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Abstract 
 

Stringent vehicle emissions legislation and climate change considerations have pushed forward the 

development of internal combustions engines over the past decade. Due to these pressures the 

development time and life span of engine families and platforms have been reduced. This has driven 

the necessity for new novel methods of testing and has pushed engineers to improve test 

procedures to focus on small efficiency gains. This has led to an increasingly complex experimental 

environment where focus on real world repeatability is key.  

 

Work presented in this thesis details a new engine test system which aims to improve the methods 

of engine testing in the thermal engineering field, enabling more flexible methods of controlling 

engine thermal state. The presented work details the development process of the new test system 

known as the Thermal Management Emulation System (TMES). A novel approach to control 

optimisation has been taken where much of the optimisation and development work of the 

controller has been performed virtually.  

The virtual optimisation has required the development of thermal models of the new test system 

and engine, both of which were run coupled to a control model. This thesis documents the methods 

behind the 1-D thermal model of the test systems and the optimisation methods used for the 

controllers when utilising these models. The developed internal combustion engine thermal model 

shows good correlation to experimental data with an average coolant warm-up temperature error 

of 1.2% over a representative legislative drive cycle. 

The work presented details the configuration and development of the control hardware and 

assesses its effectiveness in controlling engine test thermal conditions. An effective hardware-in-

the-loop testing process was performed to ensure correct functionality and communication 

protocols prior to experimental testing. 

The experimental testing utilised a 1.5 litre turbocharged direct injection gasoline engine to assess 

the Thermal Management Emulation System in operation. The drive cycle used represented a 

transient square wave duty cycle to assess controller PID response and settling times. It was found 

from testing that the TMES rig can control engine out coolant conditions with a Root Mean Squared 

Error value of 1.07°C about target temperature within 5 seconds of a transient shift in engine speed 

and load. 
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The experimental test drive cycle has been implemented virtually to understand the relative success 

of the virtual commissioning methodology when compared to experimental test results. It was 

found that virtual commissioning provided a great opportunity to build and optimise the controller 

layout and function, however controller settings required further optimisation in the experimental 

environment. The recommendations that have been made to improve the model are regarding 

improved characterisation flow resistances in the system to give better correlation to experimental 

work. 

TMES has the functionally to provide both pre and post engine test conditioning. The conditioning 

feature was tested on both a high temperature heat-soaked engine and a cold engine. These tests 

proved that experimental programmes which require low temperature starting conditions can see 

a large reduction in programme length due to the reduced test turnaround time when cooling the 

engine after hot test. If the automated pre/post conditioning feature is fully utilised a facility could 

see a 6-fold increase in productivity of this kind of testing when compared to natural cooling.  

Finally, the author has proven that inexpensive, “off the shelf” components can be used to develop 

a control system for a complex automotive test rig. The popularity of these “off the shelf” 

components for hobbyist and control enthusiast has meant that the software tools used in this 

project have the functionality to integrate directly with these inexpensive control components. The 

integration is highly effective and enables a great deal of flexibly and ease of deployment. The price 

of the physical components of the controller developed for this project is incredibly low when 

compared to the price of a typical automotive rapid prototyping control box. Of course, these more 

expensive controllers have benefits which are discussed; however, in terms of proving a control 

concept and implementing it on physical hardware they offer comparatively little, providing the 

user has a base understanding of control hardware requirements.  
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Notation and Abbreviations 
 

Abbreviations 

TMES   Thermal Management Emulation System 

ICE    Internal Combustion Engine 

OEM   Original Equipment Manufacturer 

MiL    Model in the Loop 

SiL    Software in the Loop 

HiL    Hardware in the Loop 

HTC   Heat Transfer Coefficient  

PID   Proportional Integral Differential  

FTP   Federal Test Procedure 

RDE   Real Driving Emissions 

WLTC   World harmonized Light vehicle Test Cycle 

NEDC   New European Drive Cycle 

ZN   Ziegler Nichols 

GAN   Generative Adversarial Network 

PHEV   Plug-in Hybrid Electric Vehicle 

CAN   Control Area Network 

1D   One Dimensional 

3D   Three Dimensional 

DOE   Design of Experiments 

SI   Spark Ignited 

CAD   Computer Aided Design 

RPM   Revolutions Per Minute 



vii 
 

PWM   Pulse Width Modulation 

RAM   Random Access Memory 

SPI    Serial Peripheral Interface 

PC   Personal Computer 

ECU   Engine Control Unit 

BMEP   Brake Mean Effective Pressure 

RMSE   Root Mean Squared Error 

S.F   Significant Figure 

I/O   Input / Output 

D.P   Decimal Place 

CFD   Computational Fluid Dynamics 

 

Notations 

Nu    Nusselt Number 

Nufd    Nusselt Number for Fully Developed Flow 

Re    Reynolds Number 

Pr    Prandtl Number 

C, m, n    Correlation Constants (W) 

Ue,l    Overall Heat Transfer 

H    Heat Transfer Coefficient (W/m2K) 

Tw   Wall Thickness (m) 

k   Thermal Conductivity (W/mK) 

d    Diameter of Tube (m) 

x0   Boundary Layer to Thermal Boundary Layer Distance (m) 

Dh   Hydraulic Diameter 
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μ   Viscosity (Pa s) 

ε   Surface Roughness Factor (Twice Ra) 

Ra   Arithmetic Average of Surface Height (μm) 

L   Delay Time (s) for Ziegler Nichols Control Tuning  

T   Rise Time (s) for Ziegler Nichols Control Tuning 

Pb   Brake Power (kW) 

Q̇cool   Coolant Heating (kW) 

Ḣe,ic   Incomplete Combustion Energy (kW) 

Ḣe   Exhaust Heat Loss (kW) 

V   Voltage, electrical potential difference measurement unit 

μF   Micro Farad, capacitance measurement unit  

mA   Milliamp, current measurement unit 

°C   Degrees Celsius, temperature measurement unit 

m   Meter, distance measurement  

kW   kiloWatts, power measurement unit 

kPa   kilopascal, pressure measurement unit 

Nm   Newton Metre, torque measurement unit 

g   Grams, weight measurement unit 

Ts   Temperature at surface  
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Chapter 1: Introduction 

1.1 Research Background and Motivation 

Internal Combustion Engine (ICE) exhaust emissions from passenger vehicles are a major source of 

environmental pollution accounting for 60.7% of CO2 emissions in Europe (European Parliament, 

2019) and therefore are a contributing factor to global climate change. The resultant political and 

societal pressure on governments and commissions to set more stringent emissions targets 

continues to provide a huge challenge for passenger vehicle manufacturers to reduce fuel 

consumption and pollutant emissions, while still improving the consumer driving experience. 

Battery Electric Vehicles (BEV) are seen by many as the solution to this issue, and while they do 

reduce emissions locally around where the vehicle is used, there remains issues in the generation 

of clean electricity and how the vehicles are recycled at the end of life. As a result, electric vehicles 

though becoming an increasingly popular consumer choice remain an emerging technology, this is 

largely due to their price, customer uncertainty upon range, and charging infrastructure (Melliger, 

et al., 2018). Due to these factors, it is widely acknowledged that the ICE will remain an important 

component within passenger vehicles and will play a major role in future personal mobility with 

them representing a large proportion of the market share for the next 10-20 years. 

It is well documented thermal state of the ICE has a large impact on the exhaust gas emissions and 

fuel economy performance (Burke & Brace, 2010).  In more detail the reasons to optimise the 

engine thermal system are in two major ways. Firstly, shown below is a typical gasoline engine 

warm-up trace from the WLTP (World Harmonised Light Vehicle Test Procedure) European 

legislative drive cycle which represents a realistic duty cycle for passenger vehicles. The trace shows 

the relationship between cycle time and engine thermal state. The engine in this case is in a fully 

Figure 1 : Engine Coolant Temperature over a 23degC WLTP Cycle (Yuan, et al., 2020). Republished with permission of 
SAE International from Numerical Investigation of Heat Retention and Warm-Up with Thermal Encapsulation of 
Powertrain, Price, Christopher, Yuan, Ruoyang, 2020-01-0158, 2020; permission conveyed through Copyright 
Clearance Center, Inc 
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warm state approximately 1400 seconds into the cycle. Demonstrating that the ICE operates in sub 

optimal thermal conditions for a large proportion of this realistic duty cycle. 

The relationship between thermal state and emissions performance is well documented. DiPierro, 

et al., (2019)  demonstrated the effect of operating at a sub optimal thermal state by analysing the 

emissions performance of a spark ignited engine over legislative drive cycles when starting from 

hot versus starting from cold. The results showed that a cold start increased in CO2 emissions of 5% 

compared to hot start over the WLTP cycle (a 9.5% increase was measured over the NEDC cycle). 

This improvement is due to multiple factors, one being the improved frictional properties of the 

engine oil as it warms reducing viscous drag within the engine, engine friction can be as much as 

2.5 times high at cold start than when warm (Will & Boretti, 2011); another being the improved 

combustion fuel/air mixture properties at warmer temperatures which reduces fuel impingent on 

cold surfaces (in-cylinder liquid film) therefore improving combustion efficiency (Oh & Cheng, 

2017). Therefore, if a reduction of this warm-up period is possible a reduction of overall cycle 

emissions will be achieved. To reduce this period there has been an increase in the automation of 

the engine thermal system with electronic control of valves and pumps which enables better heat 

management to improve cold start performance.  

The warm-up trace shown in Figure 1 is of a conventional passenger vehicle powertrain 

configuration where combustion of fuel is the sole energy source. However, use of electrical 

machines to supplement the power generated by the internal combustion engines is becoming 

more prevalent in the last ten years in the form of Hybrid Electric Vehicles (HEV).  It is forecasted 

that by 2030 HEV’s will become dominant in the passenger vehicle market with 74% of the market, 

with pure ICE powertrain dropping to 6% of the market share, this study by Wittler & Wiartalla  

(2016)  also predicts that BEV’s will be 20% by 2030 (this study exclude fuel cell and other alternative 

configurations). 

These hybrid powertrains deploy electrical power through a motor in conjunction with the ICE or 

use electric power as primary mover at low vehicle speeds. The result is a change in the typical ICE 

duty cycle where the ICE does not have the requirement to be active/running continuously. This 

set-up is particularly suited to continual start-stop urban driving as it reduces the time spent with 

the ICE running in these low-speed, low load environments, therefore reducing the local level of 

pollution. However, this state of ICE inactivity does provide a further challenge in thermal 

management. The reduction in engine on time can prevent the ICE for reaching its optimal 

temperature conditions and the resultant periods where the ICE is off can result in the ICE cooling 

down, this is especially the case when the vehicle is moving. Therefore, thermal management and 
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strategy development in a HEV configuration is key. Leading global vehicle manufactures such as 

Toyota have focused on new technologies to reduce the impact of sub optimal thermal conditions 

as presented in work by Okamoto, et al., (2019) for Toyota on hybrid thermal management, which 

included a wide range of new technologies from exhaust heat recovery systems devices to heat 

pumps applied to a HEV. 

The second major way ICE emissions and performance is affected by its thermal state is related to 

combustion performance. Due to the widespread introduction of turbocharging and gasoline direct 

injection vehicle manufacturers (Original Equipment Manufacturers (OEMs)) have been able to 

reduce the displacement (cylinder capacity) of their engines while maintaining the same power 

output. This saves weight, space and can also improve the emission performance by load shifting 

to improved efficiency operating areas. However, this push for greater specific output has also put 

added strain on the combustion performance.  

The pre-ignition/auto-ignition phenomenon known commonly as knock occurs when the 

combustible mixture inside the combustion chamber is ignited prior to the spark event. If 

uncontrolled this can lead to reduced engine durability and ultimately engine failure. The efficiency 

of an ICE engine is proportional to the ratio at which the charge air is compressed (compression 

ratio) (Heywood, 1988). Increasing compression increases both the temperature and pressure 

inside the combustion chamber before spark timing which can lead to knock. The challenge is 

balancing these conditions to achieve optimal ignition timing. Thermal management is key here, 

combustion chamber wall temperatures can be managed though precise control of coolant flow 

and temperature through cylinder head and block passageways. This can reduce these chamber 

wall temperatures aiding in the suppression knock conditions (Cho, et al., 2021). This allows for 

increased compression ratios and more aggressive spark timing leading to improved fuel efficiency. 

Traditional methods to cool the temperature of the combustion mix is to use additional liquid fuel 

to cool the mixture, this is known as enrichment. Enrichment of the mixture sacrifices fuel economy 

and emissions performance and as legislative targets become tighter these traditional methods can 

no longer be used. Hence there has been increased focus on combustion chamber thermal 

management in recent years. 

The challenge for engineers in this case is the development and refinement of thermal technologies 

which deliver on both warm-up and efficiency. These technologies commonly bring more control 

to the systems such as electric water pumps (DiPierro, et al., 2019) or electronic thermal 

management modules (Cormerais, et al., 2014). However, they often require model-based control 

strategies which require lengthy physical hardware testing to prove the operation of these systems. 
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The typical engine test environment does not represent these actual vehicle operational conditions, 

this is especially true with the cooling system which can result in further tuning or optimisation 

once in a vehicle environment. Engine test cooling systems are usually specified with a conservative 

safety factor above maximum engine heat rejection. The resultant heat exchangers have greater 

fluid volumes and larger material mass creating an engine test environment which is 

unrepresentative of actual vehicle conditions. Therefore, conclusions drawn in this sub-optimal test 

environments may produce results which are vastly different when compared to vehicle testing in 

real world conditions.  

All the factors presented above leads drives the need to improve facilities to enable greater 

flexibility in the test environment which will open up new areas of research and development in 

the internal combustion engine engineering field.   
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1.2 Aims and Objectives 

 

1.2.1 Aims 

The primary aim of this thesis is to design, develop and implement an electronic control module for 

a complex engine thermal system test rig (Thermal Management Emulation System, TMES). This 

includes the specification and build of the electronic hardware to actuate and communicate with 

the controllable systems. The determination of a suitable communication protocol to enable data 

between systems to be transferred quickly and effectively. The design of the control logic for each 

individual control strategy to utilise the full functionality of the rig. Finally, this controller must be 

able to be easily operated by the end user. The project should utilise simulation tools where 

required to commission and test controller functionality prior to experimental testing. 

The TMES rig creates a more flexible test environment. This environment would allow engineers 

and researchers to test and develop systems with new rigor, while also maintaining the control and 

factor of safety that traditional engine test thermal systems offer. Therefore, the controller should 

offer a range of functions and be tuneable to suite each application.  

The COVID-19 pandemic had prevented the traditional approach to test apparatus control design 

and commissioning. Local on-site testing and commissioning is not possible during numerous lock 

downs. However, the advancement in thermal modelling in the last 10 years has enabled engineers 

to replicate the engine test environment virtually in simulation. The application of the same 

modelling technique can be applied to a complex thermal system, in this case the engine thermal 

management emulation system rig which enables a virtual approach to controls prove-out and 

commissioning.  

Shown below (Figure 2) is a basic schematic representation of the thermal system to be modelled 

and controlled. In list form it consists of four electronically controlled ball valves, two small 

displacement fixed speed electronically controlled water pumps, one large capacity variable speed 

electronic water pump, a 196L twin skinned stainless-steel tank and an internal combustion engine. 

The rig design in terms of the physical construction is background to this project. The thesis is 

focussed on the controllable systems included in the assembly. 
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The ideal output of this project is to develop and system which enables a flexible test environment 

which enables greater control of thermal state and the engine overall thermal system. This would 

have numerous benefits for the automotive researcher or automotive manufacturer. Shown below 

are a range of test which could be enabled if the TMES rig is utilised in the engine test environment: 

• Custom water pump testing, by disabling the OEM engine water pump and using only the 

rigs controllable water pump different engine pump curves can be implemented, 

investigating the effect of this on warm-up and combustion performance. Different pump 

strategies could also be employed for example switching the water pump off until a set 

coolant temperature or mapping pump speed to an engine duty indicating parameter such 

as mass air flow. 

• By utilising the thermal mass of the tank, it would be possible to keep the engine coolant 

temperature at a much lower temperature then that would be possible by utilising just an 

engine heat exchanger. Therefore, it would be possible to run in extended periods of time 

in cold conditions, this helps during engine calibration exercises such as cold start spark 

retard optimisation. 

• Assess the effect of starting temperature on drive cycle emissions and fuel economy 

through the pre-condition function. If this would be utilised with the post conditioning 

function it would be possible rapidly turn around tests enabling the investigation length to 

be massively reduced. 

• Enhanced drive cycle warm-up, by holding the tank at a higher temperature than the engine 

this hot coolant could be exchanged in a controlled manner to enhance engine warm-up. 

This would help provide information on how systems such as exhaust heat recovery devices 

Figure 2 : Engine Thermal System Emulation Test Rig 
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would affect warm-up performance. Also, as it is common for modern gasoline engines to 

include an oil to coolant heat exchanger in the engine lubrication circuit, this mode would 

alter the warm-up of engine oil to build an understanding of how hot engine coolant effects 

lubricating oil warm-up performance. 

• Creating a vehicle heat exchanger model to simulate the vehicle system inertia and heat 

rejection properties based upon a determined vehicle speed over a drive cycle. Using the 

TMES rig’s series of valves and held bulk coolant to flow provide representative thermal 

inertias and heat rejection properties of vehicle radiators. 

 

1.2.2 Objectives 

 

To enable the future research and benefits of the TMES rig detailed previously, a set of objectives 

for this project have been set: 

1. Conduct a literature survey into the techniques used for thermal modelling of automotive 

test and development system. Asses the methodologies and implementation of in the loop 

systems and their implementation and review established techniques of control and 

optimisation of systems. Build an understanding of the future automotive engine testing 

landscape.  

 

2. Create a thermal model that will adequality represent the systems in play i.e., engine and 

TMES rig. 

 

3. Develop a control system which will enable the test engineer to utilise the TMES rig to 

perform the following: 

a. Maintain a target engine out coolant temperature. 

b. Autonomous Pre-test fluid conditioning programme. 

c. Autonomous Post-test fluid conditioning programme. 

 

4. Couple the control strategy and thermal model to virtually commission and tune the 

controller. 

 

5. Develop and manufacture a control module that can implement the virtual control strategy 

in a physical test environment. 
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6. Implement the control strategy in experimental test facilities on hardware in the engine 

test environment and assess the virtual commissioning process. 
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1.3 Summary of Chapters 

This thesis contains the following chapters: 

• Chapter 1 contains and introduction to this project, the motivation behind the thesis and 

the main aims and objective of the work. It also contains a summary of the thesis chapter 

content. 

 

• Chapter 2 introduces and reviews several engine thermal modelling techniques which have 

been developed to improve the design process of both engines and their peripheral support 

systems. The chapter discusses the control methods commonly used in the automotive field 

along with a review of common automotive control development practices. It also discusses 

the automotive engine testing landscape with a view to understand how testing practises 

are changing with increased focus on real world conditions. Fulfilling objective 1 of this 

project. 

 

• Chapter 3 describes the methods used to develop the thermal model of the TMES rig and 

the ICE. It discusses the heat transfer models used and the method used to calculate the 

thermal coefficients to enable a representative model of the thermal system. It presents 

the control model which is coupled to the thermal model to perform the virtual 

commissioning and tunning of the TMES rig. Finally, the work to develop the controller 

using the virtual models to optimise the calibratables within the controller is presented. 

This is the most significant chapter in terms of achieving all or part of multiple objectives of 

the project namely, objectives 2, 3 and 4.  

 

• Chapter 4 breaks down the TMES rig into individual hardware components and discusses 

the choices behind these components. It also lays out the development of the electronic 

control module both in terms of physical electronic hardware and the communication 

protocols used. This chapter also presents the operational modes of the rig in a range of 

operating scenarios. The description of the build and development of the physical 

controller presented in this chapter fulfils objective 5 of this project. 

 

• Chapter 5 describes the experimental facilities used within the test facility at the University 

of Bath. The experimental work all been conducted in the field of engine test, meaning that 

this chapter details the test engine set-up, including dynamometer and sensor set-up as 

well as the data acquisition systems used.  A brief overview of the experimental programme 
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is also given. The detail given in this chapter enables the experimental results to be 

gathered therefore enabling objective 6 to be performed  

 

• Chapter 6 presents the experimental data collected and the analysis of the test results with 

regards to the performance of the TMES rig system. The rig is assessed in both transient 

and in steady state conditions. This chapter also presents an overview of the success of the 

virtual commissioning process in terms of the accuracy of the TMES model when compared 

to experimental data. This fulfils objective 6 of this project. 

 

• Chapter 7 concludes the thesis where the aims and objective of the project are compared 

to the outcomes from both the experimental and modelling stages of the project. This 

chapter also introduces some recommendations for future work, in terms of both 

improvements to the rig and its controller and to future experimental work to fully explore 

the flexibility in thermal testing that the TMES rig offers. 
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Chapter 2: Literature Review 

To model systems accurately an understanding of the sub-systems and their interactions, their 

importance and magnitude, and their complexity is key. A goal of this project is to demonstrate that 

is it possible to implement a control strategy for a complex system virtually first prior to any 

hardware testing. For this to be successful an awareness of the systems in question is required, the 

purpose of this section is to build knowledge in the systems in play and to understand the current 

state of the art in terms of virtual controls and modelling development. 

Therefore, this section will be split into 3 parts: 

Automotive Engines Thermal System and Modelling Theory: How to best represent the ICE thermal 

system, with emphasis on how this in can be achieved with minimal resource usage.  

Duty Cycles and Control Methods: In this section the duty cycle which would be typical in a test 

environment is laid out as the controller design will in part be dependent on its duty cycle. Common 

methods of control are also examined with the aim of building a clear picture of what control 

methods should be used in this application and why. The methods commonly used to optimise 

these controllers are also reviewed.  

In-the-Loop Testing Mil: MiL (Model in the Loop), SiL (Software in the Loop) and HiL (Hardware in 

the Loop) testing will enable the project to run more smoothly between the virtual environment 

and the physical one. In this section commonly used tools and methods are reviewed and assessed, 

conclusions are drawn on how these systems/methods could be applied to this project. 
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2.1 Automotive Engines Thermal System and Modelling Theory  

 

Depending on the required simulation accuracy and resources available thermal modelling can 

range from simplistic calculations in zero-dimensions to complex dynamic three-dimensional 

computational models. All methods have their relative benefits with their commonality being in the 

understanding of system operation and interactions at a sublevel. Therefore, to model a system it 

is necessary to first understand the hardware that is to be represented, this enables a clear 

understanding of assumptions and limitations of the modelled system. 

Based upon previous work and available literature, models of heat transfer and key thermal 

modelling constraints for internal combustion engines are discussed and assessed here to develop 

an understanding of the direction for this body of work.  

Figure 3 below shows a simplified cooling system schematic for a modern downsized three-cylinder 

gasoline internal combustion engine. This represents a typical premium small gasoline engine and 

will act as the base engine for this body of work.  

 

Figure 3 : Typical Three Cylinder Gasoline Engine Cooling Schematic 

  



13 
 

Given that a main aim of this project is to develop a system which can manage the thermal state of 

an engine, literature on the current technologies used to manage this system are discussed and 

assessed below. 

The thermostat is a device used to govern the temperature of the coolant flowing through the 

engine, therefore maintaining the engine in a stable thermal state. Thermostats also aid in engine 

warm-up as they isolate the vehicle radiator from the engine until a set temperature is reached, 

reducing the volume of coolant flowing through the engine, reducing the thermal inertia of the 

system; it also prevents the vehicle radiator cooling the coolant during this warm-up period. This 

component of the wider engine coolant assembly is one of key importance for this project due to 

its control objective. The TMES system will effectively operate as the thermostat during fired engine 

testing as the engine will have the thermostat deactivated or removed. Therefore, a base 

understanding of the operational characteristics of this part aids in the specification of the base 

control accuracy and performance of the TMES rig. An ICE thermostat is generally a phase change 

device, where the opening of the valve is based upon the phase change of the wax element inside, 

changing from solid to a liquid form causing a volume expansion pushing a poppet valve down and 

compressing a return spring to allow coolant through a passage (through to the vehicle radiator). A 

sectional view of a thermostat with a bypass, cabin heater core and radiator branches are shown 

below (Figure 3 (Srinivasan, et al., 2017)). As the opening is governed by the wax phase change 

temperature, this analogue system can be modified with a heating element, this allows the heating 

of the wax to be governed by the engine ECU allowing the engineer some control. In some 

applications thermostats have been replaced by electronic valves which have seen significant 

interest recently (Wilson, et al., 2020), however the thermostat is by far the most used device to 

control engine coolant temperature.   

Figure 4: Section view through a wax-thermostat (Srinivasan, et al., 2017). Republished with permission of SAE 
International from Modeling of Phase Change within a Wax Element Thermostat Embedded in an Automotive Cooling 
System, Srinivasan, Chiranth, 2017-01-0131, 2017; permission conveyed through Copyright Clearance Center, Inc. 
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The effects of thermal state and fuel consumption and emissions performance are well documented 

(Burke & Brace, 2010), (Saab, et al., 2013) and because of this the performance of thermostat and 

control of engine outlet temperatures have been under greater focus in the last decade. Figure 5 

below is a data set of typical coolant warm-up traces for an engine held at steady state at different 

engine speeds and load for 900s from cold, this application uses a thermostat which opens at 83°C. 

From Figure 5 it can be noted that control of the engine outlet conditions varies considerably 

regardless of engine duty with a swing of 16°C (Ghasemi, et al., 2021). Further to this study, 

Bakatwar, et al. (2018) concluded that a wax thermostat has a control band of 11°C around target 

over a transient drive cycle. This due to the hysteresis in the phase change of the wax element as it 

takes time for the wax to change from solid to and liquid. 

Improvement in coolant temperature control comes in the form of electrically control valves, which 

eliminates this phase change hysteresis. These valves which operate from a temperature sensor 

within the engine that can react much quicker than the traditional wax thermostat. This fast-

reacting operation results in better control of coolant conditions, Lee, et al. (2017)  showed that an 

electronic coolant control valve can contain outlet coolant temperature fluctuations to 3°C about 

target on a highway style driving test cycle. This therefore should be the maximum control target 

error for the TMES system. 

Figure 5 : Engine Warm-up – Thermostat Control Window (Ghasemi, et al., 2021). Republished with permission 
of Springer Nature BV, from Experimental Analysis and Evaluation of Thermostat Effects on Engine Cooling 
System, Ghasemi Zavaragh, Hadi; Kaleli, Alirıza; Solmuş, İsmail; Afshari, Faraz, 30, 2021 permission conveyed 
through Copyright Clearance Center, Inc. 
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2.1.1 Engine: Cylinder Head and Cylinder Block Heat Transfer 

 

To understand the rate in which an ICE will generate heat and therefore the methods required to 

model this thermal system, a base understanding of the thermodynamic system is necessary. An 

ICE is a thermodynamic machine with converts heat into useful work. The amount of heat that can 

be converted into useful work (brake torque) by the engine is governed by the second law of 

thermodynamics meaning that the remaining heat energy that isn’t converted will be lost to the 

environment. The overall efficiency of the engine is derived by applying the first law of 

thermodynamics and in a simple form the first law energy balance is given below. Where in steady 

state the sum of the energy out, work and heat (brake work, coolant heat and misc. heat loss, 

friction etc.) must equal the difference in enthalpy of the reactants (air and fuel) and products 

(exhaust gas) (Smith, et al., 2009). 

(
𝑑𝑊

𝑑𝑡
)

𝑏𝑟𝑎𝑘𝑒
+  (

𝑑𝑄

𝑑𝑡
)

𝑐𝑜𝑜𝑙𝑎𝑛𝑡 
+ (

𝑑𝑄

𝑑𝑡
)

𝑚𝑖𝑠𝑐

=  (
𝑑𝑚

𝑑𝑡
)

𝑓𝑢𝑒𝑙
𝑆𝑝𝑒𝑐. 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦𝑓𝑢𝑒𝑙 +  (

𝑑𝑚

𝑑𝑡
)

𝑎𝑖𝑟
𝑆𝑝𝑒𝑐. 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦𝑎𝑖𝑟

−  ((
𝑑𝑚

𝑑𝑡
)

𝑓𝑢𝑒𝑙
+  (

𝑑𝑚

𝑑𝑡
)

𝑎𝑖𝑟
) 𝑆𝑝𝑒𝑐. 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦𝑒𝑥ℎ𝑎𝑢𝑠𝑡 𝑔𝑎𝑠 

Equation 1 

The magnitude and local proportionality of these losses will vary with engine operating conditions. 

The calculation of the loss and useful work fractions is referred to as “Heat Balance Analysis”. This 

is a well-established technique for expressing where the thermodynamic losses occur in the 

conversion of fuel to useful work when applied to an ICE, with the practise of heat balance analysis 

being carried out for decades (Smith, et al., 2009). In relation to this thesis the interest is in this 

fraction of combustion heat loss into coolant, this fraction will be what governs the TMES’s 

operation as the system will target a desired engine thermal state through conditioning engine 

coolant. 

In the case of this application an understanding of an appropriate method to model how this loss 

fraction is dissipated into the coolant passageways of the head and block is required. The accurate 

representation of the rate of heat loss and the thermal inertia of the components when subjected 

to transient changes in heat loading will create an effective model environment to virtually optimise 

the control of the TMES rig.  
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Thermally the head and block represent the combustion chamber walls, this is where hot 

combustion gases contact the metallic surfaces (gas to wall heat transfer). To ensure sufficient 

cooling of these metallic surfaces and components, coolant passageways are positioned on the 

other side of these walls where practically possible (factoring packaging and manufacturing 

constraints). Coolant passage volumes in the block are greater than that found in the head, this is 

due to the packing constrains in the head to house spark plugs, injectors and valvetrain 

components. However, resent advances in cylinder head design and the use of turbochargers have 

resulted in the widespread introduction of integrated exhaust manifolds in the head, where coolant 

passageways are wrapped around exhaust ports to reduce gas temperatures; this greatly increases 

the amount of heat transfer present in the cylinder head.  

In simple terms, the source of heat into coolant occurs through the following heat transfer 

phenomena. Heat transfer from combustion gases through combustion chamber walls (convective 

and radiative), wall to wall (conductance and contact resistance) and wall to fluid (convection) 

(Fonseca, et al., 2019). These occur at different rates depending on the engine duty, location, and 

material.  

This work is focussed on efficiency of modelling; the model built needs to enable fast results that 

can be used for iterative tuning of controllables and give a fair and reasonable representation on 

how an engines thermal state would react to the test rig. The literature reviewed is therefore 

focussed on detailing the effectiveness of more simplistic modelling tools which would give time-

averaged values, as combustion event modelling is not within the scope of this project.  Therefore, 

simplistically heat rejection into coolant from combustion exhaust gas can be shown in the form of 

the graphical representation shown below (Figure 6). 

Figure 6 : Heat Transfer from Exhaust Gas to Coolant (Cartwright , et al., 2015). Republished with permission 
of SAE International, from Heat Rejection and Skin Temperatures of an Externally Cooled Exhaust Manifold, 

Cartwright, Justin, 2015-01-1736, 2015; permission conveyed through Copyright Clearance Center, Inc. 
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Taking the forward the notation from Figure 3 above both he and hl (convective heat transfer 

coefficients for exhaust gas (e) and engine coolant (l)) should be determined. The Nusselt number 

(Nu) is the ratio between convective heat transfer and conductive heat transfer. This therefore 

enables the determination of the convective heat transfer coefficient by utilising the geometric 

properties of the case, characteristic length (L)(diameter of tube/bore/port etc.) and the thermal 

conductivity of the fluid (k) in the form of Equation 2 below. 

    

ℎ =  
𝑘

𝐿
 𝑁𝑢 

Equation 2 

 

To determine of the gas side time averaged heat transfer coefficient Malchow, et al. (1979) 

developed a correlation for steady state time averaged combustion exhaust gas heat transfer. This 

work demonstrated that heat transfer from gases to the surrounding exhaust wall could be 

correlated using the utilising the relationship between Reynolds (Re) and Nusselt number, which is 

in the form shown below Equation 3.  

𝑁𝑢 = 0.0483𝑅𝑒0.783 

Equation 3 

 

Further to this work the Bannister, et al., (2008) compiled a list of published correlation for the 

exhaust gas heat transfer coefficient which utilised, Reynolds number, Prandtl number (Pr) and fluid 

viscosity characteristics in the bulk fluid (μbulk ) and at the wall (μwall). In the form below (Equation 

4). 

𝑁𝑢 = 𝑐0𝑅𝑒𝑐1𝑃𝑟𝑐2 (
𝜇𝑏𝑢𝑙𝑘

𝜇𝑤𝑎𝑙𝑙
)

𝑐3

 

Equation 4 
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The tabulated list of correlations is shown below in Table 1, it was determined that compared to 

experimental results over an arbitrary drive cycle, these correlations underestimated heat transfer 

in the initial stages of the cycle and overestimated them towards the end. To improve these 

correlations the study looked at discretising an exhaust system into smaller sections and resolving 

heat transfer at each section by reverse calculating the Nusselt number using a PID to optimise 

constants c0 and c1   based upon experimental data at steady state in a simple Reynolds number 

relationship below (Equation 5). It was found that values for c0 ranged from 0.02 to 2.29 and c1 

ranging between 0.35 and 1.07, demonstrating the importance of adjusting base correlations 

depending on application and geometry. This study concluded that when the steady state Nusselt 

numbers were applied in on a drive cycle the model overestimated gas temperatures at the start 

of the cycle by 15% due this was suspected to be due to condensation/evaporation of water vapour 

within the exhaust after cold start. 

𝑁𝑢 = 𝑐0𝑅𝑒𝑐1 

Equation 5 

Table 1 : Exhaust Nusselt Number Heat Transfer Correlations 

Author C0 C1 C2 C3 

Sieder & Tate, (1936) 0.027 0.8 1/3 0.14 

Shayler, et al., (1995) - DOHC 0.26 0.6 0 0 

Shayler, et al., (1995) - Valencia 0.83 0.46 0 0 

Malchow, et al., (1979) 0.0483 0.783 0 0 

Wendland, (1993) 0.081 0.8 1/3 0.14 

 

The overall heat transfer for the diagram in Figure 6 is calculated by using Equation 6 (Rodgers & 

Mayhew, 1992) below, where the overall heat transfer of the component/area/section is given by 

Ue,l; he, hl, tw and k denote the exhaust gas heat transfer coefficient, coolant side heat transfer 

coefficient, wall thickness and wall thermal conductivity respectively. 

1

𝑈𝑒,𝑙
=  

1

ℎ𝑒
+

𝑡𝑤

𝑘𝑤
+

1

ℎ𝑙
 

Equation 6 

Where hl is equal to the heat transfer coefficient, k is the conductivity and d is the diameter of the 

tube. Once the individual heat transfer coefficients are calculated then the overall heat transfer can 

be obtained. 
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The discussion above so far covers commonly used correlation for gas side heat transfer, therefore 

determination of the heat transfer coefficient on the coolant side remains. Commonly used time 

averaged methods for establishing this heat transfer coefficient on this side is the Dittus Boelter 

correlation for heat transfer in circular tubes which can then be used in Nusselt number calculation. 

The correlation for this number is commonly used in the form of a Reynolds and Prandtl number 

correlation known as the Dittus Boelter correlation (Dittus & Boelter, 1930) as used  in studies 

Cartwright, et al., (2015) , Torregrosa, et al., (2011) on engine coolant side heat transfer coefficient. 

𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟0.4 

Equation 7 

However, it is well documented that the above simple heat transfer correlation under predicts the 

heat transfer coefficient when applied to Internal combustion engines. These are factors such as: 

• Changes in fluid velocity as it travels through a system 

• Areas of the system where no heating occurs 

• Roughness of the surfaces in contact with coolant 

• Changes in fluid properties with temperature. 

Accounting for this, numerous correction factors are multiplied to the initial Dittus-Boelter 

Correlation to improve it empirical accuracy. Shown below are the important considerations when 

modelling heat transfer mechanisms in a forced convection environment as discussed, developed, 

and reviewed at depth in work by Robinson (Robinson, et al., 2003): 

Entrance Factor 

When fluid enters a duct its velocity profile changes rapidly with the length travelled down from 

the entrance. The Dittus-BoeIter correlation is based upon fully developed flow which occurs once 

the velocity profile is steady. For this application, the complex variations in the internal water jacket 

geometry act to both generate turbulence, effect the fluid dynamic entry region, and have a 

significant effect on the fluid dynamic boundary layer, effecting both the thickness and velocity 

distribution. These entrance effects result in shorter mixing lengths in comparison to laminar flow 

due to turbulence. Heat transfer in this entrance region is enhanced as the boundary layer is not 

fully developed and is therefore thinner, this is described as the entrance factor. This was 

characterised and validated experimentally in work by Molki and Sparrow (Molki & Sparrow, 

1986)to take the form of Equation 8 below: 
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𝐸𝑛𝑡𝑟𝑎𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑁𝑢

𝑁𝑢𝑓𝑑
= 1 + 23.99𝑅𝑒−0.23 (

𝑥

𝐷ℎ
)

𝑛

 

Equation 8 

Where n=2.08x10-6 Re-0.23-0.815, Nu is the local Nusselt number at a distance x and Nufd is the 

Nusselt number for fully developed flow. The equation gives a relative factor based upon the 

difference between the Nusselt numbers relative to the length at which the flow is fully developed. 

Unheated Starting Length 

 

Internal combustion engines do not have uniform metal temperatures. The rate of heat transfer is 

highly dependent on heat release in the cylinder and the operational point of the thermodynamic 

cycle. In areas that have high heat flux such as upper section of the cylinder liner water jacket, the 

exhaust valve bridge, and the IEM. Fluid developed thermal boundary layer will be altered as the 

fluid comes in contact with hotter surfaces, this will give rise an increased heat transfer coefficient 

relative to the developed flow at the fluid velocity dynamic boundary layer. 

Robinson, et al.(2003) uses a relationship describing the development of the thermal boundary 

layer relative to the velocity boundary layer for turbulent flow that was initially developed for use 

in over flat plates due to a lack of literature on duct or tube starting length correlation. 

However, in general and in the aforementioned case (Robinson, et al., 2003) the local internal 

geometry of an in locations where combustion heat input into coolant occurs is generally from one 

side of the jacket and heat transfer between mediums can be analysed individually as in Figure 6. 

Therefore, the flat plate turbulent heat transfer relationship as described (Robinson, et al., 2003) 

can be used in the form below, Equation 9. 

𝑈𝑛ℎ𝑒𝑎𝑡𝑒𝑑 𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝐿𝑒𝑛𝑔𝑡ℎ 𝐹𝑎𝑐𝑡𝑜𝑟 =  𝑁𝑢𝑥 =  
𝑁𝑢𝑥=0

[1 − (𝑥0 𝑥⁄ )9 10⁄ ]1/9
 

Equation 9 

Where x0 represents the distance between the start of the boundary layer and the start of the 

thermal boundary layer. 
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Surface Roughness 

 

The Dittus-Boelter correlation applies to only smooth surfaces however, engine cast surfaces are 

rarely smooth. Internal engine surfaces which interact with the cooling fluid medium are primarily 

cast, giving typical roughness of 13-14μm Ra , typical machined surfaces on aluminium cylinder block 

are 25μm Ra (KS Aluminium Technologies, 2006) (average roughness height relative to mean level) 

external parts such as EPDM (Ethylene Propylene Diene Monomer) coolant hoses and the main 

radiator / cabin heater (rolled aluminium tubes) will again differ. Surface roughness has a strong 

impact on turbulence increasing the heat transfer rate that is compounded by the increase in 

surface area due to the relative roughness. The Reynold-Colburn analogy between fluid friction and 

heat transfer used in to model convective heat transfer in the engine circuit (Morel, et al., 1999). 

This analogy is commonly used as friction losses are easier to measure than heat transfer. Building 

upon that analogy the friction factor is frequently calculated using a curve-fitting method (Chen, 

1979) and utilised by Robinson, et al., (2003) as shown below in Equation 10. 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑅𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝐹 (
𝜀

𝐷ℎ

) = 0.091 (
𝜀

𝐷ℎ

)
−0.125

𝑅𝑒
0.363(

𝜀
𝐷ℎ

)
0.10

 

Equation 10 

Where F(ε/Dh) is the roughness enhancement factor based upon the ratio of surface roughness 

(ε=2Ra) to the hydraulic diameter Dh. 

Fluid Property variation with Temperature 

As mentioned high cyclic local heat flux is common in ICE cooling systems. Fluid which is closest to 

the local heat source (near-walled) are also the near edge of both the velocity and thermal 

boundary layer. Heat input has a strong effect on fluid viscosity; local heat input at the boundary 

layer will reduce viscosity leading to increased turbulence, a thinning of the fluid boundary layer 

and increase heat transfer. In this case (Robinson, et al., 2003) it was described as a correction 

factor based on work by Sieder and Tate (Sieder & Tate, 1936) as below, Equation 11. 

 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 =  (
𝜇𝑏𝑢𝑙𝑘

𝜇𝑤𝑎𝑙𝑙
)

0.14

 

Equation 11 

Where μbulk is the fluid viscosity in the bulk fluid and is based upon the bulk temperature and μwall is 

the fluid viscosity of the fluid at the wall is based upon the temperature at the wall. 
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These four correction factors Equation 8 to Equation 11 can be combined with the initial Dittus-

Boelter correlation to give a Nusselt Number which is corrected for the assumptions of the initial 

correlation. In the form below (Equation 12) and in formulaic form in Equation 13., both utilise 

Equation 4 to resolve the heat transfer coefficient. 

𝑁𝑢𝑠𝑠𝑒𝑙𝑡 𝑁𝑢𝑚𝑏𝑒𝑟

= (𝐷𝑖𝑡𝑡𝑢𝑠 − 𝐵𝑜𝑒𝑙𝑡𝑒𝑟 𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛) × (𝐸𝑛𝑡𝑟𝑎𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟)

× (𝑈𝑛ℎ𝑒𝑎𝑡𝑒𝑑 𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝐿𝑒𝑛𝑔𝑡ℎ 𝐹𝑎𝑐𝑡𝑜𝑟)  × (𝑅𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝐹𝑎𝑐𝑡𝑜𝑟)

× (𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟) 

Equation 12 

 

𝑁𝑢 = (0.023𝑅𝑒0.8𝑃𝑟0.4)
1 + 23.99𝑅𝑒−0.23 (

𝑥
𝐷ℎ

)
𝑛

[1 − (
𝑥0
𝑥 )

9
10

]

1
9

× [0.091 (
𝜀

𝐷ℎ
)

−0.125

𝑅𝑒0.363(𝜀/𝐷ℎ)
0.10

]

× (
𝜇𝑏𝑢𝑙𝑘

𝜇𝑤𝑎𝑙𝑙
)

0.14

 

Equation 13 

 

The aforementioned factors resulted in good correlation to experimental results when applied to a 

heavy-duty diesel engine operating at rated power. Heat transfer was measured experimentally 

using a traversing thermocouple embedded in the cast iron cylinder liner to give a temperature 

gradient across the component, this was coupled with the measurement of both bulk and wall/local 

coolant temperature to generate a heat transfer coefficient using the form below, Equation 14. 

𝐻 =  
𝑄

𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑏𝑢𝑙𝑘
 

Equation 14 

The experimental measurement of the heat transfer coefficient was 21% higher than that of the 

corrected Dittus-Boelter equation determining that there is still a relatively large underestimate of 

the heat transfer with this corrected method. However, when compared to the standard un-

modified Dittus-Boelter correlation for the calculation for the heat transfer coefficient the modified 

heat transfer coefficient was 30% greater than that of the standard Dittus Boelter. This 

demonstrates the validity of the correction factors and their significance thermally.  They allow 
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engineers to model thermal interactions to better enable the determination of critical aspects such 

as minimum coolant flow, material wall thicknesses and water jacket depth to ensure that the 

correct level of heat dissipation is maintained to keep materials within their operating limits. 

Without a deep understanding of the heat transfer process, it would be advantageous in terms of 

simplicity to take the standard Dittus-Boelter correlation without consequence, however if the 

accuracy of a thermal model is of any importance, then the modifying factors as described by 

Robinson, et al., (2003) needs to be considered. Considering the complexities of the calculation of 

correction factors such as the unheated starting length in complex geometries present in the block 

and head cooling system including the IEM, the use of hand calculations is not the most suitable 

application if individual local areas are to be modelled accurately.  

In the optimisation of thermal control strategies where the sub system to be optimised does not 

include the main heat transfer phenomenon occurring at the combustion chamber walls. Then 

simplicity is key to enable simulations to be iteratively performed in less time. Studies which focus 

on the optimisation or thermal subsystems and their control can rely on simplistic lumped mass 

models which are based upon heat transfer area, material specification and uniform wall 

temperatures. Cho, et al., (2007) found this approach resulted in a fast running model that was able 

to accuratley match experimental data over an FTP 74 drive cycle for V6 diesel engine which 

enabled the authors to optimse an electronically control thermal system. 

The factors described in this section will help inform the thermal characterisation process of the 

engine system. The goal of this piece of work to find an efficient and accurate representation of the 

thermal behaviour of an internal combustion engine when thermal inputs (coolant inlet conditions, 

engine loading) are changed. The effect of these inputs and subsequent changes to HTC are 

described and informed the author in the considerations to take in the engine modelling aspect of 

the project. 
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2.2 Duty Cycles and Control Methods  

2.2.1 Duty Cycles 

 

The controller should be suited to the typical test environment found in ICE research and 

development meaning that it should be able to operate in both steady state and in highly transient 

operational conditions. Steady state engine testing is still heavily relied on for base calibration 

exercises; however more dynamic transient testing has become more widespread as has the drive 

to understand emissions formation phenomenon during real driving conditions. This drive towards 

better understanding has gathered great momentum since the introduction of the Real Driving 

Emissions (RDE) process in the emissions certification procedure. Shown below (Figure 7) is a 

residency plot of an aggressive and gentle RDE cycle compared to the WLTC and the NEDC cycle, 

demonstrating the greater range in engine duty present in these new testing procedures.  

  

Figure 7 : NEDC, WLTC, Gentle and Aggressive RDE Cycle Residency Comparison (Roberts, et al., 2020). 
Republished with permission of SAE International from RDE Plus - A Road to Rig Development Methodology 

for Whole Vehicle RDE Compliance: Engine-in-the-Loop and Virtual Tools, Mason, Alex, Roberts, Philip, 
2020-01-2183, 2021 permission conveyed through Copyright Clearance Center, Inc. 
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The complexity in development of passenger vehicles has increased with this increased test and 

certification complexity. To reduce the development costs and time for new engine and vehicle 

programs “in-the-loop” testing is becoming more prevalent. Roberts, et al., (2020) presents a future 

method of automotive powertrain development in an Engine-in-the-Loop environment where RDE 

test profiles are virtually driven in a controlled engine test environment. These duty cycles were 

highly varied in both engine speed and load. Figure 8 below presents both a model run, and a test 

bed run RDE route, there are clear regions where the resultant engine speed (rpm) is highly 

transient and therefore representing a possible duty cycle where the TMES would operate. 

Therefore, for the TMES to be effective the control of the system must be capable in these highly 

transient duty cycles environments prevalent in today’s test environment 

 

  

Figure 8 : Virtually created RDE test cycles run in both a model and test bed configuration (Roberts, et al., 2020). 
Republished with permission of SAE International from RDE Plus - A Road to Rig Development Methodology for Whole 
Vehicle RDE Compliance: Engine-in-the-Loop and Virtual Tools, Mason, Alex, Roberts, Philip, 2020-01-2183, 2020; 
permission conveyed through Copyright Clearance Center, Inc. 
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2.2.2 Control Methods and Tuning  

 

The control of the rig systems covers a suite of 4 ball valves and 3 water pumps, a suitable control 

method which would provide adequate accuracy and response of these systems is needed. Control 

of electronic valves and electronic water pumps which regulate fluid flow through engines have 

become more prevalent in the last two decades due to the increased electrification of the control 

of powertrain thermal systems; with major OEMs and tier 1 suppliers such as Toyota (Matsuo, et 

al., 2016), BMW (BMW, 2011), Schaeffler (Tuncay & Weiß, 2018) introducing these electronic 

devices. 

The role of the main water pump in the TMES rig is to minimise any flow losses caused by the valving 

of the rig and to replace an engine water pump if the water pump is removed from the engine. 

Therefore, the implementation of electric engine water pumps is of key interest. Kokotovic & 

Buckman (2017) utilised a PI (Proportional Integral) controller in the objective of removing a 

mechanically coupled engine water pump and driving that pump with an electric motor with good 

results in a highly dynamic transient study. The electric motor shaft speed was therefore driven to 

a target a 1:1 ratio to engine speed. This study utilised a Sensitivity Background Filter which 

modelled the motors response gradient to enable better control integrated into the PI controller. 

A PI controller for an electronic water pump application was also used in a study by Choukroun & 

Chanfreau (2001), the basis of this controller was an engine speed and load cartography targeting 

an engine out temperature with feedback on temperature error; the pump electronic control of the 

brushless DC motor was via PWM (pulse width modulation). The same study implemented an 

electronic control valve using a PI controller again utilising a PWM controller but in this application 

on a stepper motor again targeting the error in temperature from the target as the feedback. The 

study found that over an NEDC test profile the electronic control actuators performed well with 

minimal errors and enables greater optimisation opportunities of the thermal system.  

Though PID control is used extensively there are methods which can help the reduce the effects of 

disturbance on the output of the controller. One widely used approach for this to implement a 

feedforward aspect to the controller. Feedforward control works in tandem to a feedback 

controller, through the intelligent use of the process information to create a process model. This 

model is used to compensate for changes in an independent variable before the process is seriously 

upset (Nandong, 2015). One drawback in the utilisation of feedforward control is that the resultant 

controller may not be fully realisable, as it requires identification of all disturbances and their 

measurement, it also requires the model of these disturbances to be accurately characterised, 

poorly characterised models can result in unexpected behaviours. 
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In a study into the implementation of an electronic water pump controller on a Diesel engine  

Lehner, et al., (2001) implemented a PID controller which utilised a feed forward processs when 

controlling the water pump to target an engine cylinder wall temperautre. It was found for this 

application to directly compute the feedforward for wall temperautre was impractical, therefore a 

correlation between fuel flow and desired coolant flow rate was estabilished to provide the 

feedforward aspect of coolant flow rate demand.  

Settings for P and I gain in the controllers give the engieer the ability to tune the response to error 

or changes in demand, Cortona & Onder (2000) utilised the Ziegler Nichols method for selecting a 

tuning the P and I gain values for an electronic engine water pump application. The Ziegler Nichols 

(ZN) Method (Ziegler & Nichols, 1942) is the most renowned method especially in terms of its 

system identification methods.  The methodlogy is spilt into two different methods, which are 

selected through the identifcation of the controller response. The ZN Frequency Response Method 

(ZN-Second Method) method uses the an incremental increase in proportional gain (P)  to drive the 

closed loop system into steady state oscillations. The period of this oscillation and the gain is then 

recorded and used to caluclate the terms for I and D. The ZN Step Response method uses an open 

loop system to characterise rate of change of the process output to a step change in input duty; the 

output response curve is then analysed in terms of delay and rate of change to generate PID 

contants.  

The Zeigler Nichols method has been in use for a long period of time and since its introduction the 

use of PID control has become incredibly wide spread, it is estimated that 97% of all controllers in 

industrial applications are PID based (Chen, 2006).  Therefore are numerous studies which have 

reviewed the robustness and performance of available PID tunning methods (Ho, et al., 1995), 

(Kristiansson & Lennartson, 2006), (Silva, et al., 2003). Silva, et al., (2003) notes that the Zigler 

Nichols (First Method) tuning method works well and gives good parametric stability when r for 0 

< τ < 1.07 and that derivative action gives significant improvement on performance if  0.1 < τ < 0.6. 

The term τ is given below by L/T where L is the delay time from response and T is the rise time to 

the inflection point, see Figure 9. 

 A basic description of the Ziegler Nichols Step Response (ZN-First Method) method is given in 

tabular form (see Table 2) using the same notation as Figure 9. This correlation or rule is based upon 

a response of an open loop system to a stepped demand change.  Figure 9 demonstrates how these 

parameters are extracted from a response curve. A tangent line is drawn over the point of the curve 

at which the gradient is greatest and where that line intercepts the maximum response line (K). 

This line is extended to the starting point line (the x-axis in the case below). The time between 
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where the tangent line meets the starting point line is referred to a L. The time between where the 

tangent line meets the K line and where the tangent line meets the startling point line is referred 

to as the constant T. 

Table 2 : Ziegler Nichols PID Tuning Gain Correlations (ZN-First Method) 

Controller Kp Ti Td 

P T/L   

PI 0.9T/L L/0.3  

PID 1.2T/L 2L 0.5L 

 

 

 

The use of the second rule (frequency response) is where the curve does not have a basic s-shaped 

response curve in open loop control. The second method is key to tuning closed loop systems where 

a more stable approach to tuning is needed, the characterisation of the system is also more 

simplistic when compared to the first method (Curamen, et al., 2012). Abidin, et al., (2016) found 

that the second method reduced improved the control response of the plant compared to manual 

tuning in all PID control aspects ( maximum over shoot, rise time and settling time), using the ZN 

method also decreased the time to find the optimal PID settings. Nikita & Chidambaram, (2016) 

found that the the second method can give oscillary responses if the system to be controlled is 

Figure 9 : S-Curve Control Response Curve (Sarkar, et al., 2018). Republished with permission of 
Springer from A comparative study of high performance robust PID controller for grid voltage control of 

islanded microgrid, Das, Sajal K.; Badal, Faisal R.; Sarkar, Subroto K., 2017; permission conveyed 
through Copyright Clearance Center, Inc. 
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unstable.  This is reiterated by Ellis (2012) where this method is noted as being too agresssive for 

some industral application, noting that the gains from the Zeigler Nichols method would be higher 

than that from other tunning methods, especially if the stabilty margin is an area of concern. The 

methodology to implement this second method is shown in the flow chart below (Figure 10).  

 

 

  

Figure 10 : Ziegler Nichols Second Method: Frequency Response Method (Ellis, 2012). 
Reprinted from Control System Design Guide, edition 4, George Ellis, 6.4.1.3 The Ziegler–
Nichols Method, pg97-119., Copyright (2012), with permission from Elsevier. 
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2.3 In-the-Loop Testing: Model-in-the-Loop (MiL), Software-in-the-Loop (SiL) and Hardware-

in-the-Loop (HiL) 

 

A popular approach to electronic control system design and development is to model systems and 

their interactions upfront prior to test through simulation and analysis. Using these system 

simulations of hardware interactions (thermal, chemical, physical etc.) it is possible to build and 

develop the control algorithms and strategies that interact with the simulation model to recreate 

the electronic control system virtually. A staged approach of bringing in more application relevant 

/real-world features to the model such as, fixed time-step, physical signals and hardware is the 

phased method, where models are tested, followed by software then hardware. In the automotive 

research field, the approach to use simulation tools and the phased “in-the-loop” processes 

accounts for approximately 50% of total testing time (Altinger, et al., 2014). 

In developing this TMES rig the project will go through three levels of development, Model-in-the-

Loop (MiL), Software-in-the-Loop (SiL) and Hardware-in-the-Loop (HiL). The basic process flow 

(right to left) illustrating the difference between each stage are shown below (Figure 11). 

 

 

Model in the Loop (MIL) is where testing is the most flexible.  If the problem modelled is too 

complex to be simplified at its early stage; MIL testing allows the process to be run at the host 

software time (i.e processor time) this can be many times faster than real world or much slower 

dependant on system model complexity, although MIL systems are best suited to the less 

calculation heavy simulations (Kubota, et al., 2018). Thermal systems are a good example of where 

Figure 11 : MiL, SiL and HiL Test and Development Process Stages (Nibert, et al., 2012) 
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MiL system testing can be advantageous in exploring the range and capability of a controller. A 

good example of this is work completed by Kubota, et al., (2018) which used a MiL simulation to 

optimise a cabin comfort / HVAC system in a passenger vehicle, using a more simplistic 

experimentally calibrated lumped mass models over a 3D CFD model of the vehicle cabin and 

occupant. Discrepancies between the lumped mass model and experimental were fully understood 

and justified along with the effect these would have when optimising the controller. The authors 

were able to iteratively tune the HVAC system at a rate that would be uneconomical using 

traditional techniques (3D CFD); optimising for energy efficiency and warm-up resulting in a 7% 

improvement in energy consumption.  

In MiL testing it is important to understand the required physical depth to meet the controllers 

need. Lomonaco, et al. (2007) details how for MIL testing  plant models of an internal combustion 

engine the depth and complexity of the model depends on the required output parameters and 

fidelity. The resultant model can therefore range from a full thermodynamic calculation base, 

where in-cylinder pressure and temperatures are required; to mean engine value models where 

flow and vibration due to combustion are not required but torque output is. In the most symplistic 

cases, models can be static maps which can be both based on experimental and simulation data, 

for example torque output for a given engine speed and throttle postion. The understanding of 

what is required of the plant model is key in MiL testing, this will be an important factor within this 

project. 

Software-in-the-Loop (SiL) is a simulation-based exercise. The system to be optimised is 

represented by a software representation of the physical entities (simulation) with the application 

control software integrated within the simulation (Parthasarathy, et al., 2020).  It enables the 

engineer to run models at the software processing time, this enables early error detection through 

reduced feedback in the software models and control strategies (Kaijser, et al., 2018). The full 

benefit of SiL testing is only found when synthetic signals and stimuli closely represent actual giving 

rise to realistic faults. The generation of stimuli which are both thorough enough and representative 

is challenging. Parthasarathy, et al. (2020) demonstrated a method to generate synthetic time 

series stimuli for SiL applications using an unsupervised machine learning Generative Adversarial 

Network (GAN) to generate stimuli based upon a large unlabelled sequence samples of recorded 

Volvo bus fleet data. This study found that the testers desire for structured stimuli aided in the GAN 

architecture in generating realistic stimuli when using of massive unlabelled data sets the enables 

greater potential in fault finding as stimuli are based upon a wider range of collect data.   
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The use of emissions drive cycles is common in SiL environments, it offers the ability to predict 

behaviour of systems when in legislative test conditions. It also has the benefit of already being 

presented as a time series stimulus and is easily replicated in real world. Moore and Marshall (2013) 

used both HiL and SiL to assess  the fuel economy of a pre-transmission parallel PHEV using in-

house, DSpace and Matlab Simulink models, the study found that CAN (Control Area Network) 

latency should be accounted for in SiL modelling; the frequency/baud rate of the vehicle CAN 

network (used in HiL) and the software latency (used in SiL) would result in discrepancy on state 

based control algorithms and in closed-loop control system. Signal latency between SiL and HiL 

stages were also noted in as an important consideration for fault and error detecting, latency in 

return signals (CAN-10ms,50ms)  and physical delays in actuators should be modelled as realistic 

delay blocks in the Simulink code to address latency issues when transferring between HiL and SiL 

(Manning, et al., 2013).  

Plant models can be modelled in 1D simulation programs such as GT suite (Papadimitriou, et al., 

2008),   (Lumpp, et al., 2014) allowing the SIL verification to occur prior to hardware testing data 

availability. 1-D simulation offers fast turnaround time in comparison to 3-D simulations, 3-D 

models generally are not able to run in real time. Papadimitriou, et al. (2008) looked to reduce the 

complete engine model into subsystems which then modelled the most complex area (fuel 

conversion to energy) using a neural network based upon training data form a large-scale DOE 

simulation of the complete 1D model. The study found that reduction of these plant models to real 

time models reduced simulation time by a factor of 150 approximately 2.5 times faster than real 

world cases this enabled a successful integration into a SiL and HiL applications.  

Hardware in the Loop (HiL) is the final stage in the prior to deployment to a full integration 

engineering test stage. The benefit that HIL testing offers is the coupling of real systems to physical 

models. The challenge of accurate prediction of the virtual system remains (Yong Lee, et al., 2018).  

Co-simulation remains common at this stage where physical models remain. HiL systems can be 

used to prove and validate prior SiL and MiL models, the time delay and functions required in SiL 

testing should be validated against some form of HiL testing if actual hardware testing is 

unavailable, using co-simulation and HiL data. Barasa, et al., (2016) demonstrated that once 

features such as time delay functions and signal filters are validated against HIL data, it is possible 

to utilise a Co-Simulation technique of coupling fast running engine and vehicle models from GT-

Suite with ECU and sensor models built in MatLab Simulink. Fixed time step to allows for real time 

simulation to be at the correct resolution to fit with the data that would be presented from the real 

world testing and this step should be fixed to a value based upon the experiment, discrete solvers 
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should also be used to prevent software such as Simulink from effecting the equation solving 

techniques (Patil, et al., 2012).  

Shown below (Table 3) is a complied list of applied MIL, SIL and HIL testing in automotive 

applications this table illustrates the breath of system applications, software packages used and the 

types of test/data source. Through the survey it is evident that Matlab Simulink is a key piece of 

software to enable any model-based testing, co-simulation for powertrain modelling is common 

with the use of 1D simulation programs such as GTSuite. HIL platforms and integration are 

dominated by DSpace hardware such as the MicroAutobox for control implementation and Scalexio 

HIL rigs. 

Table 3 : In the Loop Testing Implementation Survey 

Reference System 

Under Test 

Software 

Packages 

Hardware 

Used 

MIL SIL HIL Target Test / 

Data Source 

(Klein, et al., 

2017) 

ICE, 

Transmission

, Vehicle 

DSpace ASM, 

Simulation, X-

Modelica, GT-

Power, 

MatLab 

Simulink 

DSpace – 

SCALEXIO 

HIL 

Y  Y DriveCycle-

NEDC 

(Mouzakitis, et 

al., 2009) 

ECU 

Diagnostics- 

ECM, TCM, 

ABS 

MatLab-

Simulink, 

DSpace- 

Control Desk,  

 

Fault 

Insertion 

Unit, 

DSpace 

HIL 

  Y Automated 

Failure 

Testing -CAN 

Based 

(Wurzenberger, 

et al., 2016) 

Catalysed 

Particulate 

Filters for HIL 

Application  

AVL Cruise, 

AVL Boost 

NI 

Veristand 

2013 SP1 

Y   Drive Cycles 

– NEDC, RDE 

(Patil, et al., 

2012) 

Hybrid 

Vehicle 

DSpace ASM, 

DSpace 

ModelDesk, 

AMESim, 

MatLab-

SImulink 

DSpace 

MicroAut

obox 

  Y Drive Cycles 
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(Barasa, et al., 

2016) 

Gasoline ICE 

Controls & 

Calibration: 

ECU & TCU 

GTSuite, 

Matlab- 

Simulink 

 Y Y  Drive Cycles 

(Jayaranman, et 

al., 2018) 

Hybrid 

Vehicle 

including 

Battery 

MatLab-

Simulink 

DSpace 

HIL 

  Y Drive Cycles 

(Lumpp, et al., 

2014) 

Diesel Engine 

Calibration 

GTSuite, ETAS 

Intercrio, ETAS 

INCA, MAtlab 

Simulink 

  Y  Drive Cycles 

(Manning, et 

al., 2013) 

PHEV Control 

Strategy 

DSpace, 

MatLab 

Simulink, 

DSpace 

MicroAut

obox 

 Y Y Engine Start 

and Motor 

Integration 

(Joshi, 2019) Adaptive 

Cruise 

Control using 

two HIL rigs 

DSpace ASM, 

Matlab 

Simulink 

DSpace 

HIL, 

DSpace 

MicroAut

obox 

  Y Range of 

Vehicle 

Speeds - CAN 

(Liu, et al., 

2017) 

Drivability 

Improvement 

Richardo 

Wave-RT 

(engine), 

GTSuite 

(transmission),

Matlab 

Simulink, 

Dassault-

Simpack (body 

dynamics), 

Simulation 

WorkBench 

DSpace – 

SCALEXIO 

HIL 

  Y Tip in/out, 

WOT accel., 

Part Throttle 

accel., Coast, 

Deaccel 
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(Joshi, 2017) Autonomous 

Vehicle 

Platform: 

powertrain 

and chassis 

Matlab-

Simulink, 

CarSim 

DSpace-

HIL, 

MicroAut

box 

  Y Range of 

Vehicle 

longitudinal 

and lateral 

acceleration 

profiles - CAN 

(Wu & Li, 2016) HIL 

Validation 

Fast Running 

Engine Model 

GT-Suite FRM, 

Matlab 

Simulink 

DSpace 

Simulator 

HIL 

  Y Engine Load 

Shifting – 

1ms 

sampling 

time 

(Ferrara, et al., 

2019) 

Hybrid 

Electric 

Vehicle 

Control Unit 

Functionality 

Matlab 

Simulink, GT 

Suite, DSpace 

ASM 

DSpace – 

SCALEXIO 

HIL 

  Y Parallel 

Hybrid, ICE, 

and motor 

integration- 

CAN 

(Liu, et al., 

2015) 

Dynamic Skip 

Fire 

Validation 

ETAS-INCA, 

MatLab 

Simulink, Tula-

WebCarLab, 

DSpace 

automation 

desk, 

 

DSpace- 

Microaut

obox, 

DSpace 

RapidPro, 

National 

Instrume

nts-HIL 

  Y Dynamic 

Engine Test 

Data 

(Vora, et al., 

2014) 

Hybrid 

Powertrain 

Control 

Strategies 

MatLab 

Simulink, 

DSpace ASM 

DSpace- 

Microaut

obox II, 

DSpace 

Mid-Size 

 Y Y Safety, 

Performance

, 

Functionality 

Testing - CAN 

(Hagen, et al., 
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2.4 Conclusion 

 

The literature review has provided the means to review methods which enable more accurate 

models of heat transfer in an ICE application as well as reviewing the fundamentals of this topic. 

Discussion on the topic of control has provided literature on typical duty cycles and the current 

state of art in engine testing. Control methods for similar automotive devices to those found on the 

TMES rig have been reviewed. The key outcomes from this chapter are discussed below: 

 

• Engine thermal systems are reliant on valves which regulate coolant through heat 

exchangers. Reviewing literature on the use of different types of valve systems has revealed 

that increased control governance of these valves has become more prevalent recently 

with the more sophisticated systems reviewed having a control output fluctuation of 3°C 

over a highway drive cycle.  Therefore, providing this project some key information with 

regards to the current automotive state of art. 

 

• In modelling engine heat transfer, there are a range of different factors to consider; 

traditional models can result in underestimates of heat transfer coefficients. The reasons 

for this under estimation have been discussed. This will provide the basis for heat transfer 

in the fast-running model of the engine and TMES system. 

 

• The engine test environment has evolved significantly in the last decade with increased 

emphasis on the replication of real-world scenarios. Focus on transient testing has become 

more prevalent, and with this engine test systems need to be capable in these highly 

dynamic environments. 

 

• PID control is commonly used in electronically controlled automotive systems. Feedback 

PID control systems are highly tuneable and are simple to understand and implement. 

Further sophistication can be added with method such as feed forward control and other 

disturbance filters. However, these systems require further modelling adding complexity 

and can result in unwanted behaviours if not properly implemented. 

 

• In-the-loop testing is a key aspect in the automotive controls development cycle and should 

be utilised to reduce the length of the development cycle where possible. In-the-loop 
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testing provides ample opportunities to fault find and diagnose any control and 

communication issues prior to hardware testing. 
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Chapter 3: Methodology 
 

In this chapter the methods used to create the virtual test environment are discussed. This is broken 

down in to four sub-sections which are described below. 

3.1 Engine Model: This section discusses how the engine model was built and correlated to 

experimental data. The heat transfer properties of the model are discussed along with the methods 

used to generate representative heat transfer rates. The section compares correlations discussed 

in the Literature Review Section and uses test data to justify the correlations used. 

3.2 TMES (Thermal Rig) Model:  A section where the model used to replicate the thermal rig is 

discussed. This section describes how this model is built to best represent the configuration used 

in physical test environment. Assumptions, correlations, and input data are discussed with regards 

to the model. 

3.3 Virtual Controller Model: This section which presents the development of the virtual controller 

and gives an insight into the methods used to create an environment where virtual commissioning 

has been made possible. The control model was built to run in co-simulation with GT-Suite and to 

control the virtual representation of the physical hardware in the software Matlab-Simulink. The 

section justifies the selection of the module components within Simulink. These modules are 

discussed and how they would be deployed onto physical control hardware is covered. The concept 

of the control strategy is also discussed, and the development process is described in depth. 

3.4 Virtual Commissioning: The final section covers how the controllers were commissioned 

virtually. The section justifies the types of tests used and why certain duty cycles have been used 

for this stage and the methods of control tuning are discussed. Finally, the results of the 

commissioning process are presented and discussed. 
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3.1 Engine Model 

 

The purpose of this model is to simulate the conditions in which the rig would be used in the actual 

test environment. As the rig’s purpose is to control and condition internal combustion engine 

thermal systems, therefore an accurate representation of the heat sources and heatsinks in these 

systems are required. GTSuite is well known for its 1D combustion simulation features, however 

this project is not focussed on combustion but the effects of the combustion heat release on engine 

coolant conditions. Therefore, the model used in this project must represent the thermal inertia of 

the engine, the pumping work done and the effect of combustion on the coolant temperature. The 

resultant model can therefore be relatively simple and models the effect of combustion heat 

transferred through the inner walls of the combustion chamber, the net effect of combustion on 

the engine cooling system. Figure 12 below demonstrates where the typical heat load into the 

coolant system occurs. 

 Within GTSuite there are lumped mass simulations blocks which can be used as fast resolving 

thermal devices which simplistically represent an engine, without the required 1-D combustion 

model. These models rely on the following user inputs: 

• Heat input rate, the effect of heat input to the coolant system from combustion, in this case 

an engine speed (RPM) vs Load (BMEP-Bar) three-dimensional look-up table for kW heat 

input. This was calculated from experimental data from a similar engine then scaled to suit 

this application. 

• Heat transfer area, the area where coolant is in contact with the engine components, for 

example the block water jacket transfer area. 

• Engine Block and Head Material, Mass and Coolant Volume, these parameters are used to 

create representative thermal inertia of the system through material conductivity material 

properties. 

• Engine Coolant Pump Flow Curve Vs Engine Speed, providing a look-up of the flow and 

pressure characteristics of the engine coolant pump.  



40 
 

 

Figure 12 : Schematic Section of an ICE where the source of heat and the areas where the cooling system would typically 
absorb the part of the combustion heat load 
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3.1.1 Engine Model Calibration 

 

The experimental test work was conducted on a the 1.5L turbocharged gasoline direct injection 

engine. The engine thermal model was based upon an engine block with 3 masses template within 

GT-ISE software which is described in more depth later in this chapter (see section 3.1.2 Engine 

Heat Transfer). This model template simplifies the engine into a single fluid volume and does not 

require a combustion model to operate. As combustion is not modelled the correlations and 

assumptions on combustion gas heat transfer (as discussed in 2.1 Automotive Engines Thermal 

System and Modelling Theory) are not necessary, although the theory discussed with regards to 

that topic has added in understanding of the heat transfer mechanisms present. To accurately 

model the thermal characteristics of this engine, without using a combustion model requires input 

data on the heat transferred into the coolant as a function of engine speed and engine load in the 

form of a look-up table. The timescales of this project meant that experimental data for this 

parameter were not available for this engine at this point of time within the project. However, 

experimental data was available from a smaller engine with regards to engine power at the 

crankshaft and coolant flow and temperature difference across the engine. The smaller engine has 

the same number of cylinders with a smaller bore and a similar technology content with both 

engines being downsized turbocharged direct injection gasoline engines. The data from this smaller 

engine can generate the coolant heat loss aspect of the heat balance equation shown in the 

literature review section in Equation 1 which was then scaled by a suitable factor to generate an 

approximate value for the larger capacity engine on test. By utilising the formula below a calculation 

of coolant heat output was possible at each engine speed and load data point. 

(
𝑑𝑄

𝑑𝑡
)

𝑐𝑜𝑜𝑙𝑎𝑛𝑡 
= �̇�𝑐𝑜𝑜𝑙 =  �̇�𝐶𝑝∆𝑇 

Equation 15 

Coolant flow rate data was given in a volumetric flow rate which was then converted to mass flow 

rate to generate the mass flow (�̇�) required. The density of the fluid is a function of its 

temperatures and was therefore evaluated at the inlet conditions. This was the same case for the 

specific heat capacity (𝐶𝑝) of the coolant fluid as it is also a function of temperature again this was 

evaluated as the inlet conditions. These correlations (Ray & Das, 2014) are given in Equation 16 

(density (kg/m3)) and Equation 17 (specific heat capacity (J/kgK) below for automotive coolant 

properties with the 0.01% error in a temperature range of -35°C to 125°C 



42 
 

𝜌𝐶𝑜𝑜𝑙𝑎𝑛𝑡 = 1091.66 (0.9247 +  0.2414 (
𝑇

273
) +  (−0.1661 (

𝑇

273
))

2

) 

Equation 16 

𝐶𝑝𝑐𝑜𝑜𝑙𝑎𝑛𝑡
= 3042.02 (0.6185 + 0.3814 (

𝑇

273
)) 

Equation 17 

Equation 15 provided the basis to calculate the heat input data for the smaller engine it was then 

scaled by the ratio between crankshaft power of the smaller engine (1L) to the crankshaft power of 

the engine on test (1.5L) at the same speed and BMEP (Brake Mean Effective Pressure) load point. 

BMEP is relative performance measure which is normalised to capacity (Heywood, 1988) by 

comparing load points with this measure we are comparing comparable work rates of the engine. 

The resultant kW heat input map into the model is shown in Figure 13. As engine speed and load 

increases the rate of heat rejection into the cooling system is increased. Though this may only serve 

as an approximation, the coolant and warm-up behaviour of the engine model will be tuned to 

experimental warm-up traces therefore counteracting some of inaccuracy in the heat input data.   

Figure 13 :  Heat Rejection into Coolant vs Engine Speed and Load Scaled from 1L Engine to suit 1.5L Engine on Test  
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To ensure that this model was representative, a series of calibration loops using experimental data 

was performed. The majority of the control tuning, and optimisation of this thermal rig has 

happened during the virtual commissioning process, and therefore it has been important that the 

engine out coolant temperature responds to changes to either engine speed, engine load demand 

and engine coolant inlet conditions are accurately representative of real-world behaviours. An 

effective method to measure these effects is through transient drive cycle simulations. A drive cycle 

represents engine transience in two fields, both in terms of changes in engine operating point and 

therefore heat rejection but also transience in thermal state, as depending on the starting 

conditions the engine could be in a different thermal state at the start of the test compared to the 

end. In this case the calibration of the engine model has occurred over a cold start WLTC drive cycle. 

This is both transient in terms of engine operating point but also transient in terms of thermal state. 

Modelling a drive cycle will therefore prove if the model is capable, the data will then be compared 

to the test data for engine out coolant temperature on the same drive cycle profile. To ensure the 

most accurate virtual tunning/commissioning process of the TMES the engine model must closely 

replicated the test data for the same speed, load, and thermal state. 

Previous hardware testing has provided the data over a programmed drive cycle, the actual test 

bed measured engine speed and load was then fed into GTSuite to attain precisely the same load 

and speed conditions against time. The model will then use the data presented in Figure 13 as look-

three-dimensional up table for heat input. Therefore, enabling the model to output a 

representative heat output at the corresponding speed and load point in the cycle. This engine 

speed profile is also used in the water pump model to establish the pump speed, at a ratio of 1:1 

between the engine speed and the water pump speed. The details with regards to modelling the 

water pump are discuss at a later point in this section. All other initial conditions such as coolant 

temperature and pressure were matched to the experimentally measured channels.  

The engine coolant system arrangement from the experimental tests were accurately represented 

in GTSuite; the coolant system configuration was left in standard form (Figure 14) with the test bed 

Bowman GL-180 heat exchanger acting as the main heat exchanger. The pipes were measured for 

length, diameter and radii and angle of any bends. The heat exchanger was measured for length 

and number of tubes, fluid passes and end cap volume. Supplier data for the maximum heat 

rejection capacity at specific master and slave inlet condition were used and scaled to generate an 

appropriate heat exchanger performance curve. Conditioning (Plant Water) is supplied at the same 

flowrate, pressure, and temperature as the test facility. The thermostat was modelled in GTSuite 

to have the same maximum opening temperature as the engine on test. More details with regards 

to the experimental set-up can be found in 5.1 Engine on TestChapter 5 : Experimental Facilities. 



44 
 

 

 

The engine pump was characterised by a manufacturer supplied engine speed-based curve flow 

curve. This curve was then fitted to a standard template for an engine pump within GTSuite, this 

enables a better representation of the pump’s performance at different inlet conditions. The pump 

is controlling the rate at which coolant flows through the engine it is coupled to the engine speed 

signal with a 1:1 ratio. The flow rate is an important consideration as the coolant pressure 

distribution around the engine will be different depending on the operational state of the thermal 

rig. This performance was validated under a transient drive cycle using experimentally generated 

data.  Figure 15 below shows the experimental test data compared to the GTSUITE generated flow 

data for a section of a drive cycle with varied water pump flow, please refer to Chapter 5 : 

Experimental Facilities for more information with regards to experimental set-up and test cycle. 

Figure 15 shows good agreement between the model and experimental data during across a wide 

range of engine speeds with Root Mean Squared Error (RMSE) of 6.9%. Which for this application 

is good considering the aggressive engine speed profile and the relative delay in measurement that 

would occur in physical testing that would not occur in the 1D model such as pumping inertia, water 

pump belt slip and flow meter measuring error at low flow (>20l/min) is approximately 1% 

(according to manufacturer’s data). 

Figure 14 : Ford Dragon Engine Coolant Standard Test Bed Coolant System Schematic 
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Figure 15 : Modelled Coolant Flow Rate Vs Measured 
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3.1.2 Engine Heat Transfer 

As discussed previously data for the heat due to combustion was not available for this model. 

However, data from the engine on test with regards to thermal efficiency and heat input to coolant 

system was. This means that a direct heat input into can be modelled in a look-up table of engine 

speed and load vs system heat input in kWs. Coolant pressure loss through the block is modelled 

by a pressure drop feature which is applied as a function of coolant volume flow rate through the 

engine. Experimental data for this parameter was not available from the engine on test. Therefore, 

the data for this parameter was taken from a GTSuite library example for a small displacement 

engine. This is applied to system at the coolant outlet of the engine thermal model. 

The simplified 3 mass model used to simulate the engine thermal system, models the engine as a 

structure where heat is applied to the inner mass which represents the liners. It assumes that only 

this area receives heat energy directly and is expressed as the “inner mass fraction” denoting the 

proportion of the total mass which would be conducting combustion heat energy into coolant. The 

coolant system represented by a coolant volume and the wetted internal surface area (both 

measured in CAD) where convective heat transfer from the inner mass to the fluid then from the 

fluid into the outer mass which is the Block Mass. This model does not consider direct heat transfer 

from combustion gases into the head with the head representing singular thermal mass that is 

connected to the block with zero resistance effectively acting as an additional heat sink, modelled 

through a conductive head transfer coefficient. As the engine on test has increased coolant heat 

transfer capacity in the cylinder head over conventional engines through the implementation of an 

IEM, the inner mass fraction has been increased from the standard 0.2 to 0.3. This is because the 

IEM heat transfer area represents approximately 50% of that of the blocks heat transfer area. This 

was also found to improve the correlation to experimental data over a WLTC cycle. Thermal inertia 

is simulated through material properties of the Head and Block and their masses, this in conjunction 

with the coolant volume enables transient thermal inertia to be characterised.  

External Heat transfer is accounted through the measurement of the external area, a fixed material 

thickness of the block, a fixed heat transfer coefficient and ambient temperature these inputs are 

used to model the heat transfer through the “external” block wall effectively in the opposite 

direction of the form shown in Figure 6. The fixed external heat transfer coefficient was set to 50 

W/m2K this was taken from GTSuite for an engine in free-flowing air (as in the test environment 

there is considerable air flow due to exhaust extraction and ventilation systems present), still and 

stagnant air values are around 20 w/m2K (Gamma Technologies, 2019). 
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A key input into the 3-mass model is the Heat Transfer Coefficient used to model the coolant heat 

transfer. Due to a lack of 3D CFD analysis and experimental data, relating to heat transfer coefficient 

against coolant mass flow rate. The use of heat transfer correlations is necessary to generate 

representative heat transfer coefficients. The 3-mass model uses a global heat transfer coefficient, 

it is not applied locally as the cylinder liner is effectively modelled as a uniform temperature surface 

and volume meaning that the heat transfer coefficient is applied globally to the entire heated 

surface.  

As discussed in Chapter 2: Literature Review, Robinson, et al (2003) demonstrated an effective 

methodology to generate HTC in engine coolant passageways building upon the Dittus Boelter 

Nusselt number correlation. This project aims to use both the original Dittus Boelter correlation and 

the enhanced one presented by Robinson, et al (2003) to compare effectiveness when used on this 

application model set-up. 

The methodology of implementing both of the above discussed HTC correlation models utilised a 

XYZ look-up table within GT-ISE. HTC was plotted as Z against Engine Speed (Coolant Mass Flow 

Rate via pump rotational speed) and Coolant Temperature as X and Y respectively. The Dittus 

Boelter equation relies on both Reynolds Number and Prandtl Number (see Equation 3) which are 

both effected by fluid properties which change with temperature, namely fluid density, viscosity, 

specific heat capacity and conductivity. 

 To generate the correct parameters to create a look-up table for HTC. A series simulations were 

completed to generate the relevant parameters such as the Reynolds Number, Dynamic Viscosity, 

and the Specific Heat Capacity at set engine speed (mass flow rates) and coolant temperatures (0°C 

to 125°C). Mass flow set points were generated by setting engine speed and therefore pump 

rotational speed from 0RPM-6000RPM. 
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The model used was the basic engine model shown in Figure 16 below. In these simulations there 

was no heat transfer, all initial conditions were set to the specific coolant temperature set point of 

each simulation run. All thermal systems where heat transfer would take place, such as pipes and 

heat exchangers were set to not model any heat transfer therefore maintaining stable thermal 

conditions throughout. This provided an effective way of generating breakpoint values at fixed 

thermal conditions which could that aligned with engine speed to be used in the X (engine speed), 

Y (coolant temperature) and Z (HTC) in a look-up table.  

Utilising the literature discussed in Chapter 2: Literature Review with regards to engine modelling 

and heat transfer in coolant passageways. A modified version of the Dittus Boelter correlation 

(Equation 13) for the Nusselt Number demonstrated by Robinson, et al (2003) was used and 

compared to the standard Heat Transfer Coefficient using the standard Dittus Boelter correlation.  

The enhanced Dittus Boelter correlation described Robinson, et al (2003) as described in the 

literature review section uses 4 enhancement factors as below: 

1. Entrance Factor  

2. Unheated Starting Length 

3. Surface Roughness 

4. Fluid Viscosity 

 

Figure 16 : Basic Engine Model (Test Bed System Representation) 
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Certain fixed geometric inputs are required to calculate these enhancement factors. One primary 

input for both the enhancement factors and the standard Dittus Boelter correlation is the hydraulic 

diameter. In this case the hydraulic diameter of the block coolant jacket calculated using the 

rectangular duct formula for hydraulic diameter defined as below in Equation 18. 

𝐷ℎ =  
4𝑤ℎ

2𝑤 + 2ℎ
 

Equation 18 

In this case the w and h denote the width and height of the passageway is roughly modelled as a 

rectangular duct in this application. Shown below (Figure 17) is a cross sectional view of the cylinder 

block in which illustrates the coolant passageway hydraulic diameter parameters.  

 

1 Entrance Factor 

When fluid enters a rectangularly shaped duct its velocity profile rapidly changes with distance 

down the duct it then approaches a steady state conditions asymptotically. This flow region is 

referred to as the fluid dynamic entry region. In turbulent flow, this region is much shorter than in 

laminar flow and as a result improved mixing and heat transfer occurs. As discussed in the literature 

review section and described by Robinson, et al (2003) in Equation 8. This relationship is dependent 

on the ratio between the coolant passageway length and the hydraulic diameter x and Dh 

respectively. In this case the coolant passageway length is that of the inner perimeter of the block 

water jacket (see Figure 18) as the objective to model a constant HTC across the whole engine block, 

this perimeter was measured in CAD. 

Figure 17 : Cylinder Block Duct Dimensions for Hydraulic Diameter Calculation 
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2 Unheated Starting Length 

In this application thermal and fluid flow does not develop simultaneously at the same point. Due 

to the cylinder block / coolant inlet geometry the fluid has a period where it is unheated. This results 

in a temperature profile that increases with the distance travelled through the duct (duct in this 

case around the water jacket). The entry point of the fluid into the water jacket is positioned to bias 

flow around the outside of cylinder 1 parallel to the front of the engine this allows for the 

simplification of the model to assume similar thermal behaviour to a heated flat plate. This 

relationship is described in the literature review section by Robinson, et al (2003) with the unheated 

length described as x0 with the total system length denoted as x. In Figure 18 x0 is denoted as 3 and 

refers to the cylinder block coolant inlet length, x is the inner perimeter of the block water jacket 

marked in yellow in Figure 18. 

 

3 Surface Roughness 

As described in the literature review section the surface roughness modifies the convective heat 

transfer rate by two mechanisms, one by increasing the effective surface area, and two by a change 

in turbulence pattern near the heated wall. In this application the cylinder block is cast aluminium 

however the test engine has not been analysed for surface roughness in the block coolant jacket 

therefore a value of Ra 13.2μm has been assumed for the surface roughness; this value has come 

from work presented by  Robinson, et al (2003) for a cast aluminium cylinder head internal water 

jacket which can be assumed to manufactured to the same surface tolerance levels as the block in 

this application. This data along with the Reynolds number and the hydraulic diameter was used in 

Equation 10 .The unit notated as ε is equal to 2Ra. 

  

Figure 18 : Cylinder Block thermal Schematic -Top View 
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4 Fluid Viscosity  

As this model will be used in transient simulations where coolant conditions will be changing with 

engine speed, load and during warm-up, the Heat Transfer Coefficient will not be constant and 

should change with respect to these conditions. Of the enhancement factors above the fluid 

viscosity is the only enhancement factor which is not fixed in the model. Fluid viscosity is also 

reference in other parameters which essential to the calculation of the Heat Transfer Coefficient. 

Work by Robinson, et al (2003)  to account for the significant difference in temperature of the fluid 

which is closest to the heat source found that this temperature difference between the wall 

temperature and the bulk temperature will most significantly affect the fluid viscosity. Resulting in 

a reduction in the local fluid viscosity where fluid is closest to the heat source (liner wall). The 

reduction in viscosity increases turbulence at the wall and results in a thinning of the fluid boundary 

layer, increasing the heat transfer. Robinson, et al (2003)  characterises this in Equation 11. For this 

factor to be included an understanding of the relationship between the wall temperature and the 

bulk temperature is required. 

Using experimental data generated from a Thermal Survey Engine of the 1.5L gasoline engine used 

on test (prior to any Thermal System Emulation Rig experiments). It is possible to generate a duty 

averaged temperature of the block liner coolant jacket wall. As discussed above the GT-ISE model 

will characterise the liner uniformly in temperature and heat transfer properties. An approach to 

average the readings of measured metal temperature for the liner in 20 different thermocouple 

locations which were in the upper, middle, and lower sections of liners of each cylinder the to 

generate an average wall temperature gives a good basis for the characterisation of the global wall 

temperature. The cycle used on the 1.5L gasoline engine is shown in Figure 19, it encompasses a 

large engine speed/load range and is 33 minutes long, coolant temperature is controlled via the 

thermostat and the engine is in a fully warm state prior to the start of the test cycle. This experiment 

enables a good understanding of the relationship between cylinder loading and wall temperature. 

Bulk temperature was calculated from the average temperature of the coolant at the locations 

before and after the engine had heated the coolant (engine coolant inlet, engine coolant outlet) 

(Robinson, et al., 2003). For more information with regards to this experimental set up please refer 

to the later chapters of this thesis (Chapter 5 : Experimental Facilities). 
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Figure 20 below shows the relationship between the bulk and the wall temperature and is 

presented with that data from Figure 19 overlayed. There are relatively large swings in this 

temperature difference. These fluctuations are in part down to the interaction of the thermostat, 

the thermal system here has inherent lag, due to material and fluid thermal inertia it takes time for 

the temperature difference to balance after a transient event. However, it can be observed that 

behaviour of the temperature difference is particularly affected by engine load, however more data 

is required at steady state to understand and characterise this data fully as in a steady state 

environment heat flux will me more constant and therefore give more stable results. Once 

understood it could be then implemented as a look-up table with respect to speed, load, and 

thermal state. Therefore, for the purpose of this model an average of this difference is applied. 

Therefore, the wall temperature will be modelled as the bulk temperature plus the measured 

average of the difference shown in Figure 20 below. This data resulted in an average difference of 

26°C.  

  

Figure 19 : Stepped Transient Test Cycle, a test method to capture a wide range of operating points in a short period of time 
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Figure 20 : Temperature Difference Between Bulk Coolant and Outer Cylinder Liner Wall Metal Superimposed on Figure 19 
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3.1.3 Model Validation 

 

The enhancement using the factors 1-4 described above increases the HTC in this application by an 

average of 32% over a 0-125°C coolant temperature range and a mass flow range of 0-2.86 kg/s. 

This difference is shown graphically below (Figure 21). This difference aligns with the findings 

presented by Robinson, et al. (2003) of 30% improvement in correlation with experimental 

measured HTC over the non-enhanced correlation. As experimental and CFD data is not available 

to assess the accuracy of the HTC calculation in real terms, therefore a small investigation into the 

effectiveness when applied to this model and run over a representative WLTC speed and load trace 

was performed. 

 

The increased heat transfer coefficient enables a greater amount of heat transfer between the 

heated block surface and the fluid per unit area per kelvin within the model. This enhanced heat 

transfer coefficient correlation can be compared to the standard Dittus Boelter correlation by 

applying it to a WLTC representative test cycle generated on the test bed. It is then possible to see 

the relative effectiveness of the engine model and the effect of the enhanced heat transfer 

correlation. 

Figure 21 : Enhanced Dittus Boelter Correlation Comparison 
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To enable the assessment of the model, experimental data for the 1.5L gasoline engine has been 

collected from the engine test bed. This cycle was an automated program, where the test bed 

targeted accelerator pedal position and engine speed over time. The drive cycle presented below 

(Figure 22)is in terms of engine speed and load below and illustrates a drive cycle which is 

representative of a C-segment compact passenger car over the WLTC legislative drive cycle. 

 

 

Figure 22 : Engine Test Bed Synthesised WLTC Drive Cycle Speed and Load Duty Cycle for a 1.5L Gasoline Engine 
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Table 4 below demonstrates the improved accuracy of the enhancement on the simulated engine 

warm up at different sections of the drive cycle. It reveals that the enhancement is an effective 

method that improves experimental correlation and therefore accuracy of the thermal model in a 

transient test environment. 

Table 4 : The effect of Enhancement of the Dittus Boelter Correlation on experimental correlation of an engine thermal 
model. 

 

 

Figure 23 below shows the test data for engine coolant temperature at the coolant outlet overlayed 

with the GTSuite engine thermal model coolant outlet temperature using the enhanced HTC. Both 

models were assessed using the same input data, only HTC correlation input was different between 

the two tests. The model correlated well with experimental results in comparison to the standard 

correlation. Though at 90°C the standard correlation outperforms the enhanced correlation, it is 

important to consider that the engine model will be used to virtually commission the TMES rig 

which has an operational temperature window which can range from sub-ambient to 100°C. 

Therefore, it is important to assess these correlations across a wide range of temperatures. Hence, 

assessing the correlations performance in terms of average RMS of the error in Table 4. With the 

enhancement having an average RMS time error to reach the temperature set points in Table 4 

above of 5.34 seconds compared to the standard correlation error of 18.99 seconds. Analysing 

Figure 23 in more detail, the engine off (0 RPM) section of the cycle is well captured demonstrating 

the engine thermal model’s ability to accurately simulate the heat loss when the engine is not 

providing any heat input. There are some areas where correlation could be improved, for example 

the stage between 300-400 seconds that could be done by more in-depth tunning. However, this 

Coolant 

Temperature 

WLTC 

Experimental 

Warm-up Time 

Standard 

Dittus 

Boelter 

Correlation 

Warm-up 

Time 

Standard 

Warm-up 

Error from 

Experimental 

Enhanced 

Dittus-

Boelter 

Correlation 

Warm-up 

Time 

Enhanced 

Warm-up Error 

from 

Experimental 

(°C) (s) (s) (s) (s) (s) 

30 94 145.5 -51.5 97 -3 

50 292.5 287.3 5.2 292.15 0.35 

70 743 727.3 15.7 738.2 4.8 

90 1076.5 1080.05 -3.55 1089.7 -13.2 
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model needs to be representative of a typical engine and is not being used to draw conclusions on 

engine warm-up or thermal performance. It performs well if compared the trace presented in 

Figure 1 (Yuan, et al., 2020) where the engine is also modelled using GT Suite. Therefore, for the 

purpose of this project it can be concluded the engine thermal model is of adequate accuracy and 

gives good confidence in transience. This model was used in the next stages of the project to build, 

develop, and optimise the controller for the thermal rig. 

 

 

 

 

 

Figure 23 : Warm-up Cycle Comparison GTSuite and Test Bed Generated Coolant Temperature Traces 
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3.2 Thermal Rig (TMES) Model 

The TMES represents a more complex system than that of the simplified engine thermal model. At 

any one-time multiple systems can be in operation and the effectiveness of the virtual 

commissioning is dependent on the accuracy of the characterisation of these subsystems. 

Therefore, the GTSuite model of the TMES has required a greater amount of user input, tuning and 

data. Shown below in schematic form is the TMES. It consists of the following parts that will need 

to be modelled: 

• 4 x 51mm full flow ball valves (V1,2,3,4) 

• 1 Variable speed water pump (1) 

• 2 Fixed speed water pumps (2,3) 

• 1 Large 196L stainless steel tank (Main Tank) 

• 1 Fluid heating system (RegloPlas 140s) 

• 1 Stainless Steel Bowman SD4509-4 Heat Exchanger (Cold Hex) 

• 1 Bowman EC120 Heat Exchanger (Hot Hex) 

• 1 Bowman GL180 Heat Exchanger (Engine Hex) 

• Chilled Water Supply Loop (Chiller) 

• Cold Supply Water Loop (Cold Supply) 

 

Figure 24 : Thermal Rig (TMES) Schematic Layout 
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The main modelling challenge was in the simulation of the system interaction with the main 196 

litre tank. The geometry of this sub-system was imported using GTSuite-GTSpaceclaim software 

which imports 3-D CAD geometry directly into the 1-D simulation software, the software converts 

this volume into a series of standard GTSuite blocks in this case tanks, flow splits and pipes. The 

imported 3D CAD of the Tank is shown below Figure 25.  

 

The heat transfer from this volume is an important consideration for the model. The main tank is a 

stainless-steel tank which is dual skinned reduces losses due to external convection. This was 

designed to minimise heat losses from the large coolant volume inside which would therefore 

reduce the load on the heating and cooling circuits. The main tank is modelled using a lumped mass 

method which has considered the surface area of the surfaces in contact with coolant inside and 

the surface which is in free air flow. A heat transfer coefficient has been assumed constant for the 

whole tank. This external heat transfer coefficient has been calculated using the Zukauskas 

correlation (see Equation 19) assuming a cylinder in cross flow where air velocity is 15m/s (Martyr 

& Plint, 2012) which is typical for an engine test cell environment. Tank is lined with a fire-resistant 

foam to act as an insulation barrier between the outer and inner skin. This material is acting as the 

main thermal resistance within the system. The tank is modelled using the thermal properties of a 

similar foam shown below in Table 5. The resultant thermal system can be represented similarly to 

that presented in the diagram shown in Figure 6. 

  

Figure 25 : Main Tank CAD Model 
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Table 5 : Insulating Foam Properties 

Tank Thermal Insulating Foam 

Thermal Conductivity (W/m.k) 0.05 

Density (kg/m3) 350 

Specific Heat Capacity (J/kg.K) 1400 

 

The pumps as described in the hardware section ( 4.1.1 Hardware Description) were modelled using 

the supplier provided curve and flow rates. The two single operating point Stuart Turner (CH4-30) 

electric water pumps for the conditioning side where each plumbed into shell tube heat 

exchangers.  These single point operating pumps were controlled by a on or off input signal (0-off, 

10-on) that would be a scaled representation of the 0 or 255 PWM duty signal needed to activate 

the pump relay on the controller in the experimental environment. The main water pump was 

modelled based upon supplier map for pump speed and signal input which was scaled to a 0-10 

value. 

Though all heat exchangers used in test were different in size their operational principle is the same. 

The geometry was modelled as a shell tube heat exchanger in GTSuite with basic supplier data used 

for performance figures (EJ Bowman, n.d.) this data was loaded into the model as a look-up table 

with linear interpolation between each data point used to generate performance characteristics in 

a range of operating conditions. The heat exchanger model considers the key performance areas 

such as tube dimensions, material, tube density, and number of passes. The heat exchangers are 

modelled as two objects, a master side (side providing cooling/heating) and a slave side (side 

receiving heat or being cooled). For the Low Temperature Regulation (LTREG) side heating was 

provided by a 6kW heating loop which ran on the master side of the low temperature regulation 

heat exchanger circuit, this system provided a constant flow rate (40 l/min) of 90°C water at a 

pressure of 2.5 bar to the heat exchanger, this side was modelled as a separate fixed flow 

environment to the rig.  The cooling loop (High Temperature Regulation (HTREG)) was a separate 

flow environment plumbed into the master side of the high temperature regulation heat shell tube 

exchanger, this was set to 10°C with a constant pressure of 5 bar and flow rate of 100 l/min. These 

heat exchanger master environments are classed as support systems and are not modelled as the 

project focus is to characterise the Thermal Rig and not the wider support systems. The engine side 

heat exchanger was modelled using the same model as described in section: 3.1 Engine Model.  
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Heat loss throughout the system was modelled using the Dittus Boelter heat transfer coefficient 

correlation in standard form for the internal coolant heat transfer coefficient. The benefit of the 

enhancement (detailed previously) against increased model complexity would not be realised as 

the heat transfer rate is significantly lower in pipe external heat loss than in engine water jackets. 

External convection for pipes and the main tank were modelled using the cylinder in cross flow 

correlation, Zukauskas correlation built into GTSuite (Gamma Technologies, 2019), taking the fixed 

experimental air flow inputs detailed earlier. The physical properties of the pipe routings were 

modelled as EPDM Rubber hoses. This correlation is described below in Equation 19  

𝑁𝑢𝐷 = 𝐶 𝑅𝑒𝐷
𝑚𝑃𝑟𝑛(𝑃𝑟/𝑃𝑟𝑠)0.25 

Equation 19 

Where C and m are defined as below as a function of Reynolds Number (ReD ) and n as a function 

of Prandtl Number (Pr), s denotes the surface temperature with all other constants assessed at the 

arithmetic mean between inlet and outlet conditions. 

 

Table 6 : Zukauskas Correlation Definitions 

ReD C m Pr n 

.4-4 0.989 0.33 <10 0.37 

4-40 0.911 0.385 >10 0.36 

40-4000 0.683 0.466 

 4000-4e4 0.193 0.618 

4e4+ 0.027 0.8 
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The four control valves are modelled as ball valves using a Valve angle Vs Coefficient of Discharge 

Curve as shown below in Figure 26. The curve was generated by the ratio between the reference Cv 

(Valve Flow Coefficient) value for the full 2inch full bore ball valves at set angle and the maximum 

Cv value at wide open (90 degrees).  

 

The entire Thermal Rig model is shown below in Figure 27. The conditioning circuits are referred to 

as HT REG (High Temperature Regulation) the system to cool the rig and LT REG (Low Temperature 

Regulation) the system to heat the rig. All pipe lengths and diameters are based upon measured 

hose lengths and runs, wall thickness and material properties are also based upon the actual 

hardware installation. Figure 27 also shows the Simulink harness and the connection to the 

controllables which are detailed in later in section: 3.3 Virtual Controller Model. 

 

 

 

  

Figure 26 : 2 Inch Full Flow Ball Valve Discharge Coefficient Vs Valve Angle (MyDatabook.org, 2021) 
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Figure 27 : Thermal Rig (TMES) GTSuite Model 
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3.3 Virtual Controller Model 

 

To give context to this sub-section the control necessary for each individual system in each TMES 

operational mode is described in the section 3.3.1 Rig Operational Modes. The operational modes 

described form the basis of the control strategy which led the design direction of both the virtual 

and physical controllers. 

Every system that is monitored, activated, and modulated by the controller is described in this 

section. The control principles of each system are maintained from the virtual controller to the 

physical controller which is described in later sections of this thesis (Chapter 4: Rig Hardware).  

As discussed, a key driver for the development of a virtual controller was to enable desktop 

calibration and to prove out of control strategies prior to experimental testing. This was driven by 

the increased time pressures on physical testing due to the 2020-21 Covid-19 virus pandemic.  

Key to this project delivery was the ability run the same system deployed on the virtual controller 

on rapid protype physical hardware when experimental facilities were available. To maintain 

continuity between the GTSuite-Simulink model and the deployed rapid prototype Arduino 

Controller the Simulink built-in compiler was used to convert the Simulink controller to the Arduino 

C based controller. A disadvantage of this approach is that using the Simulink complier is memory 

intensive, therefore efficient use of pre-built Simulink modules (such as PIDs) has been important 

to this project and where possible the use of such modules have been avoided.  
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3.3.1 Rig Operational Modes 

As discussed previously there are three operating modes deployed on the controller Using the 

diagram presented previously (Figure 24) the flow pathways and operational components are 

highlighted in each usage case in this section.  

3.3.1.1 Operational Mode 1: Target Top Hose 

This operational mode has two flow conditions/states (Figure 29,Figure 28) which are operating 

depending on the current coolant conditions present within the system and a user set target 

coolant temperature set point. The PID controller acts to modulate these flow states to achieve the 

target engine top hose temperature. Both flow states 1 and 2 can occur at the same time allowing 

for a blended/mixed valve position. 

 

Flow State 1 (engine heating condition) (Figure 29): 

• Pump 1 (Main Tank Water Pump) runs to match the desired flow based upon engine speed 

using the flow curve of the standard engine driven water pump (ṁ/rpm). Based upon a PID 

controller modulating pump duty to achieve top hose (engine out) flow conditions which 

match the standard engine coolant flow curve. 

• Valves 2 and 1 are open. Tank Shut off valve is closed. 

• Flow to cooling Engine HEX bypassed. 

• Engine Top Hose Coolant Temperature rises as any heat exchange is bypassed. 

• Tank temperature is targeted to 20degC below top hose target temperature, dependant on 

measured tank temperature pumps 2 (LTREG) or 3 (HTREG) are activated.  

 

Flow State 2 (engine cooling condition) (Figure 28): 

• Pump 1 (Main Tank Water Pump) control from flow state 1 remains, this ensures that any 

flow loss due to valving or heat exchanger pressure drop is mitigated and flow continuity is 

achieved. 

• Valves 3 and 1 are open. 

• Flow is driven through Engine Hex. Engine Hex is cooled by the ambient cold-water supply, 

which flows at a constant rate. 

• Engine Top Hose Coolant Temperature decreases. 

• Tank temperature regulation (HTREG and LTREG) duty the control remains from flow state. 
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Figure 29 : Operational Mode 1: Target Top Hose Temperature (flow state 1) 

Figure 28 : Operational Mode 1: Target Top Hose Temperature (flow state 2) 
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3.3.1.2 Operational Mode 2: Preconditioning 

In this operational mode the user setpoint is targeted by the controller prior to test. The aim of this 

control is to warm-up the engine to a state where it is thermally stable and ready for test. This is 

achieved through both PID and on/off control. However, unlike operational mode 1 where the valve 

position is targeted, in this mode the PID control is sent to the main water pump. The pump will 

operate until the setpoint is met and target to maintain that temperature through modulation of 

flow around setpoint. Coolant can flow from the engine into the tank allowing for a uniform warm-

up between systems to ensure thorough conditioning of material within the engine structure. 

Flow State (Figure 30): 

• Pump 1 (Main Tank Water Pump) PID is set to target temp, maximum output fixed to 

approximately 50l/min (PID output saturated to quarter duty). 

• Tank temperature setpoint is the same as the target engine coolant temperature. 

• Valves 1, 4 and Tank Shut Off valve are open. 

• Dependant on engine conditions the on/off controller for the HTREG and LTREG will be 

engaged, if the system is too cold then the LTREG is set to run (pump 2) therefore warming 

the system and vice versa for the high temperature regulation. 

• Tank coolant temperature is conditioned along with top hose temperature. 

• Engine Top Hose Coolant Temperature rises until target is met at which point Pump 1 duty 

drops to zero resulting in zero flow. Tank conditioning will still occur to maintain the fluid 

temperature inside the tank. 

Figure 30 : Operational Mode 2 - Preconditioning 
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3.3.1.3 Operational Mode 3: Postconditioning 

In this mode the rig will operate a post conditioning or shutdown procedure. This will target to cool 

the engine and rig as quickly and uniformly as possible. In this mode the operation of the main 

pump (pump 1) is governed by the same principle as in operational mode two. However, in this 

mode only the high temperature regulation circuit is engaged, cooling the entire rig and engine 

system. This mode allows for rapid turnaround of tests which require a low temperature soak (for 

example a warm-up cycle). A secondary reason for this mode is to allow safe working environment 

in the test cell as soon as possible. The large volume of high temperature fluid is an inherent risk of 

the rig. This mode helps mitigate that risk and make the test environment as safe as possible by 

cooling all components to ambient. 

Flow State (Figure 31): 

• Pump 1 (Main Tank Water Pump) PID is set to target temp, maximum output fixed to 

approximately 50l/min (PID output saturated to quarter duty). 

• Tank temperature setpoint is the same as the target engine coolant temperature. 

• Valves 1, 4 and Tank Shut Off valve are open. 

• Only the HTREG will be engaged (pump 2) therefore cooling the system.  

• Tank coolant temperature is increasing along with top hose temperature. 

• Engine Top Hose Coolant Temperature rises until target is met at which point Pump 1 duty 

drops to zero resulting in zero flow. Tank conditions will still occur to maintain the fluid 

temperature inside the tank.  

Figure 31 : Operational Mode 3 - Postconditioning 
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3.3.2 Control of Valves 2 & 3 

Control of valves 2 and 3 is based around a PID controller targeting to reduce the error generated 

from the difference between engine out (top hose) coolant temperature and the target 

temperature set point. The error is sent to the controller and P, I and D gains are applied and the 

output if fed directly into Valve 2. The angular position of Valve 3 is opposed to Valve 2 position 

(90deg out of phase). Due to the increased pressure loss in the Valve 3 route (due to the heat 

exchanger) a 110% gain is applied on top of Valve 3 input to balance the system. The valves angular 

rate of change is limed to 65deg/s to restrict the rate of change to match that of the physical 

hardware of the Kinetrol Valve. Figure 32 below illustrates this control. Both valve’s operational 

mode is controlled by a multiport switch which is driven by an operational mode number which is 

sent from GTSuite in the virtual model. In physical testing this would be communicated over CAN 

from user input from the test bed front end. In all operational modes other than 1 (Control of top 

hose temperature, see Figure 28 & Figure 29) both Valves 2 & 3 are set to closed. 

 

 

 

 

 

  

Figure 32 : Valves 2 & 3 controller 
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3.3.3 Control of Main Water Pump 

 

In operational mode 1 (see Figure 28 & Figure 29) this system uses an engine speed (RPM) input to 

calculate what the top hose flow should be based upon an engine top hose flow vs RPM linear curve 

(programmed as a y=mx+c form). The PID controller is targeting the error in flow, this error is 

divided by a factor of 20 to ensure the error is a suitable range based upon the duty available on 

the pump (0-10). In operational mode 2 and 3 (see Figure 30) The pump’s duty is based upon the 

error in temperature between the pre/post condition target temperature and the actual engine 

coolant temperature. This difference is saturated to result in a maximum flow rate of 50l/min to 

prevent over cooling and thermal shock in a post conditioning scenario. In operational mode 3 the 

pump is inactive. The control layout in Simulink is shown below in Figure 33. 

 

 

 

 

 

  

Figure 33 : Main Water Pump Simulink Controller 
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3.3.5 Control of Temperature Regulation Circuits  

 

Due to the temperature regulation circuits being controlled only through single point operation 

pumps they are either on or off (duty= 0 or 10). The controller works to target to coolant 

temperature in two different operational modes. When the rig is operating in operational mode 1 

the controller looks to target the tank temperature to be 20°C below that of the target Engine 

coolant out temperature, duty on the pumps is the saturated error between target and measure 

temperature, if negative (too hot) the HTREG circuit is sent a duty of 10, if positive (too cold) the 

LTREG duty is 10.  

When in a pre/post conditioning mode (operational mode 2) the target temperature is the user set 

point for top hose temperature and the HTREG or LTREG is activated based upon the error between 

the error between the target and the actual top hose temperature. To ensure any error in 

temperature fully activates the controller (i.e. duty of 10) a gain is applied to ensure than any error 

is expressed as either 0 or 10. To account for transportation thermal losses the target temperature 

for the tank conditioning is offset by plus 2°C in conditioning cycles. 

A third operational mode is a cool down mode where the tank temperature constant (set to 20°C) 

is targeted, this is set to cool the system. A secondary switch is used to ensure that the temperature 

regulation circuits are inactive when no signal (0) is set as the operational mode.  

This control is shown below (Figure 34). The CAN message that will be used to control this system 

in the physical environment will round the difference between target and actual (error) to the 

nearest integer, to reduce the bit length in the CAN message (see section 4.2 Communication). 

Therefore, to replicate more closely that control the virtual controller error has been rounded to 

the nearest integer.  

Figure 34 : Temperature Regulation Circuit Control Simulink Model 

Target Engine 

Coolant Temp 

(+2°C for 

conditioning) 
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3.3.5 Control of Valves 1 & 4 

 

Valves 1 and 4 are controlled simply open or closed. Valve 1 is open throughout all testing and is 

only closed to isolate the rig. Valve 4 is only open during conditioning and cooldown operation 

(operational modes 2 & 3). Their duty is based upon an on/off logic where maximum or minimum 

duty is applied. Valve 1 is a normally open valve therefore duty is applied to close. Valve 4 is 

normally closed therefore duty is applied to open. The duty in the virtual model is directly 

proportional to valve position range and is therefore either 0 or 90 degrees. In the physical model 

this will have to be a 0-255 duty for the 5V PWM signal, this will be discussed at more depth in the 

later sections (Section: 4.3 Controller). 
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3.4 Virtual Commissioning – Control Optimisation 

 

The optimisation of the controller has been achieved through tuning of the Proportional, Integral 

and Differential gains in the PID controller of PID Valve 2-3 PID Controller (see 3.4.2 Valves 2 and 3 

Control Optimisation) and MWP PID controller (see 3.4.1 Main Water Pump Control Optimisation). 

These constants require initial inputs or starting points on which to build from. The literature review 

section which focused on PID and control discussed the Ziegler Nichols (methods one and two) 

theory for PID control. Therefore, as a starting point the methodology discussed in that section was 

used. The correlation formulae used to generate these initial inputs are shown in Table 2 and Figure 

10. The challenge in this optimisation is that the two PID controllers which require optimisation 

affect each other. As Valve 2 and 3 angle changes the pump will have to do more or less work to 

recover the flow losses due to the change in the resistance of the coolant pathway. Therefore, 

optimising for one controller effects the effectiveness of the other optimisation. This is shown later 

in this chapter where during the tuning process rapid changes in valve position resulted in an 

aggressive “saw tooth” water pump response profile (see Figure 43).  

3.4.1 Main Water Pump Control Optimisation 

 

The Main WP PID controller was optimised first as without the pump the system effectiveness of 

the valves controlling coolant temperature would be compromised.  This optimisation set the valves 

to a fix position where the maximum cooling and maximum flow resistance was present (Valve 3 

wide open, Valve 2 closed). The pump set point / target is based upon the relationship between 

engine coolant flow and RPM.  

For this controller, the pump RPM response to the input signal does not conform the S-Shaped 

(Figure 9) response curve when set in an open loop system that is needed for method one. 

Therefore, the second method of Ziegler Nichols tunning referred to as the frequency response 

method was used to generate the initial parameters for the Main WP. Where the system enters a 

state of disturbance with increasing KP. 

Duty for the pump is based upon engine speed therefore a midpoint in the pumps operating range 

(3500RPM) was used as an operating point to start to the frequency response tunning method. 

Following the flow chart methodology as shown in Figure 10. Integral (I) and Differential (D) gain 

values were set to 0. Proportional (P) is initially set to 0 and advanced until uniform sustained 

oscillations in the output are seen, the resultant P value is then referred to as the ultimate gain Kmax. 
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The frequency of this oscillation is measured as and referred to as f0. Figure 35 below shows the 

response curve for the water pump controller and the frequency of the oscillations at Kmax. 

 

Taking these values and applying the Ziegler Nichols second method rules to them results in the 

gain PID gain constants below. 

 

𝑘𝑚𝑎𝑥 = 1.58          𝑓0 = 0.4𝑠 

𝑃 = 0.6𝐾𝑚𝑎𝑥 = 0.6 × 1.58 = 0.948 

𝐼 = 2𝑓0 = 2 × 0.4 = 0.8 

𝐷 = 0.125𝑓0 = 0.125 × 0.4 = 0.05 

 

  

Figure 35 : Ziegler Nichols Second Method for PID tuning on thermal rig Main WP, frequency response curve 
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To understand the effectiveness of these PID settings for this application a series of tests have been 

performed. The test cycle used to optimise this controller is based upon a square wave engine 

speed profile where pump duty will shift from a low flow (low duty) point to a high flow (high duty 

point). This 150 second cycle (Scenario 1) is shown below in Figure 36. 

 

The virtual test set-up used to prove out this PID control was with the engine mechanical water 

pump installed/modelled with the rig pump acting to make-up any flow loss due to flow resistance. 

Pump duty based upon the engine speed to coolant flow ratio based upon empirically measured 

relationship. This is the most duty response demanding set-up as there is the interaction between 

the engine pump and engine speed and the rig pump. In these tests Valve 3 was left wide open (the 

highest flow resistance route), Valves 2 and 4 were set shut. 

Figure 37 below shows the system response to the Main WP PID controller using the ZN frequency 

response derived P, I and D gain values, it illustrates the response when working as , it is worth 

noting that the minimum rotational speed of the pump is 450RPM which results in a baseline value 

of 13l/min of flow when in stand-by, resulting in a flow difference of -13 l/min when engine speed 

is 0RPM; this is a limitation of the physical hardware and has been included to ensure that the 

virtual environment is representative of the physical one in all aspects. At lower engine speeds the 

control is relatively successful with no steady state error, although the settling time is high this helps 

prevent any excessive overshoot. However, at higher engine speeds the PID control is not stable, 

and control is not acceptable.  

Figure 36 : Main Water Pump PID Optimisation Cycle -Scenario 1 
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The resultant P, I and D values from the ZN method and the resultant curves presented above 

(Figure 37) have been taken as starting points. The benefit of the presented virtual commissioning 

process is the iterative improvement processes that can be introduced. Taking the ZN values as a 

starting point and the optimisation cycle the PID gains have been tuned for response/rise time, 

overshoot, settling time and steady state error. Following the basic rules of PID tuning as shown 

below in Table 7. 

Table 7 : Increasing PID Gain Parameters Effect on System Dynamics (Ang, et al., 2005) 

 

  

Response Rise Time Overshoot Settling Time Steady State 

Error 

Stability 

KP Decrease Increase Small Change Decrease Degrade 

KI Decrease Increase Increase Eliminate Degrade 

KD Minor 

Change 

Decrease Decrease No Trend Improve if 

KD is small 

Figure 37 : ZN Frequency Response Method PID Control of MainWP Test 
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The process was performed manually and iteratively by first understanding the model’s sensitivity 

and response to changes in each gain value, once the sensitivity was understood the performance 

was optimised using Table 7 information as a guide. Approximately 30 PID iterations with the 

average simulation time of 2 minutes per simulation for the 150 second cycle the PID was optimised 

in approximately 1 hour. PID gains were  

The resultant P, I and D values are for the water pump are as follows: 

P= 0.5  I= 1.2  D=0.01 

 

These values result in the response curves shown below (Figure 38) for scenario 1. It demonstrates 

a large improvement in both response and stability without any significant overshoot. The large 

oscillations at higher duty points have been eliminated by reducing the KP and KD gains while 

maintaining the benefit of the differential gain which help overshoot by reducing the rate of change. 

  

Figure 38 : Optimised PID Control of MainWP Engine Water Pump Active 
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The test cycle presented in Figure 36 represents a stable cycle which aids in the analysis of PID 

performance. However, there will be test cases where the Main WP controller will be required to 

act in extreme transience. To ensure that the controller can manage in these test conditions without 

excessive overshoot and instability. Figure 39 below shows the flow error over the first 150 seconds 

of a representative WLTC drive cycle. A key consideration is the measurement location of coolant 

flow; flow is measured at the top hose (engine outlet) however there is a relatively long pathway 

between that location and the engine pump inlet which has been measured and a large volume 

between the pump outlet and the top hose that includes the engine. This therefore means that 

without a predictive control model there will inherently always been some inertia between flow 

demand, pump output and flow measured. However as shown below even in the most aggressive 

speed changes in the cycle the pump controller manages to keep the difference between flow 

demand and flow (flow difference) below 5 l/min.  

 

 

  

Figure 39 : Main WP PID Control over 150 seconds of WLTC test 
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3.4.2 Valves 2 and 3 Control Optimisation 

 

Control for this sub-system is based upon the error between the target temperature and the 

measured engine out temperature. Valve 2 is the bypass of the test bed heat exchanger (resulting 

in heating), and Valve 3 is the route through the test bed heat exchanger (cooling). These two valves 

work out of phase with each other, so when one is full closed the other is fully open. Therefore, the 

control of both valves only requires one PID controller. 

For the optimisation of this PID controller the response of the system was first established. The 

limiting factor in this case is the amount of cooling available, this does not change with regards to 

engine duty. If for example the controller was optimised for maximum heating i.e. peak engine 

power, then the control when the engine duty is low would not be accurate.   

To optimise this system the Ziegler Nichols First method (Step Response Method) was used. Figure 

40 below shows that the system acts and behaves to that of an S-Curve and therefore can be 

optimised using this method. This curve was generated at fixed engine operating conditions of 

3500RPM and 10Bar BMEP. With coolant temperature target switching from 80°C to 20 °C. This 

target switch opens valve 3 which results in maximum cooling. 
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The S-Curve (Figure 40) is used to generate the PID gain input information detailed in Table 2. The 

resultant calculations from the data extracted from the chart are (constants T= 7.25 and L=7.3) used 

to generate the P, I and D values for the PID controller for Valves 2and 3. 

They are as follows below: 

P = 1.2 x (T/L) = 1.2 x (7.25/7.3) =  1.19 

I= 2 x L = 2 x 7.3 = 14.6 

D= 0.5 x L =0.5 x7.3 = 3.65 

 

 

 

  

Figure 40 : Ziegler Nichols First Method Open-Loop System Response Curve 
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These PID setting were entered into the PID controller for the TMES Rig’s Valve2-3. A test cycle was 

performed at engine steady state conditions of 3500 RPM and 10 Bar BMEP. The test cycle started 

at engine coolant conditions of 60°C. The target temperature for coolant at the engine outlet was 

varied over time to help understand the PID performance at different operating points, as shown 

in below (Figure 41).   

Shown below (Figure 42) is the plot of engine coolant out temperature with the Ziegler Nichols 

tuned PID values. The control is too aggressive with large oscillations occurring around the target 

temperature. This occurs at all target temperatures though the amplitude of error is reduced at 

lower target temperature. The error at this lower target temperature becomes less symmetrical, 

this is because of the differing flow resistances on each path as well as the different rates of 

temperature change of each path. As the ZN tunning method was used on the cooling side (Valve 3 

wide open, Valve 2 closed) this has resulted in asymmetry about the target as the rate of heating is 

different from the rate of cooling.  

 

 

Figure 41 : ZN First Method PID tuning Cycle 
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The rapid opening and closing of these vales also had a knock-on effect on the duty of the Main 

WP. The swings in valve position results in flow rate losses. Figure 43 below demonstrates the effect 

this has on pump duty, presented below is the pump RPM and engine out flow. This valve results in 

very unstable flow rates and therefore poor control of thermal state. 

 

  

Figure 42 : ZN Tunned Valve 2-3 Controller - Engine Out Coolant Temperature 

Figure 43 : ZN Tunned Valve 2-3 Controller Pump Speed and Flow 
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Overall, this control is not adequate and has required further tunning using a manual iterative 

method. The ZN method tuning has revealed the effects of extreme and aggressive tunning which 

has helped guide and inform. The controller should be tuned to blend the two flows resulting in 

stable temperature, flow, and pressure conditions.   

Due to the asymmetry of the PID control shown in Figure 43 control bias towards the side with the 

most flow resistance was used. This took the form of a gain bias of an extra 10% duty to valve 3 

effectively meaning that if valve 2 was at 45° valve 3 would be at 49°. This helped balance the 

temperature response of the system.  

In a similar procedure used for the Main WP optimisation was used for Vales2-3 controller. The 

effects seen in Figure 43 and Figure 42 of rise time, overshoot, steady state error, settling time and  

stability where assessed iteratively from the ZN baseline for Valve2-3 controller using the rules from 

Table 7. 

Following iterative rounds of tuning the P, I and D gains for the Valve 2-3 controller were found they 

are as follows: 

 

P= 0.3  I = 0.7   D=3.5 

 

Compared to the value taken from the ZN method there has been large changes in both P and I gain 

values to bring the oscillation in the control down. D has remained the same as this aided in keeping 

the rate of change in angle low to prevent oscillation which improves settling time. The resultant 

temperature control over the cycle presented in Figure 41 is shown below (Figure 44 and Figure 

45). This cycle has a starting temperature of 40°C therefore there is a warm-up period. This warm-

up period help diagnose any areas where integral wind-up occurs. Integral windup is where a large 

change in set point or a large difference between process output and set point, this results 

accumulation of the integrator gain in the PID controller which can lead to overshoots and poor 

control. In this control system a clamping method has been employed where the Integral is limited 

to the saturation values of the controller, in this case is lower 0 and upper 90, representing the 

range of the valves travel. 
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Figure 44 : Optimised PID Gains - Valve 2-3 Controller Engine Coolant Temperature Control 

Figure 45 : Optimised PID Gains - Valve 2-3 Controller Engine Coolant flow and Main WP Speed 



85 
 

 

Figure 44 above demonstrates the optimised control can hold coolant temperature to target very 

accurately, after an initial settling period caused by a slight overshoot. The settling period is greatest 

where the difference between the set point and the process output is large for a long period of time 

(causing some integral wind-up). This is also more pronounced when warming-up as this process is 

slower than cooling down, this is because the rate of heat input from the engine is less than the 

rate of heat rejection from the test bed heat exchanger. 

Analysing Figure 46, the controller uses the two valves to mix flow to create the correct thermal 

conditions at the engine inlet to achieve the target temperature. This aids in the stability of the 

thermal state by creating a consistent flow resistance reducing flow, enabling the Main WP 

controller to target constant flow loss. This steady duty can be seen in Figure 45 where the 

controller does not need to be so active in making up the difference in flow as the valving is much 

more controlled with no oscillations about target position. 

 

  

Figure 46 : Optimised Valve 2-3 Controller - Valve 2 & 3 Position/Duty 
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3.4.3 Tank and Engine Conditioning System Operation 

 

This control system does not require a PID controller. The system as described in section 3.3.5 

Control of Temperature Regulation Circuits, it is effectively a series of on/off switched. However, to 

validate this control is effective a series of tests were performed. These test cases are as below: 

 

3.4.3.1 Test Case 1: Tank Temperature Regulation During Fired Test 

When the rig is operating in a target engine outlet coolant temperature mode. The tank isolated 

from engine and is running a conditioning cycle where the temperature of the coolant in the tank 

is controlled to be 20°C below that of the engine target outlet temperature. This is done by 

operating either the high or the low temperature regulation circuit. This method of control is 

discussed in further depth in earlier in this chapter (section 3.3.1 Rig Operational Modes). Below 

(Figure 47) shows the performance of the controller when operating in the over a 400 second cycle 

where the tank coolant is at 60°C at the start of the test and the target temperature for the engine 

is 60°C. In this mode the tank is isolated from the engine, therefore for the purpose of this test the 

engine model was running at 2000RPM and 10Bar BMEP. As the tank starts the test at 60°C, 

immediately a temperature error of 20°C is accumulated, this operates the HT Regulation Pump 

operates to pass flow through a heat exchanger to cool the tank bulk temperature to its target 

which is 40°C. Once the Target temperature is reached the HT Regulation Pump is deactivated as 

temperature error is 0°C.  The HTREG and LTREG pumps work in the inverse of each other to 

maintain the target temperature. The controller will output 0 when the tank is at its target 

temperature as error is sent to the pump controller at a 1 s.f resolution this prevents the LT and HT 

REG circuits fighting each other. Both pumps have no proportional control and are single point 

operating pumps.  This simplistic this method is effective due to the thermal properties of the tank 

and large thermal inertia of the coolant meaning that it takes a long time to accumulate an error 

greater than 1 to activate the HT/LTREG pumps.  



87 
 

 

Figure 47 : Tank Temperature Control During Fired Testing (Operational Mode 1) 

 

3.4.3.1 Test Case 2: Pre-test conditioning Cycle 

 

In an engine test program there maybe the need to precondition the engine to a certain 

temperature prior to testing. The rig can do this utilising its temperature regulation circuits. In the 

test below a 1000 second cycle is run where the engine and rig all start at 30°C the low temperature 

regulation circuit is then activated to condition both the engine and the tank to the target 

temperature of 60°C. Coolant is able to flow between the tank and the engine by opening valves 1 

and 4. Once this temperature is reached the High temperature regulation circuit and the low 

temperature regulation circuit operate with each other to ensure that there is no difference 

between the target precondition temperature and the actual coolant temperature. During this 

time, the main WP is operational to exchange coolant between the engine and the tank and its duty 

is based upon the scaled difference between the target coolant temperature and the actual coolant 

temperature. More details on this operational mode are discussed previously in further depth in 

section, 3.3.1.2 Operational Mode 2: Preconditioning. 

Figure 48 below demonstrates that is control mode is effective. The temperature regulation circuits 

are operating as desired. As the control input (temperature error) is communicated as an integer it 

prevents both regulation circuits fighting each other for control as there is a period between states 
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where error is 0 and neither side is active. The Main WP ensures flow through the tank and engine 

is maintained and it regulated to a maximum flow of 70l/min (the PID controller output is saturated 

to 40% of maximum duty in this operational mode). The model can simulate an engine mass 

temperature, as shown below the inner mass takes slightly more time to warm-up than the engine 

out coolant temperature as the thermal resistances in the engine block are greater which is as 

expected. 

 

Figure 48 : Simulated Engine Preconditioning Cycle 

 

In this case as the objective is warm the fluid the HTREG circuit is not activated as there is no 

overshoot in the controller for the LTREG side, Figure 49 demonstrates that the LTREG pump 

controller activates the pump each time the tank temperature drops, and temperature target error 

becomes greater than or equal to 1°C. Figure 49 is taken from the 600 seconds into the cycle 

presented in Figure 48 where the tank temperature is approaching the target where at 

approximately 650 seconds the target is reached and the LTREG circuits is maintaining the 

temperature.  Duty 10 is pump activated duty 0 is pump deactivated. 
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Figure 49 : Simulated Preconditioning Cycle LTREG Circuit Activity 

 

3.4.3.1 Test Case 3 Post-test conditioning cycle 

 

The chart below (Figure 50) demonstrates the post conditioning cycle. The objective of this 

operation mode is to target a setpoint in engine out coolant temperature by utilising the Tank 

temperature regulation circuits to meet this temperature after a hot fired engine cycle. The plot 

below has a coolant starting temperature of 60°C at the engine outlet. The target temperature is a 

30°C condition for the engine outlet. This is achieved through by opening the valves which allows 

the engine and tank coolant volumes to be exchanged (opening valve 4 and closing valves 2 and 3). 

At the start of the test the tank is held at a coolant temperature of 40°C comes from operational 

mode 2 as in a usual scenario this operational mode would be used after a hot test where operation 

control mode 1 would have been running. This operational mode works well, shown below is the 

engine out coolant temperatures and the main tank coolant temperature, the difference between 

these two temperatures is reduced as time progresses, showing that the temperature uniformity is 

a function of time. This operational mode has a fixed coolant flow rate through the Top Hose 

(engine out) which is generated by the rig’s Main WP, this is controlled in the same manner 

described above in the preconditioning mode, this method of Main WP control works well is just as 

effective in this case. 
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Figure 50 : Simulated Post Fired Testing Conditioning 
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3.5 Conclusion 

 

The first three sections of this chapter have presented the methods used to model both the test 

engine and TMES rig to enable a virtual process of commissioning and control system prove out. 

The experimental data presented that was used to calibrate and correlate the engine model has 

shown the engine model to be of suitable accuracy. An average RMS time error of 5.34s was to 

reach set engine coolant temperatures over a 1000 second cycle and a in temperatures ranging 

from 30°C to 90°C was measured. This has enabled conclusions to be drawn upon the effectiveness 

of the controller design and the effect of the TMES on basic engine thermal state. 

The final section discusses the methods used to virtually commission the rig. Details have also been 

presented as to how the rig and engine model have been used to assess and build the controller. 

Common methods for PID tuning have also been implemented and critically assessed in this section. 

The following points may be concluded from this chapter: 

1. For this application where intricate detail of local engine component thermal state is not of 

great importance a 1D lumped mass models for ICE’s can be very effective in terms of 

modelling engine warm-up and thermal behaviour in transient duty cycles when conditions 

are measured at the engine coolant outlet. 

 

2. When calculating a global engine coolant system heat transfer coefficient, the enhanced 

Dittus Boelter correlation used to calculate the Nusselt number improves the model’s 

engine models correlation to experimental data. Reducing RMS error in temperature 

prediction over engine warm-up by a factor of 3. 

 

3. Tuning the PID controller for the Main WP was performed utilising the Zeigler Nichols 

second method, frequency response methodology. The method resulted in an aggressive 

response profile with high frequency oscillational about the target. After subsequent 

manual tuning from the ZN generated values appropriate P, I and D gains were generated. 

These optimised gains were of a similar magnitude to the ZN gains where the difference 

between the ZN and final gains were 0.5, 1.2 and 0.01 for P, I and D respectively. 

 

4. The application of the first ZN method for the Valve 2-3 controller was not as successful as 

the second method used on the Main WP controller. With calculated gains for the system 

being vastly higher for P and I (4 and 21 times greater respectively) than that of the 



92 
 

optimised gains on the system, D gains generated were accurate with only a 4.2% reduction 

in D required for the optimised gains. This is due to the relative slow response curve of the 

system S-curve resulting in high values across all gains as the tunning algorithm from the 

second method is based upon the response curve gradient.  The resultant P, I and D values 

are 0.3, 0.7 and 3.5 respectively. 

 

5. Aspects of the control which focussed on the system interactions with the tank have been 

proven out virtually in this chapter demonstrating successful control of the tank 

temperature in all operational modes. This was completed using a validation cycle which 

utilised both the pre and post conditioning as well as a fired engine section. 

 

6. Finally, the output from this chapter has enabled high confidence in the controller and its 

operating principles which will then feed into the specification of the physical control 

hardware (which is detailed in the next chapter).  
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Chapter 4: Rig Hardware 
 

This chapter details the physical mechanical and control hardware of the TMES system. It also 

discusses the TMES control system, and its operation communication protocols on the CAN Bus. It 

is split into three parts as described below. 

The Thermal Management Emulation System rig section details the physical hardware of the 

thermal rig. Each controllable is described along with their purpose and control interfaces. 

The section on communication covers the communication methods between the rig controller and 

the engine test environment. The controller reads engine data through the intermediary engine 

test cell control PC which also dictates the rig operational modes. 

Finally, there is a section on the controller it describes the electrical control hardware for controlling 

the rig. The open-source micro controller board used is described and discussed. This section 

includes the details on the digital signal processor and the I/O of the various electrical hardware 

systems used. This section also details the hardware used to create a standalone low-cost 

application specific HIL testing set-up. Building upon this set-up the HiL rig is implemented on the 

hardware using a series of plausibility tests and sweeps of signal operating ranges to demonstrate 

the correct functionality and communication protocols. 
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4.1 Thermal Management Emulation System Rig  

 

The thermal management emulation system rig is a novel engine test system. It was designed to 

enable an increased degree of freedom during engine thermal tests. In this sub-section the 

controllable hardware is described. Hardware selection has been driven by the TMES rig’s intended 

operation, as detailed in section 3.3.1 Rig Operational Modes the rig is flexible in its operation. To 

briefly recap these operational modes, they are listed below along with a schematic view of the 

overall system (Figure 51): 

1. Target Temperature Operation: Controlling engine out coolant temperature to a user set 

point. Fully adjustable engine coolant temperature and flow rate through model-based 

control allowing for altered warm-up or different engine heat transfer rates. 

2. Preconditioning: Using coolant flow conditioning to enable pre-test warm-up. 

3. Postconditioning: Using large cooling volumes and flow control to cool bulk engine 

temperature to a setpoint after engine testing. 

Figure 51 (below) shows a schematic of the rig thermal system is it connected to an ICE at the water 

pump inlet and takes a connection off the coolant outlet at the head or thermostat housing.  A basic 

high-level description of the hardware componentry of the thermal rig can be found in Table 8.  

Figure 51 :Thermal Rig Flow Schematic 
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4.1.1 Hardware Description 

The rig main flow if governed by a series of four electronic control ball valves, these valves (Kinetrol 

EL 07 51mm full flow ball valves) are controlled on a 4-20mA current loop input, movement is 

powered through pneumatic shop air supply at 5bar. The valve’s response to the 4-20mA desired 

position is through built in PID control built into the valve. Duty (desired position) to these valves is 

based on a separate PID which is driven by the main controller, this results in a control limit of 65 

degrees per second with a range of 90 degrees. The valve position is based upon an error between 

target settings such as coolant temperature and flow and actual temperatures and flow, therefore 

valve position feedback is not of interest as control is not targeting position it is targeting its effect 

(coolant temperature or flow), however this position is still logged for fault diagnostics. There is a 

51mm manual shut off valve which is plumbed in line with main tank inlet. This valve act to prevent 

engine coolant flow filling the tank in the case where V4 is closed. 

Main coolant flow rate is governed by the interaction between the engine water pump and the rig 

water pump. The engine coolant flow can either be governed by the rig’s pump or by the standard 

engine water pump. The controller will target to achieve the standard top hose flow vs engine speed 

for the engine on test whether the standard engine water pump is enabled or disabled; this means 

that flow continuity vs engine speed will be achieved regardless set-up. The rig main water pump 

(Grundfos TPE25-90/2 A-O-ABQQE) is fully controllable with a 0-10V analogue input and is sized to 

flow a maximum of 202l/min.  

Conditioning of the fluid inside the large tank is achieved through a High Temperature Regulation 

(HTREG) circuit and a Low Temperature Regulation (LTREG) circuit. High temperature regulation 

(cooling) is managed through by flow through a shell tube heat exchanger (BOWMAN SD4509-

4)(Cold Hex in Figure 51), flow is governed by an electronic water pump (pump 3 in Figure 51 above)  

which is plumbed in series and has a fixed flow rate based, control is based upon a solid state relay 

triggered by a 10v input.  

Cooling water for the heat exchanger is provided by a cold water (10% Ethylene Glycol Solution) 

supply rated at 1.5Bar pressure and set to 8°C this is plumbed on the tube side with the Thermal 

Rig Tank 50:50 Ethylene Glycol mix on the shell side. Referred to as “Chiller” in Figure 51. 

Low Temperature Regulation (LTREG) is governed similarly however with a smaller shell tube heat 

exchanger (BOWMAN GL180) (Hot Hex in Figure 51). Heating of this heat exchanger is provided 

through a Regloplas 140s (liquid temperature control unit) the 140s manages fluid inlet conditions 

to the tube side of the GL180 shell tube heat exchanger, these were controlled to target tube inlet 

conditions of 2bar pressure and 90°C with a flow rate of 40l/min, the unit has a maximum heat 
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input at 400V of 8kW. Flow through the shell side of the heat exchanger and into the tank is 

managed an identical Stuart Turner (CH4-30) Pump as in the cooling side (pump 2 in Figure 51) (low 

temperature side). 

Both Low Temperature and High Temperature Regulation circuits are equipped with inline manually 

adjustable 19mm diameter ball valves within the circuit. These are used to throttle flow at the 

pumps. As these pumps only operate at a single point the ability to alter the flow characterises to 

manage system pressure and performance of conditioning units is useful to prevent overloading of 

circuits, particularly the Reglopas 140s hot conditioning system.  

The main tank is a twin skinned stainless steel 196L cylindrical tank. It has two main flow paths 

located towards the top and bottom of the tank, top being inlet and bottom being outlet (51mm 

diameter), this exploits the natural coolant head pressure that the tank has, aiding the maintenance 

of flow momentum during operation. The pressure within the tank is maintained by the inclusion 

of an expansion tank which has a pressure relief cap which is rated to the same maximum pressure 

as the one found on the engine on test (145kPa). In test both the engine and rig expansion tanks 

are at the same height to prevent filling and draining into each system. 

The main tank also has inlets and outlets (19mm diameter) for the high temperature regulation and 

the low temperature regulation on the rear of the tank. Temperature of the tank fluid is measured 

at the main flow inlet through a k-type 3mm thermocouple and pressure is measured via a piezo 

electric pressure sensor which is located at the flow inlet also. These channels are read by the 

engine control desk PC and fed into the rig controller via CAN. 

Post Valve 3 there is a third shell tube heat exchanger (Bowman GL80)) (Engine Hex in Figure 51), 

with the tank and engine thermal system plumbed on the shell side. The tube side is plumbed into 

a 5-bar regulated water supply which is held at external ambient temperature (0-25°C). This heat 

exchanger is used to maintain the target coolant temperature through the modulation of both 

Valve 2 and 3 out of phase. It is running in constant flow on the tube side the rig only controls flow 

through the shell side of the heat exchanger. 
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Component Type Specification 

Kinetrol EL 07 Flow Control Valve - 51mm Diameter Full Bore Ball Valve 

- 90° Rotational Range 

- 65 deg/sec maximum rotational speed 

Grundfos TPE25-

90/2 A-O-ABQQE 

Pump, MGE71A-

98190190 Pump 

Electric Motor 

Water Pump, Pump 

Electronic Drive Motor 

- Pump Rated Flow: 131.3l/min @2865RPM 

- Pump Rated Head: 7.93m @2865RPM 

- Maximum Flow: 202 l/min @ 4.5m Head 

- Motor Maximum Rotational Speed: 4000RPM 

- Motor Rotational Speed Control Range: 365-

4000RPM 

Stuart Turner CH4-

30 Water Pump 

Electronic Water Pump - Single Operating Point Water Pump 

- Maximum Flow: 140 l/min 

- Maximum Head: 25m (Closed Valve) 

- To be controlled by a solid-state relay 

Bowman SD4509-4  Heat Exchanger (HTREG) - Coolant Heat Dissipated @140 l/min ≈ 48kW 

- Rig flow through shell side. 

Bowman FC120 Heat Exchanger (LTREG) - Coolant Heat Dissipated @ 140 l/min ≈ 28kW 

- Rig flow through shell side 

Bowman GL180 Engine Heat Exchanger - Coolant Heat Dissipated @ 140 l/min ≈ 73kW 

- Engine flow through shell side 

Regloplas P140S Pressurised-Water 

Temperature Control Unit 

- Maximum Pumping Capacity: 40 l/min 

- Maximum Temperature Set-Point: 140°C 

- Heating Capacity: 8kW 

- Set to 2 bar pressures 

Table 8 : Thermal Rig Hardware 
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4.2 Communication 

4.2.1 The CAN Bus 

 

For the rig to correctly operate a means of communication between the rig, engine on test and the 

user must be enabled. Communication between multiple automotive devices is a challenge that has 

been constantly evolving as automobiles have become increasingly electronically controlled. CAN 

(Controller Area Network) Bus communication has been the staple communication protocol in the 

automotive field for over 20 years; initially development started at Robert Bosch GmbH with the 

protocol officially realised in 1986 at the Society of Automotive Engines (SAE) conference in Detroit 

Michigan. It wasn’t until the Mid-1990s that CAN became a mandatory communication protocol for 

passenger car On-Board Diagnostics (OBD) (referred to as OBD-II) in the United States did the CAN 

become massively widespread in its use. By 2004 all vehicles sold in the European Union regardless 

of fuel type had to use CAN communication for On-Board Diagnostics (referred to as EOBD). 

CAN is a robust vehicle bus communication standard that enables microcontrollers, devices, and 

actuators to communicate with each other without requiring a host computer. Each of these 

devices on the CAN network is referred to as a Node, so in this case the CAN network that is used 

to control the rig consist of two nodes, the rig controller, and the test bed computer. The engine 

parameters that are required to operate the rig are not all available on from the engines control 

unit (ECU), however these channels are measured on the test bed by the test bed host computer 

therefore resulting a small simple 2 node CAN Bus system. 

Briefly, on the CAN bus, each node can both send and receive message but not at the same time. 

All messages are transmitted serially as all nodes are connected to the same Bus. If the Bus has no 

traffic on, then the node is free to send messages onto the Bus. If more than one node attempts to 

send a message at the same time, then the message with the highest priority ID will win the 

“arbitration” and the losing message will wait until the priority/dominant message is sent before it 

can then send its message. This results in a robust and highly secure network that enables fast 

transmission of messages with high importance. A combination of its priority protocol and serial 

communication results in a simple two wire configuration where all messages are sent over a CAN 

high wire and a CAN low wire; a modern passenger vehicle can have as many as 70 on board 

electronic controllers located all over the vehicle; a CAN bus network means that all these 

controllers are connected and can communicate very inexpensively using just two wires. This is 

major reason for its widespread popularity as a communication protocol. As the complexity and 

need to wire each individual component to each other is eliminated by the CAN network. 
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The test bed control software Sierra CP Cadet provides an interface for the CAN Bus via a National 

Instruments PCI-8512 CAN Interface Device which is a full high-speed/FD (Flexible Data-Rate) CAN 

interface that runs up to 8 Mbit/s with onboard TJA1041 transceiver (National Instruments Corp., 

2018). Through the Sierra CP Cadet software, it is possible to measure and process live engine test 

data and convert this data into CAN readable messages to be sent to other nodes on the CAN bus. 

The Cadet software will allow a maximum of 64 channels per config to be sent over CAN. Due to 

the user configurability of these channels it makes it possible for rig commands settable by the user 

to be changed and activated in Cadet and then sent over the CAN bus to the rig. 

The CAN frame refers to the structure of the message, the frame is made up of a range of bits of 

data. Shown below (Figure 52) is the structure of the frame and bits (number referring to bit length) 

in standard 11-bit CAN. 

The diagram above refers to the following designations (CSS Electronics, 2021): 

SOF: Start of Frame, this is set to a “dominant 0” to let the other nodes know that a CAN node 

intends to send a message on the Bus. 

ID: This is the ID of the message this is an 11-bit number (indexed up to 2048), the lower the number 

the higher the priority of the message. 

RTR: Remote Transmission Request, this indicates whether a node sends data or whether the 

message is to request data from another node. 

Control: This contains the Identifier Expression bit (IDE) which for 11-bit is “dominant 0”. The 

control also contains the 4-bit data length code (DLC) that stipulates length of the data bytes to be 

transmitted (0 to 8 bytes) 

Data: The data contains the data bytes (payload), which includes the CAN signals which will be 

extracted and decoded by the CAN .dbc file. 64 bits is equal to 8 bytes of data. 

CRC: Cyclic Redundancy Check is used to ensure data integrity. 

ACK: This slot indicates if the node has acknowledged and received the data correctly. 

Figure 52 : Standard 11 bit CAN frame (CSS Electronics, 2021) 
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EOF: The end of CAN frame. 

Understanding a standard 11-bit CAN frame is key to this project as the CAN messages transmitted 

will be made up of different byte lengths and scaled to enable the thermal rig controller to act upon 

the incoming messages. 

The limited computing space of “off the shelf” rapid prototype microprocessors (Arduino Mega 

2560) and the need to build and maintain the controller in Matlab Simulink to preserve continuity 

between GTSuite rig model control and actual rig control provided a challenge for this project. The 

automatic complier for Arduino in Simulink was used however the code compilation is very memory 

inefficient; this has pushed the author to build the model as efficiently as possible, minimising the 

use of prebuild hardware support modules and software libraries where possible. Therefore, 

manually packing and unpacking these CAN frames is required. Meaning that the structure of the 

frame is of the upmost importance.  

Fortunately for this project the number of CAN channels require for the rig to operate effectively is 

only six plus one safety channel sent from the test bed and seven plus one safety sent from the rig.  

Meaning that both send and receive messages can each fit into the 8-byte message length (data in 

Figure 52) resulting in the minimal CAN traffic as there is only two CAN messages sent on the Bus 

network. The channels required from the test bed and the respective accuracy required are listed 

in Table 9. Table 9 also lists the channels that would be sent from the Rig to the test bed, it is 

important to monitor the response of the rigs controller to ensure correct operation, this will also 

allow CADET to log these parameters. 
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Parameter 

Name 

Resolution 

/Range 

/Number of 

Bytes 

Direction Control Reason 

Engine Speed 

(RPM) 

50RPM 

0-

12750RPM 

1byte (8bit) 

TestBed→Rig Using a pump flow curve vs engine speed, the 

controller will target an RPM dependent flow 

rate out of the engine through modulation of the 

main rig coolant pump duty via PID control. As 

dyno speed can move about set point RPM is set 

to a 50 RPM resolution to prevent unwanted 

signal noise. 

Target Top 

Hose 

Temperature 

(degC) 

1 degC 

0-255 degC 

1byte (8bit) 

TestBed→Rig This is the set point engine out (top hose) 

temperature which is user set at the test bed 

interface. Settable by the user a limed to nearest 

degree (0 d.p). 

Top Hose 

Temperature 

(degC) 

1 degC 

0-65535.5 

degC 

2byte 

(16bit) 

TestBed→Rig The measured temperature of the coolant 

leaving the engine. To enable the PID control of 

the Top hose temperature to be ±1degC the PID 

needs to respond to error lower than that or the 

target maximum error constraints. Therefore, 

this value is scaled up by a factor of 10 to then be 

scaled back down in the controller to give 

temperature error to 1 d.p. 

Main Tank 

Temperature 

(degC) 

0 degC 

0-255 degC 

1byte (8bit) 

TestBed→Rig The duty on the tank conditioning circuit 

(HTReg/LTReg) is based upon the difference 

between a target tank temperature and 

measured. 0 d.p accuracy to give the PID control 

opportunity to settle without too much signal 

noise. 
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Operation 

Mode 

# 

0-255 

1byte (8bit) 

TestBed→Rig This message communicates to the controller 

what mode to operate in (range 0-3). This 

parameter will also trigger shutdown in case of 

fault. 

Engine Out 

Coolant Flow 

1 l/min 

0-255 l/min 

1byte (8bit) 

TestBed→Rig The actual flow out of the engine. The pump 

controller uses this parameter to calculate the 

difference between what is measured and what 

the flow should be therefore creating an error 

for use in PID to alter the Main Water Pump 

Duty. 0 d.p accuracy to give the PID control 

opportunity to settle without too much signal 

noise. 

Valves 2, 3 ,4 

Duty 

1 

0-255 

1byte (8bit) 

Rig→Testbed Relays duty of valves back to test bed for logging 

and diagnosis  

Pump Duty, 

MainWP,  

1 

0-255 

1byte (8bit) 

Rig→Testbed Relays duty of valves back to test bed for logging 

and diagnosis 

Temperature 

Regulation 

Circuits- 

HTReg, LTReg 

1 

0-255 

1byte (8bit) 

Rig→Testbed Relays duty of the two pumps which condition 

the tank fluids to test bed for logging and 

diagnosis 

Flow Control 

– Flow 

Difference 

1 l/min 

0-255 l/min 

1byte (8bit) 

Rig→Testbed Relays difference between actual engine coolant 

flow and desired to test bed for logging and 

diagnosis.  

Table 9  : Channels to be sent over CAN from CADET and Rig 
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As shown in Table 9 most of the channels can be sent over an 8-bit channel, resulting in a message 

size of 28 or 0-255 range. However, two channels have are either a too large number to be expressed 

in a simple 0-255 form or 0-255 form does not carry enough accuracy. In the case of engine speed, 

the CAN channel needs to be able to carry a reasonable range for a passenger vehicle engine speed, 

for example 0-10000RPM. In the test environment when operating in steady state it is common for 

engines to set to run at speeds which are in divisible by 50. When operating a test engine in 

transience the engine speed will not always be exactly divisible by 50, nor will it be stable. The 

engine speed channel will be used to control the main water pump on the rig using a standard 

engine coolant flow curve and comparing what the flow should be at that engine speed and making 

up any difference in flow by increase or decreasing the rig water pump duty. An issue with highly 

transience engine testing is that the dynamometer itself can take some time to settle. By using a 50 

RPM resolution on this channel it helps to dampen the RPM response from the dynamometer 

therefore reducing the steady state error on the controller. By scaling engine speed by a factor of 

50, the range available to transfer over the 8-bit channel is now 12750 RPM which is suitable for 

most passenger car engine speed ranges.  

Generally, powertrain engineering test standards dictate that engine temperatures on test should 

be controlled to ±1°C of set point which is monitored at the engine coolant outlet (top hose). This 

means that the rig will need to accurately control around this target setpoint to a maximum of a 

1°C error. To achieve this level of accuracy in control the channel which dictates the error for the 

PID control needs to be of a higher resolution than the set point. Therefore, engine coolant out 

temperature resolution needs to be at least to a tenth of a degree. A reasonable coolant 

temperature range for an engine on test would be between 0-150°C. As 8-bit range is 0-255 this it 

is not possible to scale this range to get the resolution down to the nearest tenth of a degree. 

Therefore, this channel is communicated across the CAN Bus in a 16-bit 2-byte message, resulting 

in a 0-6553.5 range when scaled at 1 decimal place resolution. The basic method used to breakdown 

a message which carries too much detail for a single byte is below in Figure 53. 
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The information of the CAN message content, scales and encoding are stored in a text file call a 

CAN.dbc (CAN database) which contains all the information require to decode the CAN Bus data 

into real human readable physical values. The .dbc file is a text file exists to both encode the sent 

information and decode the received information. 

In the Cadet software it is the .dbc file which tells the PC what channels to scale and how. The 

encoded CAN messages are then unpacked on the CAN module within the Rig controller. The 

inverse happens on the rig to send the messages back to the CADET PC. As illustrated in Figure 53, 

data bytes are set to either A or B in 2 byte 16-bit CAN. In this case the .dbc file is configured to 

send CAN messages in the “Little Endian” (LE) format where the least significant bytes are stored 

first (byte A), and the more significant bytes are stored after (byte B). Hence why the integer for 

byte B is created before A in Figure 53. The .dbc file will also scale the engine speed channel to the 

0-255 range by dividing by 50. Once these channels are received by the rig then all that is required 

is for some simple mathematics to divide the engine coolant out channel by 10 and multiply the 

engine speed by 50. 

  

Figure 53 : Engine Out Coolant Temperature CAN Byte Breakdown 
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4.2.2 Rig CAN Network Component and Configuration 

 

The thermal rig controller uses a widely available inexpensive CAN module which is based upon the 

MCP2515 CAN Bus controller and CAN transceiver TJA1050. This module communicates to the 

Arduino Micro controller through Serial Peripheral Interface (SPI) master (Arduino) - slave (CAN 

Module) architecture. Libraries for this CAN module and SPI interface are built into Matlab Simulink 

which are then deployable straight onto Arduino boards. Wiring configuration and layout are shown 

in later section (see Figure 56 ). As mentioned previously in this chapter the test bed utilises a 

National Instruments PCI-8512 CAN Interface Device with an onboard TJA1041 transceiver. The CAN 

network Baud rate is set to 500kBit/s dictating the rate at which information is transfer on the 

network. The oscillator frequency on the MCP2515 is configurable and set to 8MHz. 

The CAN Bus network set-up is simplistic as it only contains two nodes, each node is terminated 

with a 120ohm resistor. The network is shown below in Figure 54 

 

As the CAN network is running only with two nodes the connection is simple. Wiring of the CAN 

cables is based upon National Instruments hardware literature  (2016) and is wired on a 9 Pin D-

Sub connector where Pin 3= COM (reference ground) this is linked to the ground inside of the 

thermal rig  as well as the ground within the national Instruments  PXI-8512 Card, Pin7 is the CAN_H 

/ Can High line and Pin 2 is the CAN_L  / Can Low line. No other connections are required. 

  

CAN Device 

(CADET) 

CAN Device 
(RIG) 120Ω  120Ω  

CAN_H  

CAN_L  

Figure 54 : CAN Network and termination resistor placement 
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4.3 Controller 

 

Of the rigs specification there are 7 controllable pieces of hardware. The controlled principle is not 

the same for each component, their control input types are listed below (Table 10): 

 

Controllable Quantity Set-Point 

Control 

Method 

Duty 

Control 

Input Input Type Input 

Principle 

Kinetrol EL 4 PID 

Demand 

PWN 4(closed)-

20(open) 

mA @8VDC 

Variable Current 

Loop 

Grundfos 

MGE71A-

98190190 Pump 

Electric Motor 

1 PID 

Demand 

PWN 0-10VDC Variable Analogue 

Voltage In 

Stuart Turner 

CH4-30, Crydom 

CWD2410P 

Solid State 

Relay 

2 PID 

Activation 

High/Low 3-32VDC Fixed On/Off 

(Relay 

Control 

(0/10v) 

Table 10 : Control Input Specification 

 

As detailed in the introduction to this project one major challenge has been the impact of the 

COVID-19 pandemic on availability of test devices and apparatus as well as the testing environment. 

These challenges have in part driven the specification of the controller hardware. 

The project required a controller which would be able to communicate the test bed control system, 

actuate 7 controllable devices simultaneously and be tuneable to suit the application. The goal of 

this project is to prove that much of the optimisation work could be performed out of the test 

environment using simulation tools that would closely replicate the actual test hardware. For this 

reason, the author has prioritized that the controller hardware be programmable in Matlab 

Simulink. Matlab Simulink (as discussed in section 3.3 Virtual Controller Model) can run in co-

simulation with GTSuite, this means that the control strategy of the rig can be built in Simulink. This 
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control strategy will then govern the simulated controllables as listed in Table 10 with the GTSuite 

model simulating the rig and test environment. Therefore, a key attribute of the desired controller 

is the ability to program this from the same environment namely Matlab Simulink. 

The use of open source micro controller modules for automation and control mechatronics has 

become common in the rapid prototyping phase of non-safety critical systems in recent years 

especially in the research environment (Johnson, et al., 2016), (Cervantes & Rincon, 2017). The 

market leader in this field is the Arduino, the boards used in this project are the Uno and Mega 

2560. Its main benefits to this project are listed below: 

• Due to its worldwide popularity and supply chain, it was available during the COVID-19 

pandemic. 

• Cost effective, an Arduino uno boards are less than £40 with clone boards costing around 

£10. 

• It is flexible, input signals can be, analogue, over CAN network and through serial input. 

• Output via PWM is available across multiple channels. 

• Online community support is incredibly large, >30 million active members (Di Paolo Emilio, 

2020) 

• Integration with Matlab Simulink.  This integration allows for the Co-Simulation 

optimisation aspects of this project (SiL, MiL) to be more seamlessly implemented through 

automatic code complication. 
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4.3.1 Arduino Mega 2560 – Thermal Rig Controller 

 

The desire to maintain software continuity in this project is based upon maintaining the same 

control principles and controller libraries at each stage of the controller optimisation and build 

process. As mentioned previously Matlab Simulink supports Arduino hardware, one disadvantage 

of this software support is that the automatic compilation of the Simulink code is relatively memory 

intensive. This compilation inefficiency has led the author to use the Arduino Mega 2560 

microcontroller board for the main Rig controller as it is designed for projects that require more I/O 

lines, more program (sketch) memory and more RAM (Arduino, 2018).  

 

As described in Table 10 the Rig requires the controller to output a range of different output signal 

types. The Arduino Mega 2560 board is an 8-bit board with 54 digital pins, 16 analog inputs and 4 

serial ports and is able output 0-5V PWM signals out of 12 pins (digital pins 2-13 in Figure 55 above).  

The control model will utilise these PWM output pins to set, alter and modulate duty on the control 

systems. PWM (Pulse Width Modulation), is a control methodology that is used to control the 

average power output of an electrical system, this is done by discretising the signal into parts, the 

signal in this case can only be either 0V or 5V. The controller will switch this signal (0V or 5V) at a 

fixed frequency either on or off, the longer the signal is on the greater the duty cycle and the greater 

the average power output therefore the greater the signal output is. 

PWM output however does not match the inputs required for the controllables on the rig as listed 

in Table 10. Therefore, requiring a range of conversion modules to format the signal into the correct 

specification. 

Figure 55 : Arduino Mega 2560 Scheme 
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As detailed in Table 10, the Control Valves require a 4-20mA input at 8V therefore a conversion 

process must take place. Voltage to mA conversion modules require analog input voltage and 

cannot be run off PWM signals. Therefore, the signal will have to go through a Digital (PWM) to 

analog (0-10V) signal converter. These control modules operate uses a low pass filter capacitor 

(100μF 25V) to convert the 5V PWM into an analog signal and then use an Op-Amp to increase the 

output signal to 0-10V range. This PWM to voltage convertor was used on all controllables listed in 

Table 10, with only the Kinetrol EL valves requiring further conversion. 

The 0-10V analog signal that is intended to control the Kinetrol Valves is converted to 4-20mA, the 

conversion module has an input voltage range of 0-5V therefore requiring a voltage divider circuit 

to bring the analog voltage input to 0-5V from the 0-10V. The power to the PWM to voltage modules 

is fed directly from a 240V-AC -24V transformer. The 4-20mA conversion modules need to output 

a specific voltage of 8V to the Kintrol EL valves therefore voltage from the main 24V power supply 

is fed into a voltage settable voltage regulator set to 21V which resulted in an output of 8V powered 

current loops for all valves. 

CAN communication is enabled using a MCPC2515 CAN module, this module has configurable 

output settings which enables the correct communication settings between the module, Simulink, 

and the Cadet test bed pc. The rate of at which information is transferred onto the network is 

referred to as the baud rate, this is configurable on this module and in this case the baud rate is set 

to 500 kbits/s to match that of the Host Test Bed PC CAN Card. 

The wiring arrangement of the controller is shown below Figure 56 in schematic form, control 

modules where stackable were stacked vertically to reduce the overall controller size. 
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Figure 56 : Thermal System Emulation Rig Controller Wiring Schematic  
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4.3.2 Rig Control Model - MatLab Simulink 

 

As discussed previously Matlab Simulink provides the environment for the control of the virtual 

TMES Rig in GTSuite through co-simulation. This virtual controller takes its inputs from simulated 

results that have been calculated within the GTSuite thermal modelling software and modulates 

the virtual controllables accordingly. 

To enable this controller in its current form to be transferred from the virtual environment into the 

physical environment certain virtual inputs have been exchanged with physical signals. 

Due to the intension of the virtual model to always be converted into a physical control model, the 

process of conversion involves the exchange GTSuite output parameters for CAN input parameters. 

As these parameters are now part communicated over CAN protocols care has been taken in the 

data conversion type used as the values are no longer native to Simulink and must be compliable 

to an 8-bit Arduino Board. As discussed in the CAN sections certain values must be scaled and 

decoded to enable correct signal readings. 

The modelled deployed is very similar to the referred to the model ran on GTSuite. The major 

difference is the addition of the PWM duty signal modules and the CAN unpacking and packing 

configurations. This model is shown in Figure 57 below.  
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Figure 57 : Arduino Deployed Simulink Model 
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4.3.3 Arduino Uno – Test Bed Representation 

 

The Arduino Uno board will be used as a HiL interface to enable CAN communication between the 

main rig board and the model. This allows for the correct CAN bus messages to be sent to the 

controller as they would do in the real environment from the test bed. 

The Uno board will be used as a “pseudo” test bed to ensure messages and comms to the main 

control board is correct. The representation of the variables will be set in Simulink as periodic 

square wave profiles modulating the output CAN messages to change the settings and duty cycles 

of the main controller creating a “pseudo” representation of the parameters which govern the 

control of the rig. This creates a basic, inexpensive but highly effective “HiL” rig to prove 

communications and actuator control.  

Shown below (Table 11) is a basic list of the pin functions of an Arduino UNO microcontroller board 

that are used to create the HiL. The important aspects of the board for this project are its ability to 

send can massages via an MCP 2515 CAN Module (via SPI (serial peripheral interface) protocol 

control and the ability to program simple test schedules to perform plausibility tests 
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Pin Category Pin Name Details 

Power Vin, 5V, GND Vin : Input voltage to Arduino from external power 

source. 

5V : Regulated power 5V supply  

GND: ground pins. 

Analog Pins A0 – A5 Analog input in the range of 0-5V 

Input/Output Pins Digital Pins 0 - 13 Input or output pins. 

Serial 0(Rx), 1(Tx) TTL serial data receive and transmit. 

External Interrupts 2, 3 Triggers an interrupt. 

PWM 3, 5, 6, 9, 11 8-bit PWM output. 

SPI 10 (SS), 11 (MOSI), 12 

(MISO) and 13 (SCK) 

SPI communication. 

AREF AREF Reference voltage for input voltage. 

Table 11 : Relevant Arduino Uno Pin Assignments (components101, 2018) 

The use of the UNO was to establish and enable CAN coms between boards, this was done to prove 

the reliablilty of the communication protocol between Arduino and to montior and prove any 

conversion of singals is performed correctly. 

To facilitate this certain plausibly tests were performed to demonstrate the functionaliy of systems. 

These tests are performed using constructed data, which were simple square wave signal forms 

where the change in signal would trigger a change in state in one or more of the controlables. Due 

to the hardware limitations of the Arudino Uno board (physical memeory) more complex adaptive 

models which could play through more complex events to generate output signals was not possible. 

However, to prove actuatation, control princples and operation as series of well designed plausibity 
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tests gives a very good indication on whether the control hardware and software is capable for the 

task.  

One key aspect of this project is the communication and transfer of data between the test bed and 

the rig. This data transfer will be performed over CAN. CAN data output from the test bed system 

(Sierra CP Cadet v14) occurs at specific baud rate and it is updated at a set frequency as descirbed 

previously. The advantange of the HiL approach is the ability to ensure that the communication 

protocol is correct. Again in a normal environment which is not effected by a worldwide panemic 

this protocol would be proven out on test unfortunately this was not an options, hence the 

following approach. 

The wiring of the psudeo “HiL” rig is shown in the schematic below (Figure 58) with CAN_H and 

CAN_L lines being sent to the rig. The Matlab Simulink model for the HiL can log and monitor the 

sent channels. Square wave generators were used to set the changes in parameter that would be 

sent over CAN all other values which were not changed remained at constant inputs. Data 

conversion in the model ensured that the data fed into the CAN block was of the correct type i.e 8 

or 16 bit. The advantage of the CAN pack block is that it can read the same .dbc file that would be 

used by CADET in the test environment ensuring that the exact same network traffic is used. 

  

Figure 58 : Arduino Uno "Pseudo Test Bed" CAN Message Send / HiL (Arduino Uno Image (Arduino, 2018)) 
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4.3.4 HiL Tests – Operational Functionality 

The Hil tests performed and results of the tests are are described as below. All changes in signal 

was done instantanously therefore these test are to proove the controllers ability to modulate the 

control based upon receiving encoded CAN messages. 

Test 1 :  Change in Top Hose Target Temperature and Coolant Flow (Table 13) 

• A reduction in target temperature when operating in operational mode 1 will activate 

Valve 3 to introduce coolant to the Engine HEX (see Figure 28) as the rig attempts to cool 

the engine 

• In setting 1 coolant flow is 0 l/min, this means the logic for the pump will attempt to make 

up the difference between 0 l/min seen and what the flow rate should be at 2500RPM, 

therefore in setting 1 the pumps PID controller will be sending a maximum signal to the 

pump to increase the flow rate. The flow rate at setting 2 is the correct flow rate when the 

engine is operating at 2500RPM therefore the control logic dictates that the pump no 

longer needs to do any work. 

• The regulation of the tank temperature when in operational mode 1 is to hold the tank at 

20°C lower than that of the target temperature, in setting 1 the tank temperature is 30°C 

cooler than this target, requiring heat input therefore the LTREG circuit pump is activated. 

When setting two is initialised, the top hose target is reduced to 45°C this results in a tank 

target temperature of 25°C as the tank is at 60°C the tank now requires cooling and the 

HTREG pump is activated. 

Test 2 : Change in Operational Mode From 1 To 2 (Table 13) 

• Shifting from mode 1 to 2 changes the operation from target coolant temperature to pre-

condition state (see Figure 30).  The result of this is the closure of valves used in mode one 

(Valves 2 or 3) in this scenario valve 3. 

•  As engine coolant flow was set to zero in setting 1 this PID duty to MWP is set to maximum. 

Once switched to operational mode 2 the MWP control is based upon the absolute error 

between target and actual coolant temperature fed into the MWP controller, this is 

saturated to a quarter duty therefore 2.5V out of maximum 10V output. As the absolute 

error is 5 and does not change for the full period the PID output duty will accumulate to a 

maximum of 25%. 

• In setting 1 the tank temperature is 20°C lower than that of the engine coolant. The control 

of the tank temperature is programmed to target a -20° difference therefore in setting 1 

neither HTREG nor LTREG circuits are engaged as the tank is at its optimum temperature.  
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As the controller is set to operate in precondition mode, the controller will target the tank 

temperature to be the same as the top hose temperature, which results in activation of the 

LTREG circuit heating the system. 

Test 3 : Switching from Top Hose Target Mode to post condition Mode (Table 14) 

• Shifting from mode 1 to 3 changes the operation from target coolant temperature to post 

condition state (see Figure 31).  The result of this is the closure of valves used in mode one 

(Valves 2 and 3) in this case valve 3 as in setting 1 the engine was too hot, and flow was 

required through the engine heat exchanger. 

• Water pump control is set to the same logic as in operational mode 2 where it targets the 

error in temperature and pumps accordingly. 

• In setting 1 the tank temperature is more than 20°C lower than the top hose therefore the 

LTREG circuit is engaged. At setting 2 the controller no longer takes the target coolant 

temperature as its target, instead it assumes that during a post conditioning cooling is 

require until all fluids meet 20°C. In setting 2 as all targets are met for a shutdown 

procedure therefore the MWP, LTREG, HTREG are all set to 0V 

Test 4 : Switching from Precondition to Target Top Hose Temperature (Table 14) 

• In setting 1 the precondition mode targets a top hose temperature using the MWP to 

target the elimination error from target temperature, however in setting 1 those targets 

are met therefore the MWP duty is 0. When switching to setting 2 and the target top hose 

mode (operational mode 1) because of the 0 RPM condition there is no flow rate to target 

therefore the MWP Duty remains at 0. 

• In setting 1 the tank temperature is less than that of the top hose therefore LTREG circuit 

is engaged. In setting 2 the tank temperature is less than 20°C cooler than the tank 

therefore requires cooling and activation of HTREG circuit. 

• When switching from setting 1 to 2 valve 4 is closed, in setting 2 condition the valve 2 is 

open because the engine isn’t warm enough yet (see Figure 29). 

Results from the HiL testing are shown in Table 13 and Table 14 as the test are implemented on a 

square wave on/off profile and the controller outputs are measured via a multimeter graphical 

results from these tests where not collected. However the success of these tests are expressed as 

/ X (success/failure). The signals which were changed are highlighted in red, the change occurred 

instantaneously.  
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Table 12 : Plausibility Tests 1 and 2 
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Table 13 : Plausibility Tests 3 and 4 
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4.4 Conclusion 

 

This chapter has pulled together the hardware developed and used to implement the controller for 

the TMES rig. The use of commercially available controllers has been discussed and justified. The 

controllable hardware specification of the TMES rig has been described in terms of the required 

outputs from the controller. There have been several key outcomes from this chapter which are 

given below: 

• The use of CAN bus communication from the engine test bed has driven the use of CAN 

communication for this controller. A benefit to this approach has been seen in this chapter, 

as the protocol can be implemented from an Arduino though the use of relatively 

inexpensive modules. The methods used to encode these messages have been discussed in 

this chapter. 

 

• The methods and hardware used to convert digital to analog signals from CAN messages 

have been described. As the TMES rig’s controllable components require a range of 

different signal input types, this chapter has discussed what the role of the various 

conversion modules are inside the controller. 

 

• A description of the wiring and layout of the controller box has been presented with all pin 

connections, components, inputs, and outputs included, providing the end user of the rig 

the ability to diagnose and develop the controller further if required. 

 

• An inexpensive system to create a “HiL” to enable prove out of the CAN communication 

and the actuation of the control systems has been presented. Utilising simple On/Off or 

square wave profiles to switch operational modes or duty has demonstrated that the 

communication protocols and the actuation control hardware is effective under all tested 

use cases.  

 

• The benefit of the “HiL” approach has been realised as using a system to mimic the signal 

output from the engine test bed. The ability to prove these systems offline away from the 

engine test environment is key in the development cycle in this thesis due to lack of 

available test time during the 2020 pandemic. 

  



121 
 

Chapter 5 : Experimental Facilities 
 

Implementation of the TMES Rig described in previous chapters can only occur in the correct 

experimental environment. In this chapter the experimental facilities used to test and develop the 

rig are described. Successful and correct operation of the TMES rig is reliant on several separate 

systems that operate in conjunction with the controller and the engine on test. This chapter details 

the test systems outside, around and supporting the TMES rig during operation. 

Focussing on the engine test cell environment this chapter is broken down into the following 

sections: 

Engine on test, where the engine used for testing is described. The engine used is a downsized 

gasoline engine with a large array of thermocouples measuring temperature in a range of different 

areas. The set-up and location of the instrumentation and the reasons behind this experimental 

engine set-up are discussed.  

Engine Dynamometer, this smaller subsection describes the dynamometer used to test this engine. 

Engine dynamometers can vary in their operation with different types suited better to different test 

work. This section briefly describes this key test system.  

Data Acquisition Systems, in this part the systems used to log the measured experimental data are 

described along with the experimental program used to test the operation of the thermal rig. 
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5.1 Engine on Test  

 

The engine utilised for the assessment and development of the Thermal Rig is a Ford Dragon 1.5 

Turbocharged Direct Injection Gasoline engine, it develops a peak torque of 230-255Nm in an 

engine speed range of 1750-3500 RPM. Peak power of 134kW occurs at an engine speed of 

6000RPM (see  Table 14 for further details that are key to this piece of work). As the focus of the 

thesis project is on the operational characteristics of the thermal system, other systems such as the 

boosting and fuelling are not of interest as these will run in standard operating modes. 

 

Engine Specifications 

Max Engine Speed (continuous/Intermittent) 6300 / 6500 RPM 

Maximum Power  182 PS @ 6000 RPM 

Maximum Torque (vehicle dependant) 230-255 Nm 

Bore 84.0 mm 

Stroke 90 mm 

Number of Cylinders 3 

Engine Capacity 1497 cm3 

Firing Order 1-2-3 

Fuel Type Gasoline E0 (91-98 RON) 

Emissions Standard Euro 6d 

Table 14 : Engine Specification 

This engine tested is a thermal survey engine. Thermal surveys are carried out when precise 

temperature measurement in specific areas of the engine is required. Thermal surveys can be 

carried out for multiple reasons ranging from durability, design sign off and 3d/1d model 

correlation. The use of this thermal survey engine has been to demonstrate the functionality of the 

TMES rig. One of the rig’s key features is the ability to heat-up and cool-down the engine before 

and after testing. During operation the temperature distribution across the engine is not uniform, 

this is particularly true in this application as exhaust runners / manifold tract is integrated into the 

head and encased in a water jacket. This results in an uneven temperature distribution across the 

cylinder head during operation. Using this the array of thermocouples distributed across the engine 

it is possible to see how effective the rig is at conditioning the engine after testing and the 

uniformity temperatures change across the engine when pumping conditioned coolant around the 

system after or prior to engine fired/combustion heat input.  
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The array of thermocouples is comprehensive and includes 63 specific K-type thermocouple metal 

temperature measurements above the standard temperature measurements conducted in an 

engine test environment. Typical K-Type thermocouples have an accuracy of ±2.20C or ±0.75% 

(REOTEMP Instrument Corporation, 2011). The thermocouples of particular interest are one in 

areas of compromised coolant flow and/or high thermal gradient. The cylinder head combustion 

surfaces integrated exhaust manifold, exhaust valve bridge and bore Siamese drillings temperature 

are all areas of high thermal loading or compromised cooling. The general location thermocouple 

locations in these areas are shown below Figure 59. Cylinder Liner thermocouples were used in the 

calculation of the overall Heat Transfer Coefficient these liner thermocouples were averaged to 

generate an understanding or the entire liner metal temperature to be applied to the engine model 

in the modelling software GT-ISE (see page 51).  

 

   

Figure 59 : Thermocouple Locations of Particular Interest 
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The engine has a common cooling system design and layout. Engine temperature is controlled 

through a conventional wax thermostat located on the water pump inlet, the wax element receives 

a constant hot coolant flow via the bypass system and according to coolant temperature the 

thermostat lifts and proportions flow through the engine radiator pack, or in an engine test 

environment a shell tube heat exchanger. Cabin heater flow remains in this experimental set up, 

the cabin heater loop is represented by a 6mm restricting adapter that represents the pressure 

drop that would occur due to the cabin heater matrix loop. Flow direction occurs from cylinder 1 

to cylinder 3 (front to back) coolant flow inlet is on the block underneath the inlet manifold, flow 

leaves the engine at the head outlet at the rear of the engine cylinder 3. A basic graphical 

representation of this system is shown below in Figure 60.  

  

Figure 60 : Ford Dragon Engine Coolant Standard Test Bed Coolant System Schematic 
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The base engine water pump is belt driven from the front-end auxiliary drive it is a plastic impeller 

design. The baseline flow against engine speed is curve is shown in Figure 61. 

In the tests performed the wax thermostat was removed and “jacked” open therefore removing all 

cooling temperature governance away from the wax thermostat, allowing the Thermal Rig 

complete coolant temperature control.  

When the Thermal Rig is plumbed into the system, to enable the correct operation of the cooling 

pack bypass system the coolant system was altered as the pressure distribution had changed. Figure 

62 illustrates the changes when compared to Figure 60.  

The standard system relies on the height drop between engine coolant outlet and inlet to provide 

the pump inlet a head of pressure. The work induced by the centrifugal pump increases the fluid 

pressure and forces the coolant into the engine block. Including the pressure loss across the engine 

internal coolant passageways net positive pressure is present at the head outlet. When operating 

with the Thermal Rig, the pressure distribution is altered, as the Rig is plumbed to pull coolant from 

the engine outlet (top hose) and feed it into the engine water pump inlet / thermostat housing 

(bottom hose). The top hose is now seeing some suction pressure from the rig’s pump and the 

bottom hose is now seeing additional positive pressure from the rig pump work. This resulted in a 

change in coolant system arrangement where the oil cooler inlet was plumbed into the engine 

return line of the thermal rig. It was found that when the oil cooler inlet was plumbed into the 

engine outlet (as shown in Figure 60) a reverse flow condition could occur in certain circumstances 

Figure 61 : Dragon Engine Standard Coolant Flow Rate Curve 
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at the oil cooler resulting in an erroneous measurement of flow (a parameter fed into the rig 

controller) and therefore preventing accurate temperature control of the engine.  

 

A key parameter for the operation of the Thermal Rig is the coolant flow through the engine. This 

is measured by a Krohne Optiflux 5000 magnetic inductive flow meter. Magnetic inductive flow 

meter operating principle is based upon Faradays law, where the voltage induced across a 

conductor (in this case engine coolant) as it moves at right angles through a magnetic field is 

proportional to the conductor’s velocity. The major benefits of an electromagnetic flow meter are 

that it does not induce any pressure drop, interfere with system operation, or create any pumping 

work. The flow meter is calibrated for Ethelene glycol mixed coolant at 50:50 ratio to water and has 

a measuring range of 0-250l/min with a 4-20mA linear proportional current output vs flow which 

can then be read, converted, and logged as coolant flow by the test bed host PC and then be sent 

over the CAN network to the TMES Rig. These flow meters typically have an accuracy down to 0.3% 

of the measured value ± 1 mm/s (Krohne, 2017).  

To monitor the pressure distribution around and caused by the TMES rig, three pressure 

transducers were used to monitor the pressure in the top, bottom hose and in the thermal rig main 

tank. These Piezoelectric pressure transducers use a silicone (Al2O3 in this case) based Wheatstone-

Bridge that extends when under pressure resulting in a change to the electrical resistance. This 

change in resistance effects the mV signal output. This mV output is then temperature 

Figure 62 : Ford Dragon Engine Coolant Schematic when operating with the Thermal Rig 
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compensated and amplified to a 4-20mA output which can then be interpreted as pressure by the 

test bed host PC though a calibration lookup. These pressure transducers typically have a 0.08% of 

full scale accuracy (Omega, n.d.).   

5.2 Engine Dynamometer 

The test engine was coupled to a Schorch 305kW AC Transient Dynamometer. Control of the AC 

dynamometer was enabled through Sierra CP. AC transient dynamometers allow for accurate and 

fast changes in engine speed and torque demand and have low inertia, which is particularly well 

suited to drive cycle work. Torque and speed control of the engine is possible through the PID 

function within the CP Cadet Software. 

Utilising the speed and torque PID control provided by the test software autonomous drive cycles 

are possible. For this project a transient stepped drive cycle was used to assess both the steady 

state control of the rig and the controller’s response to transience changes in engine speed and 

load. 

   

Figure 63 : Thermal Rig and Engine on Test 
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5.3 Data Acquisition 

The engine operating conditions in the test cell is controlled by the cell host PC. This PC has 

governance over the engine speed, load, and operating conditions (such as coolant temperature 

and ambient conditions). This host PC system is run on the widely used engine test software Sierra 

CP Cadet V14. This software not only controls the test conditions but also acts as an interface 

between all the peripheral sensors that are used to log temperature, pressure, and flow, it also acts 

as an interface to log the ECU parameters via an ASAP link. The ECU is interfaced with through ATI 

vision software enabling the engineer to take overriding control of a wide range of calibratable with 

the ECU. As mentioned in Section 4.2 Communication, CADET V14 also acts as the CAN interface 

and can log the CAN traffic sent from the rig controller. The Cadet V14 Host PC acts as the central 

hub where all parameters and sensors are logged and converted into human readable form. All 

channels and parameters were logged at a 2Hz interval regardless of incoming data rate. 

5.3.1 Experimental Programme 

The transient test profile is shown below, Figure 64 it is a combination of fast load and speed 

changes and long periods to steady state operation.  

Figure 64 : Transient Test Cycle 
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The steady state sections will allow the controller time to settle whereas the transient load and 

speed changes gives the opportunity to assess the controller’s reactivity. As illustrated above the 

test schedule has a relatively wide engine speed range, this is intended to assess the thermal rig as 

higher flow rates. The maximum load is 1800 kPa BMEP which results is greater heat rejection 

requirement through the cooling system, these sections are intended to assess the rig as greater 

thermal loads. 

This transient cycle in the will also be programmed into the GTSuite simulation software to assess 

the virtual commissioning methodology enabling a comparison between simulated and 

experimental data. 
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Chapter 6 : Experimental Results and Analysis 
 

This chapter details the experimental work undertaken on the modern downsized turbocharged 

gasoline detailed in the previous section to prove out and assess the performance of the TMES rig, 

its control, and the virtual commissioning. The chapter comprehensively assess the rigs 

performance both in terms control accuracy, autonomy, ease of use from the test front bed front 

end and the control given to the test engineer. 

Section one discusses and analyses the rig and its controller when operating in a fired engine test 

environment. Here the controller is operating to modulate multiple controllables and regulate 

thermal and flow conditions in a range of locations.  

The section also presents the data measured from the rig in its conditioning operational modes. 

The rare opportunity and benefit to test this rig on a highly thermally instrumented engine can be 

seen in this section. The level of thermal instrumentation has enabled analysis of the temperature 

distribution and decay throughout the engine before and after testing using the thermal rig in both 

its pre and post conditioning modes.  

Section two uses the experimental data to analyse and critique the modelled TMES rig and Engine 

system to highlight where the model could be improved. This helps build up an understanding of 

future work required to both improve the effectiveness of the virtual commissioning and to 

optimise the experimental set-up further. 
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6.1 Engine Testing Under Transient and Steady State Conditions 
 

The test cycle shown in Figure 64 was performed to assess the operation of the rig, this cycle has 

both transience and steady state operational points. Illustrating the response profile of the rig 

controller its ability to maintain targets with fixed inputs. The speed and load range of this cycle has 

allowed the controller to work in both the upper and lower regions of its range.  

The thermal rig was set into operational mode 2 (Temperature Control Mode), its operational target 

was set to 70°C throughout the fired engine testing phase. Shown below is a plot of Valves 2 & 3 

and their angles during the most aggressive phase of the aforementioned test the section between 

200 and 300 seconds (see Figure 64). Temperature control over this phase is accurate to ±5°C which 

as a range is not as satisfactory as would have hoped, however this test cycle has only around 30 

seconds of steady state operation. However, that performance does show improvement over 

typical thermostat operation (as shown in Figure 5 on page 14) to be ±8°C. This range could be 

reduced and improved with further tuning and experimental time. However, this is an aggressive 

transience cycle, usual settling times for steady state testing are around 2 minutes so it would be 

normal to expect some movement in temperature over this cycle. The 20 second period between 

260 and 280 seconds in this chart where engine speed and load are constant for the greatest period, 

the control is much tighter ±1°C with an RMSE of 1.07°C demonstrating the rigs capability in control, 

even with the lack to tunning time.   

The challenge as this phase of the project was due to the differing flow resistances between each 

coolant pathway. As is shown below, the position of Valve 3 is permanently open (90 degrees 

position), and Valve 2 is modulated to change the pressure distribution and divert flow into and 

through Valve 3. It was found that modulating the position of Valve 3 had very little impact on flow 

unless valve 2 was nearly closed. Therefore, though the controller was perfectly able to modulate 

each valve independently and accurately Valve 3 was set to wide open. Due to constrains in physical 

test time the coolant runs/pipe length could not be adjusted or optimised to prevent areas of flow 

stagnation and pressure loss. The maximum and minimum position of Valve 2 was limited to narrow 

the control window so the PID controller could have less aggressive gain values to help prevent 

overshoot and reduce settling times but also maintain control (V2 opening range 15-45°). The final 

PID settings for Valve 2-3 Controller were as follows: 

P = 0.8  I=1.4   D=0.5 
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Figure 65 : Thermal Rig Performance in Stepped Transience – Target Top Hose Temperature 70°C 
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The rate at which the valve duty changes is also affected by the coolant flow through the engine 

and heat exchanger as increased flow rates will result in different rates of heat transfer. Figure 66 

below shows a plot of pump duty and engine coolant flow rate over the same drive cycle. It 

illustrates some interesting features of the rig hardware. The pump duty is fast to react to demand 

changes based upon a change in engine speed with the coolant flow rate line responding well to 

changes in pump duty, this is specifically evident in the section between 500-550 seconds in the 

cycle, where the changes in pump duty correlate well with flow. If this section (500-550 seconds) is 

then analysed with regards to engine speed, this is a period where engine pump speed changes due 

to the step changes in engine speed. Analysing it further this is period where the valve control is 

very active meaning that the rate of flow loss will not be constant for this period. Therefore, this 

shows that the pump is working well to prevent any flow loss due to changes in the coolant flow 

path due to Valves 2 and 3 positions. 

 One area of improvement is where the pump is operating at maximum duty, this occurs regularly 

and is concerning as the pump should only be working to make up the losses in flow with the engine 

pump providing the majority of the pumping work. As this test cycle does not operate at the 

maximum speed of the engine it would appear that the pump is undersized or not well matched for 

this role. In simulation inlet conditions may not be the same as experimental, meaning the 

operational point of the pump would be at a reduced pressure rise and therefore at greater flow 

rate for a given rotational speed. However, the rigs hardware had already been procured prior to 

the start of this project. This issue discussed further in next section of this chapter with possible 

solutions suggested. 

Analysing the pump control in terms of flow difference where positive flow difference means that 

the measured flow through the engine is less than desired flow based upon engine speed and the 

pump curve, gives a good illustration of the effectiveness of the controller and tune. Where the 

pump is within it flow capabilities, it manages the to maintain a low flow difference between the 

engine and the ideal flow curve (Figure 61). The only time where the flow difference is large is 

where the is a large step change in engine speed and the pump must react to the changes in flow. 

It is clear the PID setting cope with this well and are well tuned. Areas where there are oscillations 

in the pump duty and flow difference occur between 500-550 seconds in the cycle, however this is 

also an area where valve duty is changing and engine speed is shifting, therefore this would 

represent a worst-case scenario for this controller where more than one input is affecting the duty 

upon the controller. However, the controller works well and does not enter any periods of 

instability. For this controller, the PID setting found in the virtual commissioning phase where not 

changed when implemented of physical hardware.    
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Figure 66 : Thermal Rig Main Water Pump Controller in Transience 
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As set out in section 3.3.1.2 Operational Mode 2: Preconditioning. The rig operates in a condition 

where the tank and engine are open to each other. With the HT regulation and the LT regulation 

circuits working to condition the fluids exchange between the tank and engine by feeding hot or 

cold fluid into the tank. Figure 67 below shows a preconditioning cycle which is starting at 30°C and 

is targeting a precondition temperature of 60°C.  The chart below presents a range of thermocouple 

temperatures in various locations around the engine measuring both fluid and metal temperature 

to ensure good soak and heat penetration and be measured. The chart shows good alignment 

between these measure locations giving confidence in the depth of the preconditioning, there was 

a concern that by only targeting the engine out temperature the temperature distribution across 

the engine during a precondition cycle would not be uniform, however this was not the case. 

The Main WP control during this phase operated well, ensuring that flow through the engine was 

constant, this will be contributing factor in the uniformity of the temperature distribution. As the 

flow rate between the engine and the rig was relatively high ensuring that there is a high rate of 

heat exchange between engine internal surfaces and the conditioned fluid.  

A preconditioned state occurs after 3700 seconds. A more useful metric is the time taken to warm 

per degree, as this would enable estimates on the length of preconditioning required. Based on the 

chart below the average gradient of the curve equates to 0.45°C/min. A similarly useful parameter 

is the average temperature difference across the engine from coolant inlet to outlet, throughout 

the preconditioning cycle this remained relatively constant at 0.7°C. The heating rate is dependent 

on the power available, this rate could be increased if more heating power were available however 

the RegloPlas fluid conditioning unit used has a maximum of 8kW heating power. These starting 

conditions would not be possible in a standard engine test set-up. As there is no method to circulate 

hot coolant around an engine without either motoring or firing the engine. In some specific test 

scenarios such as emissions drive cycle testing this would not be permissible, as firing an engine will 

affect the performance of emissions aftertreatment.  
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Figure 67 : Thermal Rig Preconditioning Performance 
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Following fired testing a post-test conditioning cycle was performed, the details of the operation 

during this mode can be found in section 3.3.1.3 Operational Mode 3: Postconditioning. Briefly, in 

this mode the HT regulation circuit works to bring the temperature the engine down by exchange 

of fluid between the tank and the engine.  

The chart below (Figure 68) illustrates this function. This test was performed immediately after a 

test where the engine was in a fired condition, fully warm with the engine coolant out temperature 

held at 70°C (similar to Figure 66). This meant that the tanks fluid had been conditioned to 20°C 

below the target of 70°C from the previous test (50°C tank temperature target). Therefore, the rate 

of cooldown is not uniform in the first 30 seconds of this test. The same array of thermocouples is 

displayed as in Figure 67, they show that the temperature dispersion at the start of the test is quite 

wide with interbore thermocouples (F-119 and F120) reading 5°C higher than the other 3 

thermocouples as the postconditioning progresses this difference reduces and the interbore 

thermocouple temperatures start to align with the others. This shows that through relatively high 

flow rate, many coolant volume exchanges between the tank and rig have occurred which uniformly 

cools the engine down. Coolant flow rate is controlled in the same way as in the preconditioning 

tests, with flow at 37 l/min.  

The average rate of reduction in temperature on the range of thermocouple measurements is -

6°C/min. Resulting the engine temperature being reduced from 70°C to 30° in 250 seconds. This is 

key, as one major factor which effects engineers when performing representative drive cycles on 

test bed is the turnaround time for tests, due to the need to be able to cool the engine back down 

to ambient when a test is finished this cool down soak period can take between 8-12 hours 

depending on cell ventilation. The data below shows the potential of the system to uniformly cool 

the engine in a relatively short period of time, therefore demonstrating the potential to 

dramatically reduce this soak period. Unfortunately, data to demonstrate how this compares to a 

standard system was not available. However, a similar investigation has been carried out at the 

same facility. Lewis, et al., (2009) utilised spot fans to force cool an engine after test, the force 

cooldown took in the region of 11000 seconds to reduce the ECU engine coolant temperature from 

approximately 100°C to 24°C. Though this paper presents a larger reduction in temperature than 

the one presented here the rate at which the temperature is reduced when utilising the TMES rig 

is much greater. 
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Figure 68 : Thermal Rig Post Conditioning Performance 
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6.2 Model and Experimental Comparison 

 

Following experimental work, it is possible to assess the effectiveness of the model and virtual 

commissioning process in real terms, therefore closing the loop on the project enabling conclusions 

to be drawn on the accuracy of the model and possible areas of improvement and refinement. 

Having completed the experimental work the actual test cycle used has been used as an input into 

the GTSuite virtual model (inputs being engine speed and engine load),  using the data from Figure 

65 on page 132 the exact starting temperatures of the coolant and engine temperatures have been 

used. To understand how well the virtual environment replicates the experimental one, the PID 

settings that were derived from the experimental work have been used in the simulation model 

along with the same saturation values for Valves 2 and 3. These are shown below in Table 15. 

Table 15 : Experimental PID setting for Valve 2-3 Controller 

Component 
P 

Setting 

I 

Setting 

D 

Setting 

Upper 

Saturation Limit 

Lower Saturation 

Limit 

Valves 2-3 Controller 0.8 1.4 0.5 V2=46 

V3=90 

V2=15 

V3=85 

 

The data presented below (Figure 69) shows the data from Figure 65 overlayed with the virtual 

model. In the case presented, Valve 3 is saturated to be wide open to replicate the experimental 

position shown in Figure 65. The chart uncovers areas where the virtual model may not represent 

the physical environment accurately. Starting from where the simulated model and experimental 

data are the same i.e. the start of the test cycle. This is where valve positions and coolant conditions 

are the same. In this section (0-10 seconds) when Valve 2 angle is at its highest, in is maximum 

saturated position; coolant temperatures rise. However, the rate of this rise is not the same in for 

both the simulated and the experimental data. The rate of warm-up is affected by two major 

factors, one being the amount of flow through the cooling heat exchanger, and the other is rate of 

heat input from the engine. It has been shown previously that the Engine thermal model provides 

a very good representation of the physical engine, as demonstrated in Figure 23 on page 57. 

Therefore, the rate of warm-up in this case could be affected by the rate of flow through the engine 

heat exchanger.  
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The flow through the engine heat exchanger is governed by the difference in pressure loss between 

the two routes, Valve 2 route and Valve 3 route. Therefore, the pressure drop across Valve 3 route 

that is too low or a pressure drop across Valve 2 route that is too high, will result in flow through 

the heat exchanger, cooling the engine. Figure 70 below demonstrates how the two flow pathways 

are interacting in simulation during this first 20 second period of the cycle. It shows that coolant 

flow leaving Valve 2 is at a higher temperature than the fluid when leaving the part where flow 

from Valve 2 and Valve 3 combine and are fed back into the engine. Figure 70 also shows flow 

through valves 2 and 3, the majority of flow is flowing through the Valve 2 route, bypassing the heat 

Figure 69 : Simulated TMES Rig Response vs Experimental 
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exchanger. However, some flow remains through Valve 3 and therefore the engine heat exchanger. 

This flow rate is low at 2 l/min and the net effect is to cool the mixed fluid by 2°C (difference 

between Post V2 and Post V2-3 temp). 

Therefore, to improve the accuracy and fidelity of the model further testing should take place to 

fully characterise the relationship between each of these flow paths as the plots shown above 

demonstrate that the control of this system is highly reliant on the balancing of the relative flow 

resistances of each pathway.  

 Shown below (Figure 71) is a schematic of the rig, it includes areas where increased 

instrumentation should be included to enable better pressure loss characterisation of the system. 

The various measurements of pressure look to characterise the pressure losses in the bends and 

the heat exchanger loops as a complete system from valve entrance to where they join the engine 

inlet hose. Once gathered this data can then be implemented as pressure loss connections in 

GTSuite with a look-up of pressure loss vs flow rate. As the rig control allows the two coolant 

pathway routes to be isolated from each other, extra flow meters are not needed as the valves can 

be closed in order to characterise each pathway individually. As the rig is able to use its own pump 

Figure 70 : Simulated Coolant Pathway Flow Rates and Temperatures 
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to drive flow around the system, these tests do not necessarily have to be run while connected to 

the engine and the rig could be looped in on itself, with flow rate being controlled by the Main WP. 

 

  

Figure 71 : Pressure Loss Characterisation Instrumentation and Experimental Schematic 



143 
 

 

Chapter 7 : Conclusions and Further Work 
Presented in this final chapter is an overview of the achievements of the work. The chapter is split 

into three sections which include: 

• A summary of the project work and broad outcomes. 

 

• The main conclusions of the project based upon the objectives set out at the start of this 

thesis, ultimately assessing the project against the original aims and objectives of the work. 

 

• A discussion on the impact of the conclusions of this project, what it offers in terms of 

improvements to testing the TMES rig offers and some further investigation that could now 

take place based when utilising the rig for experimental work. 
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7.1 Summary 

 

The work presented in the thesis has focussed on the modelling, development, and test of a new 

thermal emulation management system test rig. In chapter 2 literature was presented which 

discussed common methods used to develop the thermal models of engine test systems. This has 

informed the virtual development of the TMES rig. The chapter also reviewed literature with 

regards to in the loop testing and control optimisation which ultimately aided in the development 

of the staged in-the-loop process which the thesis has presented.  

Chapter 2 was followed by a methodology chapter which critically discussed the models reviewed 

in the literature and implements as series of thermal correlations reviewed in previous chapters to 

create a fast-running model of the complete test system, including the TMES rig and a 

representation of the engine on test. This chapter represents the MiL (model-in-the-loop) stage of 

the project where the control is optimised virtually using the models created.  

Chapter 4 details the hardware of the TMES rig both in terms of physical connections of rig and the 

electrical configuration of the TMES control hardware. It also presents the HiL (hardware-in-the-

loop) system and functionality test performed to ensure correct communication and actuation prior 

to physical testing. 

Chapter 5 presents the experimental test facilities used at the University of Bath to prove out the 

functionally of the rig and ultimately acquire the data to assess the successfulness of the approach 

presented in this thesis. 

Finally, chapter 6 presents the results from the testing, it shows that the controller is successful in 

the actuation and modulation of TMES rig controllable hardware, proves the functional capability 

of the rig in all operational modes. It also validates the control design which had been optimised 

using simulation tools, though ultimately more tunning of the rigs control systems was required. 
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7.2 Conclusions  
 

1. Conduct a literature survey into the techniques used for thermal modelling of automotive 

test and development system, In the Loop systems and their implementation and techniques 

of control and optimisation of systems. 

 

A thorough literature review has identified several techniques which aid in the methods of 

engine thermal modelling. These methods were ultimately used to improve engine model 

thermal model correlation. The identification of enhanced correlations for the estimation 

of key model parameters such as Heat Transfer Coefficient were achieved in this chapter. 

Without this literature review this would have not been identified and the thermal model 

would not include some key factors and would ultimately be less effective. These 

investigated techniques were also used in the other thermal modelling aspects of the 

project such as on the Thermal Management Emulation System Rig hardware itself.  

 

From literature the methods that would be used to tune the thermal rig were understood, 

the PID controllers used would implement these techniques and use them as a starting 

point for control tunning. This literature fed into the virtual commissioning in the MiL stage 

of the project as the viewed methods for tunning were implemented providing a starting 

point for PID tuning. 

 

In the Loop Testing is a common technique, especially in the automotive industry. 

Literature showed how this technique is commonly used and how it can improve the 

development of controllers. Particularly it highlighted that the communication rates should 

be representative and maintained through each stage. The literature reviewed also 

illustrated how model complexity should be focussed on what would influence the control 

output tune and performance. 
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2. Create a fast-running model that will adequality represent the systems in play i.e. engine, 

thermal rig. 

 

Utilising GTSuite, a complete model of the Thermal Rig was developed that included the 

engine and test environment. This model utilised the lesson learnt in the literature review 

and focussed on development a model which was sufficiently complex in the important 

areas that effect control, such as controllables response, thermal response of system and 

engine.  A comparison between experimental and simulated data has been made over an 

engine warm-up cycle. The model has shown good correlation to experimental data, with 

an average error of 1.2% in the time taken for the model to reach a range of engine coolant 

outlet temperature points (30°C, 50°C, 70°C and 90°C) compared to experimental data.  

 

The model has helped diagnose some areas where the control needed to be adjusted or 

improved, which otherwise could have only been found during experimental work. The 

experimental test program had been compressed due the corona virus Covid 19 pandemic 

therefore the time saved through virtual commissioning was very valuable. 

 

3. Couple the control strategy and thermal model to virtually commission and tune the 

controller. 

 

The model bult in GTSuite was coupled to a control model which was built in MatLab 

Simulink. This Simulink model acted as the controller to all aspects of the thermal rig. PID 

tuning was performed using standard techniques and final control gains were optimised 

further through an iterative method. This process was successful for some sub-systems but 

due to a lack of experimental data on the hardware in certain areas the virtual 

commissioning was not as successful. Areas where the model could be improved would be 

the pressure losses in the transfer pipes between the engine and the rig as well as the 

internal TMES rig pipes. This is particularly evident in the flow resistance difference 

between the Valve 2 route and Valve 3 route (Bypass engine HEX/through engine HEX) 

which has affected the balancing of these two valves much more in test compared to 

simulation. Suggestions with regards to testing to gather more information of 

characterising the TMES rigs systems have been made following the assessment of the 

model when compared to experimental data. 
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4.  Develop three control strategies which will: 

a. Maintain a target engine out coolant temperature while ensuring matched thermal 

states. 

b. Autonomous Pre-test fluid conditioning programme. 

c. Autonomous Post-test fluid conditioning programme. 

 

These three control strategies were successfully developed, tested virtually and physically. 

The virtual trail of these strategies proved that the control logic would be effective when 

implemented in a physical environment. Due to the lack of data required to fully 

characterise each system in terms of pressure drop some system where not completely 

tuned optimally in the virtual testing phase, however this phase did capture these issues, 

but the magnitude of the effect was underestimated, which resulted a further requirement 

for tuning in the physical test environment. Namely the saturation and PID values for the 

Valve2-3 controller. However, this was only a case on one sub-system in one operating 

mode and the author is confident that with more characterisation data this issue can be 

resolved relatively simply resulting in good correlation between virtual models and physical 

testing. 

 

Controlling to an engine out coolant target temperature was achieved over a transient cycle 

with ±5°C error in worst case after a 5 second settling period following a transient event 

the TMES rig was able to control to a 1.06°C RMSE of target. The literature presented in 

section 2.1 Automotive Engines Thermal System and Modelling Theory showed the control 

band of thermostats a control band of ±8°C, with more sophisticated electronic coolant 

control valves providing a 3°C fluctuation on coolant outlet conditions. This demonstrates 

that the TMES is a very capable system. During this this operating mode the tank 

conditioning was effective at maintaining a target temperature with ±1°C. Preconditioning 

testing showed that a target temperature could be achieved with stability and uniformity 

in temperature distribution throughout the engine. Post conditioning testing showed that 

an engine could be cooled at rate that would help bring and differences in temperatures 

across the engine down uniformly in a safe and fast manner. This reduction in the time 

taken to cool and engine would help realise a saving in test program time with an 

improvement in test data repeatability due to uniform soak conditions. The average rate of 

cooldown was 6°C/min, therefore an estimate to cool an engine from 90°C to 25°C 

approximately 650 seconds, which is considerably less time than an overnight soak.  
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5. Develop and manufacture a controller that is able to implement the virtual control strategy 

in a physical test environment. 

 

Utilising off the shelf components to build the controller the strategy built in the virtual 

environment was successfully deployed onto the Arduino based controller. This both sent 

and received data over CAN to the engine test bed to allow control from the test control 

computer. This controller successful implemented the control strategy. Continuity between 

the virtual controller and physical controller was maintained by using the Simulink Arduino 

complier. 

 

Mil, Sil and Hil tests were completed before implementing the controller in the physical test 

environment. These HiL plausibility tests which proved the based function of all controllers 

giving confidence in the hardware prior to test.  

 

The control of all the Rigs controllables required analog input, either in mA or in V. This 

conversion was completed through digital to analog converted boards which provide a 

stable and cost-effective solution to signal conversion. 

 

The controller that was manufactured was made completely from off the shelf components 

with no induvial component costing more than £20. The entire assembly cost less than 

£150. This controller was highly effective in all aspects of the project from control to 

communication and logging. When compared to the cost of automotive protype controllers 

manufacture by companies such as ETAS and D-Space which are many times more 

expensive and though they have greater functionalities and can be utilised on different 

projects for the purpose of this project the “home” built controller functioned very well. 

 

6. Implement the control strategy in real world on hardware in the engine test environment 

and assess the virtual commissioning process. 

 

Testing of the controller and prove out of the rig was done in 3 phases, a preconditioning 

phase, engine test phase and a post conditioning phase. At all phases, the controller was 

effective with all pumps and valves operating precisely to the outputs. CAN communication 

to and from the board was successful enabling easy diagnosis and logging of data from the 
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controller. Virtual commissioning was highly effective in terms of proving out the principles 

of the control strategy, with all newly develop controls operating correctly. The virtual 

optimisation of the PID controller for the Main WP was successful with no PID tunning 

required between the virtual and the physical testing. However, in terms of the tuning of 

the Valve2-3 controller the PID settings were not aggressive enough and the proportional 

flow relationship between valve 2 and 3 was not as well characterised virtually. It was found 

during experimental testing the flow resistance in the Valve 3 route was a high order of 

magnitude greater than that of the valve 2 route. The virtual commissioning model did 

identify this but, it was much greater in the physical world. Unfortunately, the pressure 

distribution was not measured in physical testing which would be useful to better 

characterise this relationship in the virtual environment.  

 

Though PID gains required further tuning once in the physical testing phase. There was 

confidence in the functionality of the control strategy and the safety of the PID control gains 

as the gain values transferred were not aggressive. The main changes were to the 

saturation of the valve position, limiting this travel helped remove the dead zone in the 

controller due to the differing flow resistant of the Valve 2 and 3 flow routes. 
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7.3 Further Work 
 

The novel approach to develop the control of this new Engine Thermal System Emulation Rig has 

demonstrated that commonly used automotive simulation tools can be used in different 

applications. Typically, GTSuite is not used for very large volumes of coolant and through it has been 

a challenge to correctly model this behaviour, though challenging it has been an effective tool for 

this project. Further improvements to the model of the TMES rig should be made. This can be done 

through increased instrumentation of the TMES rig while on test to better illustrate where pressure 

losses and flow stagnation may occur (as discussed in depth in the previous section) this could 

ultimately drive changes to both to the model where to a state where the hardware is highly 

representative of the system on test.  

The novel approach of creating a virtual representation of the experimental environments has 

further benefits than commissioning, use of the rig for more advanced work (such as those detailed 

in 1.1 Research Background and Motivation) could be trialled in GTSuite then deployed onto the 

controller for testing giving added confidence in the outcomes of work. 

 

7.3.1 System Modifications and Improvements 
 

Further work to optimise the PID control of the rig to get the control slightly more accurate would 

improve the functionality of the rig. It would also be interesting to implement this controller on a 

more sophisticated controller hardware which is designed for the automotive test environment 

such as D-Space Micro Autobox. This would enable the comparison between these two controllers 

to take place. The main limitation of the Arduino based hardware has been where rounding has 

occurred due to the maximum bit length programmable on the boards, these more expensive 

automotive control prototype boards would give great flexibility and accuracy without the need to 

induce rounding errors.  
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7.3.1.1 Hardware Modifications 

 

By analysing Figure 66 it can be observed that though the controller duty to the MainWP is fast 

reacting with a rise time to its maximum duty of 10. However, the response in engine coolant flow 

rate is does not close the difference in flow between the measured flow and the target. Though the 

specification of the pump is adequate when at its maximum flow rate when compared to the 

maximum flow rate of the engine on test Figure 62. Though it was not possible to measure pump 

speed instantaneously the HiL testing has proven that the duty would go to maximum in the case 

of large flow difference and output 10V. Therefore, the pump must not be operating at the correct 

inlet conditions to enable the maximum flow rates. To counter this the pump hardware should be 

changed for a higher flow capacity pump. The pump shown is certainly capable in terms of pressure 

rise, however it would be on the edge of its operating region if the pump capacity of the engine on 

test was larger. To improve this further and to better understand the operating points of the pump 

during test, future work should look to measure pump inlet and outlet pressures as this would help 

identify and diagnose any potential issues. 

After controls investigation in the physical test phase; Valve 2 (test bed heat exchanger bypass 

route), acted as the main control valve for the target temperature operational mode. Valve 3 was 

set to wide open in this setting, this was due to inability to blend the two flows because the pressure 

loss difference between each route being so large. This in part due to the test bed heat exchanger 

position, the location of this in the test cell meant that flow through the heat exchanger had to flow 

downwards through multiple bends then back up to the engine whereas the bypass flowed level to 

the engine with no bends. This difference in pumping work required resulted in the need to reduce 

the travel limit to increase the pressure drop / flow resistance on the Valve 2 route. Though the 

heat exchanger pressure drop will always act as a bias away from the Valve 3 route better 

positioning would help elevate some of that pumping work. This has also highlighted an error / 

underestimation in the model as the pressure between those two routes was not properly 

characterised. This was always going to be a challenge as they model was created prior to testing 

and as there was a limited experimental test window. With further testing it should be proposed 

that coolant pressures are monitored across these two routes to understand where pressure loss 

or flow stagnation could occur, these could then be implemented as pressure loss connections in 

GT Suite. 
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7.3.1.2 Software Modifications 

 

The software used in the physical testing, that was deployed onto the Arduino control board was 

Matlab Simulink, therefore the same software used in the virtual environment. However, Arduino 

boards do have some limitation which could affect further development of the controller. The first 

is that the controller does not have the ability to use 3D look-up tables. This would mean that if in 

the future engine coolant temperature were to be based upon a speed and load operating point 

the controller would not be able to process that input.  

Another software issue is in the memory allocation when deploying from Simulink. The automatic 

complier deploys directly from Simulink based controllers onto Arduino boards therefore the user 

has very little input into compilation. When compared to typical builds deployed manually through 

the Arduino software the Simulink complied code takes considerably more space. If the control 

model were to become more complex and utilise more sophisticated controls such Model 

Predictive Control the memory within the board would quickly run out. The boards are also limited 

in precision as they are only 10-bit boards which has resulted in scaling exercises of inputs from 

CAN for example. This will also be limiting precision when used in the conversion of engine speed 

into a desired flow rate as flow linear modelled demand curve from the engine will be to a lower 

precision. 
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