF A 1.4V FIRING ANGLE DEMAND OFFSET (E=-100V)
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FIG 6.24 CURRENT RESPONSE FOR +6A STEP DEMAND DEMONSTRATING
THE EFFECT OF A 1.4V FIRING ANGLE DEMAND OFFSET (E=-100V)
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FIG. 6.25 CURRENT RESPONSE FOR +20A STEP DEMAND DEMONSTRATING
THE EFFECT OF A 1.4V FIRING ANGLE DEMAND OFFSET (E=-100V).
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FIG. 6.27 CURRENT RESPONSE FOR +20A STEP DEMAND DEMONSTRATING
THE EFFECT OF A 0.7V FIRING ANGLE DEMAND OFFSET (E=OV).
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FIG. 6.28 CURRENT RESPONSE FOR A lA TO 6A STEP DEMAND 
WITH NO FIRING ANGLE DEMAND OFFSET (E=OV).

1 0

9

8

7
6

5

4

3

2

0
0 05 0 . 1 5 0 25 0 .  35

FIG. 8.29 CURRENT RESPONSE FOR A lA TO 8A STEP DEMAND
WITH A 1.4V FIRING ANGLE DEMAND OFFSET (B=OV)
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FIG. 6.32 CURRENT RESPONSE WHEN THE F.A. DEMAND IS FORCED TO THE ZERO
CURRENT VALUE WHEN CURRENT IS ZERO ON BRIDGE REVERSAL (+20A, E=OV)
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FIG. 6.33 CURRENT RESPONSE WHEN THE F.A. DEMAND IS FORCED TO THE ZERO 
CURRENT VALUE WHEN CURRENT IS ZERO ON BRIDGE REVERSAL (+1A, E=100V)
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FIG. 6.34 FIRING ANGLE WHEN THE F.A. DEMAND IS FORCED TO THE ZERO
CURRENT VALUE WHEN CURRENT IS ZERO ON BRIDGE REVERSAL (+1A, E=100V)
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FIG. 6.35 CURRENT RESPONSE WHEN THE F.A. DEMAND IS FORCED TO THE ZERO 
CURRENT VALUE WHEN CURRENT IS ZERO ON BRIDGE REVERSAL (+20A, E=100V)

10

8

6

4

2

0

2

4

6
0 . 0 5

0 . 0 2 5 0 . 0 7 5  0 . 1 2 5 0 . 1 7 5

FIG. 6.36 FIRING ANGLE WHEN THE F.A. DEMAND IS FORCED TO THE ZERO
CURRENT VALUE WHEN CURRENT IS ZERO ON BRIDGE REVERSAL (+20A, E=100V)
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FIG. 6.38 CURRENT RESPONSE WHEN F.A. DEMAND FORCED TO THE ZERO CURRENT
VALUE WHEN CURRENT IS ZERO AND ZCP PRESENT ON BRIDGE REVERSAL (+20A, E=OV)
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VALUE WHEN CURRENT IS ZERO AND ZCP PRESENT ON BRIDGE REVERSAL (+1A, E=100V)



20

-20

- 2 5
0 . 0 5

0 0 2 5 0 . 0 7 5 0 . 1 7 50 .  125

FIG. 6.41 CURRENT RESPONSE WHEN F.A. DEMAND FORCED TO THE ZERO CURRENT 
VALUE WHEN CURRENT IS ZERO AND ZCP PRESENT ON BRIDGE REVERSAL (+2ÜA, E=100V)
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FIG. 6.42 FIRING ANGLE WHEN F.A. DEMAND FORCED TO THE ZERO CURRENT
VALUE WHEN CURRENT IS ZERO AND ZCP PRESENT ON BRIDGE REVERSAL (+20A, E=100V)
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FIG. 6.49 CURRENT RESPONSE FROM THE UNADAPTED LOOP FOR A 6A STEP DEMAND. 
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FIG. 6.50 ADAPTED CURRENT LOOP RESPONSE FOR A 6A STEP DEMAND
AND A GAIN-FACTOR OF 2.
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FIG. 6.51 ADAPTED CURRENT LOOP RESPONSE FOR A 6A STEP DEMAND 
AND A GAIN-FACTOR OF 5.
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FIG. 6.52 ADAPTED CURRENT LOOP RESPONSE FOR A 6A STEP DEMAND
AND A GAIN-FACTOR OF 10.
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FIG. 6.53 ADAPTED CURRENT LOOP RESPONSE FOR A 6A STEP DEMAND
AND A GAIN-FACTOR OF 2 (APPLIED DURING ZERO CURRENT ONLY)
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FIG. 6.54 ADAPTED CURRENT LOOP RESPONSE FOR A 6A STEP DEMAND
AND A GAIN-FACTOR OF 10 (APPLIED DURING ZERO CURRENT ONLY)
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FIG. 6.57 CURRENT RESPONSE FROM THE UNADAPTED LOOP FOR A lA STEP DEMAND
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FIG. 6.58 CURRENT RESPONSE FOR A lA STEP DEMAND WITH K1 AS GIVEN
IN EON 6.8 ( K5=l, K6=7.2, T0FFS=683).
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FIG. 6.60 CURRENT RESPONSE FOR A 1A STEP DEMAND WITH K1 AS GIVEN
IN EON 6.8 ( K5=2, K6=14.4, TOFFS=683).
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FIG. 6.61 FIRING ANGLE DEMAND FOR A lA STEP DEMAND WITH K1 AS GIVEN 
IN EON 6,8 ( K5=2, K6=14.4, T0FFS=683).
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FIG, 6,64 CURRENT RESPONSE FOR A 6A STEP DEMAND WHEN ONLY THE
INTEGRATOR GAIN IS ADJUSTED AND THE GAIN-FACTOR IS 2,
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SUBROUTINE, ALLOWING THE ADDITION OF 
AN e x t r a  i n t e g r a t o r  AND FORWARD 
GAIN DURING DISCONTINUOUS CURRENT
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FIG. 6.65 CURRENT RESPONSE FOR A 6A STEP DEMAND WHEN ONLY THE 
INTEGRATOR GAIN IS ADJUSTED AND THE GAIN-FACTOR IS 5
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FIG. 6.66 CURRENT RESPONSE FOR A 6A STEP DEMAND WHEN ONLY THE
INTEGRATOR GAIN IS ADJUSTED AND THE GAIN-FACTOR IS 10.



CCIii
O'
Z I
<1
ce'LUI
S'
LUIi!
O'

U)u■f
cr

<L>>

JD+
U)o

-h

LL
LUcr

crof—<croLU

<ce
XLU

<
O

<cro
CLcroo
CL
OO

LUcrcr
3O
LLO
Z<cro<
Q
NTO
OUco
LO
UD
CD
LL



CO

IDCT>
A o  - o Ô

o
> _
o
n r

ti± Ll

o.O:
<t>. Ô0

to
VO

3S



ETtILI



3.5

2 . 5

1 .5

0 . 5

aülli
0 0 . 2  0 . 4  0 . 6  0 . 8

O . i  0 . 3  0 - 5  0 . 7  0 . 9

lime ““ sec

FIG. 6.70 CURRENT RESPONSE FOR A lA STEP DEMAND TO A 
CURRENT LOOP INCORPORATING AN EXTRA FORWARD 
PATH INTEGRATOR.
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FIG. 6 73 CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND ON A CURRENT 
LOOP INCORPORATING AN EXTRA FORWARD PATH INTEGRATOR.
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FIG. 6.74 CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND ON A CURRENT 
LOOP INCORPORATING AN EXTRA FORWARD PATH INTEGRATOR.
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PB

RAMPS

FIG 6.76(a) CURRENT LOOP PI. CONTROLLER

REF

FB

RAMPS

FIG 6.76(b) EFFECTIVE CURRENT CONTROLLER IN 
DISCONTINUOUS CURRENT

FIXED

-TT
R + Ls

OVER
RA N G E  CONSIDERED 

FIG 6.77(a) CONTINUOUS CURRENT PLANT

-TT exp(-jwT)

VARIABLE WITH 
CURRENT

FIG 6.77(b) DISCONTINUOUS CURRENT PLANT



REF -TT exp(-jwT)

FIG 6.78(a) BLOCK DIAGRAM OF THE DISCONTINUOUS 
CURRENT LOOP

REF -TT
R + Ls

FIG 6.78(b) CONTINUOUS CURRENT LOOP

REF -TT

FIG 6.78(c) EFFECTIVE CONTINUOUS CURRENT LOOP
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0 - 6 5 0.75 0.  85 0 . 9 5

FIG. 6.80 FIRING ANGLE DEMAND FOR A 4.1A TO A 4.7A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSS-OVER AT 2HZ.
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FIG. 6.81 FIRING ANGLE DEMAND FOR A I8A TO A 20A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSS-OVER AT 2HZ.
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FIG. 6.82 FIRING ANGLE DEMAND FOR A 0.8A TO A 1.2A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSS-OVER AT 5HZ,

5 2

0 . 2 9  0 . 3 1  0 . 3 3  0 . 3 5  0 . 3 7  0 3 9

0 3  0 3 2  0 . 3 4  0 . 3 6  0 3 8  0 4

FIG. 6.83 CURRENT RESPONSE FOR A 2.2A TO A 2.8A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 5HZ.



,0.2

0 . 2 9  0 . 3 1  0 3 3  0 3 5  0 3 7  0 3 9
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FIG. 6.84 CURRENT RESPONSE FOR 
FOR THE ADAPTED LOOP

A 5.5A TO A 6.5A STEP DEMAND 
WITH A UNITY GAIN CROSSOVER AT 5HZ.
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FIG. 6.85 CURRENT RESPONSE FOR A I8A TO A 20A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 5HZ
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FIG. 6.86 CURRENT RESPONSE FOR A 0.8A TO A 1.2A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT I2.5HZ
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0 . 2 9  0 . 3 )  0 . 3 3  0 35  0 3 7  0 . 3 9
0 . 3  0 . 3 2  0 . 3 4  0 36 0 . 3 8  0.4

FIG. 6.87 CURRENT RESPONSE FOR A 2.2A TO A 2.8A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 12.5HZ,
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FIG. 6.88 CURRENT 
FOR THE

RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND
ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 12.5HZ.
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FIG. 6.89 CURRENT RESPONSE FOR A I8A TO A 20A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 12.5HZ.
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0 2  0 . 2 5  0 3  0 3 5  0 4

FIG. 6.90 CURRENT RESPONSE FOR A 0.8A TO A I.2A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 25HZ,
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FIG. 6.91 CURRENT RESPONSE FOR A 2.2A TO A 2.8A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 25HZ.
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FIG. 6.92 CURRENT RESPONSE FOR A 4.1A TO A 4.7A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 25HZ.
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0 2  0 . 2 5  0 3  0 35 0 - 4

FIG. 6.93 CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 25HZ.
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FIG. 6.94 CURRENT 
FOR THE

RESPONSE FOR A ISA TO A 22A STEP DEMAND 
ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 25HZ,
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.05 0.15 0.25 0 3 5  0 4 5

FIG. 6.95 CURRENT RESPONSE FOR A 0.8A TO A 1.2A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 50HZ.
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FIG. 6.96 CURRENT RESPONSE FOR A 4.1A TO A 4.7A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 50HZ
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FIG. 6.97 CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 50HZ.
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FIG. 6.98 CURRENT RESPONSE FOR A ISA TO A 22A STEP DEMAND
FOR THE ADAPTED LOOP WITH A UNITY GAIN CROSSOVER AT 50HZ.
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TIME (SECS)

T H E O R E T I C A L  R E S P O N S E  OF THE C L O S E D  LOOP OF FIG. 6 .7 9( c )
A UNI TY GAIN C R O S S - O V E R  AT 2 H Z  F OR A UNITY S T E P  D E M A N D
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FIG 6.100 S T E P  R E S P O N S E  FOR A U NI T Y  GAIN C R O S S - O V E R  AT 5 HZ
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FIG. 6.1.01 CLOSED LOOP RESPONSE OF FIG 6.79(c) FOR A UNITY GAIN 
CROSS-OVER AT 12 5 HZ
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FIG 6.102 ST E P  RESPONSE FOR A UNITY GAIN CROSS-OVER AT 12.5 HZ
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FIG. 6.103 CLOSED LOOP RESPONSE OF FIG. 6 . 79 (c )  FOR A UNITY GAIN 

CROSS-OVER AT 25 HZ.
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FIG 6 104 STEP RESPONSE FOR A UNITY GAIN CROSS-OVER AT 50  HZ
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FIG. 6.105 CURRENT RESPONSE FOR AN 8A TO 20A STEP DEMAND OCCURING 
ON THE ZERO CROSSING POINT OF THE SUPPLY VOLTAGE.
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FIG. 6.106 CURRENT RESPONSE FOR AN 8A TO 20A STEP DEMAND OCCURING
JUST AFTER THE THYRISTOR FIRING POINT.
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FIG. 6.107 CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND OCCURING
JUST BEFORE THE STEADY STATE FIRING POINT (12.5HZ OdB CROSSOVER)
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FIG. 6.109 CURRENT RESPONSE FOR A 0.8A TO A 1.2A STEP DEMAND OCCURING
JUST BEFORE THE STEADY STATE FIRING POINT (25HZ OdB CROSSOVER)
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FIG. 6.110 CURRENT RESPONSE FOR A 0.8A TO A I.2A STEP DEMAND OCCURING
JUST AFTER THE STEADY STATE FIRING POINT (25HZ OdB CROSSOVER).
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FIG. 6.111 CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND OCCURING
JUST BEFORE THE STEADY STATE FIRING POINT (25HZ OdB CROSSOVER)
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FIG. 6.112 CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND OCCURING
JUST AFTER THE STEADY STATE FIRING POINT (25HZ OdB CROSSOVER)



ll

LU
Q
LU(/)
O
CL
:e
CL
LU
CL
=)uo
X
h—

LUCD
g_JO>
_J
CL
CL
3LO OFF-TIME

FIG 5.113 IDENTICAL CURRENT PULSES PRODUCED  
BY THREE DIFFERENT FIRING ANGLES AT 
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( start )

CONV_PREV=CONV

'no
CALL BRIDGE_SW|TCH

NO IS
CURRENT  
ONTINUOU9

YES
0  N I  _PR E V = C ON IV S _ STATE = 1 AND NCONT= 

YES

INT. OUTPUT = ( % - I r x A _ C O N TN C 0N T = 2

CALL SETCONT
NCONT

( r e t u r n )

NCONT= 3

IS
N C 0 N T = 3

CALL DISCONT NCON

( r e t u r n ) \ ! YE S

A = A X O N T B = B_CONT

WYES

CXpREv = CK

V S . P R E V  = VS-STATE

C O N T . P R E V  = CONT

( r e t u r n )

FIG 6.116(a) FLOWCHART OF THE GAIN-AÜAPTION SUBROUTINE -  PART 1



YES
VS . S T A T E  = 1

V N O

NO
;ONV=STACK_DEMANI

V Y E S

YES
T Q F F . P R E V r O

VNO

NO YES
CONVrO

YES YES
CX <  CX_PREV 0< ^  CX.PREV

V NO

( r e t u r n )

NO YES

1024

( r e t u r n )

( r e t u r n )

(X -0 (_ PRE V|  <  TOFF_PREVxCX_COMi

CALL SETCONT

CALL DISCONT

CALL DISCONTNC 0NT=1

INT. OUTPUT = CX- I rX  A_CONT

FIG 6.115(b) FLOWCHART OF THE GAIN-ADAPTlON SUBROUTINE -  PART 2
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(  START )

YES

NO

NO YES
V S . S T A T E =1

YES
'S_STATE=VS_PREV

NO

NO
TOFF ^  10 24

YES

NO

YES

C r e t u r n )

( r e t u r n )

C O NT _PR EV= CO NT

B = K

T O FF =0

T 0F F = T 0F F + 1

g = 0<

CX_PREV = CX

T O F F . P R E V  = 1 0 2 4

T O F F . P R E V  = TOFF

CO NT.PREV = CONT

V S . P R E V  = V S . S T A T E

V S - P R E V  = V S . S T A T E

TOFF 1 
T O F F S

FIG 6.118 F L O W C H A R T  OF THE DISCONT SUBROUTINE
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FIG. 6.119 ADAPTED LOOP CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND 
(12.5HZ OdB CROSSOVER, K5=410, K6=2095, TOFFS=1024)
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0 .  , 0 1 4  0 . 1 8  0 22 0 26

0 . 1 2  0 . 1 6  0 2  0 2 4

FIG. 6.120 ADAPTED LOOP CURRENT RESPONSE FOR A 5.5A TO A 6.5A STEP DEMAND
(25HZ OdB CROSSOVER, K5=820, K6=4190, TOFFS=602)
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FIG. 6.121 ASSOCIATED VARIATION IN INTEGRAL GAIN FOR THE RESPONSE 
SHOWN IN FIG. 6.121
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0 080 0 2 0 . 0 6

0 0 3 0 . 050.01

FIG. 6.122 CURRENT RESPONSE FOR A 20A STEP DEMAND WHEN NO STEP OCCURS 
IN THE PI-CONTROLLER OUTPUT IN CONTINUOUS CURRENT.
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FIG. 6.123 CURRENT RESPONSE FOR A 20A DEMAND WHEN CONTINUOUS CURRENT 
DETECTION CIRCUIT NOT OPERATING.

I 0
9

8

6

5

4

3

2

0
0 . 0 60.02 0 . 0 4

0 . 0 1  0 0 3  0 . . 0 5  0 . 0 7  0 09  0 - ,  t

FIG. 8.124 ASSOCIATED FIRING ANGLE DEMAND FOR THE
CURRENT RESPONSE OF FIG. 6.123.
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FIG. 6.125 DEMONSTRATION OF THE EFFECT OF HAVING AN INTERMEDIARY CURRENT
DEMAND SIGNAL WHEN APPLYING LARGE (CONTINUOUS) CURRENT DEMANDS.
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FIG. 6.126 DEMONSTRATION OF THE EFFECT OF APPLYING A SERIES OF 
CURRENT DEMANDS (I.E. +1A, -lA, -6A AND +6A)
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FIG. 6.127 ASSOCIATED INTEGRAL OUTPUT FOR FIG. 6.126.
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FIG. 6.128 ASSOCIATED INTEGRAL GAIN VALUES FOR FIG. 6.126.
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C O N T = 0 ;  L 0 0 P  = 4; S T 0 R E  = 1 
S T R T P 0 S  = 1; RUN_TIME = 0

CALL D A T A . I N P U T

CALL STEP_ INPUT_DATA

CALL G AI N_S E TUP

STORE INITIAL VA L U E S

CALL IREF

STRTPQS = 5 ->
CALL OUTPUT ROUTINES

CALL CONTROL C S T O P  )

------- < - L 0 0 P = 6  ^ —>-------

LOOP = LOOP + 1 CALL G AI N . AD A PT IO N

L00P=1

STORE v a l u e s

STORE = STORE ♦ 1 STORE v a l u e s

CALL RUNG

FIG 6.129 FLOWCHART OF THE MODIFIED MAIN CONTROL PROGRAMME
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S T R T P 0 S = 1 ^  >

NO

S YES 
STRTPOS= 2 ^ - ^

YES START
OF PROGRAMME9

NO 
IS

RUN.TIME 
REACHED

7
'no

END OF 
ROGRAMME 

U

' 'Y E S  CALL TEMPDEM

STRTPOS = 1
( r e t u r n )

( r e t u r n )

ND OF 
PROGRAMME 

RU

STRTPOS = 5

( r e t u r n )

STRTPO S=3

NO
IS

RUN_TIME = 
RUNDEM

IS
RUN.TIME 
REACHED

7

CALL BRIDGESWITCH

REACHED
( r e t u r n )

RUN_TIME = RUNDEM END 0 
ROGRAMM

7
GET NEW CURRENT  
DEMAND, I r c q  a n d  
RUN-TIME. RUNREQ

S TR TP0S =3

STRTPOS =5

CALL BRIDGESWITCH
( r e t u r n )

( r e t u r n ) BRIDGESWITCH
Eo;

YESCALL CHECK.BOUND

CALL BRIDGE_SELECT
( r e t u r n  )

( r e t u r n )

FIG 6.130 FLOWCHART OF THE IR E F  SUBROUTINE



(  START )

YES
EQ BOUND

YES

y  NO

YES

YESNO
CONVrl

( r e t u r n )( r e t u r n )

'^INITIAL'
DEMAND

PREVIOUS DEMAND >  
BOUND.^

S TR TPO S=2

DEM REO

R E Q = "*T E M P R E Q - 'T E M P

STRTP0S=1

RUN_TIME=RUN_TIME+RUNREQ

= RUN_TIME + RUNREQ

RUN_TIME = RUN_TIME + RUNTEMP

FIG. 5.131 FLOWCHART OF THE SUBROUTINE CHECK.BOUND
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22.5
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7 . 5

I 5

1 2 . 5

10
5

5

5

00 0 0 2 0 . 0 4 0 . 0 6 0 . 0 8 0. I
0 . 0 3  0 . 0 5 0 . 0 7

FIG. 6.135 ZERO TO 20A DEMAND ON THE ADAPTED CURRENT LOOP WITH INTERMEDIARY 
CURRENT STEP (a=5.12, b=65.5, K5=4I0, K6=1234, K7=2095, TOFFS=125)
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0
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- I 0
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0 . 0 5 0 .  25

FIG. 6.136 DEMONSTRATION OF LOOP RESPONSE TO DEMANDS OF ■*. 1A , - 1A ,-6 A . 20 A AND 8A
(a=5.12, b=65.5, K5=820, K6=2800, K7=2800, T0FFS=151, E=OV)
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FIG. 6.137 DEMONSTRATION OF LOOP RESPONSE TO DEMANDS OF +1 A ,- 1A ,-6A .20A AND 8A 
fa=5.12, b=65.5, K5=820, K6=28Q0, K7=2800. T0FFS=151, E=100V).
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- 1 0

0 . 350. 25005 0.15

FIG. 6.138 DEMONSTRATION OF LOOP RESPONSE TO DEMANDS OF +1A ,-I A ,-6A ,20A AND 8A
(a=5.12, b=65.5, K5=820, K6=2800, K7=2800, T0FFS=I51, E=-100V).
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FIG. 6.139 ASSOCIATED FIRING ANGLE DEMAND FOR THE RESPONSES OF FIG. 6.138.
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FIG. 6.140 ASSOCIATED INTEGRAL GAIN FOR THE RESPONSES OF FIG. 6.138.
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FIG. 6.141 DEMONSTRATION OF LOOP RESPONSE TO DEMANDS OF  ̂1A ,-IA,-6A,20A AND 8a 
(a=5.12, b=65.5, K5=410, K6=1234, K7=2095, TOFFS=125. E=OV)
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FIG. 6.142 DEMONSTRATION OF LOOP RESPONSE TO DEMANDS OF +1A ,- 1A ,-6A,20A AND 8A
(a=5.12, b=65.5, K5=410, K6=1234, K7=2095, T0FFS=125, E=100V).
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FIG. 6.143 DEMONSTRATION OF LOOP RESPONSE TO DEMANDS OF + 1A,-1A ,- B A ,20A AND 8A 
(a=5.12, b=65.5. K5=410, K6=1234, K7=2095, T0FFS=125, E=-100V).
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FIG. 6.144 DEMONSTRATION OF LOOP RESPONSE TO CONTINUOUS CURRENT DEMANDS OF 20A
8A,10A AND 20A (a-5.12, b-65.5, K5 = 410, K6=1234, K7 = 2095, TOFFS = 125, B = OV)



27 .5

22  ■ 5

20

005 025
0 025 0.075 0. I 25 0 225 0.275

FIG. 6.145 DEMONSTRATION OF LOOP RESPONSE TO CONTINUOUS CURRENT DEMANDS OF 20A, 
8A.I0A AND 20A(a=5.12, b=65.5, K5=410, K6=1234, K7=2095, TOFFS=125, E=-100V).
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T0FF1 255 TOFF

GAIN = K5 ♦ ( K g - K ^ )  X TOFF FOR TOFF <  TOFFI

TOFFI

GAIN = Kg ♦ I K y - K g )  X ( T O F F -  TOFFI ) FOR TOFF >  TOFFI  

( 2 5 6 - T O F F 1 )

FIG. 7 9 (a )  GAIN CURVES AND ASSOCIATED EQUATIONS FOR THE 
ADAPTIVE CONTROLLER
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TO FFI

X -----^ --------GAIN

\ 1
X +/

) TOFFI
V

TOFF
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FIG. 7 .9 ( b )  EQUIVALENT BLOCK DIAGRAM TO IMPLEMENT THE GAIN 
EQUATIONS
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FIG. 7.22(A) GENERATION GF THE SIGNAL 'CGNT'
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FIG. 7.22(B) EXTENSIGN GF E/S AND GENERATION GF CX^
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FIG. 7.23(A) GENERATION OF THE SIGNAL 'C O N V
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FIG. 7.23(B) GENERATION OF THE INVERTED CURRENT
DEMAND SIGNAL
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FIG. 7.24(A) GENERATION OF
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FIG. 7.24(B) GENERATION OF NCONT



LOGIC
STATE Ia ^ H K °A °A < Â- ^B B̂

0 0 0 0 0 0 0 0 m 0
1 0 0 0 1 1 1 1 * m 0
2 0 0 1 0 1 0 * 0 0 *
3 0 0 1 1 0 0 m 1 * 1
4 0 1 0 0 1 0 1 X 0 3*
5 0 1 0 1 1 1 1 m X 0
6 0 1 1 0 1 0 m 0 0 *
7 0 1 1 1 0 0 m 1 M 1
8 1 0 0 0 0 0 0 * 0 X
9 1 0 0 1 0 1 0 * X 0
10 1 0 1 0 0 1 m 1 1 M
11 1 0 1 1 0 0 w. 1 * 1
12 1 1 0 0 1 0 1 * 0 *
13 1 1 0 1 0 1 0 m m 0
14 1 1 1 0 0 1 1 1 X
15 1 1 1 1 0 0 * 1 M 1

FIG. 7.24(C) COUNTER TRUTH TABLE USED TO DEFINE NCONT



CHK 00 01 11 10

00 0 1 * *

01 1 1 * m

11 1 0

10 0 0 * *

TRUTH TABLE FOR J

CX CHK

TRUTH TABLE FOR K^ 

KA=QB+lA

K,

D< CHK
TRUTH TABLE FOR Jg

K,

CK CHK

TRUTH TABLE FOR K

KB=°A

FIG. 7.24(D) KARNAUGH MAPS TO IMPLEMENT THE TRUTH 
TABLE OF FIG. 7.24(C)
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FIG. 7.25(A) GENERATION OF COMPLIMENTARY OUTPUTS,CHANGING

AS CURRENT COMMENCES
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SLS2CONT
7417

FIG. 7.25(B) SWITCH CONTROLS FOR SI AND S2

CONT
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*13V
I

S3,S6,S7
7416
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S4,S5,S8
7417

FIG. 7.25(C) SWITCH CONTROLS FOR S3,S6,S7 AND S4,S5,S8



CONT tl3V

NCONT
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7416
CX

FIG. 7.26(A) SWITCH CONTROL FOR S9

CONV - I

CXp —

*13V
T
%
I SIO

7416

FIG. 7.26(B) SWITCH CONTROL FOR SIO

: c -
CONV -1

> - i O >

FIG. 7.26(C) SWITCH CONTROL FOR S ll
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FIG. 7.27(A) SWITCH CONTROL FOR S12, S13 AND S14
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7416

FIG. 7.27(B) SWITCH LOGIC FOR S15,S17, S19 AND S16,S18,S20
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FIG. 7.27(C) SWITCH LOGIC FOR S23,S24 AND S25
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FIG. 8.3 SIMULATED ADAPTED LOOP RESPONSE FOR A DEMAND OF +1A (K=OV)
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FIG. 8.4 SIMULATED ADAPTED LOOP RESPONSE FOR A DEMAND OF +1A (E=100V)



0

8.5(A) CURRENT

2 -

1 -

0.40.30.2
\ TIME (SECS)

8.5(B) FIRING ANGLE

FIG. 8.5 ADAPTED LOOP RESPONSE FOR A ±1A DEMAND (E=OV)
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(  STOP )

FIG 9.2 FLOWCHART OF THE PROGRAMME USED TO PRODUCE THE FIRST 
SPEED LOOP MODEL WHICH INCORPORATES A P I CONTROLLER
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FIG. 9.6 THEORETICAL STEP RESPONSE FOR A UNITY STEP DEMAND FOR A SECOND 
ORDER SYSTEM WITH A 'NATURAL FREQ.’ OF 2HZ AND A DAMPING RATIO OF 0.7.
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FIG. 9.7 THEORETICAL STEP RESPONSE FOR A UNITY STEP DEMAND FOR A SECOND 
ORDER SYSTEM WITH A 'NATURAL FREQ.' OF 0.64HZ AND A DAMPING RATIO OF 2.
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FIG. 9.8 SPEED RESPONSE FROM THE MODEL FOR THE PI-CONTROLLER VALUES
OBTAINED FROM THE GENERATION OF FIG. 9.7 (ADAPTED CURRENT LOOP).
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FIG. 9.9 ASSOCIATED SPEED PI CONTROLLER OUTPUT FOR FIG. 9
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FIG. 9.10 ASSOCIATED ARMATURE CURRENT WAVEFORM FOR FIG. 9.8.
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FIG. 9.11 SPEED RESPONSE FROM THE MODEL FOR THE PI-CONTROLLER VALUES
OBTAINED FROM THE GENERATION OF FIG. 9.7 (NON-ADAPTED CURRENT LOOP)
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FIG. 9.12 ASSOCIATED SPEED PI CONTROLLER OUTPUT FOR FIG. 9.11
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FIG. 9.13 ASSOCIATED ARMATUHE CURRENT WAVEFORM FOR FIG. 9.11.

I 1 0

1 0 0

90

80

60

50

30

20

0. I 0.3 0 5 0 . 9

FIG. 9.16 SPEED RESPONSE FOR THE SPEED LOOP SIMULATION WHEN USING 
STATE VARIABLE FEEDBACK (ADAPTED CURRENT LOOP, NATURAL 
FREQUENCY OF 2HZ AND A DAMPING RATIO OF 0.7),
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(  START )

NO
ADAPTIVE LOOP REQD

YES

NO
ADAPTIVE LOOP REQD

YES

NO
R U N -T IM E  COMPLETE

YES

(  STOP )

CALL CONTROL

CALL DATASTORE

CALL IREF

CALL GAIN_ADAPTION

C A L L  RATE_EST

CALL GAIN-SETUP ROUTINE

CALL OUTPUT ROUTINES

CHECK IF ADAPTIVE LOOP REQUIRED

OBTAIN CIRCUIT PARAMETERS 
AND INITIALISE VARIABLES

OBTAIN d e s i r e d  SPEED AND 
TORQUE STEP VALUES AND RUN-TIMES

CALL RUNGE2 
NUMERICAL INTEGRATION ROUTINE

CHECK DESIRED SPEED 
AND TORQUE DEMANDS. 

APPLY NEW VALUES AS REQD.

FIG 9.15 FLOWCHART FOR THE SPEED LOOP MODEL INCORPORATING 
STATE VARIABLE FEEDBACK
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FIG. 9.17 a s s o c i a t e d  FORWARD PATH INTEGRATOR OUTPUT FOR FIG. 9.16.
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FIG. 9.18 ASSOCIATED ARMATURE CURRENT WAVEFORM F JR FIG. 9.16.
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FIG. 9.19 TRUE RATE OF CHANGE OF SPEED FOR FIG. 9.16 AS GENERATED 
BY THE NUMERICAL INTEGRATION ROUTINE.
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FIG. 9.20 NUMERICALLY ESTIMATED SPEED-RATE FOR FIG. 9.16,
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FIG. 9.21 DERIVED SPEED-RATE FOR FIG. 9.16 AS GENERATED BY AN 
"ANALOGUE FILTER".
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FIG. 9,22 SPEED RESPONSE FOR THE SPEED LOOP SIMULATION WHEN USING
STATE VARIABLE FEEDBACK (NON-ADAPTED CURRENT LOOP, NATURAL 
FREQUENCY OF 2HZ AND A DAMPING RATIO OF 0.7).
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FIG. 9.23 ASSOCIATED FORWARD PATH INTEGRATOR OUTPUT FOR FIG. 9.22,
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FIG. 9.24 ASSOCIATED ARMATURE CURRENT WAVEFORM FOR FIG. 9.22.



FIG. 9.25(A) STATE SPACE TRAJECTORIES FOR A SYSTEM DEMONSTRATING 
AN UNDERDAMPED, STABLE RESPONSE.

FIG. 9.25(B) STATE SPACE TRAJECTORIES FOR A SYTEM WITH ONE 
STABLE AND ONE UNSTABLE ROOT.

SLIDING

FIG. 9.25(C) GENERATION OF A STABLE "SLIDING TRAJECTORY" BY THE 
SELECTION OF A DESIRED SWITCHING FUNCTION, S.



s(F + Js)

FIG. 9.26(A) MANIPULATED BLOCK DIAGRAM OF A SPEED LOOP 
FOR VSS CONTROL.

d e c a y s  as 
e x p  ( -crt ) r o t a t e s  at 

WD t rad.

FIG. 9.26(B) STABLE OSCILLATORY PART OF A SWITCHED 
STRUCTURE SYSTEM.



FIG. 9.26(C) STABLE DAMPED PART OF SWITCHED STRUCTURE SYSTEM.

S <
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FIG. 9.26(D) COMBINED SYSTEM TRAJECTORIES AND DEFINITION 
OF REGIONS IN TWO DIMENSIONAL SPACE.
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FIG. 9.27 SPEED RESPONSE OF FIRST ATTEMPT AT VSS SLIDING PLANE CONTROL.
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FIG. 9.28 ASSOCIATED ESTIMATED SPEED-RATE SIGNAL FOR FIG. 9.27



FIG. 9.29 ASSOCIATED ARMATURE CURRENT WAVEFORM FOR FIG. 9.27
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FIG. 9.30 RESPONSE OF THE SWITCHING FUNCTION. S, FOR THE SPEED 
WAVEFORM OF FIG. 9.27.
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FIG. 9.31 ASSOCIATED PHASE PLANE PORTRAIT FOR THE SPEED RESPONSE OF 
FIG. 9.27 SHOWING THE DESIRED SLIDING PLANE (S=0).
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FIG. 9.33 SPEED RESPONSE OF SECOND METHOD AT VSS SLIDING PLANE CONTROL 
(K,=506 AND -278, H:=4.46x10-* AND -8.13x10-*)



Ak<0

Ak>0

Ak>0

' Ak<0
FIG. 9.32(A) DEMONSTRATION OF SWITCHING REGIONS AND 

NECESSARY SIGNS OF GAIN AK.
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FIG. 9.32(B) MANIPULATION OF BLOCK DIAGRAM USED FOR 
THE SECOND METHOD OF VSS CONTROL.
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FIG. 9.34 ASSOCIATED SPEED-RATE SIGNAL FOR FIG. 9.33.
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FIG. 9.35 AS SO C IA T ED  A RMA TUR E C UR R E N T  W A V E F O R M  FOR FIG. 9.33
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FIG. 9.36 ASSOCIATED DESIRED SWITCHING FUNCTION FOR FIG. 9.33
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FIG. 9.37 ASSOCIATED PHASE PLANE PORTRAIT FOR FIG. 9.33 SHOWING 
THE DESIRED SLIDING PLANE (S=0).
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FIG. 9.38 SPEKD RESPONSE OF SECOND METHOD AT VSS SLIDING PLANE CONTROL 
( K s = 2 7 1  AND -43, H2 =8 .34x10"* AND - 5 . 2 6 x 1 0 - 3 )
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FIG. 9.39 A SS OCI ATE D SP EE D- R AT E  SI GNA L FOR FIG. 9.38
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FIG. 9.40 ASSOCIATED ARMATURE CURRENT WAVEFORM FOR FIG. 9.38.
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FIG. 9.41 AS SO C IA T ED  DESIR ED S W I TC H IN G  FU NCT ION  FOR FIG. 9.38
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FIG. 9.42 ASSOCIATED PHASE PLANE PORTRAIT FOR FIG. 9.38 SHOWING 
THE DESIRED SLIDING PLANE (S=0).
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FIG. 9.43 SPEED RESPONSE OF SECOND METHOD AT VSS SLIDING PLANE CONTROL 
(K. =831 AND -739, Ha =2 . 72x 10'■* AND -3.06xl0-< )
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FIG. 9.44 ASSOCIATED SPEED-RATE SIGNAL FOR FIG. 9.43.
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FIG. 9.45 A S S OC IA T ED  ARMA TUR E C UR R E N T  W A V E F O R M  FOR FIG. 9.43,
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FIG. 9.46 ASSOCIATED DESIRED SWITCHING FUNCTION FOR FIG. 9.43
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FIG. 9.47 ASSOCIATED PHASE PLANE PORTRAIT FOR FIG. 9.43 SHOWING 
THE DESIRED SLIDING PLANE (S=0).
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FIG. 9.48 SPEED RESPONSE OF SECOND METHOD AT VSS SLIDING PLANE CONTROL 
(Kg=203 AND -111. H2=1.12x10-3 a ND -2.03x 10-3)
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FIG. 9.49 ASS OC IA T ED  SP EED - RA T E S I GN A L FOR FIG. 9.48.
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FIG. 9.50 ASSOCIATED ARMATURE CURRENT WAVEFORM FOR FIG. 9.48,
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FIG. 9.51 AS SO C I A T E D  D ES I RE D  S W I T C H I N G  FU N CT I O N  FOR FIG. 9.48
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FIG. 9.52 ASSOCIATED PHASE PLANE PORTRAIT FOR FIG. 9.48 SHOWING 
THE DESIRED SLIDING PLANE (S=0).
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FIG 9 53 SPEED RESPONSE USING VSS CONTROL FOR THE SAME CONDITIONS 
AS FIG. 9.48 BUT WITH THE MOMENT OF INERTIA DOUBLED.
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FIG. 9.54 ASSOCIATED ARMATURE CURRENT WAVEFORM FOR FIG. 9.53
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FIG. 9.55 ASS OCI A TE D  PH AS E  PL ANE  P O R T R A I T  FOR FIG. 9.53.
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FIG , 9.56 SPEED RESPONSE USING VSS CONTROL FOR THE SAME CONDITIONS 
AS FIG. 9.48 BUT WITH THE MOMENT OF INERTIA HALVED.

20

-10

-20

0.2 0.6

FIG. 9.57 AS SOC I AT E D ARM AT U RE  CU R R E N T  WA V EF O R M  FOR FIG. 9.56.
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FIG. A1 BLOCK DIAGRAM OF A THYRISTOR CONVERTER  
IN ASSOCIATION WITH THE TIMING RAMP CIRCUIT
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>  CX

FIG. A2 RELATIONSHIP BETW EEN THE FIRING ANGLE 
DEMAND, Vq a n d  THE FIRING ANGLE, 0(, FOR

A LINEAR RAMP

CA

FIG A3 RELATIONSHIP BETW EEN v_ AND CX FOR AN INVERSE  
COSINE RELA TIONSHIP ^
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FIG. B K a) TEST CIRCUIT TO DETERMINE THE 
SOURCE RESISTANCE, Rg
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FIG. BKb) LOAD CHARACTERISTIC USED TO FIND Rg
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FIG. 82  DETERMINATION OF ARMATURE RESISTANCE
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