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ABSTRACT 

PROTOTYPE ENGINE CONTROL SYSTEM DEVELOPMENT 

By 

Ping Mi 

In order to improve the fuel economy and reduce exhaust emissions for automotive 

engines, many novel technologies need to be validated during engine dynamometer tests. This 

study focuses on developing a MotoTron based prototype engine control system for 

dynamometer applications. This work is motivated by the need for a flexible engine control 

system for various engines from single cylinder gasoline and diesel optical engines to multi-

cylinder metal engines. The developed engine control system consists of a MotoTron ECU 

(engine control unit), a customized actuator drive box, and a host computer with LabVIEW GUI 

(graphic user interface). The host computer and the ECU communicate through CAN (control 

area network). The developed prototype engine control system was validated in the hardware-in-

the-loop (HIL) simulation environment with a simplified engine model implemented in a 

dSPACE. The developed control system was utilized in many experiments such as optical engine 

fuel spray tests, gasoline and diesel engine combustion tests, and variable valve actuation tests. 

In addition to the prototype engine control system development, an engine fuel rail 

pressure control system was also developed for diesel engines. Two robust controllers, H2 and 

H∞, were developed to regulate the common rail fuel pressure of a diesel engine, where the fuel 

injection was considered as the disturbance input and the fuel viscosity as the system parameter 

uncertainty. The sensor measurement noise was also taken into consideration in this design. The 

performances of the designed controllers were compared with a PI baseline controller through 

simulation study. The results show that the H2 robust controller achieves the best performance. 
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CHAPTER 1 

INTRODUCTION 

 

1.1   Background and Motivation 

Increasing concerns about the global environmental change and energy shortage [1]-[5] 

drive the research and development of new automotive engine technologies. With more novel 

technologies developed for the automotive engines, advanced prototype engine control systems 

become more and more important [6]. Existing control systems for rapid prototyping and 

hardware-in-the-loop (HIL) simulations include dSPACE [7], Opal-RT [8], Electronic control 

units (ECUs) [9], and so on. 

In this thesis, a low-cost MotoTron ECU based engine control system was developed 

[10]-[12]. ECUs have become a standard component in most vehicles since 1980s [13]. 

Nowadays, the capability of the ECUs has significantly increased. The ECU is no longer just 

used to control a single component, but also to control multiple devices through CAN (controller 

area network) communications, such as internal combustion engines, electrical motors, 

transmissions, ABS (anti-lock brake system), and so on [14]. Most production ECUs are 

programmed in the “C” language and Matlab/Simulink, but for rapid prototype development, 

Matlab/Simulink is more commonly used [15]. The engine control system in this research was 

developed in a MotoHawk environment [10]-[12]. The algorithm consists of five engine 

operation modes. In each mode, different fuel and spark timings are calculated. In addition, the 

engine control system developed in this thesis also includes a LabVIEW GUI control interface 
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[16], so that users can tune the control parameters in real time. The MotoTron controller and the 

host computer communicate through a CAN link. 

In this thesis, in addition to the prototype engine control system development, an engine 

fuel rail pressure control system was also developed for diesel engines. Common rail diesel fuel 

system was invented by BOSCH in 1978 [17]. Before that, fuel injection systems were cam-

driven. The fuel pressure varies as the engine speed changes, which results in low fuel injection 

qualities [18]. Common rail fuel systems generally include a fuel pump, a fuel rail, and several 

fuel injectors. The fuel injection system can operate at very high pressure with a flexible 

electronic control of fuel delivery, injection timing, injection pressure and rate of injection by 

multiple injection strategies [18]-[19].  By controlling these parameters, the common rail fuel 

system is capable of achieving low exhaust emissions and high engine performance, as well as 

low engine combustion noise, and so on [20]-[24]. 

Many studies have been conducted for common rail fuel systems modeling and control. 

Reference [25] developed a mathematic common rail system model based on physical laws. 

Reference [26] developed a common rail fuel system model based on energy principle. 

Reference [27] presented a very detailed model for a common rail fuel system. However, their 

model comprises of some partial differential equations, and is difficult to be used in control 

system design and validation. This thesis presents a control oriented common rail fuel system 

model, and two robust controllers, 2H  and H∞  were developed to control the fuel rail pressure 

based on the developed model.  
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1.2  Research Overview 

1.2.1  Engine management system development 

In this thesis, an engine control system based upon the MotoTron controller was 

developed. It was originally designed for a single cylinder optical diesel engine and then was 

modified to control a 4-cylinder gasoline engine. Figure 1-1 shows the engine control system 

architecture. Each function block in this control system is described in detail in this thesis. In 

addition, the control algorithm is also introduced followed by several application results. 

 

Figure 1-1 Engine control system architecture for a diesel engine 
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1.2.2  Advanced controller design for a common rail system 

In this thesis, a common rail fuel system was modeled as a second order system, which 

took into consideration of fuel injection disturbance, sensor noise, and the fuel property 

uncertainty. Two robust controllers are proposed for regulating the common rail pressure as 

steady as possible. The two controllers were then evaluated through simulations by comparing 

them with a baseline PI controller. Note that, each controller was optimized with respect to its 

performance. Figure 1-2 is the flow chart used to acquire the controllers. 
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2H H∞

 

Figure 1-2 Flow chart to acquire controllers for common rail system 
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1.3  Organization 

The material presented in this thesis is organized into three chapters. In Chapter 2, an 

engine control system that has five control modes was developed based upon a MotoTron ECU, 

the control system including system architecture and algorithm structure are described in detail. 

Also, the control system was validated through hardware-in-the-loop (HIL) simulations and 

some dynamometer tests, the test results are presented. In Chapter 3, a common rail fuel system 

and the corresponding discrete-time second order system are introduced, and two robust 

controllers were designed to regulate the fuel rail pressure. The simulations were conducted to 

compare the performances of the two robust controllers and a baseline PI controller. In Chapter 4, 

conclusions and future work are addressed. 
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CHAPTER 2 

PROTOTYPE ENGINE CONTROL SYSTEM DEVELOPMENT 

 

2.1  Introduction 

Fast developing engine technologies require flexible, rapid prototype engine control 

systems. In this thesis, an engine control system was developed based upon a MotoTron ECU. 

The control system consists of three major blocks, which are I/O definition, engine management 

system, and CAN communication. The engine management system defines the Engine Status in 

five modes. The engine control system also consists of a host computer. The human control 

interface was developed using LabVIEW software.  

The developed control system was validated through hardware-in-the-loop (HIL) 

simulations [28]. HIL is a standard tool for developing electronic or mechanical automotive 

components. A single component or even a entire vehicle can be replaced by mathematical 

models running in real time on small and cost-effective hardware platforms, while other 

components which need testing or are just part of the test setup, are connected to the simulator in 

a closed loop configuration [29]. In this HIL simulation, a simplified engine model was 

developed in dSPACE. The MotoTron ECU sends the control commands to the dSPACE engine 

model through the CAN communication, while reading back the engine sensor signals including 

crank signal, CAM signal, mass air flow (MAF) signal, throttle position signal (TPS), idle valve 

position, coolant temperature, and so on.  
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After the HIL simulation validation, the developed engine control system was used for 

several engine projects, such as the optical diesel engine project, the small gasoline engine 

project, as well as a variable valve actuation (VVA) system development project [30]-[32]. High 

speed imaging tests on the optical engine can help the analysis of the fuel spray, mixture 

formation, combustion flame development, and emission formation [33]-[34]. This engine 

control system provides two trigger pulse signals for high speed imaging tests. They can be used 

for high speed camera and the laser source. VVA (variable valve actuation) systems have many 

advantages, including improved fuel economy and reduced exhaust emissions. This engine 

control system also includes a VVA block. It provides the valve open and close timing, as well 

as the valve lift control signals to the VVA actuator. This thesis presents several engine 

dynamometer experiment results with the use of the developed engine control system. It is found 

that the developed engine control system meets all the requirements of these applications.   

2.2  Engine Control System Development 

2.2.1  System architecture 

In this development, the engine control system consists of a MotoTron production ECU 

(engine control unit), a customized actuator drive box, and an engine control host computer with 

LabVIEW GUI (graphic user interface). The ECU and the host computer are communicated 

through CAN (control area network) by a National Instrument (NI) Hi-Speed USB device (NI 

USB-8473). Figure 2-1 shows the system architecture diagram. 

The MotoTron production controller used in this system has 33 analog input channels, 3 

digital input channels and several output channels. The controller is synchronized based upon the 

58X teeth crank sensor and the single pulse cam sensor. In addition, MotoTron provides a TDC 
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(top dead center) offset calibration for the users to synchronize the virtual logic TDC of 

MotoTron with the physical TDC of the engine. This control system provides users with a 

constant pulse signal delivered at virtual TDC of MotoTron for the system synchronization 

application. Two trigger pulse signals are specifically designed for optical engine tests. One is 

for high speed camera, and the other is for the external laser source. These two trigger pulses can 

help synchronize the captured images with the engine combustion data (e.g., in-cylinder pressure 

signal) logged in the combustion analysis system (CAS). 

The engine control drive box was designed for multiple applications. It is not only able to 

drive the ignition dwell current up to 20A for a gasoline engine (since the MotoTron control 

module does not include any ignition driver), but it is also able to drive fuel injectors for diesel 

engines. In addition, this drive box also has two PWM channels, which can be used to drive the 

fuel pump return control solenoid, and the fuel rail return solenoid. 

The host computer communicates with the engine controller through CAN using an NI 

USB-CAN plug-in device. The LabVIEW GUI was developed for real time control of the engine. 

Many engine signals can be displayed on this GUI. In the meanwhile, a calibration LabVIEW 

page, which consists of many control parameters, can be used to tune the engine control system 

on-line in real time.  
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Figure 2-1 Engine control system architecture(For interpretation of the references to color in this 

and all other figures, the reader is referred to the electronic version of this thesis) 

2.2.2  Engine control algorithm structure 

The engine control system algorithm was developed in Simulink using MotoHawk 

software that provides a common tool for auto-code generation, modeling, control system design 

and I/O functions, so that the engine control system algorithm can be developed efficiently and 

coded automatically from Matlab/Simulink to the C codes that run in the MotoTron production 

controller [13]. The whole control algorithm consists of three major parts as shown in Figure 2-2: 

1) Sensor and actuator signal processing; 2) Engine management system (EMS); 3) CAN 

communications. 
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Figure 2-2 Engine control algorithm structure 

2.2.3  Sensor and actuator signal processing 

Sensor and actuator signal processing are always an important part of the control system 

development work, especially for automotive engines, which usually have dozens of sensors and 

actuators. Table 2-1 and Table 2-2 list the actuators and sensors included in this control system, 

as well as their signal type definition. 
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Table 2-1. Output control signal definition. 

 Signal Definition Type 

1 Injector #1 13.5V (on-off pulse) 

2 Injector #2 13.5V (on-off pulse) 

3 Injector #3 13.5V (on-off pulse) 

4 Injector #4 13.5V (on-off pulse) 

5 Ignition #1,4 (waste spark) 13.5V (on-off pulse) 

6 Ignition #3,2 (waste spark) 13.5V (on-off pulse) 

7 Engine idle solenoid PWM (2A max) 

8 Intake valve control (high open) #1 TTL 

9 Intake valve control (high open) #2 TTL 

10 Exhaust valve control (high open) #1 TTL 

11 Exhaust valve control (high open) #2 TTL 

12 Valve lift reference PWM (0 ~ 5 V) 

13 Thermostat solenoid PWM (2A max) 

 

Table 2-2. Input sensor signal definition. 

 Signal Definition Type 

1 Crank position pulse 60-2, TTL 

2 Cam position pulse Single tooth, TTL 

3 Manifold air pressure 0 ~ 5 V 

4 Manifold air temperature 0 ~ 5 V 

5 Throttle position 0 ~ 5 V 

6 Air-to-fuel ratio 0 ~ 5 V 

7 Mass air flow 0 ~ 5 V 

8 Coolant temperature 0 ~ 5 V 

9 Oil pressure 0 ~ 5 V 

10 Engine load percentage 0 ~ 5 V 

11 Combustion Analysis System TTL 

12 Camera and Laser TTL 
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In this engine control system, the digital signals are processed in the crank based event 

mode, and all the analog signals are updated with a 5 ms fixed sample period. Filters in Figure 

2-3 are used for the analog signals, and the filter coefficient, as well as the filter duration can be 

tuned through the host computer. Each sensor is calibrated based upon its characteristic curves.    

Cycles to average

Sensor signals

Mean value out

Cycle number for average

Sensor signals

Calculate mean value 

for sensor signal

Filtered sensor signalsFrom LabVIEW

 

Figure 2-3 Analog signal filter 

For the actuators, some of them are operated in the time based mode, such as the idle 

valve, the thermostat, fuel rail and fuel pump solenoids, and the rest work in the crank based 

event mode, such as fuel injector, ignition coil, and so on. It is important to define the types of 

the actuator signals before they are used. In this engine control system, the injection signals are 

TTL type signals that are able to either drive the current-based injector driver directly, or work as 

a trigger pulse to the diesel injector driver circuit in the drive box. The ignition signals are also a 

TTL type signals. Besides the fuel injection signals and the ignition signals, this control system 

also provides four TTL control signals for a specific customer (Gongda Power) to be used as four 

variable-valve-actuation control reference signals (two intake and two exhaust valves for 

cylinder 4). In addition, several PWM (pulse width modulation) signals were generated for fuel 

rail solenoid control, fuel pump solenoid control, electrical thermostat control, and the valve lift 

signal reference.  
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Figure 2-4, Figure 2-5, and Figure 2-6 shows the I/O connection diagrams. Specifically, 

Figure 2-4 is the power connection for ECU. Figure 2-5 shows the connections for sensors. And 

the connections for actuators are presented in Figure 2-6.  

 

Figure 2-4 ECU power connection 
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Figure 2-5 Sensor signals to ECU 
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Figure 2-6 Control signals from ECU to actuators             

2.2.4  Engine management system 

The engine management system is the core of the whole engine control system algorithm. 

This thesis lists several of the important modules, such as engine working modes definition, idle 

speed control, fuel control, spark control, and so on.  

2.2.4.1  Engine operation modes 

In this control system, the engine operation is defined by five working modes. They are  

• stall mode (engine_status_flag = 01)  

• crank mode (engine_status_flag = 02) 

• idle mode  (engine_status_flag = 03)  

• running mode (engine_status_flag = 04)  

• shut down mode (engine_status_flag = 05) 

The engine_status_flag is used to indicate the current engine status. Figure 2-7 shows the 

status flow of the engine operation modes. The engine operation modes are mainly decided based 

upon the engine speed and the engine throttle position. Note that, hysteresis are applied for all 

decision making thresholds. A shut down button is provided in the LabVIEW GUI which 

requires to mandatory shut down the engine by disabling all the control commands regardless of 
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the current engine status. The stall mode is designed for engine system start preparation. For 

example, the idle valve is initialized to a pre-calibrated position during this operation mode. Fuel 

begins to be delivered when the engine enters the crank mode. In this operation mode, rich air-to-

fuel ratio (AFR) with respect to the coolant temperature is used for the engine to overcome the 

large crank resistant friction. In general, the crank mode is very short. When the engine speed 

exceeds a threshold, the engine mode switches to idle mode. In idle mode, the AFR will ramp to 

the desired level defined in a lookup table. The AFR lookup table is also function of the coolant 

temperature. When the coolant temperature exceeds a threshold, or the engine runs for enough 

long time, the AFR will ramp to the stoichiometric AFR (14.6) and the system starts running in 

closed-loop AFR control mode. During idle mode, several closed-loop controls are used, such as 

idle speed control, and AFR control. When the throttle position signal (TPS) is greater than a 

certain value, the engine starts to run in running mode. In this mode, the AFR is still controlled 

in closed-loop mode, while the spark is based upon a lookup table as function of engine speed 

and the engine load. The idle valve position is kept at its current position. 
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Figure 2-7 Engine working modes transition diagram 

2.2.4.2  Fuel control 

In the engine management system, the desired AFR is based upon the output of a lookup 

table as function of the coolant temperature. The fuel injection quantity, or corresponding fuel 

pulse width, consists of two parts. One is base fuel quantity based upon the desired AFR and the 

mass air flow (MAF) measured by the MAF sensor, and the other is due to the closed-loop 

control correction, which is mainly based upon the feedback AFR sensor signal. The total fuel 

quantity is calculated as 

a
f f

m
m m

AFR
= + ∆  

(2.1) 

where  am  is the intake air mass calculated by 
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2
MAF

a
m

m
N

n
τ

=
×

ɺ
 

(2.2) 

where MAFmɺ is the mass air flow rate measured by MAF sensor; N is the engine speed; n is the 

number of the cylinders; and τ is the number of strokes. The fm∆ is the closed-loop fuel 

correction, it is calculated by 

( )I
f P d

K
m K AFR

s
φ ∆ = + − 

 
 

(2.3) 

where PK  and IK are the proportional and integral gains of the AFR PI controller, respectively; 

φ  is the oxygen sensor signal; and dAFR  is the desired AFR. Note that, the closed-loop air fuel 

ratio control is only enabled when dAFR  is equal to the stoichiometric AFR (14.6). 

In addition, the LabVIEW GUI has an option to enable or disable the closed-loop AFR 

control, because sometimes, users might just want to use the open-loop fuel control and manually 

set up a fuel injection pulse. Figure 2-8 is the closed-loop air fuel ratio control.  

 

Figure 2-8 The closed-loop air fuel ratio control 

The fuel quantity is then converted into the fuel pulse width based upon the fuel injector 

characteristic calibration curve. The fuel injection timing also has two options. Users can either 
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choose using the lookup table values, or manually set the injection timings through the host 

computer. In addition, this control system provides multiple injection option including pilot 

injection, main injection, and post injection. Each of them can be defined in the LabVIEW GUI.  

2.2.4.3  Spark control 

The spark control in this engine control system is based upon the output of a lookup table 

as function of engine speed and load.  While in the crank and idle modes, the spark timing table 

is a function of the coolant temperature. In addition, a proportional spark timing control is used 

in the idle mode to have fast engine torque regulation and to have smooth engine idle speed. 

Lastly, a spark offset is provided in the LabVIEW GUI so that it can be manually tuned by the 

users for the control flexibility.  

2.2.4.4  Idle speed control 

The desired idle speed is also based upon the output of a lookup table as function of the 

coolant temperature. Like the fuel pulse width and the spark control, a similar option was also 

provided for users to manually set the desired idle speed in the LabVIEW GUI. As soon as the 

engine status indicates that it is in the idle mode, the closed-loop idle speed control is turned on. 

A proportional and integral controller (PI) is utilized to regulate the engine speed close to the 

desired speed by adjusting the idle valve position and the idle spark P (proportional) controller. 

Figure 2-9 shows the whole structure of the idle valve control. Note that, the gain scheduling 

scheme is used for the idle valve PI controller. 
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Figure 2-9 Idle speed control 

2.2.4.5  Others  

In addition to the above mentioned modules, this control system also has an over speed 

protection function. When the engine speed exceeds a set limit, the control system will cut off 

the fuel to protect the engine. Also, this control system provides a PWM control signal to control 

the electrical thermostat valve with respect to the coolant temperature. Figure 2-10 shows the 

flow chart of electrical thermostat control. In addition, several TTL output signals are provided 

in this control system. They are designed specifically for a variable valve actuation (VVA) 

system development engine. These TTL signals are used as the synchronization signals for 

opening and closing the intake and exhaust valves that are actuated by a hydraulic control system 

instead of the traditional CAM shaft, and the valve lift and timing signals are sent through CAN 

protocols. 
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Figure 2-10 Flow chart of electrical thermostat control 

2.2.5  CAN communication 

CAN communication is also a very important part of the engine control system. The 

controller communicates with other devices through the CAN link as shown in Figure 2-11. The 

engine controller send the signals, such as engine speed, AFR, coolant temperature, delivered 

fuel pulse, delivered spark, to display in the LabVIEW GUI, while reads the control commands 

from the host computer. The CAN link between the MotoTron controller and the host computer 

uses a NI high-speed USB cable. This system also includes a CAN channel for the VVA control 

system. The control commands are sent to the VVA controller through the CAN link, while 

several TTL signals are used together for the VVA control as synchronization signals. In 

addition, a third CAN channel was added to communicate with the dSPACE HIL simulation 
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system, where a simplified engine model was developed for the hardware-in-the-loop (HIL) 

simulation so that the developed control system can be validated on the bench.  

 

Figure 2-11 CAN communication 

2.3  LabVIEW GUI Development 

The host engine control computer runs under NI LabVIEW and generates a GUI. The 

motivation for using the LabVIEW GUI interface was to monitor the engine status, display 

sensor signals and the control parameter values, but most importantly, to provide real time 

control commands and parameter calibrations to the engine control system. The LabVIEW 

interface consists of two parts, one page includes all the sensor parameters and some important 

control commands, as well as part of the calibrations, while the other page lists of all other 

calibrations. 
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2.3.1 LabVIEW GUI main monitoring page 

The first work in developing the GUI was to decide the parameters to be monitored in the 

GUI, the parameters to be calibrated in real time, and the format should be displayed. In this 

control system, both digital and analog display formats are used to display most parameters. For 

example, the idle valve position is shown as a percentage in a digital number and in a waveform 

graph. The advantage of the waveform graph is that it shows the history of the change of the 

signal. The main monitoring page of the developed LabVIEW GUI shows in Figure 2-12. 
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Figure 2-12 LabVIEW GUI main page
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This page mainly consists of nine parts according to different functions, and each part is 

circled by a dotted red line. The first part shows all the monitored sensor signals, such as engine 

speed, throttle position, intake mass air flow, idle valve position, etc. The engine control 

commands and parameters are mainly included in parts 2 to 6. The seventh part is specifically 

designed for the variable valve actuator development project. Two VVA signals are displayed in 

this part. Four sets of opening and closing timing control of the two intake valves and two 

exhaust valves, respectively, were designed to provide the crank-synchronization control signals 

for the VVA controller. In addition, this LabVIEW GUI provides an option for users to switch 

the engine control to the manual mode as shown in part 8. In this manual mode, the fuel and 

spark control parameters can be manually set in part 9.   

2.3.2 LabVIEW GUI calibration page 

Figure 2-13 shows the calibration page. A few important control parameters can be 

calibrated in real time through this page. For example, the proportion gain, the integral gain, and 

the integral duration can be calibrated for idle control valve, idle fueling, and spark timing, 

respectively. Note that, the PI controllers developed in this control system use gain scheduling 

schemes, and the proportional gains and the integral gains in this LabVIEW GUI are multiplied 

by lookup table based gains preloaded in the MotoTron controller. In addition, the sensor 

filtering parameters are also very important. They are shown in part 2 in this figure. Part 3 in this 

plot shows several other important calibration parameters such as initial idle valve position, AFR 

transition step from the crank AFR to the idle crank AFR, a fuel gain which is considered as a 

compensation for the volumetric efficiency. 
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Figure 2-13 LabVIEW GUI calibration page 
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2.4  HIL Simulation 

Utilizing an appropriate control-oriented engine model, an HIL simulator, such as the 

dSPACE engine simulation system, is capable of providing various engine output signals based 

upon the control signals provided by the engine controller at different engine operational 

conditions [35]. The developed engine control system was validated through HIL simulations 

before it was implemented for engine dynamometer tests. Figure 2-14 HIL simulation diagram of 

engine control system shows the HIL simulation diagram of the engine control system. It 

consists of a host computer with LabVIEW GUI, a MotoTron controller and a dSPACE loaded 

with a simplified engine model. The simplified engine model that runs in the dSPACE sends 

sensor signals to the controller through A/D channels or CAN communications, and receives the 

control parameters from the MotoTron controller through CAN link. 

 

Figure 2-14 HIL simulation diagram of engine control system 

Figure 2-15 shows an engine start up HIL simulation flow chart, Figure 2-16 is the 

corresponding HIL simulation result.  
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Figure 2-15 Engine start up HIL simulation flow chart 
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The initial idle valve position was set to 35%. The engine was turned on at the 2
nd

 second. 

It can be observed that the engine status was switched from shut down mode to the stall mode 

immediately. As a result, the idle valve was initialized to the predefined position. When the 

starter drove the engine speed above a calibrated threshold, the engine operation mode was 

shifted into mode 2, the crank mode. Both the fuel and spark were delivered starting at 3.5 

seconds. The engine entered into the idle mode when the engine speed exceeded 500 rpm. In the 

idle mode, the closed-loop idle speed control was turned on. The controller adjusted the idle 

valve to regulate the engine speed to the desired speed. In this case, the desired engine speed was 

set at 800 rpm. It can be found that the actual speed tracked the desired speed pretty well. The 

HIL simulation results also demonstrated that the designed algorithm works as expected. 
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Figure 2-16 Engine start up HIL simulation result 

2.5  Engine Dynamometer Applications 

This engine control system has been used for several engine projects. The first project 

was a single cylinder, direct injection (DI) optical diesel engine. The specifications of the engine 
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are listed in Table 2-3. The injector is a Siemens piezo injector using a 6-hole nozzle with holes 

of 0.185mm with a cone angle of 154 degrees. Figure 2-17 shows the engine and the 

dynamometer control setup. A baseline CAS (Combustion Analysis System) from AND 

Technologies was used to record the engine combustion data. The MotoTron ECU was 

synchronized by calibrating the TDC offset through the LabVIEW GUI. 
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Figure 2-17 Engine dynamometer setup 
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Table 2-3. Engine specifications. 

Bore 95 mm 

Stroke 105 mm 

Displacement 0.75 liter 

Cylinder Number 1 unit 

Compression Ratio 17:1 unit 

 

 

Figure 2-18 Optical diesel engine 

Figure 2-18 shows the engine dynamometer test setup of the single cylinder optical diesel 

engine using the developed control system. The engine was crank-started at several different 

intake air temperatures. The motivation of this test is to study the affect of the temperature on the 

diesel fuel evaporation as well as the combustion process. The control system was operated in 

Engine 

High speed camera 
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the manual mode. Fuel was scheduled to deliver when the engine speed exceeded a threshold 

(350 rpm in this study). In order to protect the optical engine, a logic that sets number of 

combustion cycles was designed specifically for this application. The combustion cycles were 

limited to 30 engine cycles. In addition, a fuel rail pressure control function was added 

specifically for this application. Two solenoid control channels were provided in the LabVIEW 

GUI to regulate the fuel pressure in the common rail up to 32,000 psi.  
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Figure 2-19 Optical diesel engine cold start test 

Figure 2-19 shows a cold start test with intake air temperature at 20°C. In this test, a 0.3 

ms pilot fuel pulse together with a 0.5 ms main injection pulse were scheduled to deliver at 30 

degree BTDC (before top dead center) and 7 degree BTDC, respectively. Base upon the in-

cylinder pressure signal (InCylPressure), the combustion was observed in the first fuel injection 

cycle, but it took two engine cycles to get good combustion. Figure 2-20 shows the high speed 

imaging test of one combustion cycle. The captured images were synchronized with the in-

cylinder pressures. The results clearly show the process of the combustion flame development. 

The visible flame started at 8 degrees after TDC (ATDC), and massive obvious flame appeared 
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after the peak in-cylinder pressure. The MFB signal in the figure denotes the mass fraction 

burned that was calculated based upon the method in [36]. In summary, this application proves 

that the developed engine control system works well in the manual control mode.   
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Figure 2-20 Captured flame picture sychronized with the in-cylinder pressure signal 

Besides the application to the optical diesel engine, the developed control system was 

also used for a 4-cylinder gasoline engine. Figure 2-21 shows the control system architecture of 

the four cylinder engine, where the intake valve system of cylinder 4, originally driven by a 

CAM shaft, was replaced by a hydraulic valve system (or VVA system). Both the opening and 

closing timings and lifts of the two VVA valves can be controlled individually. This engine was 

also tested on an engine dynamometer. This dynamometer can only be used as a resistant load. 
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The user has to start up the engine and run the engine both in idle and running mode using the 

developed engine control system. As a result, the developed engine control system starts the 

engine smoothly, and met all the requirements of the VVA project.  

Figure 2-22 shows the test result of the VVA engine controlled by the developed engine 

control system. The engine was running at 1500 rpm. Two different engine loads, 2.2 bar brake 

mean effective pressure (BMEP) and 5 bar BMEP were tested for this VVA system. It can be 

found through the valve profiles that the VVA system worked well, expect that a small surge was 

found during the closing period of the intake valves. This could be caused by the hydraulic 

dynamics. But, a conclusion can be safely drawn that the developed engine control system 

satisfies the requirements of this application.      

 

Figure 2-21 Schematic of engine control system with VVA

Hydraulic 

valve 
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Figure 2-22 Test result of the VVA system 
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CHAPTER 3 

ROBUST FUEL RAIL PRESSURE CONTROL 

 

3.1  Introduction 

A steady fuel pressure in the common rail fuel system for diesel engines is always 

important for accurate fuel metering. However, because common rail fuel systems have 

complicated fluid dynamics and disturbances from adjacent systems such as the pressure pumps 

and the fuel injectors, a simple PID controller generally delivers merely satisfactory results [37]. 

Numerous studies have been devoted to develop more advanced controllers. 

In this study, the robust control method was proposed, where the fuel injection was 

considered as the disturbance input and the fuel viscosity as the system parameter uncertainty. 

The sensor measurement noise was also taken into consideration in this design. Two robust 

controllers ( 2H  and H∞  controllers) were developed to regulate the common rail fuel pressure. 

The performances of the two robust controllers were evaluated by comparing them with a PI 

baseline controller. The results show that the 2H  controller provided the best performance. 

The rest of the chapter is organized as follows. Section 3.2 introduces a common rail fuel 

system model. In section 3.3, two robust controllers ( 2H  controller and H∞  controller) were 

developed. The simulation validation results against a PI controller are presented in Section 3.4, 

and Section 3.5 addresses the conclusions. 
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3.2  Common Rail Fuel System Modeling 

Figure 3-1 depicts a common rail fuel system for a single cylinder diesel engine. The fuel 

is pressurized through a low-pressure pump and a high-pressure pump. The fuel pressure is 

regulated by two solenoids, one controls the return line of the high pressure pump, and the other 

controls the return line of the fuel rail. Both solenoids are default open for safety reason. Fuel 

returns to the fuel tank through the two solenoids controlled by PWM signals. In this study, both 

fuel pump motor speeds were fixed. The fuel pump solenoid was also maintained at a constant 

position by a constant PWM signal. The fuel pressure in the common rail fuel system was 

regulated by adjusting the opening position of the fuel rail solenoid based upon the feedback fuel 

pressure sensor signal. The fuel pressure variation is caused by the fuel injection, fuel viscosity 

change, and so on.   

 

Figure 3-1 Common rail fuel system 
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3.2.1  Discrete-time mathematic fuel rail model 

In this study, the common rail fuel system was modeled as a second-order system. A first 

order transfer function for the fuel rail solenoid dynamics, and a first order transfer function for 

the fuel fluid dynamics as shown in (3.1),   

1 2

( ) 1 1

( ) ( 1) ( 1)

Y s

U s s sτ τ
=

+ +
 

(3.1) 

where 1τ  is the time constant of the fuel rail solenoid dynamics, and 2τ  is the time constant for 

the fuel dynamics. U(s) is the control input (PWM duty cycle signal); while Y(s) is the output 

fuel rail pressure measured by the pressure sensor. 

In a practical application, the fuel dynamics mainly depends on the fuel viscosity, which 

varies with fuel temperature, and the temperature changes very dramatically when the high 

pressure fuel pump pressurizes the fuel. Therefore, in this study, an uncertainty parameter δ  was 

introduced into the time constant for fuel fluid dynamics, and the mathematic model with 

uncertainty can be expressed as follows, 

1 2

( ) 1 1

( ) ( 1) (( ) 1)

Y s

U s s sτ τ δ
=

+ + +
 

(3.2) 

Linear system (3.2) was then discretized into the following discrete transfer function with 

a sample period of 0.1ms,  

1

( ) 1 1

( ) 1

Y z a b

U z z a bz
−

− −
=

− −
 

(3.3) 

where 1ST
a e

τ−= , 2 (1 )ST
b e

τ δ−= + (δ  is the corresponding uncertainty in discrete domain), 

and ST  is the sampling time. 
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3.2.2  LFT of discrete-time system model 

Linear fractional transformation (LFT) is a useful method to standardize block diagrams 

for robust control analysis and design [38]. Figure 3-2 shows the LFT of the discrete-time system 

model (3-2), where matrix M is a coefficient matrix; uW , yW  and nW  are dynamic weighting 

matrices. The weighting matrices were chosen to be first order high-pass filters. Specifically, uW  

is used to reflect certain restrictions on the control signals, yW  is used to reflect the requirements 

on the output, and nW  is used to model the frequency contents of the sensor noise [39]. Signals d, 

n, r, u and y represent the fuel injection disturbance, sensor noise, reference fuel pressure, control 

input, and fuel pressure output, respectively.  
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Figure 3-2 System model block diagram 
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Figure 3-3 General framework 

 
By pulling out the structured uncertainty ∆  and the controller K , the system can be 

reformed into a standard robust control design framework as shown in Figure 3-3. New system 

input w  consists of the disturbance and the sensor noise, and it is defined as 

d
w

n

 
=  
 

 
(3.4) 

The new system output z  consists of the weighted fuel pressure and the weighted solenoid 

control input, as shown below 

y
z

u

 
=  
 

ɶ

ɶ
 

(3.5) 

Note that, the upper LFT uncertainty matrix ∆ is defined as  
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2Iδ∆ =  (3.6) 

The nominal plant G can be expressed in state-space by  

d d

d d

A B
G

C D

 
=  
 

 
(3.7) 

where dA , dB , dC , and dD  are state space matrices, and can be implemented in the 

Matlab/Simulink shown in Figure 3-4.  

++

+
+
−

1 a

z a

−
−

1

z
++

 

Figure 3-4 Simulink model of G 

3.3  Controller Design 

Two robust controllers were developed in this study to control the fuel rail pressure 

subject to injection disturbance, sensor noise and modeling uncertainty. The two controllers are 

an 2H  controller, and an H∞  controller. Their performance was evaluated against the baseline 

PI controller. Figure 3-5 shows the schematic of the fuel rail pressure control system. 
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Figure 3-5 Schematic of the fuel rail pressure control system 

In this study, the time constant 1τ was set at 0.01s, and 2τ was given as 0.001s. Note that, 

these two values will be calibrated by using the experimental data in the future. The weighting 

matrices were optimized based upon the controllers’ performance and are given in equation (3.8). 
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(3.8) 

3.3.1  PI controller 

A PI controller was designed as the baseline controller as shown in equation (3.9).  

( )( )
fI

fp

K
U K P r

s
= + −  

(3.9) 

where U  is control input, P  is pressure sensor signal, and r  is pressure reference signal. The 

proportional gain fpK  and the integral gain fIK  in equation (3.9) were optimized by taking into 

consideration of both control output and control input performance. In this study, fpK is equal to 

12.5, and fIK  is equal to 4000. 



44 

 

 

3.3.2  Discrete-time H2 controller design 

The 2H controller was designed to find a proper, real-rational controller K which 

stabilizes the plant G internally, and minimizes 2-norm of the transfer matrix zwT  from w  to z  

that is defined below 

2
2 2
2 2

2

supzw
z

T
w

γ∞= ≤  
(3.10) 

where 
2
2w  is the square of the 2-norm of the injection disturbance and the sensor noise, 

2
z ∞  is 

the square of the ∞-norm of the input and output, which is calculated as follows, 

2
sup sup( ) sup( )

T T T T T T T T
y y u u

y
z y u y y u u y W W y u W W u

u
∞

  = = + = +   
 

ɶ
ɶ ɶ ɶ ɶ ɶ ɶ

ɶ
 

(3.11) 

The standard diagram for 2H  controller design is shown below (Figure 3-6). 
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Figure 3-6 Standard block diagram for 2H  controller 

The realization of the transfer matrix can be derived directly from the plant G. The 

optimal 2H  controller K , and the closed-loop transfer matrix zwT , can be calculated using 

Matlab command “H2SYN”. Equation (3.12) provides the controller in its state space 

representation  
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(3.13) 

and γ is equal to 11.5654.  

3.3.3  Discrete-time H∞∞∞∞ controller design 

The H∞  controller is designed based upon dynamic output-feedback control, with respect 

to the full order linear dynamic controller 

( 1) ( ) ( )

( ) ( ) ( )

c c c c

c c c

x k A x k B y k

u k C x k D y k

+ = +

= +
 

(3.14) 

where it is assumed that the controller state n
cx ∈ℜ . 

The theorem in [40] is applied in this design, which is stated as: There exists a controller 

in the form (3.14) such that the inequality ( ) 2 2
zwT ζ γ∞ <  holds if, and only if, the LMI 
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(3.15) 

hold, where the matrices X, L, Y, F, Q, R, S, J and the symmetric matrices P and H are the 

variables. 

According to the theorem, we can get the H∞  controller as 

11 1
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(3.16) 

Using the Simulink/LMILab solver, the H∞  controller was calculated and given as 

follows,  

1.322 -6.7173 3 0.0233 0.166 206.2

77.859 0.2235 4.168 28.75 4146

9.714 0.1410 1.477 3.646 610.93

8.938 4 0 0 0.999 0.0080

0 0 0 0 0.9061

-0.0002076

-0.041739

-0.006150

-8.2567e-9

-1.3724e-9

c

c

e

A

e

B

− 
 
 
 = −
 
− − 
  

 
 
 
 =


 

[ ]-26644.6 26.467 -4.26 -10390 -1.8122cC





=

 

(3.17) 



47 

 

 

3.3.4  Simulation validation for common rail fuel pressure control 

In this study, three simulations were desgined for the performance evaluation. The first 

simulaiton is to compare the tracking performance of the three controllers; the second one is to 

evaluate the disturbance rejection performance; and the third one is to evaluate the tolerance of 

the system uncertainty. 

Figure 3-7 shows the step response of the three controllers. It is observed that it took the 

2H  about 5 ms to converge to the reference value. While the PI controller and H∞  
controller

 

took about 12 ms to converge. Also, the PI controller had the largest overshoot, and used more 

control input effort than the other two controllers. The H∞  controller and 2H  controller had 

close control effort, but the peak value of the control input for 2H  controller is lower than the 

one of H∞ controller. This is important for the physical systems which have many input 

restrictions. 
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Figure 3-7 Step response comparison of the three controllers 
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Figure 3-8 shows the response of three different controllers to a pulse distrubance. It can 

be observed that the 2H  controller obtained the best output performance using least control input 

effort. 
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Figure 3-8 Performance comparison of three controllers with step disturbance 

The performance of the three controllers responded to the fuel uncertainty is shown in 

Figure 3-9. In this simulation, a step input was introduced into the plant as the system uncertainty. 

The simulation results show that 2H  and H∞  controller has close disturbance tolerance. But 2H  

controller converged faster with less control input than H∞ controller. The PI controller had the 

worst uncertainty tolerance performance with the most control input request.  
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Figure 3-9 Performance comparison of three controllers responded to the fuel uncertainty 

Based upon the above results, it can be concluded that the 2H  robust controller required 

less control input effort while providing better output performance compared with the PI 

controller and the H∞  controller. In the future, the control oriented model developed in this 

study will be calibrated by using the experimental data. Then, the proposed controllers will be 

optimized and evaluated through experiments. 
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CHAPTER 4  

CONCLUSIONS AND FUTURE WORK 

 

4.1  Conclusions 

In this thesis, a prototype engine control system was developed. The control system was 

developed based upon a MotoTron Controller. A human control interface was also developed 

using LabVIEW GUI. The MotoTron controller and the host computer communicated through 

CAN link. The developed engine control system was validated by hardware-in-the-loop (HIL) 

simulations and used for several engine research projects with different applications, including 

single and multiple cylinder engines. The results show that the developed engine control system 

was able to meet the various requirements of the different projects. 

In addition, two robust controllers, 2H  and H∞  controller, were developed to regulate 

fuel pressure of a common rail fuel system. A PI controller was also developed as a baseline 

controller for comparison purpose. Three simulations, tracking performance, fuel injection 

disturbance rejection and fuel uncertainty, were conducted to evaluate the performances of the 

proposed controllers. The simulation results show that these three controllers had close output 

performance by optimizing the control gains or weights, but the 2H  controller requires the lease 

input effort compared to the other controllers.  
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4.2  Future Recommendations 

In this thesis, the developed engine control system was specifically designed for several 

research engine projects. It can be further improved by adding detailed control logics. In addition, 

the LabVIEW GUI can also be significantly improved by adding signal displays and control 

command inputs. 

In terms of the proposed robust controllers, it is important to use experimental data to 

calibrate the control oriented model. Also, it is necessary to optimize the weighting matrices for 

robust controller design. Lastly, it is suggested to evaluate the proposed controllers through 

engine dynamometer tests. 
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