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SUMMARY

This research is funded by the ECOCAR EV Challenge, sponsored by the U.S. Depart-
ment of Energy, General Motors (GM), and MathWorks. The ECOCAR EV Challenge tasks
teams with removing the stock electric powertrain in a 2023 Cadillac LYRIQ and replacing
it with a new electric powertrain of the team's choice. This new con guration can include
anywhere from one to four electric motors. This thesis covers work aimed at designing and
testing a Propulsion Supervisory Controller (PSC) for a 2023 Cadillac LYRIQ. Since the
original powertrain for the vehicle will be replaced with an alternative powertrain selected
by the team, a custom PSC must be developed to control the non Original Equipment Man-
ufacturer (OEM) added components and work with the OEM controllers to enable vehicle
functionality.

Each chapter of the thesis covers a particular subsystem or group of subsystems within
the PSC except for chapters nine and ten. The chapters dedicated to subsystems discuss the
system requirements, controller design, controller testing, and current testing statuses for
each subsystem or group of subsystems. Chapters nine and ten discuss Model in the Loop
(MIL) and Hardware in the Loop (HIL) testing methodologies which build upon the basic
unit testing discussed in each subsystem chapter. In this case, the model delity increases
with each level of testing building from unit testing, MIL testing, and HIL testing into

Vehicle in the Loop (VIL) testing where the PSC is deployed into the vehicle.

XVii



CHAPTER 1
INTRODUCTION AND SYSTEM ARCHITECTURE

1.1 Competition Overview

The EcoCAR EV Challenge is a four-year competition that tasks 13 collegiate teams across
Canada and the United States with developing an electric vehicle with automation features.
One of the main focuses of the competition is selection of an alternative powertrain for the
vehicle and the development of a supervisory controller for it. Selection of the powertrain
architecture is limited from one to four electric motors with the exception that hub motors
cannot be used. The team was required to propose three powertrain architectures that they
could feasibly develop. Once the competition determined what the team'’s powertrain ar-
chitecture would be of the proposed three, the team would focus on developing the PSC for

the architecture.

1.2 Competition Performance Criteria

There are six key vehicle performance metrics the team's architecture will be evaluated
against and these can be seen in Table 1.1. The vehicle's powertrain architecture must be
able to achieve these targets at a minimum, but to do well in the competition it is best to
exceed the requirement as much as possible. With these performance criteria in mind, the
team would propose their top three architectures that meet the performance criteria to the
competition. The competition would then select one of the three proposed architectures for

the team to implement in the team vehicle.



Table 1.1: Competition Minimum Performance Metrics

VTS Event Requirement
Acceleration Time (IVM — 60 mph) [s] 10
Acceleration Time (50 — 70 mph) [s] 8
Lateral Acceleration [g's] 0.75
Combined UDDS & HWFET Energy Consumption [Unadjusted 330
AC Wh/mi]
Range [Adjusted Combined mi] 200
Braking (60 — 0 mph) [m] 52

1.3 Georgia Tech's Powertrain Architecture

Georgia Tech and all other competing teams utilize the 2023 Cadillac LYRIQ as the ve-
hicle platform for implementing their alternative architectures. In the previous year of the
competition, the team proposed three potential architectures to the competition, with one
of the three approved by the competition organizers for the team to use in the remaining
years of the competition. Of these three architectures, the team is working on their ap-
proved Magna All-Wheel Drive (AWD) architecture seen in Figure 1.1. This uses two
of Magna's Electronic Drive Unit (EDU)s with a Permanent Magnet Synchronous Motor
(PMSM) motor-generator unit and an 11.349:1 gear ratio, with the only difference between
the two being the rear EDU having a clutch that can be used to disconnect the drive from
the vehicle's rear axle. The energy source will be GM's Ultium battery platform, which

operates at 400 volts nominal and features a 102 Kilowatt-Hour (kWh) battery pack.

1.4 PCM PSC Architecture

To control the team's Magna AWD architecture, the team had to develop a PSC. This
controller has to communicate with the stock GM controllers and new team added con-
trollers. Examples of the team-added controllers include an isolation monitoring device, a
Low Voltage (LV) power distribution box, the team's Connected and Automated Vehicle

Supervisory Controller (CSC), a team-added display, and the Magna EDUs. All of these



Figure 1.1: Georgia Tech Magna Architecture

devices and the stock GM controllers communicate over Controller Area Network (CAN).
Additionally, Digital Input/Output (DIO) and Analog Input/Output (AIO) pins are used for
functions such as reading switch states, powering Light Emitting Diode (LED)s, and read-
ing system voltages. A high-level diagram of the PSC can be seen in Figure 1.2. Each
chapter discusses one of the grey Model Reference Modules and the yellow subsystems
contained within it. In the case of the standalone CAN Health Checks and Ground Fault

Detection subsystems, a chapter will be allocated to them as well.



Figure 1.2: PSC Architecture Diagram

1.5 Industry Software Development Trends

To develop the PSC, Georgia Tech's team uses Model Based Design (MBD). MBD employs
a visual design editor to build complex embedded controls. Most automotive companies
today utilize MBD due to its simulation and continuous iterative design capabilities [1].
This allows embedded systems to be developed with additional controller or system models
that assist in the testing and development of the embedded system.

After completing MBD of the PSC, testing is conducted in four stages by Georgia
Tech's ECOCAR team. The rst stage, which the team refers to as unit testing, focuses
on isolating individual subsystems and testing the outputs by manually manipulating the
inputs. The second stage, called MIL testing, involves integrating all subsystems into the
PSC and placing it in a vehicle model that simulates the vehicle dynamics of the LYRIQ.
This enables the team to begin testing the PSC as if it were in a vehicle early in the develop-
ment process to identify issues promptly. The third stage, HIL testing, involves running the

PSC software on the nal Electronic Control Unit (ECU) in conjunction with a secondary
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computer that runs the simulation for the vehicle dynamics model of the LYRIQ. This al-
lows the team to test the real-time operation of the controller and any additional hardware
the team's controller may interface with. Finally, the team employs VIL testing to assess
the software in its intended application.

Georgia Tech's testing sequence is similar to industry methods with some slight differ-
ences due to capability and resources. In the industry, unit testing and MIL testing stages
are typically combined since the general principle remains the same, with the only differ-
ence being a model providing the control inputs rather than manually from the software
designer. Following MIL testing, Software in the Loop (SIL) testing takes place, where the
model is compiled into C or C++ code, and similar input/output-based testing is conducted
[2]. Next, Processor in the Loop (PIL) testing is completed with the C or C++ software run-
ning on the intended ECU [2]. This testing aims to identify issues related to the compiler
or processor architecture [2]. Subsequently, HIL testing and VIL testing are conducted,
similar to Georgia Tech's ECOCAR team's approach.

As cars require increasingly complex software to provide safer and more ef cient vehi-
cles, these testing practices are crucial to delivering reliable and safe vehicles to consumers.
Traditionally, the industry has relied on VIL testing as its primary platform for testing.
However, with the need to reduce costs and identify software issues early in the develop-
ment cycle, there has been a greater focus on using HIL testing recently [1]. HIL testing
enables the quick testing of new prototype systems by simulating the other parts of the
vehicle that aren't present, thereby reducing costs and integration time [1]. Additionally,
this type of environment allows for testing negative test cases where damage to a compo-
nent could occur, and the control mitigation strategy can be analyzed without intentionally

damaging the component [1].



CHAPTER 2
CAN HEALTH CHECKS

The CAN Health Checks subsystem is its own model, separate from any other groupings.
This decision was made because the output of this subsystem trickles down to all other
subsystems. If the subsystem determines that one of the CAN networks is down or mal-
functioning, all subsystems below it are noti ed to either limit the vehicle's capabilities in a
limp mode or safely shut down the vehicle. In either case, the driver is noti ed immediately,

and this is done through the team-added display.

2.1 System Requirements

The requirements for this system were developed based on the results of a Preliminary
Hazard Analysis (PHA) [3]. The team used a PHA to understand potential vehicle level
hazards associated with failures within the vehicle and to develop requirements to help
mitigate these hazards if they occur. One of the main causes of the many hazards the team
identi ed was failure of CAN transmission or receive within the vehicle CAN network.
This prompted the team to develop a controls system that could detect this failure and
subsequently mitigate the hazard accordingly.

The requirements for this system are based on receiving new CAN messages for the ex-
pected cycle time of a message. If the expected cycle time for a message is 10 milliseconds,
the team expects to receive a new message every 10 milliseconds. Due to potential transmit
errors associated with CAN hardware, the team did not want to immediately trigger a CAN
fault if one new message was not received. As a result, the team chose to set the CAN fault
to only occur after three missed transmissions. This way, the CAN hardware would have
a second chance to re-transmit the message if there was an issue on the rst transmission.

So, in the case of a 10 millisecond cycle time, the CAN fault would only be triggered after

6



30 milliseconds of not receiving a new message. If a new message is not received within
this time period, a CAN fault is set within the controller that latches. To reset the fault, the
vehicle would need to be power cycled to reset the controller once the CAN issue has been
resolved. This diagnostic is also only enabled 5 seconds after controller startup. This gives
the vehicle CAN network time to initialize before triggering any faults. For each ECU in
the vehicle, a CAN message that ECU transmits is selected for the CAN Health Checks
subsystem to monitor. A list of the ECUs that are monitored by the PSC can be seen in

Table 2.1.
Table 2.1: CAN Health Checks Networks

CAN Module Name
GM Electronic Brake Control Module CAN
GM Battery Control Module CAN
GM Body Control Module CAN
Magna CAN
Ground Fault Device CAN

2.2 Controller Design

The CAN Health Checks software implementation was completed using Simulink. By
utilizing CAN blocks from Simulink's Library Browser, the CAN status can be sent as

an input to the system. This status signal is a one when a new message is received and
a zero when a message isn't received within the cycle time for the speci c message. An
example implementation can be seen in Figure 2.1. This implementation is used for at least
one message per ECU in the vehicle. This ensures the team's controller can identify if a

particular ECU in the vehicle is down and can take the appropriate mitigation action.

2.3 Controller Testing

Unit testing of the controller is done using Simulink Test [4]. Using Simulink Test, a test

harness is created that allows test cases to be created that manipulate the inputs of the

7



Figure 2.1: CAN Health Checks Implementation

controller and subsequently check the outputs of the controller. An example of this can

be seen in Figure 2.2. Using this method, the team ensures each requirement has at least

Figure 2.2: CAN Health Checks Test Harness

one test case. The team also writes additional test cases to ensure code coverage reaches
100%. This ensures all edge cases are handled, and there is no unexpected behavior from

the controller. An example test case can be seen in Figure 2.3. In this case, a CAN error



is introduced at 5.01 seconds, and this speci ¢ message has a 83 millisecond transmission
rate, so the fault should be triggered at 250 milliseconds if no new message is received. It
can be seen that at 5.26 seconds, the CAN health status for the particular ECU is updated

as there has been no new message sent, and the test case passes.

Figure 2.3: CAN Health Checks Example Test Case

2.4 Implementation Status

Currently, the team has tested the CAN Health Checks subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 2.2.



Table 2.2: CAN Health Checks Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress
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CHAPTER 3
GROUND FAULT DETECTION

The next subsystem is the Ground Fault Device (GFD) subsystem. This system is respon-
sible for monitoring isolation between all High Voltage (HV) systems and LV systems or
the chassis. In the event that a ground fault occurs, the vehicle can complete the drive cy-
cle, but the ground fault status in the team's controls must latch, preventing the propulsion
system from enabling again until the ground fault has been resolved. This is done through

the component actuation model to prevent vehicle propulsion.

3.1 System Requirements

The competition requires teams to monitor the vehicle for ground faults. Speci cally, if
the isolation resistance between the vehicle's chassis and HV system is below 500 ohms/V,
the driver must be alerted to the issue. This alert, required by the competition, should be in
the form of a blinking LED in the front headliner of the vehicle. If the isolation resistance

is below 500 ohms/V, the vehicle can complete any current drive cycle, but after vehicle
powers down, the propulsion system should be prevented from enabling again until the
ground fault has been resolved.

The team chose to use a Sendyne SIM100 isolation monitoring device to achieve this
requirement [5]. This device measures the isolation resistance between the HV system
in the car and the chassis. There are two levels of warning: when the isolation is below
500 ohms/V and above 100 ohms/V, and when the isolation is below 100 ohms/V. The
competition requires the team to report if the isolation resistance is below 500 ohms/V
within 60 seconds of a ground fault occurring, so the team uses both of these warnings in

their controller design.

11



3.2 Controller Design

CAN is used to communicate with the ground fault device at a 500 Kbit/s baud rate. The
signals from the ground fault device are read in and monitored to see if either of the two
levels of warning have been triggered. In this case, the team's controller is looking for a
two or a three to be reported over CAN for the isolation status bits. If either of the warnings
are triggered, a moving window is used to prevent false positive detections. Speci cally,
the moving window is set to detect eight out of ten samples containing a warning to trigger
the ground fault software within the team's controller. Once the ground fault is triggered
within the team's controller, a State ow is used to detect if the ground fault is present for
an extended period of time before latching in the software. The competition requires the
ground fault to latch within the team's controls within 60 seconds of its occurrence. With
this requirement in mind, the team opted for an eight-second delay before the ground fault
latches completely, preventing further vehicle propulsion on the next vehicle startup. An
example of this implementation can be seen in Figure 3.1, with the subsystem containing

the moving window and the State ow containing the latching delay.

Figure 3.1: Ground Fault Detection Implementation

3.3 Controller Testing

An example test case can be seen in Figure 3.2. In this test case, the isolation status is set to
2, indicating the isolation resistance is below 500 ohms/V. To meet the team's requirement,
the team's ground fault signal should trigger within 8 seconds. Once the team's signal has

triggered, the test continues to ensure this signal latches, where the isolation status is set
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back to O (normal), and the team ground fault status signal shall remain latched. In this

case, the test passes and meets the team's requirements.

Figure 3.2: Ground Fault Detection Example Test Case
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3.4 Implementation Status

Currently, the team has tested the ground fault detection subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 3.1.

Table 3.1: Ground Fault Detection Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

14



CHAPTER 4
VEHICLE START UP AND SHUTDOWN SEQUENCES

The Vehicle Start Up and Shutdown Sequence model consists of three subsystems. The
rst being the HV Battery Management subsystem. This is responsible for requesting the
propulsion service that closes or opens contactors for normal operation of the powertrain.
The signals for this subsystem come from the GM HV battery bus. The HV Battery Man-
agement subsystem interacts heavily with the second subsystem, Inverter Management.
This subsystem is responsible for enabling and disabling the inverters for the EDUSs in the
car. The interaction between these subsystems is important to ensure that the HV bat-
tery's contactors do not weld. To prevent this, the Inverter Management subsystem uses the
Magna EDU bus and outputs of the HV Battery Management subsystem to ensure proper
operation of the Magna inverters. The nal subsystem in the Vehicle Start Up and Shut-
down Sequence model is the LV Power Controls. This controls 12-volt power to the differ-
ent team-added components in the car depending on the vehicle's operating state, de ned

by the GM start/stop button signal.

4.1 HV Battery Management

4.1.1 SystemRequirements

The HV Battery Management system is responsible for powering on or off the vehicle to
enable or disable the propulsion system in the vehicle. It is vital that this system works
in parallel with the Inverter Management subsystem to prevent the contactors in the HV
battery from welding. If the contactors in the HV battery are closing or opening while any
HV component in the vehicle is trying to pull current, an arch ash can occur, which can

weld the contactors. In the event this happens, the vehicle must be shipped back to GM for
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the battery contactors to be replaced, resulting in at least a month of missed development
time for the team. To prevent this from happening, four stages must occur for startup
and shutdown. For startup, this includes a pre-charge sequence to equalize the voltage on
each side of the contactors, closing the contactors, enabling the inverters, and activating
the propulsion system. For shutdown, this includes disabling the inverters, opening the
contactors, completing active discharge of the high voltage bus, and the nal shutdown of

the vehicle.

4.1.2 ControllerDesignandTesting

Due to Non-Disclosure Agreement (NDA)s with GM, the exact implementation cannot be
shared, and as a result, testing examples cannot be provided either. However, a State ow is
used to achieve the startup and shutdown stages highlighted above. An example owchart

that describes the actual State ow can be seen in Figure 4.1.

4.1.3 ImplementatiorStatus

Currently, the team has tested the Battery Management subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 4.1.

Table 4.1: HV Battery Management Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

16



Figure 4.1: Battery Management Flowchart

4.2 Inverter Management

4.2.1 SystemRequirements

The Inverter Management subsystem is responsible for powering on and off the EDUS'
inverters. As stated previously, it is vital that this system works in parallel with the HV
Battery Management subsystem. This subsystem will look for the signal “emalaligers”

from the HV Battery Management subsystem to know when it is safe to allow the EDUs
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to power on and propel the vehicle. Additionally, this subsystem must complete the ac-
tive discharge of the HV bus during shutdown of the vehicle and will look for the signal

“EDUDischargeReq” to determine if this is required.

4.2.2 ControllerDesignandTesting

Similar to the HV Battery Management subsystem, the implementation for the Inverter

Management subsystem is protected by NDAs, and the exact implementation cannot be
shared. As a result, testing examples cannot be provided either. However, the signals
mentioned above and the wake up and shut down procedure speci ed by the manufacturer
are used in a State ow to ensure the system is properly started and shut down. A high-level

owchart can be seen in Figure 4.2 that de nes the different inverter states.

4.2.3 ImplementatiorStatus

Currently, the team has tested the Inverter Management subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 4.2.

Table 4.2: Inverter Management Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

4.3 LV Power Controls

4.3.1 SystemRequirements

With the addition of new team-added components, there arises the need to control LV power
to these components. Examples of these components include the EDUs, CAN Logger,

and SIM100 GFD. The team is free to choose a method of their choice to achieve this
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Figure 4.2: Inverter Management Flowchart

control and chose to use a Multiplexed Vehicle Electrical Center (IMVEC). A mVEC is a
CAN controlled relay system with integrated fuses [6]. The team can use their Speedgoat
Baseline vehicle controller to communicate with the mVEC over CAN to request the relays
to open and close depending on the current status of the vehicle. The mVEC also has
connections without relays that only include a fuse if the team wishes to power a device

continually.
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4.3.2 ControllerDesign

To control the relays in the mVEC, the team simply sends a zero (open) or one (close) to
the desired relay. A breakdown of the relays and fuses used in the mVEC can be seen in

Table 4.3. The schematic for this design can also be seen in Figure 4.3.

Table 4.3: mVEC Relay and Fuse Positions

Team Component Relay or Fuse
Location
Rear EDU Enable Line Relay 1
Front EDU Enable Line Relay 2
Rear EDU Power Relay 3
Front EDU Power Relay 4
Emergency Stop Button Relay Relay 5
SIM100 GFD Fuse 9
CAN Logger Fuse 10
Speedgoat Baseline Fuse 11
LEDs Fuse 13
Data Link Connector Fuse 15

The front and rear enable lines are controlled by the Inverter Management subsystem,
and the front and rear power is turned on when the other controllers in the vehicle wake
up. This wake up usually occurs on a door open or key unlock. The emergency stop button
relay is used in the event of an e-stop event. This relay is used to prevent an immediate
restart of the vehicle without a power cycle after an e-stop event and prevents any power
from reaching the team added HV contactors to enable the powertrain. An example of this
implementation can be seen in Figure 4.4. The remaining components are fused through
the mVEC. This is because they require power at all times to notify the driver of vehicle

status or log vehicle status.

4.3.3 ControllerTesting

An example test case for the LV Power Controls can be seen in Figure 4.5. In this test case,

the Emergency Disconnect System (EDS) voltage detection system is being tested to ensure
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Figure 4.3: mVEC Schematic

that after an emergency stop button is pressed, the car cannot be restarted immediately upon
resetting the button. Instead, the team's controller should lock out any further propulsion
until 12-volt power is cycled in the vehicle. In the test case in Figure 4.5, the rst passing
test case checks that the EDS voltage is in a normal state above 1 volt. After that check
passes, a simulated emergency stop button press is done that triggers the voltage to fall
to 0 volts. The EDS relay should then set to open to prevent the high voltage contactors
from closing and allowing current to ow to provide propulsion via the vehicle's EDUs. At

nine seconds, the emergency stop button is simulated to be reset, and the EDS voltage rises
again to a normal state above 1 volt. However, as designed, the EDS relay remains open,
preventing further propulsion until the 12-volt power to the controller and entire vehicle is

cycled.
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Figure 4.4: E-stop Relay Implementation

4.3.4 ImplementatiorStatus

Currently, the team has tested the LV Power Controls subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 4.4.
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Figure 4.5: MVEC Example Test Case

Table 4.4: LV Power Controls Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress
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CHAPTER 5
COMPONENT LIMITING AND DERATING

The Component Limiting and Derating subsystem consists of three subsystems: Battery
and EDU Torque Limiting, Temperature Derating, and Chassis Systems Torque Limiting.
The Battery and EDU Torque Limiting is responsible for determining the maximum and
minimum torque request limits for the EDUs. The team's controller uses HV battery limits,
electric drive reported torque limits, and Magna supplied torque limits to establish the upper
and lower bounds for a torque request. The team also limits torque by utilizing the GM
traction and stability control torque limit signals reported on GM CAN 2. These signals,
along with the code written, create the Chassis Systems Torque Limiting subsystem. All
subsystem torque limits are then used to determine the maximum and minimum torque
that can be requested from the EDUs. These maximum and minimum values are scaled in
the Temperature Derating subsystem. Temperature data for components from the vehicle's
CAN buses are used to decide whether the maximum and minimum torque limits should

be scaled to prevent overheating.

5.1 Battery and EDU Torque Limiting

5.1.1 SystemRequirements

The Battery and EDU Torgue Limiting subsystem must prevent erroneous torque requests
from reaching the EDUs. This is achieved by looking at three signals: the HV battery power
limit, EDU reported torque limit, and manufacturer speci ed torque limit. The power limit

is converted to a torque limit using Equation 5.1, wherie the EDU's motor speed and

is the HV battery's power limit. The minimum value of the three torque values is used in
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the propulsion case, and the maximum of these three values is used in the generation case.

(W)

(NM)= ~RPM) 0:1047198

(5.1)

5.1.2 ControllerDesign

To implement the system requirements, Equation 5.1 is used to convert the HV battery
power limit into a torque limit. The manufacture speci ed torque curve is entered into a
one dimensional lookup table with motor speed used to index the look up table. Finally, the
EDU reported torque limit is taken from the EDU's CAN network. This implementation

can be seen in Figure 5.1.

Figure 5.1: Battery and EDU Torque Limiting Implementation
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5.1.3 ControllerTesting

An example test case for the Battery and EDU Torque Limiting subsystem can be seen in
Figure 5.2. In this case, the maximum torque for the front EDU is being determined. There
are three inputs in this case: the battery torque limit, generated from the battery power limit;
the EDU CAN torque limit, taken from the vehicle's CAN network; and the EDU torque
curve limit, generated from the torque curve speci ed by the component's manufacturer. To
achieve a passing result, the minimum max torque shall be selected from the three limits.
As seen in Figure 5.2, for the rst test case, the battery torque limit is taken as the minimum
torque limit. Then, for the second torque limit, the EDU CAN torque limit is taken as the
minimum torque limit, and nally, in the last test case, the EDU torque curve limit is taken

as the minimum torque limit.

5.1.4 ImplementatiorStatus

Currently, the team has tested the Battery and EDU Torque Limiting subsystem in the unit
testing, MIL testing, and HIL testing environments as seen in Table 5.1.

Table 5.1: Battery and EDU Torque Limiting Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

5.2 Chassis Systems Torque Limiting

5.2.1 SystemRequirements

The Chassis Systems Torque Limiting is responsible for traction control, stability control,
active safety braking, and advanced park assist. In the event any of these features are en-

abled during driving, torque requested by the EDUs should be limited. This will depend on

26



Figure 5.2: Battery and EDU Torque Limiting Example Test Case

the feature that is triggered. For example, if traction control is triggered during an acceler-
ation event maximum propulsion torque will be limited, but if traction control is triggered

during a deceleration event, maximum regenerative braking torque will be limited.
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5.2.2 ControllerDesignandTesting

The exact implementation and signals cannot be revealed as they are covered by NDAs,
and as a result, testing examples cannot be provided either. However, a State ow is used to
transition between different features if they are triggered or enabled. Figure 5.3 contains a

owchart that describes the State ow at a high level.

Figure 5.3: Chassis Systems Torque Limiting Implementation

5.2.3 ImplementatiorStatus

Currently, the team has tested the Chassis Systems Torque Limiting subsystem in the unit

testing, MIL testing, and HIL testing environments as seen in Table 5.2.

Table 5.2: Chassis Systems Torque Limiting Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress
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5.3 Temperature Derate

5.3.1 SystemRequirements

The Temperature Derate subsystem is responsible for progressively derating the EDUs if
any of their components are within a prede ned temperature range. The prede ned tem-
perature range is de ned by the EDU manufacturer and can be seen in Table 5.3.

Table 5.3: EDU Component Temperature Derating Ranges

EDU Component Lower Temperature Upper Temperature
Range Range
Stator 155 165
Rotor 136 143
Inverter 95 105

5.3.2 ControllerDesign

To implement the system requirements, the temperatures of the front and rear EDU stator,
rotor, and inverter are inputs to the system. These temperatures are then mapped to the pre-
de ned ranges using a one dimensional lookup table, which then generates a value between
one and zero. In this case, a one indicates full torque request capability, while a value of
zero represents no torque request capability. The mapped value from the temperature range
between one and zero is then multiplied by the limits from the Chassis Systems Torque
Limiting subsystem and the Battery and EDU Torque Limiting subsystem. This generates
the nal scaled minimum and maximum torque limit that is used within the torque splitting

subsystem to limit torque requests. An example implementation can be seen in Figure 5.4.

5.3.3 ControllerTesting

An example unit test case for the Temperature Derate subsystem can be seen in Figure 5.5.
In this test case, the upper, lower, and mid range temperatures for the EDUS' inverter derate

range are tested. The rst test case covers the upper range of the temperature derate range,
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Figure 5.4: Temperature Derate Implementation

and it can be seen, as expected, that zero torque is able to be commanded if the maximum
temperature is reached. The second test case covers the lower bound, and it can be seen
that full single motor torque capability of 332 Nm is possible to request. The third test
case covers the mid range of the temperature derate, and it can be seen that only 166 Nm
of torque can be requested. The nal test case combines the temperature derates of the
inverter, stator, and rotor. In this case, the inverter temperature is 100 degrees Celsius, the
stator is 160 degrees Celsius, and the rotor temperature is 140 degrees Celsius. Given these
temperatures, the maximum torque that can be requested is 41.5 Nm, and it can be seen

this test passes as well.
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Figure 5.5: Temperature Derate Example Test Case
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5.3.4 ImplementatiorStatus

Currently, the team has tested the Temperature Derate subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 5.4.

Table 5.4: Temperature Derate Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress
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CHAPTER 6
TORQUE ARBITRATION

The Torque Arbitration model has two subsystems. The rst is the Driver Torque Request
subsystem, housing the pedal map for the vehicle. Vehicle speed and accelerator pedal
position are used to determine the vehicle torque request. The second subsystem is the
Connected and Automated Vehicle (CAV) Torque Request, which takes in the team's CAV
bus and determines if the torque request should be honored. This arbitration between driver
torque request and CAV torque request is based on the CAV system state, accelerator pedal

position, and brake pedal position.

6.1 Driver Torque Request

6.1.1 SystemRequirements

The Driver Torque Request subsystem is responsible for converting the accelerator pedal
position to a torque request that can be sent to the team's EDUs. This pedal map follows
acceleration targets set for the vehicle based on the end consumer goals. In this case, the
competition will provide the acceleration targets the team will need to achieve, and the

team will develop and tune the pedal map to achieve these goals.

6.1.2 ControllerDesign

Traditionally, vehicle speed and accelerator pedal input from zero to 100 percent are used
as inputs to generate a desired torque request. The team uses a two-dimensional lookup
table to map these inputs to a speci c torque request. A plot of the team's current pedal
map can be seen in Figure 6.1. This map was generated using data from vehicle testing of

the stock vehicle. Re nements and improvements will be made to the pedal map in future
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years of the competition when more information on acceleration targets is known.

Figure 6.1: Pedal Map Plot (Motor Torque Domain)

6.1.3 ControllerTesting

Currently, the team has been using the pedal map in simulation models to generate a torque
request based on vehicle speed and accelerator pedal position from the simulation. Further
testing will be done in vehicle once the team's architecture is built to make any re nements

to the pedal map to improve drive quality for Year 2 of the competition.

6.1.4 ImplementatiorStatus

Currently, the team has tested the Driver Torque Request subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 6.1.
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Table 6.1: Driver Torque Request Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

6.2 CAV Torque Request

6.2.1 SystemRequirements

The CAV Torgue Request subsystem is responsible for interacting with the team's CAV
controller. This subsystem receives the CAV system status information and desired torque
request if the system is enabled by the driver. The PSC determines, based on the CAV
system state, if the torque request should be honored. In the case the request should be
honored, the driver's torque request is ignored, and the CAV system's torque request is hon-
ored. The rest of the PSC operates the same way as though a human driver was generating
the desired torque request. The PSC also sends the CAV controller the torque envelope
available to the CAV system. This value tells the CAV controller what the maximum and

minimum torque request the vehicle can support is given the current operating conditions.

6.2.2 ControllerDesign

To achieve the system requirements, a simple State ow is used. This State ow has two
states: one for honoring driver torque requests and one for honoring CAV torque requests.
The transitions between these states will be the current state of the CAV controller. In the
event the CAV controller fails to send an updated system state, the CAN Health Checks
system will detect this, and the state will transition to honoring the driver torque requests.

The current implementation can be seen in Figure 6.2.
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Figure 6.2: CAV Torque Request Implementation

6.2.3 ControllerTesting

An example test case can be seen in Figure 6.3. This test case covers when the CAV torque
request should be honored. According to the requirements, this shall be done when the
Adaptive Cruise Control (ACC) state is two or the auto park state is two, the CAV health
state is true, and the brake pedal position is less than two. In this speci c test case, only
examples of the ACC state and CAV health state are shown. The test case rst checks that
all conditions are met to honor the torque request sent by the CAV controller. After that, a
CAV health fault is inserted, and the CAV torque request shall no longer be honored. Next,
the CAV health state is returned to a passing case, and the ACC state transitions out of two,

and the honored CAV torque request is set to zero. In this case, all test cases have passed.

6.2.4 ImplementatiorStatus

Currently, the team has tested the CAV Torque Request subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 6.2.
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Figure 6.3: CAV Torque Request Example Test Case
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Table 6.2: CAV Torque Request Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress
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CHAPTER 7
DIAGNOSTICS

The Diagnostics model has four subsystems: EDU Safety Checks, Battery Safety Checks,
Torgue Protection, and Switches and LEDs subsystems. These systems are responsible
for monitoring components and ensuring they are operating as expected. If an issue arises,
diagnostics are sent to the driver, along with any remedial action to the component actuation

subsystem.

7.1 EDU Safety Checks

7.1.1 SystemRequirements

The EDU Safety Checks subsystem is responsible for detecting faults for the front and rear
EDUs. There are ve main faults the system detects: over torque, torque mismatch, over
speed, voltage mismatch, and hardware faults. Any faults that are detected should then be

sent as a single boolean indicating if the EDU is faulted or not.

7.1.2 ControllerDesign

To check for an over torque scenario, the current feedback torque reported by the EDU is
used and is compared to the maximum speci ed torque reported by the manufacturer. If
the feedback torque for the EDU is above the maximum rated motor torque, the check is
reported as true; otherwise, the check status remains as false. To detect a torque mismatch,
the commanded EDU torque and feedback torque of the EDU are used. Here, a greater
than ve percent difference between the commanded and feedback torque causes the safety
check to trigger to the true state. For the over speed safety check, a similar process to the

over torque safety check is used. If the current motor speed is greater than the maximum
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motor speed, the safety check is triggered to the true state. To detect a voltage mismatch,
the high voltage battery pack voltage is compared to the measured bus voltage at the EDU's
inverter. If a greater than ve percent difference is detected between the two measurements,
the safety check is triggered to the true state. Finally, any EDU hardware faults reported
over the EDU's CAN network will trigger the safety check as well. These faults' statuses
are then OR'ed together to generate a nal EDU safety check boolean that is used within

other controllers in the PSC. An example of this implementation can be seen in Figure 7.1.

Figure 7.1: EDU Safety Checks Implementation

7.1.3 ControllerTesting

An example test case for the EDU Safety Checks subsystem can be seen in Figure 7.2.
In this example, the over speed safety check is tested. The rst test case ensures normal
operation is occurring and the EDU safety check is passing. After that, the motor speed
of the EDU is set to 17000 Revolutions Per Minute (RPM) to simulate a motor over speed
scenario. This then should trigger the EDU safety check to transition from one (normal

operation) to zero (issue detected). It can be seen that this test case passes as well.
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Figure 7.2: Battery Safety Checks Over Speed Example Test Case
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7.1.4 ImplementatiorStatus

Currently, the team has tested the EDU Safety Checks subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 7.1.

Table 7.1: EDU Safety Checks Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

7.2 Battery Safety Checks

7.2.1 SystemRequirements

The Battery Safety Checks subsystem is responsible for detecting faults related to the HV
GM battery. This subsystem will report faults in the event of over current or under current

events, over voltage or under voltage events, or an emergency disconnect event.

7.2.2 ControllerDesign

To detect the over current or under current events, the battery current signal reported by
the GM battery will be compared to the under and over current signals reported by the
GM battery. If the battery current is below the under current limit or if the battery current

is above the over current limit, the safety check is triggered. The same approach is used
for the over and under volt safety check. If the battery voltage is above the over volt or

if the battery voltage is under the under volt limit, the safety check will be triggered. In
the event the emergency disconnect system is triggered to open the team added contactors,
the safety check should be triggered as well. To detect this, a voltage divider is used to

detect if low voltage power is lost on the EDS circuit, indicating the emergency button
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has been pressed. All of these faults are then OR'ed together to generate the nal battery
safety check boolean, which is used within other controllers in the PSC. An example of this

implementation can be seen in Figure 7.3.

Figure 7.3: Battery Safety Checks Implementation

7.2.3 ControllerTesting

An example test case for the Battery Safety Checks subsystem can be seen in Figure 7.4. In
this example, the EDS safety check is tested. The rst test case ensures normal operation
is occurring and the battery safety check is passing. After that, the EDS circuit voltage is
set to zero to simulate the emergency button in the vehicle being pressed. This then should
trigger the battery safety check to transition from one (normal operation) to zero (issue

detected). It can be seen that this test case passes as well.

7.2.4 ImplementatiorStatus

Currently, the team has tested the Battery Safety Checks subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 7.2.
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Figure 7.4: Battery Safety Checks EDS \Voltage Example Test Case
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Table 7.2: Battery Safety Checks Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

7.3 Torque Protection

7.3.1 SystemRequirements

The torque protection subsystem has seven different torque inhibits: all torque inhibit, rear
torque inhibit, rear negative torque inhibit, rear positive torque inhibit, front torque inhibit,
front negative torque inhibit, and front positive torque inhibit. In the case of an all torque
inhibit, the check is looking to see if the battery contactors are not closed, if there is a
battery torque inhibit, if the ABS is active, if there is a battery safety check present, if the
driver has selected park or neutral, or if the front and rear EDU torque requests are in the
opposite direction. If any of these cases are true, the all torque inhibit is triggered and no
torque request is sent to either EDU.

For the rear torque inhibit, if a rear EDU safety check, battery CAN health check, or
inverter CAN health check is true no torque is requested from the rear EDU. For the rear
positive torque inhibit, if the brake pedal is pressed more than 2 percent no positive torque is
requested of the rear EDU. For the rear negative torque inhibit, if the GM brake controller
CAN health check is true or the regen braking switch is in the off position no negative
torque is requested of the rear EDU. The front positive and negative torque inhibits have
the same requirements as the rear positive and negative torque inhibits. The only difference
being for the front torque inhibit where, instead of checking if there is a rear EDU safety

check that is true, the front EDU safety check is checked if it is true.
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7.3.2 ControllerDesign

For each conditional highlighted above, an OR gate is used to check if any fault or safety
check is present that should trigger the torque inhibit. If any torque inhibit is present,
it is sent to the component actuation subsystem where the current torque request will be
modi ed to zero. An example of this implementation for the all torque inhibit case can be

seen in Figure 7.5.

Figure 7.5: Torque Protection All Torque Inhibit Implementation

7.3.3 ControllerTesting

An example test case for the Torque Protection subsystem can be seen in Figure 7.6. In this

example, only the battery torque inhibit and Anti-lock Braking System (ABS) active states
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are tested. The rst test case ensures that when both these signals are false, torque is not
inhibited. After the base test case passes, the battery torque inhibit is set to true, and the
all torque inhibit state transitions to true to prevent a torque request. After that, the battery
torque inhibit is set to false, and the ABS active signal is set to true. This, again, should

trigger the all torque inhibit signal to be true.

Figure 7.6: Torque Protection All Torque Inhibit Example Test Case
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7.3.4 ImplementatiorStatus

Currently, the team has tested the Battery Safety Checks subsystem in the unit testing, MIL
testing, and HIL testing environments as seen in Table 7.3.

Table 7.3: Torque Protection Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

7.4 Switches and LEDs

7.4.1 SystemRequirements

The switches and LEDs subsystem is required by the competition. This system is responsi-
ble for notifying the driver of the current status of the vehicle and enabling certain features
for the vehicle. In total, there are ve LEDs in the vehicle: the propulsion system status,
the HV system status, the CAV longitudinal control status, the CAV lateral control status,
and the CAV Vehicle to Anything (V2X) status. These LEDs are illuminated when their
system is enabled and functioning properly and off when their system is disabled. These
LEDs also ash in the event that any system fault is detected that prevents the use of the
system to notify the driver.

There are also four switches in the vehicle: regenerative braking, CAV longitudinal
control, CAV lateral control, and CAV V2X control switches. These switches either enable

or disable the feature for the vehicle.

7.4.2 ControllerDesign

To detect a change in the switch state, digital inputs are used on the team PSC. These inputs

use a moving average window to reduce erroneous state changes of the switch that could
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occur due to signal interference in the car. The moving average uses 50 samples to deter-
mine the state of the switch. A series of cascaded Simulink switches are used to determine
the state of the LED. There are three states in this case: a two represents solid illumina-
tion indicating normal operation, a one indicated a fault is present and the LED should be
ashing, and a zero indicates the LED should be off. The system fault statuses are used
to transition between these states. A Simulink State ow is used to generate the ashing,
solid, and off states for the LED. In the case of a solid LED, a one is sent, or a zero if the
LED should be off. In the faulted ashing state, the LED transitions between the on and
off state every half second. An example switch implementation and LED implementation

can be seen in Figure 7.7 and Figure 7.8.

Figure 7.7: Regen Switch Implementation

Figure 7.8: CAV Longitudinal LED Implementation

7.4.3 ControllerTesting

An example test case for the Switches and LEDs subsystem can be seen in Figure 7.9.
In this test case, the system is initially set to a normal operation state with the CAV lon-

gitudinal LED state on, indicating normal operation. Next, the CAV longitudinal fault is
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triggered, causing the light to ash on and off every half second. The test case then looks
for this operation to ensure proper operation. Finally, the CAV longitudinal switch is turned

off and the LED remains off.

Figure 7.9: CAV Longitudinal LED Example Test Case
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7.4.4 ImplementatiorStatus

Currently, the team has tested the Switches and LEDs subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 7.4.

Table 7.4: Switches and LEDs Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress
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CHAPTER 8
COMPONENT ACTUATION

The nal and main model is the Component Actuation model. This model houses the
subsystems for Energy Management, Backlash and Torque Shaping, and Electronic Trans-
mission Range Selection (ETRS) Management. All subsystems discussed previously feed
into this subsystem. The ETRS Management subsystem determines the forward/reverse
direction the driver wants to travel in and assesses whether other subsystems have deemed
it acceptable for vehicle propulsion to occur. Once the direction of travel is determined,
the Energy Management subsystem calculates the optimal torque split for the EDUs. This
subsystem uses a combination of vehicle speed, vehicle torque request, and torque limits to
determine the optimal torque split between the EDUSs. After that, the Backlash and Torque
Shaping subsystem modi es the torque request to meet drive quality standards. The Com-
ponent Actuation model also passes through important vehicle signals to the outputs layer

of the controller, such as contactor closure service requests and competition LED statuses.

8.1 Energy Management

8.1.1 SystemRequirements

The Energy Management subsystem is responsible for ensuring the optimal torque request
is generated for the front and rear EDUs. Additionally, torque limits and torque inhibits
sent from the component limiting subsystems and torque protection subsystem limit the
optimal torque request generated by the Energy Management subsystem. If any limitation
is imposed, the Energy Management subsystem is also responsible for adjusting the torque
request to compensate for the loss in torque with another EDU, if possible. The team also

determines the maximum regenerative braking capability in this subsystem and reports this
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value to a GM ECU. This GM ECU then determines what the regenerative braking torque
request shall be, and it is the team's responsibility to split the torque request between the

team's front and rear EDUSs.

8.1.2 ControllerDesign

To determine the optimal torque request, an of ine calculation is done using the motor ef-
ciency maps provided by the team's EDU manufacturer. This calculation establishes the
minimum power loss for all vehicle speeds and torque requests, along with the associated
optimal torque split for those operating conditions [7]. The optimal split is stored in a
two dimensional look up table, which, given the current vehicle speed and torque request,
outputs the optimal torque split. With the optimal torque split known, dynamic saturation
blocks are used to limit the torque request for the front and rear EDUs based on the com-
ponent limiting subsystem's outputs and torque protection subsystem's outputs. If needed,
an additional State ow is used to determine if an EDU is being limited, and any reduc-
tion in torque capability will be ful lled by the other EDU. If this isn't possible, the driver

is noti ed of the reduction in vehicle performance capability. An example of the Energy

Management Strategy can be seen in Figure 8.1.

Figure 8.1: Energy Management Implementation
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8.1.3 ControllerTesting

An example test case for the Energy Management subsystem can be seen in Figure 8.2. In
this case, it can be seen that the front EDU is limited compared to the rear EDU, and the
rear EDU correctly compensates for the loss in torque to provide the driver with a similar

driving experience.

8.1.4 ImplementatiorStatus

Currently, the team has tested the Energy Management subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 8.1.

Table 8.1: Energy Management Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress

8.2 Backlash and Torque Shaping

8.2.1 SystemRequirements

The Backlash and Torque Shaping subsystem is responsible for improving the drive qual-
ity of the vehicle and preventing component damage to the driveline. This must be done
while still responding to the driver's changes in torque request to ensure an unintended
acceleration or deceleration event does not occur due to slow response times. To achieve
the desired drive quality, the team found it was best to limit the vehicle jerk to less than
0.3g/s of jerk and greater than -0.3g/s of jerk. Additionally, the torque request shall ramp
from zero torque to peak torque in less than a second to ensure the response to the driver's

changes in input is adequate.
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Figure 8.2: Energy Management Example Test Case

8.2.2 ControllerDesign

To achieve the system requirements, a State ow and Proportional-Integral-Derivative (PID)

controller are used. The State ow manages the transition between positive and negative
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torque requests or vice versa. An exponential function is used to ramp in and out of these
scenarios, providing a smooth transition between propulsive or regenerative torque. This
State ow has a tuneable region to set at what torque request the transition between the
State ow and PID control will take place. Outside of these cases, the PID control is used

to manage the torque shaping. This PID control can be tuned to achieve the desired re-
sponse to driver changes in torque request. The team has currently tuned this controller
to match the same overall torque shape observed in the vehicle CAN logs taken during a
baseline evaluation of the vehicle. This tuning of the controller has enabled the team to
meet their requirements while also providing a benchmark into the vehicle's drive quality,

even without the ability to test the controls in the vehicle as of yet.

8.2.3 ControllerTesting

An example test case for the Backlash and Torque Shaping subsystem can be seen in Fig-
ure 8.3. In this test case, the time to reach full torque capability is being tested. Full torque
capability should be reached within one second during a positive or negative torque re-
qguest. In the rst case, the torque request from zero to 332 Nm is tested and passes. Next,
the torque request from 332 Nm to zero is requested and passes as well. The same sequence

is done for the negative test case, and both pass in the remaining two test cases.

8.2.4 ImplementatiorStatus

Currently, the team has tested the Backlash and Torque Shaping subsystem in the unit
testing, MIL testing, and HIL testing environments as seen in Table 8.2.

Table 8.2: Backlash and Torque Shaping Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress
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Figure 8.3: Backlash and Torque Shaping Example Test Case
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8.3 ETRS Management

8.3.1 SystemRequirements

The ETRS Management subsystem is responsible for determining if the conditions to tran-
sition between park, neutral, drive, or reverse are met. Speci cally, when transitioning from
or to park, the Electronic Parking Brake (EPB) must be engaged for park to be selected,

and the EPB must be disengaged for the vehicle to transition out of park.

8.3.2 ControllerDesignandTesting

To achieve the system requirements, a State ow is used. This State ow transitions between
the states for drive, park, neutral, and reverse. The exact signal conditions cannot be shared
as they are covered by an NDA, and as a result, testing examples cannot be provided either.

However, a high-level State ow can be seen in Figure 8.4 for this implementation.

8.3.3 ImplementatiorStatus

Currently, the team has tested the ETRS Management subsystem in the unit testing, MIL

testing, and HIL testing environments as seen in Table 8.3.

Table 8.3: ETRS Management Testing Status

Testing Method Status
Unit Testing Complete
MIL Testing Complete
HIL Testing Complete
VIL Testing In Progress
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Figure 8.4: Transmission Management Implementation
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CHAPTER 9
MIL TESTING

9.1 MIL Testing Methodology

Georgia Tech's Propulsion, Controls, and Modeling (PCM) team uses MIL testing for test-
ing the rst instance of subsystem to subsystem interaction. This allows the team to test
some of the system level requirements, such as preventing a torque request if a EDU fault
occurs. To enable MIL testing, the team's PSC is integrated into the LYRIQ plant model.
This allows the PSC to run as though it is in the actual vehicle, without the safety concerns
related to running newly developed code in an actual vehicle. This signi cantly reduces

safety hazards while also enabling more repeatable and faster testing than in vehicle.

9.2 Additions to LYRIQ Model to Enable MIL Testing

To enable MIL testing, softECUs were developed to mimic stock vehicle controller func-
tionality, sensors, and hardware not currently modeled in the plant model. A softeCU had
to be developed as the team doesn't know the exact controller implementation that is used
in the stock vehicle. An example of this is with the HV battery start up and shutdown
sequences. While the team does interact with the vehicle ECU responsible for managing
the HV battery, the team does not have the exact software implementation made by GM.
To generate the HV battery softECU, the team used CAN data logs from the vehicle and
information provided by GM to create a State ow that would mimic the functionality de-
scribed in these resources. The implementation the team achieves will likely be simpli ed
in comparison to the true implementation by GM, but it will still allow the team to test
their software that interacts with this softECU. Additional softECUs are created to mimic

temperature sensors to test thermal derate systems.
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9.3 Testing Implementation

To test the PSC, a Simulink Test Harness is created, similar to the process seen during
unit testing. In this case, the inputs used to manipulate the PSC come from the softECUs
developed by the team. This allows the team to test the PSC as though it is in an actual
vehicle, interacting with the stock ECUs in the vehicle. An example test harness can be
seen in Figure 9.1. The test sequence block (green check mark) contains the test cases for
the speci ¢ subsystem under test. In this case, the speci ¢ subsystem under test is the entire
vehicle plant model, as seen in Figure 9.2. This includes the vehicle model that models the
LYRIQ's dynamics, the softECUs that mimic stock controller functionality in the vehicle,

the controller where the team's PSC is placed, and then three blocks to de ne the vehicle

driving environment and a drive cycle generator.

Figure 9.1: Example MIL Testing Harness
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Figure 9.2: LYRIQ Plant Model

9.4 Example MIL Test Case Results

Below are two example test cases from testing the Temperature Derate and CAN Health
Checks subsystems. The results of MIL testing the Temperature Derate subsystem can be
seen in Figure 9.3. In this test, the front EDU's inverter was set to a temperature of 100
degrees Celsius, the front EDU's stator was set to 163 degrees Celsius, and the front EDU's
rotor temperature was set to 140 degrees Celsius. This then generates a scale factor of 0.05
for the front EDU's maximum and minimum torque request. The rear EDU temperatures
were all set to well within their normal operating range at 30 degrees Celsius. For the test to
be considered passing, the front EDU's torque request had to be less than the minimum and
maximum torque scaled values for the front EDU. In Figure 9.3, in the graph labeled EDU
Torque Requests and Torque Limiting, the yellow line denoting the front EDU's torque
request stays within the bounds of the red and blue lines, which indicate the minimum
and maximum torque scaled values, and the test case passes. Additionally, the rear EDU

compensates for any loss in torque capability of the front EDU.
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Figure 9.3: MIL Testing Temperature Derate Example Test Case
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Figure 9.4: MIL Testing CAN Health Checks Example Test Case
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CHAPTER 10
HIL TESTING

10.1 HIL Testing Methodology

Georgia Tech's PCM team uses HIL testing to continue testing subsystem to subsystem
interactions but to also test the real time execution of the PSC. In this environment, the
same test cases that were developed and run in the MIL environment are run in the HIL
environment. However, the HIL environment will add in testing for the real time execution
of the PSC, and the testing of CAN, DIO, and AlO. Testing of the real time execution of
the PSC will allow the team to address and debug issues related to the real time execution
of the controller before beginning vehicle testing. This is extremely important to avoid po-
tential issues with overruns during vehicle testing that could cause the vehicle controller to
shutdown without notice. Additionally, testing of CAN network, DIO, and AIO implemen-
tations can be tested in the HIL environment. This saves valuable time during VIL testing

as long as the connections between HIL and VIL are the same.

10.2 Additions to LYRIQ Model to Enable HIL Testing

To enable HIL testing for the LYRIQ plant model, two modi cations were made. The rst
was updating the solver settings to use a xed step solver, ode3, and set the time step,
10 milliseconds, manually. These settings were recommended by the team's MathWorks
mentor. The second change was to replace the PSC in the LYRIQ plant model with the
CAN, DIO, and AIO blocks that would interface with the PSC. Instead, the PSC is deployed
to the in vehicle controller, and has its CAN, DIO, and AlO blocks set up to communicate

with the LYRIQ plant model.
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10.3 Testing Implementation

To test the PSC, the same Simulink Test Harness that was used and created for MIL testing
is used for HIL testing. This reduces the extra work required to make two additional test
harnesses and maintain separate test cases. The only change needed to run the HIL test

case is to update the solver settings to the same settings used for the LYRIQ plant model.

10.4 Example HIL Test Case Results

Below are two example test cases for the Battery Safety Checks and Temperature Der-
ate subsystems. The test case for the Battery Safety Checks subsystem can be seen in
Figure 10.1. In this test case, the mVEC, E-stop button, voltage divider, Speedgoat per-
formance machine (LYRIQ vehicle simulation hardware), and Speedgoat baseline (PSC
hardware) are all used. The test begins with the E-stop in its normal unpressed position,
and the front and rear EDUs produce torque to propel the vehicle for the drive cycle. It can
be seen that the voltage for the EDS circuit is as expected, since the EDS circuit operates
at 12 volts, but the voltage divider, working at 5 volts, generates an analog pin voltage of
about 2.4 volts. The E-stop is then pressed at 38 seconds, and the EDS voltage drops to
zero. When this occurs in the car, the team added HV contactors will open, preventing
current ow to the team's EDUs. Additionally, the Battery Safety Checks status will fall

to zero to indicate a fault, and torque to the EDUSs is set to zero as a secondary precaution.
This behavior can be seen in Figure 10.1 and passes both test cases that test the normal and
faulted condition.

The second example test case covers the Temperature Derate subsystem. The results
for this test case can be seen in Figure 10.2. Here, the front EDU's inverter was set to a
temperature of 100 degrees Celsius, the front EDU's stator was set to 163 degrees Celsius,
and the front EDU's rotor temperature was set to 140 degrees Celsius. This is the same

example test case that was run in the MIL simulation, where an overall front EDU scale
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Figure 10.1: HIL Testing Battery Safety Checks Example Test Case
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factor of 0.05 1s generated and limits the front EDU’s torque capability. As a result, the
same output should be expected, where the front EDU torque request (yellow line in plot
named EDU Torque Requests and Torque Limits) is between the front EDU maximum and
minimum torque scaled values (blue and orange lines in plot named EDU Torque Requests
and Torque Limits). It is important to note that when comparing Figure 9.3 and Figure 10.2,
the torque request signals are slightly different, and this is expected behavior due to the

change from a variable step solver for MIL testing to a fixed step solver for HIL testing.

10.5 Issues Resolved During HIL Testing

In the previous ECOCAR competition, the team was not able to take full advantage of HIL
testing due to outdated hardware that could not run the team’s models in real-time. With
new hardware capable of supporting this effort in the current competition, the team has
found HIL testing to be an invaluable resource to identifying simple issues that previously
had to be debugged and resolved in vehicle in the previous competition. The team has been
able to resolve and debug CAN errors due to out of range minimum and maximum values
during HIL testing. Additionally, overrun issues caused by low sample rate times for CAN
or DIO blocks in the team’s software have been addressed before testing the PSC in vehicle.
Resolving these issues during HIL testing allows the team to spend more time using vehicle
testing to resolve dynamics and driving characteristic issues rather than spending that time

resolving simple issues such as overruns and CAN variable out of range issues.
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