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Abstract 
One of the cases for testing the BorgWarner GEN V clutch is to see if pump and 
motor malfunctions are detected by the software. Until now there have been a 
couple of fixed configurations testing clutches with different faults. The goal was 
to investigate if these configurations could be replaced by a normally functioning 
motor and pump connected to electrical circuits to mimic faulty clutches, which 
would ultimately lead to more flexibility during the testing. The work has been 
carried out at BorgWarner TTS in Landskrona. 
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Abbreviations 
 
 
ECU – Electric Control Unit 
DTC – Diagnostic Trouble Code 
CAN – Controller Area Network 
GEN V – Fifth generation clutch 
PWM – Pulse Width Modulation 
OA – Operational Amplifier 
DUT – Device Under Test 
HIL – Hardware in the loop 
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1.  Introduction 
 

1.1   About BorgWarner 
BorgWarner Torque Transfer Systems (TTS) is a part of BorgWarner, which is an 
American company. The TTS department primarily develops and manufactures 
transfer cases, slip clutches and differentials. 

1.2   The GEN V clutch 
The BorgWarner GEN V clutch is used for enabling an extra pair of wheels when 
the primary driving wheel pair closest to the engine loses grip. Its placement in the 
vehicle is shown in Figure 1.1. The advantage over constant four-wheel drive is 
better gas mileage. The first generation of the clutch was patented in the 90s and  
 
 

 
Figure 1.1. Placement of the clutch in the vehicle. 
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was a completely mechanical solution that was activated by the rotation speed 
difference between the front and rear wheel pairs. Today the activation works via 
the CAN-network, where the separate wheels speeds are available to the electric 
control unit (ECU). This means that the behavior of the clutch can be configured 
according to customer-specific needs. 
 
When the speed of the driving wheels becomes higher than the non-driving wheels 
we have traction problems and the clutch should engage. Upon activation, lamella 
discs that are attached to the ingoing and outgoing axes are pressed together, thus 
transferring rotation between the axes. The force that presses the discs together 
works via a hydraulic pressure that is built up by a piston pump. The pump is 
driven by an electrical DC-motor, which in turn is controlled by a voltage that the 
ECU applies. Figure 1.2 shows the clutch cut in profile. 
 

 
Figure 1.2. Clutch overview. 
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1.3   Testing 
To make sure that the product shipped to the customer meets the requirements, the 
product must obviously be extensively tested, and the sooner faults can be 
detected the less money will be lost. Since this thesis was made at the software 
testing department of BorgWarner TTS, the focus will be on the software testing. 
The software testing can for instance involve response time, that a correct voltage 
is applied to the motor at the correct time, or that the ECU detects hardware faults 
and throws one or more diagnostic trouble codes (DTC), which are saved in the 
memory and can be read out by a service station or similar.  

1.4    Problem formulation 
To be able to test that the software detects faulty hardware, part of the test rig 
contains four fixed configurations with one normal and three faulty actuators. The 
goal of this work is to replace these configurations with a normally functioning 
actuator connected together with electrical circuits to imitate the voltage and 
current characteristics from the previous fixed faulty actuators and to steplessly 
inject any fault scenario in between. Disadvantages with the current solution is 
that only three fixed cases with faulty hardware can be tested and that it produces 
false voltage and current characteristics when switching from normal to faulty 
actuator to simulate breakage during driving.  

1.5   Outline of the report 
The rest of this report is outlined as follows. Chapter 2 explains the electronics of 
the ECU and the control of the clutch. Chapter 3 outline what tools were used and 
how they work. Chapter 4 describes the implementation of the measurements and 
construction of the new actuator configuration, Chapter 5 shows the results, and 
Chapter 6 discusses and compares the old versus the new test rig. 
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2.  Background 
 
 
Testing the software is not only part of the final steps of the development but also 
a part of the development process to assess the impact of changes, measure the 
performance of new modules and give feedback to the software engineers. Before 
new baselines or releases can be made, the software must undergo extensive 
testing. Also demands from customers affects how the testing is done. A 
hardware-in-the-loop test rig was not used during the development of the first 
generation of the clutch for example, but the increasing amount of electronics and 
software in the clutch lead to the needs for it. 
 

2.1   Hardware-in-the-loop testing 
When testing and developing real-time embedded systems, it is not always 
convenient to use the complete plant that the embedded system is supposed to 
control. Instead, a test platform combined with hardware parts of the plant with 
complex dynamics is used. Using hardware-in-the-loop testing (HIL) [15] cuts 
down costs, shortens the time to market and increases safety. Alternative 
approaches besides using the complete plant or parts of it is to simulate all 
dynamics. This will however be more of an approximation.  
 
For the GEN V clutch, developing and testing the embedded system in a real car 
without HIL would increase the cost and development time. The clutch has too 
complex dynamics to be replaced by simulated models. This is why a test rig with 
a simulated car combined with the real clutch is used. This setup utilizes the 
simplicity of a simulated car but it still keeps the real world complex dynamics.  
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Figure 2.1. The test rig. 

 

2.2   The test rig 
A HIL software test rig for the GEN V clutch is shown in Figure 2.1.  The test rig 
consists of a set of modules: the device under test (DUT), actuators, an external 
hardware for fault injection, a power supply and a measurement and control 
system which are fitted together in a 19” rack. A block schematic of the test rig is 
shown in Figure 2.2. Its various components are described below. 
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Figure 2.2. Block schematic of the test rig. 
 

 
• The device under test (DUT) is the ECU with the chassis connectors being 

the connectors that would normally connect it to the vehicle, and the test 
connectors are additional connections needed for measurements. 

 
• The actuators include the types normal, stuck axle, high pressure and low 

pressure. All faults are mechanical faults, and relays are used to switch 
between them. For test purposes in the rig, the actuators are mounted onto a 
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pump block instead of a real clutch. A pump block is a simplified aluminum 
housing filled with hydraulic fluid. 

 
• The external hardware fault modul can inject an open circuit (pump 

disconnected) and five different short circuits. 
 
• The power module supplies the ECU with the power needed to drive the 

motor. 
 
• The measurement and control system is implemented using a VT System 

from Vector Informatik. The VT System is basically the heart of the test rig, 
controlling the power module and simulating the vehicle with all its CAN 
nodes. The user controls the VT System via a PC where the automated tests 
are programmed in CANoe, and the simulation is then run on the real-time 
module in the VT System. 

 
CANoe is the software that comes with the VT System and is used for practically 
everything concerning the test rig. It uses a C-like programming language called 
CAPL to program the different simulated modules in the simulated CAN network.  
 
The focus of this work will be on the actuator module. If for example the test case 
is about simulating a hardware fault when driving the vehicle, then the normal 
actuator must be switched to the faulty actuator. This creates characteristics not 
found in the real world since the faulty actuator is at stand still when enabled. 

2.3   The ECU interface 
There is no feedback in terms of hydraulic pressure from the actuator to the 
lamellas. Instead the current to the actuator is measured, and, depending on the 
pressure set point and other variables, a voltage that is fetched from a table with 
charted values is then applied. 
 
The current is measured between the LS-transistor and ground via a shunt, see 
Figure 2.3. The maximal current that can be measured is 25 A. Also there is a 
transistor in the middle, which is used as a diode to make sure that current can 
flow in the reverse direction in case when the voltage becomes negative on the  
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Figure 2.3. Connection between the ECU and the motor. 

 
positive side of the motor. The LS-switch is always conducting, except when a 
forced shut down of the clutch is needed. 
 
Controlling the voltage to the motor is achieved by switching the HS-transistor at 
10 kHz, yielding a square wave voltage to the motor. By changing the duty cycle 
from the ECU with pulse width modulation (PWM), the average voltage to the 
motor is controlled, see Figure 2.4. 
 

 

Figure 2.4.  Pulse width modulation. 
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2.4   Motor and pump 
The motor in the clutch is a non-salient 2-pole brushed DC-motor with permanent 
magnets and operates up to about 5000 rpm. The pump is an axial piston pump 
with a centrifugal pressure regulator that is mounted onto the motor. Together they 
make up the electro-hydraulic actuator used to control the clutch. The terminal 
resistance is the single parameter that deviates the most between two motors 
because of the carbon brushes to the commutator. This should be taken into 
account as an error source in the measurements. Also during the lifetime of the 
clutch, parameters might change slightly. To make sure that the performance is 
consistent over time, the ECU makes an automatic calibration every once in a 
while, adapting and compensating for minor hardware changes.  
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3.  Equipment 
 

 
The use of different equipment was divided into different activities. 

 
For measurements on the old actuators and processing of the data, the following 
items were used: An oscilloscope, a wave generator, two power supplies, an NI 
cDAQ-9178, a differential amplifier, a current sensor amplifier, a hall current 
sensor and a PC with LabVIEW for data collection. For processing of the 
measurement data, MATLAB was used. 
 
For controlling the ECU, a CAN-USB converter was connected to the PC with a 
program to set the pressure setpoint of the pump. There were three different 
pumps on which the measurements were conducted: a normal pump, a high 
pressure pump and a stuck axle pump. 
 
For simulations, Simulink with a complete GEN V simulation model (provided by 
the company and modified for the purpose of this work) was used. 
 
For the electronics, StripCad was used for the circuit layout and a soldering iron 
was used for the build. 
 
For implementing and testing the new actuator, CANoe was used for 
programming the fault injection models. A VT System was used to simulate a car 
with all its nodes and to test the new injection module. 
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4.  Implementation 
 

 
The implementation is divided into several activities, where the first step is to 
build a set of faulty actuators for measurements. The next step is to set up a 
measurement system to measure the behavior of the faulty pumps in terms of 
voltage and current. 

4.1   Building the faulty pumps 
To obtain a motor with stuck axle a hole was drilled through the motor housing 
and a screw was screwed through the hole that rested against the axle, which 
prevented the axle from rotating. 
 
The high pressure variant was created by placing distances under the centrifugal 
arms, making them unable to close fully, directing excessive pressure to the 
clutch. 
 
The low pressure configuration was left to be dealt with in the end of the thesis if 
there was time left over. 

4.2   Measuring the characteristics 
The voltage and current characteristics at the motor terminal should be identified. 
For the current, this includes the average value as well as the commutating pattern, 
which can be seen as six wave tops for every revolution of the motor. 
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A fourth degree low pass filter was used to take out the high frequency parts that 
are not of importance to look at. Therefore a fourth degree lowpass filter with the 
poles placed in Butterworth formation with a quality factor of 1/ 2 and cut off 
frequency at 1 kHz was designed. The online filter calculator [4] assisted in the 
calculations. Two filters were made. 
 
For the measurement of the voltage and current characteristics of the actuators, a 
measurement setup consisting of a power supply to the ECU, a voltmeter, an 
ammeter and a NI cDAQ-9178 data acquiring system connected to the voltmeter 
and ammeter was used, see Figure 4.1. One filter was then placed between the 
ammeter and the NI-system, and the other filter was placed between the voltmeter 
and the NI-system. 
 
The NI-system was then connected to a PC where a program in LabVIEW was 
created to sample and acquire the measurement data. 

 
KL30 and KL31 are connected to the ECU and the positive and negative 
connections from the ECU are connected to the differential amplifier whose 
output goes to the NI-system where data is acquired. To measure the current, a 
hall sensor surrounding the positive connection from the ECU is used and 
amplified by the current sensor amplifier connected to the NI-system. 
 
 

 
 

Figure 4.1. Block schematic of the measurement setup. 
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For each one of the three configurations, the following step responses were 
performed and measured: 
 
• Pump off -> pump on -> pump off.  
• Pump on -> 5 bar -> pump on. 
• Pump on -> 20 bar -> pump on. 
• Pump on -> 40 bar -> pump on. 
• 5 bar -> 20 bar -> 5 bar. 
• 25 bar -> 30 bar -> 35 bar -> 40 bar -> 35 bar -> 30 bar -> 25 bar. 
 
The responses ware sampled during 10 seconds with 100 kS/s and saved as text 
files, which were then imported to MATLAB for further processing, plotting and 
calculations. 
 
A MATLAB script was written to synchronize two measurement series with each 
other. If for example the measurements for the normal and stuck axle 
configuration are to be compared, the measurements when plotting in MATLAB 
need to start at the same time for easier comparison. To do this, the rising edges of 
the two steps were first located for both measurements. Then a suitable number of 
samples in the beginning and the end of the measurements were deleted in order to 
make them the same length. No essential data was lost with this method since the 
step response was made in the middle of the 10 second sample period. 

4.3   Interpreting the measurement data 
With the measurements between two configurations synchronized and plotted, the 
differences could now be analyzed and interpreted. The next step was to design an 
electrical device that could inject the observed differences in the measurements. 
 
One design idea that came up was to put a circuit in parallel with the motor, thus 
making the motor, seen from outside, drawing more current. And since the 
rotation speed impacts on the current shape, a voltage source in series with the 
motor is needed to keep the same rotation speed as a faulty pump. Figure 4.2 
shows the measurement system with the new actuator and the electrical circuits. 
 
Questions that needed to be answered before building the electronics were for 
instance:  
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Figure 4.2. Block schematic of the new actuator with electrical circuits. 

 
  
• How much current and power must the circuits be able to withstand? 
 
• What voltage (and when) needs to be injected by the voltage source to match 

the rotation speed of a certain faulty pump? 
 
• What current needs to be conducted through the parallel path and when? 
 
The case with the stuck axle is where the actuator draws the most current since the 
load is the hardest to rotate. Therefore the measurements from this case gave the 
upper boundary of how much current the electronics needed to withstand. The 
lower boundary for the current source is 0 A. 
 
If the motor is prevented from rotating while the ECU applies maximum voltage, 
the maximum voltage that the ECU can output must be the upper boundary for the 
voltage source in series. The lower boundary for the voltage source is 0 V. 
 
Interpreting the measurement data, simulating and building the electronics are all 
somewhat tied together, so the design has to be done in an iterative fashion. 
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4.4   Simulations 
One straightforward way to make the new configuration look like a faulty one 
would be to use the measurement data of the faulty configuration as a reference 
value, measuring the states and using a regulator to make the states follow the 
reference.  
 
Another way to do it would be to find a model for the difference between the 
normal and faulty configuration, and this is the solution that was chosen in the 
end. The current characteristics of two different actuators might not be exactly the 
same, and using a model for fault injection would be much easier. 
 
To make the process of finding an appropriate model easier, a Simulink model of 
the clutch was used to try out different fault injections and see what the result was. 
Firstly, the rotation speed between the normal and high pressure configuration was 
attempted to be matched. The back EMF, 𝑉! , is proportional to the rotation speed, 
𝜔, 

𝑉! = 𝜔  ×  𝐾! , 
 
where 𝑘! is the back EMF constant of the motor. 
 
This means that the faster the DC-motor spins, the larger the back EMF will be. 
For instance, with the high pressure pump the rotation speed will be lower, since 
the load is larger due to the increased pressure it is creating.  
 
From the measurements of the voltage and current it is now possible to calculate 
the rotation speed for the different configurations and pressure setpoints. The back 
EMF constant is looked up in the data sheet from the manufacturer of the motor 
[7]. Using the relationship  

𝑉! = 𝐼  ×  𝑅 + 𝑉! 
 
where 𝑉! is the terminal voltage, 𝐼 is the current and 𝑅 is the terminal resistance 
(which can be found from the datasheet of the motor [7]), 𝑉! could be calculated 
and also the rotation speed for comparison between the actuators. 
 
There is a small difference between the normal configuration measured in reality 
with the pump block and the normal configuration in Simulink. Part of this 
difference comes from the fact that the simulation uses a real clutch instead of a 
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pump block. Exactly what the difference looks like were not fully investigated 
although the differences can be seen in the results.  
 
The measured voltage characteristics were imported to MATLAB and used in 
Simulink.  
 
The next step was to match the simulated rotation speed of the simulated normal 
actuator with an input voltage from a real faulty actuator to the rotation speed of a 
simulated normal pump with an input voltage from a real normal actuator. To 
match the rotation speed, a simulated voltage source was implemented and 
different voltage step profiles were injected to find a good approximation. To find 
an exact voltage model between the actuators would be too much work, so 
temporarily, voltage steps were used to approximate the rotation speed difference 
between two actuators.  
 
To match the current characteristics, a simulated parallel current source was 
implemented and different current steps were injected in the same fashion as for 
the voltage source. 

4.5   Implementing a model for injection 
After trying some different implementations in the simulation environment it 
became clear that using voltage and current steps as a model for injection was 
simple to implement and worked as a good approximation. The solution is not 
perfect but anything more advanced would take more time to implement and tune. 
The applied voltage from the ECU is measured in order to know when to inject the 
steps. It is explained in the pseudo code below. For instance, injecting 2 V in 
series and 7 A in parallel for the high pressure actuator at a 40 bar pressure 
setpoint was a good approximation according to the simulations. The pseudo code 
for this would be: 

𝑖𝑓   𝑉ecu ≥ 2  V   {  
          𝑉series = 2  V;  
}  
𝑒𝑙𝑠𝑒  {  
          𝑉series = 𝑉ecu;  
}  
𝐼parallel = 7  A; 
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To make the actuator behave like a stuck axle actuator, the motor should not rotate 
and therefore should the applied voltage from the voltage source follow the 
applied voltage from the ECU. This way the voltage over the motor becomes zero 
and the current source should approximate the current shape of the stuck axle 
measurement. The pseudo code for this would be: 
 

𝐼parallel = 40  A; 
𝑉series = 𝑉ecu; 

 
Finally, the normal actuator pseudo code would be: 

  
𝐼parallel = 0  A; 
𝑉series = 0  V; 

 
For all the different pressure set points for the high pressure actuator, voltage and 
current levels will be chosen accordingly. 

4.6    Building the electronics 
There were a couple of possible alternatives for building the electronics. The 
chosen solution for the voltage source was a P-channel MOSFET transistor 
between the negative side of the motor and ground (KL31), see Figure 4.3. A 
transistor capable of handling the maximum predicted power was chosen. The 
 

 
Figure 4.3. Voltage source circuit. 
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voltage across the transistor is controlled by an OA with negative feedback. If for 
example the voltage across the transistor is lower than the reference value at the 
positive input of the OA, this difference will be amplified yielding a greater 
voltage at the gate of the transistor which will close it a little more than it was 
before raising the voltage across it. In this case, a totally closed transistor means 
no current, and an open transistor means maximum current. Greater voltage at the 
gate of a P-channel will close it more, but a greater voltage at the gate for an N-
channel will open it more. Because of the feedback loop, the circuit is self 
regulating. Also it is important that the voltage settles quickly in the step response 
without too much oscillation.  
 
We now proceed to the current source, see Figure 4.4. If a parallel circuit is to be 
used, the current through this path needs to have the same inductance as found in 
the motor, so the decision was made to use an armature found in the DC-motor 
and solder connections to it.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4. Current source circuit. 
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To control the amount of current passing through this path, a voltage controlled 
current source realized with an N-channel MOSFET transistor and an OA with 
negative feedback and a feedback resistor was chosen. To cope with the calculated 
maximum power dissipation from the measurements, four of them were connected 
in parallel, thus sharing the total power.  
 
A signal from a wave generator was initially used as a reference value, which will 
be replaced by signals from the VT System later. When first trying to realize the 
current source, the circuit did not find steady state and the voltage across the 
feedback  resistor  started  to oscillate. According to the data sheet [9], oscillations 
can occur when there is inductance in the current source. The solution is to add a 
resistance and a capacitance in parallel with the inductance, and once this was 
implemented the voltage became stable. The step response was not as good as for 
the voltage source but at least it did not oscillate. 
 
The power over the feedback resistor in the current source is calculated as 
 

𝑃 = 𝑈  ×  𝐼. 
 

If a maximum of 10 V was to be used from the VT System directly on the input of 
the OA, thus getting 10 V over the feedback resistor with a maximum current of 
50 A, the power developed in the resistor would roughly equal 500 W. So to keep 
the power down the voltage was split up so that 10 V maximum equals 0.5 V on 
the input of the OA.  
 
With a maximum of 0.5 V over the feedback resistor and a wanted maximum 
current of 50 A, the feedback resistor calculates to about 0.01 ohm. To make sure 
that the resistors can handle the power, we used four 0.05 ohm resistors in parallel 
which, according to the data sheet [13], will be able to handle the power. A DC-
DC converter [12] was used to power the OA circuit [14]. 
 
The applied voltage 𝑉!" will appear at the source of the transistor when steady 
state has been reached. Since the operational amplifier magnifies the difference 
between 𝑉!" and the voltage at the source of the transistor, the difference will lead 
to a higher voltage at the gate of the transistor, which in turn opens the channel 
between drain and source, leading to a higher current and a higher voltage across 
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the feedback resistor. So if a certain voltage to 𝑉!" is applied, after some time the 
current source has automatically found the equilibrium thanks to the negative 
feedback.  

4.7   Adding the configuration to the VT System 
An important part of the electronics construction is making it compatible with the 
VT System. 
 
In the users manual [8] the DA-converter that is used is rated at 0-10 V on the 
output and a maximum current of 200 mA. But the maximum of 10 V must be 
scaled down to 0.5 V for the OA to the current source, since a lower voltage over 
the feedback resistors will result in less power development in the resistors, 
preventing them from reaching their power dissipation limit. A simple voltage 
divider, see Figure 4.5, was therefore implemented. 
 

 
 

Figure 4.5. Voltage divider. 
 
The VT System has a maximum of 200 mA on the output and therefore 
𝑅1 = 10  𝑘Ω and 𝑅2 = 470Ω were chosen in the voltage divider to prevent the 
current to the OA reaching the VT System’s limit. 
 
To be able to inject the correct faults at the right time, it is necessary to measure 
both the terminal voltage at the motor and the current drawn from it and for this 
the built in AD-converters in the VT System was used to convert the measured 
signals and use the values for the timing of the fault injection. The voltmeter and 
ammeter are implemented in the same fashion as for the measurement setup used 
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previously, i.e, voltage is measured between the positive and negative side of the 
ECU and the current is measured in series with the positive side of the ECU. 
 
The models which were developed with the simulations were then implemented in 
CANoe and uploaded to the VT System. Step responses with 40 bar pressure 
setpoint were then made to each one of the new models and the characteristics 
were measured. 
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5.  Results and discussion 
 
A selection of the measurement and simulation results are displayed in this section 
for comparison and explaining purposes.  

5.1   Measurements – old actuators 
Figures 5.1 to 5.3 show the results from step responses with a pressure setpoint of 

Figure 5.1. Normal characteristics. 
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40 bar for the three fixed configurations. These measurements are the basis for the 
models for the new actuator. 
 
As seen in Figure 5.1, the actuator is switched of in the beginning, then a 40 bar 
pressure step rises the voltage according to a charted value. Since the rotation 
speed is low in the beginning, the back-EMF is therefore low and the actuator will 
draw much current as seen by the peak value. Then the rotation speed increases 
and the current sinks, the ECU senses the drop in current and increases the voltage 
gradually until steady state has been reached. 
 
In Figure 5.2 we see that higher pressure means a larger load for the motor, and a 
larger load decreases the rotation speed which then leads to a decreased back-EMF 
and the motor will draw more current than normal. To keep the current at the same 
level  as  for  the  normal  actuator,  the  ECU  tries to compensate by lowering the  
 

 
 

Figure 5.2. High pressure characteristics. 
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applied voltage to the motor. This characteristic with the gradually sinking voltage 
should be mimicked by the new high pressure actuator. 
 

 
Figure 5.3. Stuck axle characteristics. 
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Finally, Figure 5.3 shows the stuck axle characteristics. This case will be seen as 
the largest load for the ECU. The rotation speed is zero which means no back-
EMF and thus a large current. 

5.2   Simulations 
First, graphs with comparisons between measured and simulated characteristics 
under the same conditions are displayed to show the deviation when simulating. 
After that a selection of graphs attempting to mimic faulty actuators with a normal 
actuator with additional current and voltage injected are shown. 

 
Figure 5.4. Comparison between simulated normal and measured normal. 

 
The graph in Figure 5.4 shows the simulated rotation speed for a normal actuator 
and the second graph shows the normal rotation speed according to the 
measurement. They both have the same applied voltage to the motor terminal. 
There is some difference in steady state where at least one of the responsible 
factors is the resistance that changes continuously. In the Simulink model, the 
resistance was temperature dependent and changing. When calculating the rotation 
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speed from the measured voltage and current a fixed resistance value from the 
motor data sheet was used [7]. 

 
 

Figure 5.5. Current comparison normal actuators. 
 
Figure 5.5 compares the drawn current from a measured normal actuator with a 
simulated normal actuator under the same conditions. Again, the resistance might 
be the largest error source under steady state. 
 
The graph in Figure 5.6 shows the simulated normal rotation speed with 2 V in 
series and the desired motor rotation speed according to the measurements. When 
the actuator is only activated with 0 bar pressure set point the rotation speed is 
very similar between the two. The peak value for the measured rotation speed is 
slightly higher and can be derived from the error between simulation and 
measurement. Here the final model for the high pressure actuator was used, i.e, 
when the voltage in the simulation exceeds 2 V, the voltage source becomes 2 V. 
It was a good enough approximation and relatively easy to implement. 
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Figure 5.6. Rotation speed comparison for high pressure. 
 
 
Figure 5.7 compares the measured drawn current from a high pressure actuator 
with the simulated drawn current with the final model used. The injected current 
shall be 7 A when imitating a high pressure actuator. The drawn current from the 
simulated high pressure actuator almost converges with the real high pressure 
actuator at 0 bar pressure set point. However when the pressure step comes, the 
current drops in the simulation which means that a better model for current 
injection is needed here.  
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Figure 5.7. Current comparison for high pressure actuators. 

5.3   The new injection module 
The circuit layout in Figure 5.8 was made in StripCad to see the finished layout 
before trying to solder everything together on the circuit board. Also the 
transistors are screwed to a heat sink for cooling. Connections are placed on the 
edge for easy connection to the test rig. 
 
Measurements in Figure 5.9, 5.10 and 5.11 show a normal actuator with the fault 
injection circuits connected to simulate different actuators. These should be 
compared to the measurements of the old actuators since these were the goal to 
resemble. 
 
Figure 5.9 shows the new normal actuator which should be completely identical to 
the old normal actuator. The only error source is the voltage source which, from 
measurements, did not drop all the way to 0 V. 
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Figure 5.8. Circuit layout for the new injection module. 
 
 

 
 

Figure 5.9. New normal actuator. 
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Figure 5.10. New high pressure actuator. 
 
Figure 5.10 shows the new high pressure actuator. The voltage does not drop as it 
does for the old high pressure actuator, that means that gradually more current 
must be injected in order for the ECU to compensate with a lower voltage. A more 
advanced injection model would solve this. Finally, Figure 5.11 shows the new 
stuck axle characteristics. 
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Figure 5.11. New stuck axle actuator. 
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5.4   Comparison between the old and the new   
system 

The voltage source in series could not completely reach the lowest boundary 0 V, 
which will slightly impact on the new normal actuator characteristics. This was 
caused by the characteristics of the chosen transistor. Other than that, the new 
normal actuator is very similar to the old normal actuator.  
 
Regarding the high pressure actuator, from the beginning it could be seen that a 
more advanced model was needed to correctly imitate the high pressure 
characteristics. This actuator is the one that deviates the most from the wanted 
result as can be seen by the measurements. The parallel current source needs to 
increase the current gradually to force the ECU to compensate and drop the 
voltage like it did for the old high pressure actuator.  
 
The new stuck axle actuator has satisfying characteristics. The shape looks almost 
identical to the old stuck axle except for the current amplitude, which is slightly 
larger than before. Applying 35 A to the current source did not give the correct 
shape. Applying 40 A did however give the correct shape except for the current 
exceeding the old stuck axle’s peak current value.  
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6.  Conclusion 
 
The new normal actuator fulfills the requirements, although a better solution for 
the voltage source could be found to make the voltage source able to drop to 0 V. 
As could be seen in the final graph for the new high pressure actuator, it did not 
quite reach the requirements since the shape was too different from the real high 
pressure actuator. The stuck axle had satisfying results with a very similar shape 
except for the peak current value. For the software testing, using the electrical 
stepless fault injection as a compliment to the old fixed actuators could be a good 
combination since they are good at different things.  

Future work 
 
Some ideas for future work include being able to simulate low pressure with a 
mechanical solution and finding a better model for the high pressure actuator 
where the current source can inject more current if it senses that the voltage does 
not drop. Also, new models for other types of failures could be investigated. 
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