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Modeling And Implementation
of a Fully Electric Vehicle Model in Driving Simulator

JINGE GAO

ZIKUN WANG

Department of Mechanics and Maritime Sciences
Division of Vehicle Engineering and Autonomous Systems
Chalmers University of Technology

Abstract

Driving simulators have an important role to play in the automotive industry regard-
ing driver safety and economic benefits, and also carry out some driving behavior
studies unsuitable for real roads. Therefore, driving simulators should reflect the
real driving experience as much as possible. In order to realize this purpose, it is
necessary to develop mathematical car models for driving simulators.

This master’s thesis project revises an existing vehicle dynamic model to embody the
driving experience of an all-electric vehicle in a driving simulator. The main work
of this project is to replace the powertrain system of the original model from an in-
ternal combustion engine powertrain to an all-electric vehicle powertrain. This part
includes modeling the electric motor, battery, and redistribution of traction force.
The features of the all-electric vehicle, such as the one-pedal driving mode, regen-
erative braking system, and faster response time, are implemented. Also, based on
the consideration of regenerative braking, the braking system of the original model
was improved in this project so that it can work together with the regenerative
braking system. Other parts of the original model were adjusted to fit the relevant
parameters of the vehicle used in the experimental tests.

Subsequently, the project conducted real-world driving experiments on a Volvo C40.
A series of experiments were carried out on the powertrain system by turning the
single pedal mode on and off, as well as hard braking experiments. The experi-
mental data were used to adjust the model’s parameters, and the final model was
obtained. Through the verification of experimental data, it can be proved that the
model carried out in this project can reproduce the real driving experience of an
all-electric vehicle in terms of pedal input and speed performance.

In the process of carrying out the above work, a modular structure of the model is
realized by revising the original model. The modular design lays the foundation for
future work. The process of data collected under the limited experimental environ-
ment and the data processing are also made into a guide to assist in future work in
the laboratory.

Keywords: Vehicle dynamic model, driving simulator, electric vehicle modeling,
powertrain modeling, One Pedal Drive, electric vehicle test, OBD.






Preface

This report presents the outcome of our master’s thesis project at the Department
of Mechanics and Maritime Sciences at Chalmers University of Technology during
the spring of 2024. This thesis was done by a team of two master’s students.

With the automotive industry moving towards full electrification, there is a grow-
ing demand for dynamic simulation of electric vehicles. Traditional vehicle dynamic
models, such as those already available for driving simulators at VTI, are mainly de-
veloped based on internal combustion engine vehicles and cannot meet the emerging
demand. Therefore, this study aims to create a new dynamic model that specifi-
cally addresses the unique characteristics of electric vehicles, such as fast dynamic
response, smooth acceleration performance, and driving experience in single-pedal
mode.

This thesis details our methodology and steps: First, we used a literature review
to learn the basic modeling approach for electric vehicles, and then we simulated a
two-motor version of the Volvo C40. By actually operating the model, we collected
the necessary data to validate it.

This thesis is structured as follows: the first chapter serves as an introduction and
describes the background and objectives of the research. Chapter 2 continues with
a detailed literature review showing the structure of the existing model. Chapter
3 discusses the modeling process and ideas for the powertrain and brake models
and describes the model’s components and operational logic. Chapter 4 explains
the experimental equipment and data collection methods. Chapter 5 analyzes the
experimental data and adjusts and optimizes the model. The appendix contains the
calculation formula of the old model and the complete experimental design.
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BOS Break Override System
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DOF Degrees of Freedom
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RES Renewable-based Energy Sources

RPM Revolutions Per Minute

SOC State of Charge of battery

TCS Traction Control System

VDM Vehicle Dynamic Model

VTI Swedish Road and Transport Research Institute
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Literature Review

Vg Voltage along the a-axis of the motor.

Up Voltage along the b-axis of the motor.

Ve Voltage along the c-axis of the motor.

We Electrical angular velocity of the motor.

0. Electrical angular displacement of the motor.

P Number of mechanical angular displacements of the rotor per one

pole of the motor, respectively.

T Electromagnetic torque of the PMSM.

Win Mechanical angular speed of the rotor.

Im Moment of inertia of the rotor.

B, Viscous friction coefficient of the rotor.

1y Load torque applied to the rotor.

ay T, be Input currents of the PMSM in the abc reference frame.
id, iqy 0 Transformed currents in the dq0 reference frame.
Vg, Vg Voltages along the d-axis and g-axis of the motor.
sy Ags Flux linkages along the d-axis and g-axis.

L4, L, Inductances along the d-axis and g-axis.

Af Flux linkage due to the rotor magnets.

R, Stator winding resistance.

Vout Output voltage of the battery.

Voco Open-circuit voltage of the battery.

1 Current flowing through the battery.
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Rint

Rcharge
Rdischarge
Vre1, Veea
VRCI

Vios

Rb Cla RZ» 02
id, iq, o

Loy Uy e

)

e

3'@;5?5

8e)

mec

Pelec
Pd.,
Pd,

Tr

Internal resistance of the battery.

Charging resistance of the battery.

Discharging resistance of the battery.

Voltage drops across the RC pairs in the battery model.
Rate of change of Vize1.

Rate of change of Vizes.

Resistances and capacitances in the battery model.
Transformed currents in the dq0 reference frame.
Input currents in the abc reference frame.

Electrical angular displacement.

Mechanical angular displacement.

Maximum motor output torque.

Maximum motor output power.

Rotational speed of the motor in RPM.

Mechanical power output from/applied to the motor.
Electrical power consumed/generated by the motor.
Upper limit of the pedal range for coasting.

Lower limit of the pedal range for coasting.

Regenerative torque .

Electric Vehicle Model

C(d,AmpHr
1

NP
C(Am]aHr,O

SOC)y

CAmpHr,Ma:r

SOC

Wmotor,ref

GRtot

Wawheel,left
Wuheel right

Wmotor

Xiv

Discharged capacity in Ampere-hours.
Current flowing through the battery.
Number of parallel cells in the battery pack.
Initial capacity in Ampere-hours.

Initial state of charge.

Maximum capacity in Ampere-hours.

State of charge.

Reference motor speed.

Total gear ratio.

Rotational speeds of the left and right wheels.

Motor rotational speed.



Viominai Nominal voltage.

Vv Actual voltage.

Pd A conversion of pedal position to control regenerative brake for
OPD mode.

Fedaly, . Brake pedal force.

Tpedalys Brake pedal position.

Tpistonps s Positions of the brake piston and pushrod.

Lpushrody,,

[p— Gap length in the brake system.

Fou Force output from the vacuum booster.

Fy Force applied by the vacuum booster.

F, Force input by the brake pushrod.

F.. Pedal return spring force.

Frs, Initial pedal return spring force.

K, Elastic coefficient of pedal return spring.

Fliston Force output by the piston.

Fs Cylinder spring force.

Fs, Initial cylinder spring force force.

K Elastic coefficient of cylinder spring.

P, Master cylinder pressure.

A Cross-section area of the master cylinder.
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Introduction

Globally, there has been a significant shift towards vehicle electrification. This shift
has been driven by environmental concerns, technological advances, and government
policies to reduce carbon emissions. Countries like Sweden, Norway, China, and the
United States have been leaders in adopting electric vehicles (EVs) and have incen-
tivized manufacturers and consumers through various programs[8]. Sweden, as a
global pioneer in carbon neutrality, has also made many efforts in this regard. Ac-
cording to the forecast by Mobility Sweden[1], the market share of plug-in passenger
cars is expected to reach 35% in 2024, while the market share of electric light trucks
will also reach 30%. Governments worldwide are legislating to promote the use of
electric vehicles[8], including tax decreases for EV purchasers, greater investment in
charging infrastructure, and stricter emission regulations for conventional vehicles.
For example, the European Union has set ambitious targets to reduce vehicle emis-
sions, accelerating the transition to electric vehicles.

The road vehicles of the future will not only be electric but also connected and
autonomous. CAVs (Connected and Autonomous Vehicles) are expected to en-
hance road safety, reduce traffic congestion, and improve overall transportation
efficiency. Technologies such as 5G connectivity[32], advanced sensors[37], and
machine-learning algorithms|[25] are efficient for developing these vehicles. Even
before fully autonomous vehicles became commonplace, advanced driver assistance
systems (ADAS) became standard in many vehicles[28]. These systems, such as
automatic emergency braking, lane-keeping assist, and adaptive cruise control, are
stepping stones to fully autonomous driving.

The challenge of testing and validating vehicle handling properties has increased
with the complexity of their electrification, internet connection, and self-driving
level[35]. This challenge will be completed using advanced methods of experiments.
A refined vehicle dynamic model will be needed as a basement-level tool for both
physical and virtual experiments. Therefore, building a vehicle dynamic model for
a driving simulator is a meaningful study.

The thesis project, which will be carried out on the Swedish Road and Transport
Research Institute’s (VTI) Advanced Driving Simulator software, will provide an
existing vehicle dynamics model (VDM) with a powertrain model that can be used
to simulate the driving experience of an electric vehicle.

VTI operates as a research institute on several topics in the traffic and transport
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fields, including passive safety, road and infrastructure maintenance, tire testing, air
quality and noise measurements, and traffic and driving simulation. Of particular
note, VTT has over forty years of experience in driving simulation and is an indus-
try leader in conducting simulator experiments and developing simulator technology.

The importance of driving simulators as a tool lies in their ability to help us under-
stand how drivers react under different conditions. Unlike real tests, driving simula-
tor experiments provide better safety and repeatability. For example, some drug[18],
alcohol[16], and fatigue tests are dangerous when conducted on real roads[9], whereas
driving simulators allow us to test the driver’s reactions and the effects of test factors
on the driver in a safe environment. To achieve this and to obtain reliable results,
driving simulators should provide the driver with as close to a realistic driving ex-
perience as possible.

1.1 Driving Simulator

The driving simulator consists of the Dynamic Motion Platform, which simulates
the driver’s physical sensations of the driving structure.

Driving Simulator

|

v v v v v

' ™y
) ] 3 Vehicle Dynamic )
[ Vehicle Cabin } [GraphlcSystem} Sound System [ Model (VDM) } [Moncn Platfarm }
p. ~

Figure 1.1: Driving Simulator Structure

The car cabin is the primary interface for interaction between the driver and the
simulator. VTI SIM IV has a car cabin (from a Volvo XC-60) and a truck cabin
(from a Volvo FH 16-700). The cabin provides the driver with an environment close
to the real driving experience. This project’s model will be used on two motion-
based simulators and other mini-simulators.

The graphics system gives the simulator a high-quality driving picture, creating
a dynamic visual environment. The sound system comprises several high-quality
stereos that reproduce the sound of an actual driving environment. Hearing can
have an impact on driver attention and decision-making processes.

The Dynamic Motion Platform hosts the subsystems described above. The Dynamic
Motion Platform simulates the driver’s physical sensations of driving. The Dynamic
Motion Platform provides longitudinal and lateral acceleration for the Sim IV. At
the same time, it provides roll, pitch, and yaw angles[15] to provide the driver with
a more realistic driving experience.
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The VDM developed is an essential component of the simulator system, which this
project focuses on. The driver’s input signals and road information are fed into the
VDM|[26], which provides data for the dynamic platform through modeling to reflect
the physical sensation of simulated driving in real-time. For electric vehicles, this
component should reflect the unique characteristics of electric vehicles, such as in-
stantaneous torque response, battery weight distribution, and regenerative braking
systems. Through the development of a unique VDM, the driver can be provided
with an exceptional driving experience in EV simulation.

1.2 Goals

How to build accurate vehicle dynamic simulation models of fully electric
vehicles?

A vehicle dynamics model that can respond to driver behavior like a real-world vehi-
cle is needed to ensure accuracy. The model should also be able to reflect the unique
characteristics of an electric vehicle, such as instantaneous high torque output, re-
generative braking, the effect of the weight of the battery on the weight distribution
of the entire vehicle, and so on. In addition, the accuracy of the data used in the
model is crucial and should have a reliable source.

In this thesis project, the main goal is to modify an existing conventional vehicle
dynamics model to a modern pure electric vehicle. The model will be used in all
of VIT’s driving simulators, which should be able to accurately simulate the vehi-
cle’s performance in different environments (e.g., different climates, different road
surfaces, different driving styles, etc.) and with varying behaviors of the driver.

This project will get a dynamic model of a car with perfect inputs and outputs. The
model is based on a modified VTT model, the simcarl4dof model. The modifications
to the model are mainly in the replacement of the powertrain module, where the
conventional internal combustion engine is replaced by an electric motor. At the
same time, the transmission of the electric vehicle is a single transmission, i.e., the
clutch and transmission modules of the driveline module will be removed. The new
driveline module has a simulation module for the electric motor, which should also
be able to give feedback on the dynamic response of the single-pedal mode.

1.3 Clarification of the Issues

Electric Vehicle Handling Characteristics: The handling characteristics of
electric vehicles differ from those of conventional vehicles, and these differences stem
primarily from the design and powertrain of the electric vehicle. In an electric ve-
hicle, the battery is usually the vehicle’s heaviest component, and its location and
layout have a decisive impact on the vehicle’s center of gravity and weight distribu-
tion. Batteries in electric vehicles are usually mounted in the vehicle’s chassis[33],

3
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which allows for a lower battery weight distribution and lowers the vehicle’s center
of gravity.

Instantaneous torque and regenerative braking: The instantaneous torque
output and regenerative braking systems of electric vehicles are two key features of
their unique driving experience, and they significantly impact the vehicle’s acceler-
ation and deceleration behavior. Electric motors can reach maximum torque in a
fraction of the time compared to a conventional internal combustion engine. This
instantaneous response means an electric vehicle accelerates quickly and smoothly
from a standstill. For the driver, this rapid and continuous acceleration is not the
same as that of a conventional car[5]. Regenerative braking systems are another
unique feature of electric vehicles. When the driver slows down or brakes, the re-
generative braking system converts a portion of the kinetic energy into electrical
energy fed back into the battery. This not only improves energy efficiency but also
changes the deceleration characteristics of the vehicle. This process will differentiate
an electric vehicle’s dynamic driving experience from a conventional vehicle’s[36][22].
The simulation of both can help drivers experience the unique driving experience of
electric vehicles in the simulator.

Integration with Existing Models: Since the model for this project was im-
plemented by substituting the power modules of an existing model, there may be
some challenges in integrating with the existing model. In addition to replacing the
power module, other parameters and designs of the original module that are subject
to change should be replaced to ensure the reliability of the new model.

Data Acquisition and Experimental Design: The construction and calibra-
tion of this model require the acquisition of data from actual vehicles. This involves
experimental design. After acquiring the actual vehicle data, the data should be
processed, which puts forward the requirements for data analysis and processing
methods.

1.4 Limitations

The tire model is challenging to build, primarily through the magic formula ap-
proach. The current magic formula tire model used in the simulator was finished in
2006 due to the EU project VERTEC, and multiple institutions and companies were
involved. Most tire companies have produced new generations of tires, especially for
electric vehicles[3], and some of the technical specifications of these tires are slightly
different from those used in ICE vehicles. It will be hard to modify the tire model,
so only the tire size parameters will be updated in this project.

The efficiency of the electric machine and the battery are sensitive to temperature.
Considering the effect of temperature on energy consumption is too complex for
this project, and the effect will not have a major impact on the simulation results.
Therefore, this project chooses to ignore this consideration.
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Literature Review

Before initiating a modeling and simulation project for all-electric vehicles, a review
of previous research not only helps to define the direction of the research but also
provides a theoretical basis and technical reference for developing new models. This
chapter will first review relevant models, including those presented in previous mas-
ter’s theses and vehicle models developed by VTI.

Subsequently, this chapter will focus on the three core components of this project:
the battery, the powertrain, and the braking system. For the battery component,
we will review the existing literature on different modeling approaches for batteries,
from which we will select a battery modeling scheme that is suitable for the model
of this project. Various types of electric motor models will be explored for the pow-
ertrain and their application in modeling vehicle dynamics. Finally, a review of
the braking system will focus on brake modeling and kinetic energy recovery. This
chapter provides the theoretical and practical basis for developing and validating
the models for this project in the subsequent chapters.

2.1 Existing Passenger Car Models at VTI

The first vehicle dynamic model is a dynamic model built by Jorge Gémez Fernandez
for his master’s thesis[12], which contains the basic building blocks of the car and
was constructed using the Modelica language. Emanuele Obialero then built on that
model by refining it and extending it with a vertical dynamic model while improving
the performance of the steering system[26]. The second one is a 14DOF model by
VTI[17], in Simulink.

2.1.1 Simulink®SimCar 14-DOF model

The Simulink model was built to replace the old FORTRAN-based Vehicle Dynamics
Model (VDM)[17], which was challenging to modify. Fig.(2.1) shows the structure of
this Simulink model. It comprises seven subsystems: braking, steering, powertrain,
wheels, suspension, axles, and chassis.
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Figure 2.1: Structure of Simulink model Simcar14DOF

The model consists of two parts of inputs. One part of the input is the road informa-
tion input, which is the road information in the simulated driving space. The other
part is the driver’s input, which includes the gas pedal signal, clutch signal, steering
wheel angle signal, gear signal, brake signal, and whether the ABS function is on
or off. The model outputs are the velocity and acceleration of the vehicle in the xy
direction and the state of pitch and roll to reflect the vehicle’s dynamic response.

2.1.1.1 Powertrain Subsystem

The powertrain model is shown in Fig.(2.2). The inputs to the powertrain model are
the gas pedal signal, the gear position signal, the rotational speed of the tires, and
the longitudinal speed of the car. This model converts the gear position signal into
the total transmission ratio through the gearbox. The clutch signal and the gear
position signal are converted into the intermediate parameters of the clutch through
the clutch model. Both of these are inputted into the engine model for calculation.

The engine model is shown in Fig.(2.3). In the engine model, the current clutch
speed is calculated using the tire speed and total transmission ratio, combined with
the speed provided by the engine to get the actual engine speed. This RPM is fed
back into the 2D lookup model. In the 2D engine Map diagram model, the torque
information is read using the current engine speed and throttle pedal position in-
formation to obtain the engine output torque. Integration of this torque divided by
the engine’s moment of inertia yields the engine’s supplied RPM.
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Figure 2.3: ICE Engine Model of Simcarl4DOF

2.1.1.2 Brake Subsystem

The brake system is shown in Fig.(2.4). The brake system uses separate hydraulic
oil pressures of 4 different brake calipers as inputs and outputs 4 different brake
torques on 4 wheel shafts. the brake torques are also controlled by an anti-lock
brake system(ABS). ABS detects slip of the different wheels and decides whether
to release the brake pressure according to them: if the slip reach certain level, the
brake pressure will no longer be transferred to brake torque.
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Figure 2.4: Brake Subsystem of Simcar14DOF

2.1.1.3 Wheels Subsystem

This model’s tire system consists of four independent wheels, and the dynamics and
response of each wheel are calculated separately to ensure the accuracy and practi-
cality of the model. The design of this independent wheel model allows the vehicle
to exhibit more realistic behavior under various driving conditions, such as dynamic
changes under different road conditions and driving maneuvers.

Each wheel is modeled using a "magic formula" to calculate its longitudinal and
lateral forces and rotational speed. This formula describes in detail the complex
behavior of tires under various operating conditions. The magic formula can accu-
rately calculate the forces in the longitudinal and transverse directions based on the
tire’s slips.

The parameters and calculation modules included in the model are derived from
the VERTEC project[3], which was dedicated to the study of the dynamic char-
acteristics of tires and provided an exhaustive set of data that includes but is not
limited to, longitudinal and transverse slip data of the tires as well as wheel speed.
These data are integrated into the model of each wheel and transformed through
algorithms into outputs that can be directly applied to the dynamics simulation.
The formula for this subsystem can be found in A.1.3.

2.1.1.4 Suspension Subsystem

Inputs to the suspension system include road data from all four tires in the Z-
axis direction, reflecting road surface unevenness and other factors affecting vehicle
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movement. In addition, the system requires dynamic information from the vehicle
chassis. With this combined dynamic information, the suspension system model can
accurately calculate the suspension force for each tire in the Z-axis direction. The
calculation formulas can be found in A.1.4. These formulas take into account the
interaction between the wheels and the road surface, the mass distribution of the
vehicle, and the geometric and physical characteristics of the suspension system. By
applying these formulas, engineers can simulate the response of the suspension sys-
tem in real-world driving, resulting in an accurate calculation of the Z-axis direction
forces for all four tires. This system only considers one-dimensional force on the
suspension system and does not consider impact and movement of contact due to
road inclination.

2.1.1.5 Steer Subsystem

The steering system is responsible for converting the steering intention of the driver
into the actual movement of the wheels. In this system, the driver’s input signals
consist mainly of the steering wheel’s turning angle. In addition, the system also
integrates the lateral and longitudinal forces of the vehicle output from the tire sys-
tem and the vertical forces of the front wheels provided by the axle system, which
are used to simulate the interaction between the tires and the ground during steering.

In the vehicle’s steering dynamics model, the front wheels’ steering angle is the core
parameter, which directly determines the steering radius and path of the vehicle.
The steering angle of the front wheels is calculated by the steering wheel angle and
the force applied to the tires, and the specific calculation method includes a variety
of factors of tire mechanics and steering geometry. the detailed calculation process
can be found in the A.1.2. To ensure the accuracy of the results, this calculation is
also applied to the rear wheels, but the input steering wheel angle is always 0.0 for
the rear wheels.

The steering wheel torque is then calculated by analyzing the torque on each tire.
The torque on each tire results from a combination of the friction between the tire
and the ground and the torque applied to the wheel as it rotates. After obtaining
the torque on each tire, the preliminary steering wheel torque can be calculated by
combining the current vehicle speed and the gear ratio of the steering unit. In ad-
dition, the steering wheel angle generates an additional torque, and these two parts
of the torque need to be added together to obtain the final steering wheel torque.
This calculation process is also documented in the A.1.2.

2.1.1.6 Axles Subsystem

The main responsibility of the axle system is to integrate information from multiple
systems to simulate forces in the vertical direction of the vehicle. In this system,
the axle system first receives the slope information from the road because the slope
directly affects the distribution and direction of the forces applied to the vehicle
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suspension system. Meanwhile, the force in the Z-axis direction output from the
suspension system provides the axle system with information about the vertical
forces on the vehicle’s four-tire suspension system, while the acceleration of the ve-
hicle in the XY-direction provided by the chassis system reflects the information
about the dynamic behavior of the vehicle in the lateral and longitudinal directions.
Using these input data, the axle system can calculate the forces on each of the four
tires in the vertical direction. The specific calculation method is detailed in A.1.5.
In addition, the model precisely models the front and rear axles separately, which
is intended to allow for more flexibility in adjusting the parameters of the front and
rear axles to suit different driving conditions and vehicle design requirements. By
modeling each axle separately, each axle’s response characteristics and performance
can be adjusted and optimized more accurately.

2.1.1.7 Chassis Subsystem

The input of the chassis subsystem is the tire forces calculated by the wheel sub-
system, the z-direction forces calculated by the suspension and axles subsystem, the
road data, and the driver’s input. The subsystem collects all the longitudinal and
lateral forces along with the moments, produces the combined forces and moments
on x and y axis. The x and y axis combined forces and moments are then used to
calculate linear and angular acceleration in longitudinal and lateral directions, and
the accelerations are then integrated into speed, along with the pitch, roll, and yaw
behavior. Also, a vehicle stop detection is designed in the subsystem, which detects
if the vehicle is stopped or is still on the move. If the vehicle is detected to have
stopped, some integrators’ outputs in the model will be reset to their initial values.
The z-axis forces are also combined, so the vertical movement of the vehicle can be
generated.

2.1.2 Modelica Model

Jorge’s thesis developed a new vehicle dynamics model[12] from scratch designed
for real-time driving simulator applications. His model employs the Modelica® pro-
gramming language to construct a vehicle dynamics model with ten degrees of free-
dom, which allows the model to simulate normal driving situations accurately and
the vehicle’s response under extreme operating conditions, such as emergency crash
avoidance. The model validation process included a series of predefined driving ma-
neuvers on a live test track and a series of system tests in a simulator.

Emanuele’s paper improves and refines Jorge’s vehicle dynamics model for driving
simulators[26]. The central goal of the thesis was to make the simulated driving expe-
rience more realistic by increasing the model’s degrees of freedom and improving the
model’s vertical dynamics and steering system. This research expanded the model’s
degrees of freedom from ten to fourteen and specifically added detailed modeling of
the vertical dynamics, which includes simulation of the nonlinear properties of the
vehicle’s suspension system and complex ground interactions. In addition, the thesis
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develops a new model of the steering system to provide more accurate and realis-
tic steering feedback. The model was validated by comparing the improved model
with dynamic data from actual vehicles and by testing it with multiple drivers in an
advanced driving simulator, which showed that the improved model could respond
consistently to real-world driving under various driving conditions.

2.1.3 Conclusion

After reviewing the two models, we decided to move on with the simcarl4dof model
built with Simulink. There are several reasons for choosing it, first, the simcarl4dof
model is the main passenger car model used in VTI vehicle simulators. Second,
comparing to Modelica, we have more experience working with Simulink. Model-
ica is an equation-based programming language rather than function-based, which
is less intuitive for users accustomed to casual modeling approaches. Thus, it is a
reasonable approach for this project to modify the current simcarl4dof model to a
new one and tune it to make it fit a fully electric vehicle.

2.2 Literature Review For New Model

Compared to ICE vehicles, EVs are significantly differentiated by having an electric
motor, a battery, and a unique braking system[4] designed to accommodate power
recovery. This chapter will conduct a literature review of these three components.

2.2.1 Battery Modeling

The modeling of batteries can take many different forms for different research pur-
poses. For this project, the focus is on the charging and discharging performance of
the battery. Therefore, when choosing a modeling approach, the focus should be on
how the model is simulated for the charge/discharge performance. For these reasons,
the selection of the battery model will not consider the electrochemical model of the
battery but will be based on the electrical performance of the battery[30].

2.2.1.1 Ideal Model of Battery

The simplest ideal model of a battery includes only the voltage source itself[13]. The
model does not consider the effects of internal resistance, temperature, SoC, etc., on
the battery’s performance and is used only as a simple voltage source, like Fig.(2.5).
The model’s parameters include the battery’s voltage and capacity. The model will
output a constant and stable voltage during operation, and the battery is consid-
ered to be empty when the energy consumed reaches its capacity, at which point
the output voltage returns to zero. The output voltage is determined by Eq.(2.1).

11
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Figure 2.5: Ideal Model of Battery

Vour = Voc (2.1)

2.2.1.2 Linear Model of Battery

The linear battery model includes a constant voltage source and a constant internal
resistance[29]. In this case, the internal resistance reflects the energy loss inside
the battery, like Fig. (2.6). The battery’s output voltage can be calculated using
equation (2.2). The model can reflect the relationship between the energy loss of
the battery as the current through the battery varies. However, this model shares
a common problem with the ideal battery model discussed in the previous section,
i.e., this battery’s voltage source is constant. It does not vary with the battery’s
SoC. This is not consistent with reality. Also, as the operating state of the battery
changes, the temperature of the battery changes, and this causes the internal resis-
tance of the battery to change. These factors are not considered in this model.

Rl’l?r

Vae — Vo

Figure 2.6: Linear Model of Battery

V;)ut = VOC —1- Rint (22)

The model applies to scenarios where the SoC of the battery is at an intermediate
level and does not change significantly. The SoC and battery temperature will not
change significantly shortly for lower charging and discharging rates. It is also es-
sential to consider that the internal resistance of a battery is usually different during
the charging and discharging phases. To reflect this difference, the model can be
optimized. Fig. (2.7) is the refined battery model. That is, the internal resistance
consumption in the charging and discharging phases of the battery is calculated
separately using Eq. (2.3) and (2.4).

12
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Figure 2.7: Refined Linear Model of Battery

Charging: Vo, = Voo — I - Reharge (2.3)

Discharging: V,u: = Voo — I - Raischarge (2.4)

2.2.1.3 Thevenin-Based Battery Model

None of the models discussed above simulate the transient response. For this project,
the transient response should be modeled to reflect the operating condition of the
battery. For this purpose, the Thevenin model is introduced here. The simplest
Thevenin model is the first-order Thevenin model[29]. The model contains a volt-
age source, internal resistance, and a pair of RCs. A pair of RCs is defined as a
resistor and a capacitor’s parallel circuits (see Fig. (2.8). It can be understood that
the model is an addition of a pair of RCs to the model discussed in the previous
section to reflect the battery’s transient response.

"
Cy
—:I——I:I—T
1 Ri'nt Rl
VOC % Vou?

Figure 2.8: 1st Order Thevenin Model

To better reflect the transient response of the battery, a second pair of RCs can be
added to this system, i.e., the second-order Thevenin model[29], see Fig. (2.9). The
first pair of RCs uses a low time constant to characterize the short-term transient
response. The second pair of RCs uses a high time constant to describe the long-
term transient response. Meanwhile, this second-order model can correctly reflect
the voltage output performance when the current is zero. Eq.(2.5) can describe the
output voltage of this model. The first-order derivative of the voltage of the first pair
of RCs can be described by Eq.(2.6), and the first-order derivative of the second pair
of RCs can be described by Eq.(2.7) To characterize the dynamic response of the
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battery better, the effect of the SoC on the voltage source should also be considered.

I I
C, C,
—1 : } I I——T—o
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VOC _-—_ V.oui
Figure 2.9: 2nd Order Thevenin Model

Vout = Voc — Rint - I — Vre1 — Ve (2.5)
Vrer = Ve, /Ry - C1 + 1/Cy (2.6)
Viea = —Viy/Ro - Co + 1/Co (2.7)

2.2.2 Electric Motor Modeling

The most significant difference between conventional and fully electric vehicles is
their power source. Electric motors are used in fully electric vehicles, and usually,
the motors are 3-phase alternating current (AC) motors because of their fewer me-
chanical parts, better control ability, and higher efficiency. Significantly, permanent
magnet synchronized motors (PMSM) can recover electric energy from kinetic en-
ergy. However, the simpler they are mechanically, the more electrically complex
they are. Controlling a PMSM to achieve better performance and energy conversion
efficiency is always a hot topic.

2.2.2.1 Physical Model of Motors

The usual approach is to model the motor as a whole if its performance is the focus
of the study. In this case, the modeling of permanent magnet synchronous motors
is more oriented toward detailed analysis. Park et al. discuss integrated modeling
and analysis of electric vehicle powertrain dynamics[27], providing insight into the
complexities of modeling electrical subsystems alongside conventional vehicle dy-
namics. Halabi & Tarabsheh, and Zhang et al. focused their research on modeling
electric vehicles using Matlab/Simulink to provide a framework for simulating ve-
hicle dynamics[14] and powertrain operation[40] to optimize energy use and system
performance.

Meanwhile, for the kinetic energy recovery system unique to electric vehicles, Ji et
al. thoroughly investigated the energy recovery mechanism|[19], with a particular
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Figure 2.10: Overall Configuration of EV Simulink Model [27]

focus on the regenerative braking system, which improves the energy efficiency of
electric vehicles by recovering kinetic energy during the braking phase.

Fig.(2.10) shows the Simulink model[20] developed by Park et al. The model is
structured as an all-electric vehicle motor model modeling approach biased toward
physical modeling. In this case, the input current of this motor is shown in Eq. (2.8).

cosfl,  cos (66 — 2—”) cos (06 + %ﬂ) la

Z:q =3 —sin 6, —sin( e —%) —sin (96 + %’r) Z:b (2.8)
io 1 1 1 e

V2 V2 V2
Eq. (2.9) gives the electrical angular displacement of motors.
P
0. = 5 m = / wedt (2.9)

The voltage in the direction of Dq can be written as Eq.(2.10), Eq.(2.11) and
Eq.(2.12). [24]

dAgs
vg = Ryig + d;’ — W Ags (2.10)
vy = Ryig + dggs T W (2.11)
Ais = Laig + A, Ags = Ly (2.12)
The output torque of PMSM is defined by Eq.(2.13).
3P . .
Tm = T[)\flq + (Ld - Lq)Zqu] (213)

The output motor-mechanical dynamics of PMSM is defined by Eq.(2.14).

dw,y, 2
= = T = T, = Bt = (F)wr (2.14)

The model simulates the motor control system and the internal structure of a perma-
nent magnet synchronous motor (PMSM) in detail, reproducing the motor’s dynamic
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performance and response characteristics in real-world operation. This modeling
approach, highly dependent on physical properties, poses several challenges. The
model’s accuracy is highly dependent on the accuracy and completeness of the input
parameters. In practice, especially when using prototypes or non-standard equip-
ment, many key motor parameters (e.g., resistance, inductance, flux, etc.) may not
be measured in detail or are difficult to obtain. This means that although the model
is theoretically accurate, in practice, the simulation results may deviate from the
actual motor performance due to inaccurate or missing parameters.

In addition, physical modeling usually requires significant computational resources
and complex parameter tuning. In the case of unknown or incomplete parame-
ters, this project needs to estimate these parameters through experiments, reverse
engineering, etc. Due to the limitations of the experiments, this project cannot dis-
assemble the motor or analyze it separately. This can lead to inaccurate parameter
estimation and affect the final model performance. In this case, the model output
may exhibit behavior that does not match the actual operation, thus limiting the
model’s usefulness. Considering the need to focus on data availability and model
adaptability in this project, this modeling approach could not be further explored.

2.2.2.2 Motor Map Approach

The electric motor map is like the external characteristic curve of an internal com-
bustion engine. The motor can carry maximum torque when it works at a certain
rotational speed. If the rotational speed is on the x-axis and torque is on the y-
axis, this operating condition could be represented by a point in this coordinate.
After measuring all the maximum torque at each rotational speed, a curve could be
drawn connecting all these operation points, and this curve is called the maximum
torque curve. Multiplying this point’s horizontal and vertical coordinates gives the
power corresponding to that point. Normally, the curve is straight and horizontal
as rotational speed increases before the maximum of the maximum output power
of this electric motor is reached. Then, the torque drops following the increase of
rotational speed, and the curve follows Eq. 2.15. And the curve looks like Fig. 2.11.

Tyaz = 9550 - P/n (2.15)

For PMSM, the electric motor could also work as a generator, so there will be an-
other curve representing the maximum negative torque when the motor produces
the maximum electric power. Furthermore, unlike an ICE, a motor could reverse
its rotational direction. So, add all those working conditions together. There are 4
curves in 4 quadrants, like Fig. 2.12.

However, the driving simulator will only be driven forward for our project. Thus,
the third and fourth quadrants are not taken into consideration.
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Figure 2.11: Maximum torque curve of an electric motor
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Figure 2.12: Maximum torque curve in 4 quadrants

This coordinate has another dimension if this motor’s efficiency is also considered.
Each point in the region where the maximum output torque curve and maximum
generating torque curve are projected onto the x-axis in this two-dimensional plane
corresponds to efficiency. When the PMSM is working as an electric motor, the
efficiency corresponds to Ppec/ Peee; and when it is working as a generator, the ef-
ficiency corresponds to Pijec/Prec- Prec represents the mechanical power and P,
represents the electrical power. The efficiency of all the points can be connected to
form nonintersecting closed curves based on the same values and plotted on a heat
map for direct observation. Then, the complete motor map for the first and second
quadrants is generated, as shown in Fig. 2.13.
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Figure 2.13: A typical motor map with an efficiency of both motor mode and
generator mode [19]

2.2.3 OPD Drive Mode Modeling

One pedal drive (OPD) mode is a new feature of fully electric vehicles, where the
accelerating pedal can accomplish both accelerating and regenerative braking. It
is a feature completely different from the conventional vehicle. Furthermore, this
drive mode is equipped within the test vehicle of this project. Thus, the OPD mode
is essential for the new vehicle model. Normally, those vehicle companies do not
publish the control logic of OPD, so we conducted a literature review on how to
design it more academically.

2.2.3.1 Torque Demand Lookup Table Approach

A method to obtain this function is to design a torque demand lookup table(TDLT)[39],
also called "fixed pedal map" by us, which is adding another dimension, pedal po-
sition, directly to the "motor map," like an internal combustion "engine map" that
also includes 3 dimensions representing crankshaft rotational speed, throttle posi-
tion, and torque output separately. The difference is that the "pedal map" also
includes negative torque, which means the vehicle will be driven in regenerative
braking mode. When the map is applied, the pedal position and the rotational
speed will decide the reference motor torque output together, whereas the rota-
tional speed of the motor is a proportional function of vehicle speed if a fixed gear
ratio is applied on the differential or the gearbox. So, the vehicle could define a
certain driver’s pedal input under a certain speed to accelerate or to brake. An
example of the "pedal map" with different drive modes is shown in Fig. 2.14.
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The advantages of this modeling approach are obvious. First, this method makes
creating several different drive modes easier using the variable "pedal maps'; if the
driver wants to switch between drive modes, the simulation model could switch be-
tween the maps. Second, the motor map could accurately represent the vehicle’s
behavior under each certain speed and pedal position if a map is created with rather
small spaces of linearly spaced variables. However, the drawbacks still exist, first,
the pedal map is bound to only one model of the vehicle, it could not fit if the vehi-
cle parameters are changed, because adjusting the pedal map is creating a new one.
Second, creating a pedal map requires tons of tests with different driving speeds and
driver’s pedal inputs on the test vehicle, through which only the map representing
the vehicle’s behavior could be accurate. Additionally, this approach could cause
endless trouble in tuning the model parameters. Thus, due to the unacceptable
drawbacks to us, even if this approach is the most possible one that is used in real-
life vehicles as we assumed, we decided to move on to other methods.

Eco Pro Normal Expert Pro
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Figure 2.14: An example of a pedal map with different drive modes[39]

2.2.3.2 Sophisticated Pedal Map Approach

From paper[34], we could develop another approach that could also describe vari-
able torque outputs at different velocities and pedal positions. This approach divides
the vehicle behavior in OPD mode into three patterns: accelerating, coasting, and
regenerating braking. The pedal position is divided into three segments at each
longitudinal velocity for a different driving pattern. For example, at 60 km/h, the
pedal position segment for coasting is 0.3 to 0.35(for a fully pressed pedal, the
position is 1 and 0 for totally released). If the pedal is pressed down to 0.6, the
vehicle will accelerate; if the pedal is at 0.32, the vehicle coasts with no mechanic
power output from the electric machine; if the pedal is released to 0.05, the vehi-
cle does regenerate brake, and the electric motor gives a negative torque to the axles.
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Finding a relationship to divide the pedal position into three segments is essential.
If the pedal position is ¢ at the vehicle’s maximum speed, the upper limit of the
coasting pedal position range could be expressed by Eq. 2.16 & 2.17, where m is a
coefficient that could help shape the Pd., — V, curve. And to give some headroom
for the vehicle to coast within a pedal position range, Pd.; represents the lower limit
of the pedal position for coasting, where ¢;, defines the width of the pedal position
range. How the pedal position range for each pattern varies with longitudinal ve-
locity and different coefficient choices could be plotted as Fig. 2.15.

Va
‘/z,max

Pdg, = ( " (2.16)

Ve \m |2
Pdy = qb(vx mw) Ch (me) (2.17)
For the pedal position in regeneration braking, the torque output of the electric
motor could be controlled by Eq. 2.18 and 2.19, where a,., b, and ¢, and ¢ are all
coefficients to shape the behavior of the regeneration brake response of the pedal.
7, states the regenerate brake torque given by the electric motor and 7, is the
maximum regenerate brake torque the electric motor could provide. 5;:;1 = 0 when
Pd = Pd, is to form a seamless brake response from the pedal. Also, the regenerate
torque fraction of the maximum regenerative torque of the motor is controlled by a

look-up table, for example, Fig. 2.16.

7. = a,Pd¥ + b.Pd +c, (2.18)

Tr = Trm WhenPd =0

7., =0 whenPd = Pd, (2.19)
=0 whenPd = Pdy

As for accelerating, the accelerating performance is controlled by the Eq. 2.20,
where the Pd,, states a refined pedal range that could "shrink" the full 0-100 pedal-
controlled torque output percentage into a shorter pedal movement. It enables the
electric motor to output its maximum torque even if the pedal is not pressed fully
down, making the vehicle have a fast pedal response at low speeds. 7, represents the
motor torque used to accelerate the vehicle, and 7, is the maximum accelerating
torque the motor could provide v could give the response certain characteristics.
The motor’s maximum torque is also limited by a look-up table, which is also based
on vehicle velocity, preventing the vehicle from losing control at low speed when a
large torque is applied to the wheels, which could cause severe tire slip. The exam-
ples of look-up tables are shown in Fig. 2.17.

. ( Pd — Pd,, )v -

Pl P (2.20)
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Figure 2.15: Accelerator pedal position divided for each pattern at different ve-
locities and with different coefficient choices|34]
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Figure 2.16: Fully released pedal torque input and accelerator pedal
characteristic[34] position characteristics|34]

The drawbacks of this approach is obvious: the vehicle is controlled by the "pedal
segments'. If the segments are not shaped well, the strange behavior of the vehicle
will confuse the driver. However, this approach has fewer parameters, making pa-
rameter tuning easier. Thus, the simulation model for this project will follow this
approach with some modifications.

2.2.4 Brake Override System Modeling

A particular case needs to be considered for road vehicles: the driver presses the
accelerator pedal and the brake pedal simultaneously. In this case, BOS (brake
Override System)[21] requires a control logic to keep the traffic safe. The BOS sys-
tem monitors the inputs from the gas and brake pedals. When it detects that the
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brake pedal is activated, even if the gas pedal is pressed simultaneously, the system
prioritizes the braking command. It reduces the engine power to help the driver
control the vehicle and slow it down as quickly as possible. This technology signifi-
cantly improves vehicle safety and prevents accidents caused by operator error. For
example, Toyota applied this technology in several models to respond to several un-
intended acceleration incidents of high public concern during 2009-2010[6]. Toyota
subsequently released a series of technical reports and white papers on implementing
and enhancing BOS technology[31].

2.2.5 Differential Modeling

A Differential allows wheels on both sides to rotate at different speeds while receiv-
ing torque from the same drive shaft. Vehicles need to corner smoothly, as the outer
wheel travels at a higher rotational speed than the inner one. Differentials can also
provide a gear ratio between the input and output shafts[7], usually called the "axle
ratio" or "diff ratio." A differential is also needed to differentiate the wheel speed for
an electric vehicle that does not use hub motors because the electric motor is also
fixed at the center of the front and rear wheels like a conventional vehicle.

Ring-and-pinion differentials have a simpler structure and are widely used in electric
vehicles, so this differential will be modeled. It normally consists of axles, a drive
gear, an output, planetary gears, a Carrier, an Input gear, and a drive shaft. The
structure is illustrated in Fig. 2.18. The carrier is fixed with the drive gear. When
the drive shaft transfers torque to it, the carrier rotates, which makes the planetary
gears orbit with the carrier. Then, the torque is applied to both output gears, and
the axles drive the wheels. When the vehicle is driven directly forward, the plane-
tary gears only orbit without rotating on their axis, giving an equal rotation speed
to the wheels on both sides. When the vehicle is cornering, the planetary gears
rotate on their axis to let the wheels on both sides rotate at different speeds.

Figure 2.18: Ring-and-pinion differential structure overview|7]
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The torque received on both sides are almost equal, however, if the planetary gears
are rotating on its own axis, there are frictions between them and the carrier. The
friction produces a torque difference My;¢s between both side axles. Also, if the
drive shaft torque is taken into consideration, this effect could be represented by a
so-called differential lock coefficient Kg;rr, which equals the torque difference over
drive shaft input torque: Mg;rr/Marp. So, if the vehicle turns left, the torque out-
puts at both axles are derived as Eq. 2.21 & Eq. 2.22. If the vehicle turns right,
the torque outputs are as Eq. 2.23 & Eq. 2.24[11] .

Tq = My, - Hé{‘”f (2.21)
Tq, = My - 1_?“ (2.22)
Tq = My, - 1_;(‘1” (2.23)
Tq, = My, - Hg(d” (2.24)

2.2.6 Brake Modeling

The simcarl4 model is used first in driving simulator simIII, which has a complete
physical hydraulic line for four wheels and can detect the pressure on each brake
caliper. The driving simulator simIV and minisim use brake pedal position as the
only brake system input, so there is a simple model converting the brake pedal po-
sition into brake caliper pressure. In order to provide a more precise description of
the working process of hydraulic brake system, we decided to build a new physical
brake model.

2.2.6.1 Physical Brake Process Overview

Normally, the brake system of a passenger car consists of several parts: pedal,
vacuum booster, main cylinder, 4 brake calipers on 4 wheel rims, and hydraulic
hoses to connect them together. There are also ABS(Anti-locked brake system) and
EBD(Electric Brake force Distribution) systems to control how a simple press down
on the brake pedal will be transferred to different brake torques on separate drive
shafts, which will be talked about in the following sections.

When the pedal is pressed down, the force and displacement are transferred to the
vacuum booster through a pushrod. Then, the vacuum booster increases the force
to a higher level and pushes the primary piston with this force. There are two cylin-
ders in the hydraulic system, the secondary piston is pushed by a spring connected
to primary piston. The pushing forces on pistons are turned into the pressure of
hydraulic oil in two cylinders that provide the brake pressure in the front wheels’
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brake calipers, and for the rear wheels, the pressure is transferred through propor-
tioning valves. Finally, the pressure in hydraulic oil presses the brake pads on the
brake discs, turning the pressure into friction that slows the vehicle down. Nor-
mally, the process and the hydraulic system layout on a passenger vehicle[10] could
be described by Fig. 2.19 and Fig. 2.19.

Master Vacuum
Cylinder

Booster

Pedal
Linkage

_

ABS/TCS
Hardware

S~

LF Brake To RF, LR Brakes

RR Brake

Figure 2.19: Brake system layout[10]
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Figure 2.20: Brake hydraulic line layout[10]

2.2.6.2 Brake Force Distribution

Like distributing drive torque, each wheel’s brake force must be well distributed
to achieve the best performance. In a traditional four-wheel vehicle brake system
layout, the left front wheel and the right rear wheel share one hydraulic line that
connects to one cylinder, while the right front wheel and left rear wheel share another
independent hydraulic line. This is designed to prevent the vehicle from maintaining
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braking capacity on the left and right sides and front and rear wheels if one of the
hydraulic lines fails. Each line has a proportioning valve to control the pressure of
the hydraulic line to each rear wheel caliper.

Traditionally, the brake distribution factor, the gain value of the proportioning valve,
is a fixed constant. The value requires that under any brake strengthz (z = a,/g),
the brake pedal is pressed down. The rear wheels must lock up after the front
wheels. If the rear wheels lock up first, the vehicle will lose control easily with a
tiny steering wheel angle change, which is extremely dangerous. So, it leads to two
solutions: distribute the brake force on each wheel more perfectly and implement
ABS. Now, combining them both has become very ordinary.

No matter how we apply forces and torques on axles or on rims, all of them are
transferred to the interface between the tire and road surface, which is limited by
the attachment condition. The condition is determined by the road, the tire, and
the vertical load on the wheel. In sunny weather city drive conditions (dry tarmac
road surface and rubber tires), which the project focuses on, the road and tire factor
on each wheel is the same. The only influence is vertical load. A larger wheel load
can provide better attachment so the tire can withstand larger longitudinal force
before it slips. So, it is reasonable to distribute higher brake force on wheels with
larger vertical loads to use tire attachment fully|[2].

So, an ideal distribution ratio between front and rear wheels, K4 igear could be
defined. If we have a mechanical analysis on a driving vehicle with acceleration
on a slope, it looks like Fig. 2.21. If aerodynamic drag and rolling resistance are
neglected, the vertical force on the front and rear wheels are described as Eq. 2.25
& 2.26.

Figure 2.21: Mechanical analysis on a driving vehicle with acceleration on a
slope[2]

lcos(p) + heasin(y) hea )

— Qy - 2.2
ly +1, N ly +1, (2.25)

sz:m'(g
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Foo—m- (g lycos(p) — hogsin(p) a, - hea )
[ f + lr [ f + lr
The front and rear wheel load fraction will be like Eq. 2.27, and The ideal brake
force distribution ratio follows this fraction.

(2.26)

Ay
I, + h(tan(ap) — ®
cos
sz/Fzr = J 4 L4 = Kbrk,z’deal (227>
Iy — h(tan(p) — 2
)~ 2

26



3

Electric Vehicle Model

The new electric vehicle model is created based on the simcarl4dof model with
Simulink. In this model, the old ICE powertrain model is replaced with a dual-
motor powertrain model, which is equipped with many new features such as torque
distribution, regen brake, one pedal drive, brake override, and traction control. Also,
the battery model is added to the new powertrain model. The old brake system is
modified to suit only one input - brake pedal position and suit the energy regener-
ation feature of the new powertrain model.

3.1 Powertrain Model

The most significant difference between all-electric and conventional fuel vehicles is
that they use a completely different powertrain. The powertrain of a full-electric
vehicle is driven by an electric motor rather than the internal combustion engine
found in conventional vehicles. This fundamental change means that the power-
train must be replaced in the simulator’s original model to accurately represent the
performance and characteristics of an all-electric vehicle during vehicle simulation.
Through this substitution, the simulation model can simulate the actual operation
of an electric vehicle, including acceleration performance, energy consumption, and
battery management, for simulation purposes.

3.1.1 Model for Battery

The battery system of the model is modeled using the 2nd order Thevenin Model,
and the Fig.(3.1) shows the complete picture of the battery model. Firstly, the fol-
lowing Eq.(3.1) calculates the battery’s remaining power in Ampere Hours.
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Figure 3.1: Overview of Battery Model
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Figure 3.2: Residual Charge of batteries calculation model

Cd,AmpHr — (31)

I
1. / S —
N, x 3600

As shown in Fig.(3.2), where N, represents the number of parallel cells and Cy gy, m,represents
the remaining charge of the battery, this integral allows for setting the initial value.

Suppose the starting SOC value is set outside the model, and the maximum battery

charge is also set in the model setup. In that case, the initial residual charge in the
batteries can be calculated using Eq.(3.2).

CAmpHT,O = SOCO : CAmpHT,Ma:B (32)

After obtaining the residual battery charge in the above way, the current SOC of the
battery can be calculated using Eq.(3.3). Since there is a correspondence between
the battery output voltage and the battery SOC, the second module uses the existing
battery OCV data for fitting[38]. This OCV-SOC relationship fitting curve is shown
in Fig.(3.3).

SOC — Gl amprr (3.3)

CAmpH r,Max
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Figure 3.3: SOC-OCV Curve

After obtaining the OCV, the battery’s output voltage can be modeled using the
2nd-order Thevenin Model. That is, Eq.(2.5), (2.6) and (2.7). Also, to protect the
battery, the model will terminate the overall simulation process when the battery
SOC is less than 10% and continuously discharged.

3.1.2 Model for Motor

The role of the electric motor is regarded as a central element in an all-electric vehicle
powertrain modeling project. The aim of the electric motor model is to transfer the
driver’s accelerating pedal input into the drive torque and power of the motor. The
electric motor not only directly determines the car’s power output but also affects
the energy efficiency ratio and range, making it a critical component that influences
the performance of an electric vehicle. The Volvo C40 Recharge Twin version was
chosen as the test model for this project. This model adopts an advanced dual-motor
four-wheel drive system, providing higher power output and better driving stability,
making it an ideal candidate for studying the powertrain of all-electric vehicles.

To provide comprehensive coverage of different types of electric vehicles and to meet
a wide range of simulation and analysis needs, this project not only provides in-depth
modeling of the two-motor system of the Volvo C40 Recharge Twin version but also
simulates the powertrain of a single-motor all-electric vehicle. Such a dual-track
modeling strategy ensures that the study can be applied to various available EV
configurations, ranging from single-motor compact EVs to high-performance EVs
equipped with multi-motor powertrains.

3.1.2.1 Single Motor Model

First, modeling a single-motor model of an all-electric vehicle powertrain is carried
out, a standard configuration in electric vehicle powertrain design. In this model,
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the electric motor not only serves as the vehicle’s primary power source but also as-
sumes the function of energy recovery by feeding power back to the battery through
the inverter during braking. The structure of the model is shown in Fig. (3.4),
covering the critical components of the EV powertrain and their interactions. The
inputs and outputs of the model are shown in table (3.1).

£
V_x [kmlrg
pd Torque Ref [N'm] Torque Ref [N'm]
T_em [Nm] 4@
Torque
Engine speed [rad/s]
Current | [A]
—>vv
Engine Speed [rad’s] Current | [A]
Torque Reference Calc
>(2)
Eng_speed

Vivi

Figure 3.4: Single Motor Model Overview

Table 3.1: Input and Output Variables of the Electric Vehicle Powertrain Model

Variables Name Descriptions Unit
Input

w_wheel left Speed of the left wheel rad/s

w_ wheel right Speed of the right wheel rad/s

GR_ tot The total gear ratio -

\Y% Voltage input of motor \Y

SOC State of charge of battery %

Drive mode Different driving mode of the vehicle -

V x Vehicle longitudinal speed m/s

pd Acceleration pedal position %

BOS_ signal Brake override system control signal -
Output

Torque Motor output torque Nm

Current I Motor current A

Eng speed Motor speed rad/s

First, the ideal motor speed can be calculated from the wheel speed and the total
transmission ratio by using Eq .(3.4). This ideal rotational speed represents the
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speed at which the motor will operate when there is no influence of any external
factors (e.g., motor efficiency, battery status, etc.). The ideal motor speed is based
on a direct relationship between the wheel speed and the total transmission ratio.
The wheel speed is derived from the vehicle tire model, while the total transmission
ratio is part of the vehicle model parameters.

Wiheel left + Wuwheel right

5 (3.4)
Next, the relationship between the motor supply voltage and the calibrated (or
rated) voltage needs to be considered to get the actual motor speed. The actual
motor speed will be affected by the battery voltage level because the voltage level is
directly related to the amount of power the motor can deliver. Therefore, by using
the ratio of the actual voltage to the calibrated voltage as a scaling factor, the ideal
speed as Wotor,ref, can be adjusted to reflect the performance of the motor under
actual operating conditions. This step can be calculated by Eq.(3.5). The actual
voltage is obtained from the vehicle’s battery model, while the calibration voltage
is the standard operating voltage set during motor design.

Wmotor,ref = GRtot :

Wmotor = Wmotor,ref ‘/7'1(7‘77/1'mal (35)
To comprehensively simulate and evaluate the performance of the all-electric vehi-
cle under different driving conditions, three driving mode switching structures were
specially designed to reflect the effects of different driving preferences and road con-
ditions on vehicle performance. These driving modes are single pedal mode, normal
driving mode with a regenerative braking system, and normal driving mode without
a regenerative braking system. Each mode is designed to simulate the performance
of an electric vehicle in real-world driving through a unique control strategy. The
switching structure of these three driving modes is shown in Fig.(3.5).

To represent the performance of the electric motor, a motor map is essential for
modeling all the drive modes. The motor map could be modeled with two parame-
ters: the maximum power output and the maximum torque output from the motor,
and those two parameters are rather easy to access for a mass-produced vehicle.
With those two parameters the motor could be modeled as a 2-D look-up table with
the method in section 2.2.2.2.

In one-pedal mode, the driver controls acceleration and deceleration with a single
pedal. Pressing the pedal down indicates acceleration, and releasing the pedal au-
tomatically activates the power recovery system for deceleration. In this mode, the
vehicle’s power recovery efficiency is maximized, as almost all deceleration is ac-
companied by energy recovery. In Normal Driving Mode with power recovery, the
vehicle’s acceleration and deceleration are controlled by two different pedals, sim-
ilar to the operation of a conventional fuel vehicle. However, unlike conventional
fuel vehicles, when the driver presses the brake pedal, the power recovery system is
activated, recovering a portion of the kinetic energy to be converted into electrical
energy and stored in the battery. Power recovery in this mode is less efficient than in
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Figure 3.5: Overview of Different Drive Mode

one-pedal mode, but provides a more traditional driving experience. Normal Driv-
ing Mode without Power Recovery simulates the driving performance of an electric
vehicle with no energy recovery at all. Acceleration and deceleration are controlled
entirely by the accelerator and brake pedals, and releasing the accelerator pedal
does not trigger power recovery.

The OPD mode is built based on the approach mentioned in 2.2.3.2, but some little
modifications are applied. The motor map used here is defined by the motor on
the experiment vehicle. The maximum torque output of that motor is 330Nm, the
maximum power of that motor is 150KW. By using the same method used in 2.2.3.2,
the motor map can be defined. The motor map is shown in the Fig.(3.6).
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Figure 3.6: Motor Map for 330Nm 150KW Motor
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The pedal segmentation of three operating conditions are divided with the same
method and equation as Eq. 2.16 & 2.17.For the coasting operation, the reference
torque output of the electric motor is 0 and the vehicle travels with its own iner-
tia. For the accelerating operation, how the vehicle accelerates depends on how the
accelerator pedal is pressed, the relationship is represented in Eq. 2.20. As it is men-
tioned, there is a reflection relation in order to slightly adjust the pedal response.
The acceleration section of the model is shown in Fig. 3.7. The regenerative braking
mode is modified to lower the difficulty of implementing the pedal-torque relation-
ship to the Simulink model. The relationship is shown in Eq. 3.6. In this equation,
Pd' represents a new factor that is used to calculate how much the regenerative
brake torque, depending on the driver’s will, is released. Then Pd’ will multiply
the maximum torque defined by the motor map mentioned in 2.2.2.2, and then
multiply the look-up table that determines how the maximum regenerative torque
varies with vehicle speed, as shown in Fig. 3.8. Then, the control logic of torque ref-
erence from pedal input is formed. The modeling of OPD mode is shown in Fig. 3.9.

Pdy — Pdympares
— ) (3.6)

Pd/ - ( Pdcl

(D, »

Action Port

((u(1)-u(3)/(u(2)-u(3)) u(4

1-D T(u)

Tq_mot_r

Figure 3.7: Model of accelerating with OPD mode
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Figure 3.9: Model of OPD mode

The second mode is the conventional driving mode with brake power regeneration
system when OPD is not activated. The structure of this driving mode is shown
in Fig.(3.10), which allows the efficient utilization of the energy regenerated during
braking without driving with a single pedal.
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Figure 3.10: Conventional Driving Mode with Brake Power Regeneration

In this mode, the motor’s operation is divided into two distinct phases: acceleration
and recovery. When the accelerator pedal is depressed, the motor dynamically out-
puts power according to the input pedal position. The output torque is calculated
in the same way as in the single-pedal driving mode, i.e. based on the current speed
of the motor and the pedal position, the corresponding maximum torque value is
found from the speed-torque graph and adjusted according to the pedal position to
obtain the actual output torque.

When the accelerator pedal is fully lifted, the vehicle coasts like how a conventional
vehicle does, and when the brake pedal is depressed, the system seamlessly transi-
tions to the energy recovery phase, as shown in Fig.(3.11). In this phase, the motor’s
control system intelligently finds the appropriate torque value based on the current
motor speed through the speed torque graph. This torque value is then multiplied
by a preset kinetic energy recovery scaling factor to calculate the kinetic energy
recovery braking torque. This mode ensures that even in regular driving mode, the
vehicle’s deceleration is efficiently converted into a charge for the battery.
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Figure 3.11: Power Regeneration System

In the last mode, OPD is not switched on, and neither is the energy regeneration
system. In this mode, the driving experience is more similar to that of a conven-
tional internal combustion engine. When there is input from the pedal, the torque
output is calculated in the same way as the above. However, when there is no input
from the pedal, the model does not output torque.

3.1.2.2 Dual Motor Model

Since the vehicle on which the model is based is a Volvo C40 Recharge twin motor
model, there are apparently two motors in the vehicle, so two motors in total will
be included in this Simulink model. It is easy to put them in the model. The key
is to arrange their torque output. When the vehicle is accelerating or braking, due
to the distance between the vehicle COG and the straight line connecting the front
and rear wheel centers, a moment is generated. To compensate for this moment,
the wheel loads of the front and rear wheels will be transferred (if all the wheels
remain attached to the road surface). It is the attachment condition at the tire-road
interface that influences how large a wheel can bear the power output from the shaft.
It is reasonable to distribute more torque on the front or rear wheels with better
attachment conditions, i.e., larger wheel loads.

From the axles subsystem, the wheel loads of 4 wheels are calculated separately.
Then from that the ratio between front wheel load and rear wheel load could be
calculated out.

For building the model, the single motor model in the previous text is used for the
rear motor. Based on the reference torque generated by the rear motor, the front
motor is controlled by the ratio between the front wheel load and the rear wheel load.
Since the front motor cannot output more than the torque it could provide, a torque
limiter has been implemented. The limiter calculates the maximum torque the front
motor could provide at certain rotational speed and limit the ratio-calculated torque
does not go beyond that value.

However, this torque control method is to make the best use of vehicle traction force.
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It is not for brutal acceleration. It is proven in model tuning that when the front
and rear motors both output their maximum torque, the vehicle will have the largest
acceleration. So the strategy of acceleration pedal will be: try to make the front
motor produce as much torque as the rear motor, if the front is not able to achieve
that, output its maximum torque. So, two different dual-motor systems are built:
one has a dynamic torque distribution, and the other has a fixed torque distribution
ratio. The later one is what is applied in the final edition of the VDM built in our
thesis work. The Simulink model for the dual motor is shown in Fig. 3.12.

Also, the torque output from the electric motor is controlled by Traction control
system, which will be in the following section.
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Figure 3.12: Overview of dual motor model

3.1.3 Traction Control System

Traction control system (TCS) is a vehicle safety feature designed to prevent loss of
traction of the driven wheels during acceleration, particularly on slippery or uneven
road surfaces. It works by detecting when one or more of the wheels is spinning
faster than the others, indicating a loss of traction, and then applying individual
wheel braking and/or reducing engine power to prevent wheel slip and regain trac-
tion. For this model, TCS is designed to detect only the longitudinal wheel positive
slip (Wwheet * Ruwneer > Vi, usually occurs when accelerating), because negative slip
(Wwheet - Ruwneer < Vi, usually occurs when braking) is controlled by ABS in the brake
system As for the regenerative brake, it seldom reaches the slip limit of the tires, so
the negative slip caused by regenerative brake is not considered in this model.

The basic frame of TCS is a PID controller. The error is the value of the real wheel
slip exceeds the defined slip limit. Then, the torque reference is calculated by a
single motor model from the pedal position minus the PID-controlled error, and the
new torque reference after TCS is generated.
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The torque reference bypass is also designed to achieve the "T'CS on-off" function
that could be controlled on the driver’s control panel.

The traction control with variable torque distribution model is shown in Fig. 3.13.

LongSlip_rr

GO

TC_enable

Figure 3.13: Overview of TCS and variable torque distribution

3.1.4 Model for Brake Override System

The model is divided into two parts to implement the BOS function. The BOS
control unit is shown in Fig. (3.14). The BOS control unit receives the position of
the accelerator pedal and the brake pedal as input signals. It first checks whether
the position of these two pedals is activated (i.e., the position value is greater than

0) and generates logic signals for each of them. This step ensures the system can
recognize whether the driver is operating the pedals.
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Figure 3.14: BOS Control Unit

Next, the control unit processes the two logic signals using NAND gate logic, which
is a basic logic gate that outputs 0 (FALSE) when and only when all input signals
are 1 (i.e., TRUE) and 1 (TRUE) for any other combination of inputs. This model
means that when both the accelerator and brake pedals are activated, the output of
the NAND gate is 0; if only one or none of the pedals are activated, the output is 1.
The output of the NAND gate is used as the BOS control signal. This signal reflects
whether the BOS system needs to be activated to prioritize the brake operation.

(C2) >
C7) “ b;z\—b pd

BOS_signal

0 | g —

Figure 3.15: BOS in Motor Model

The system utilizes the BOS control signal through a Switch module in the motor
model section, as shown in Fig. (3.15). When the BOS control signal is 0 (i.e., when
both pedals are activated at the same time), the Switch module sets the accelerator
pedal position signal input to the motor model to 0. In this way, the motor does
not receive an acceleration command even if the accelerator pedal is pressed, thus
ensuring that the braking operation can be prioritized and the basic functionality
of the BOS system is achieved.
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3.1.5 Differential Model

The theory of building the differential model is described in section 2.2.5. Since the
vehicle modeled is a dual motor all-wheel drive vehicle, there are going to be two
differentials located at both the front and rear axle, near the front and rear motor.
The differential is modeled as an open differential with a lock coefficient K45¢. The
coefficient K455 could be tuned so the vehicle could have different cornering perfor-
mance.

There are three working conditions for the driving direction of the vehicle model:
forward, turning left, and turning right. A dead zone is added to the wheel rotational
speed difference, under which the vehicle is considered driven directly forward, and
the speed difference is considered zero. Each driving direction is modeled separately
and selected by a logical operator comparing the two wheel speeds with the speed
offset. The axle torques are calculated using equations 2.21 to 2.24. Because all
torques are calculated as steady-state results, some transfer functions are added to
the torques to give the model some dynamic response, which is the final axle torque
output. Then, the differential model is built as Fig. 3.16.
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Figure 3.16: Overview of differential model

3.1.6 Powertrain Model Overview

After all the models have been built, the powertrain model could be assembled with
those parts above. The completed powertrain model is shown in Fig. 3.17.
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Figure 3.17: Completed powertrain model

3.2 Brake Model

The brake model used in the new EV model is modified from the old one from the
simcarl4dof model, changing its input from 4 separate brake hydraulic line pressure
into brake pedal position. Also, to fit the regeneration function of the new driveline
model, the brake distribution model is also implemented.

3.2.1 Physical Model of Brake Hydraulic Line

Apparently, the whole physical process includes many dynamic solid mechanics and
fluid mechanics. To model it, the first simplification is to neglect those dynamics
and build a steady-state model. The reason for doing this is we do not need to
measure the inertia of the solid parts like the brake pedal, and we could also not
concentrate on fluid properties of hydraulic oil, like kinetic viscosity. The second
simplification is that hydraulic oil is considered not compressible. The third sim-
plification is to only model the primary piston and cylinder, which does not have a
significant drawback except making the brake torque no difference between left and
right axles. Then the hydraulic line could be simplified as figure 3.18 Then some
equations could be tidied up for model building.
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Figure 3.18: Simplified Brake hydraulic line layout

When the pedal is pressed down by a foot, there are two variables: force and dis-
placement. In reality, the displacement is a rotation because the pedal is rotating
around a rotating center. But if the rotation is in a small range, it makes nearly no
difference to replace it with a linear displacement. As to the force, in our vehicle
simulator, the SimIV has only the brake pedal position as an input. So, according to
the solutions in the current simulators used in VTI, the pedal force could be a func-
tion of pedal position, and the function could be derived by a polynomial regression:

_ 3 2
Fpedalbrk - Axpedalbrk + ngpedalbm + CxPEdalbrk: _I_ D (37)

And then, as Fig. 3.19 shows, when the pedal is totally released, there is a small gap
between the pushrod connected to the pedal and the main piston rod. The distance
of this gap represents the dead zone of the brake system, and it will be zero when
the pedal is slightly pressed down. Therefore, the displacement of the pushrod and
main piston rod could be described as:
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Figure 3.19: Vacuum Booster Construction[10]

Lpistonpry — Lpushrodyry = Lpedalpry — lgapbrk (38)

Then, it comes to the calculation of the pressure in the main cylinder. The pressure
is produced by the force pushing the piston to compress the hydraulic oil in the
cylinder, and that force could be calculated by several force equilibrium equations.
The force on the pushrod and the piston are considered.

Fout = Py + Fy — Fis (3.9)
Frg = Frsy + KrsTpedaly, (3.10)
Fpiston = Fout — Fes — Fef (3.11)

Fos = Fesy + Kes * Tpistony,, (3.12)

Then, the main cylinder pressure equals the force compressing the hydraulic oil over
the cross-section area of the cylinder A,,.:

Pmc = Fpiston/Amc (313>

The pressure is then transferred to two separate hydraulic lines: to the front wheels
and to the rear wheels, as shown in Fig. 2.20. Normally, the hydraulic lines for
the front wheels are connected directly to the main cylinder, which means the brake
pressure for the front axle is equal to the pressure in the cylinder. The hydraulic
lines for the rear wheels are connected to the main cylinder through a proportioning
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valve, which controls the ratio of the pressures in those two hydraulic lines. The
equations 3.14 show this relationship:

Pbrkr == Kvalve : Pmc (314>
After calculating the pressures of the front and rear axles, it is time to find the
relationship between it and the brake effect. For a brake caliper connected to a
hydraulic line and fixed to a wheel hub, the pressure in the brake line is applied
to the brake pads, pressing them firmly on the brake disc, which produces friction
force. Then, the friction force is transferred to the tire, and by the friction between
the tire and the road surface, the car is slowed down. To simplify this process, it is
accepted that the friction force on the brake disc is represented by the brake torque
on the axles, which is like the torque driving the wheels. From many results of the
experiment, the relationship could be linearly fitted by a segmentation function.

0 ifA-P,.— B<0
Tb”ff—{A-Pmc—B if A Ppe— B >0 (3.15)
Tbrkr == Kvalve : (APmc - B) (316>

In these equations, A is for the gain that transforming hydraulic pressure into brake
torque, B is for the gap between brake pad and brake disc when the brake pad is
at initial condition. The Simulink model of the master cylinder is shown in Fig. 3.20

= 1/A_mc

—»{ 1e3°u(1
O [ ecmtroes

Figure 3.20: Master cylinder Simulink model

3.2.2 Brake Distribution for OPD and Series Drive Mode

From the Axle subsystem, wheel loads on 4 different wheels are calculated, and the
fraction of load on the front axle and load on the rear axle will then be known. The
ideal brake force distribution will follow this fraction, as shown in Eq.3.17. If the
electric vehicle is driven in "series" or OPD mode, which is, without regenerative
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braking or when the extra brake is required for OPD mode, this fraction K., will
also be Kq0e used in Eq.3.16. And the brake subsystem model is shown in Fig. 3.21.

Kbrk - sz/Fzr (317)
Measter C: ylinder E

aaaaaaa

Figure 3.21: Brake subsystem model in series and OPD mode

3.2.3 Optimized Brake Distribution For EV

However, if the energy regeneration is taken into account, the vehicle is slowed down
by both the brake and regenerating torque simultaneously when braking, as shown
in Fig. 3.22. If the add-up of those two torques for front and rear wheels follows
the ideal distribution, it will require a new K,q,.[23]. From the torque analysis, we
could have the following equations:

VX

Figure 3.22: Brake torque in total, including regenerative braking and hydraulic
braking

Tbrkf,tot = Tregf _'_ Tbrkf,hyd (318)
Tbrkr,mz = TTegT + Tbrkryhyd (319)
Tork,
= Ky, 3.20
Tbrkr tot ok ( )
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Ty
Kl e = rorithut (3.21)

So, K! . could deduced from those four equations above:

valve

1 Tre
;alve - - = (322)
Kb/rk . Tregf Tbrkfyhyd

Tbrkr, hyd + Tregr

The subsystem model at "regenerative braking" mode is shown in Fig. 3.23.
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Figure 3.23: Brake subsystem model in regenerative braking mode

Then, it comes to assembling these models together so the brake subsystem model
could fit those three drive modes. After that, the ABS is added on each wheel, and
another link to control ABS on-off is connected to the driver’s control panel. The
Simulink model looks like 3.24.
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Figure 3.24: Brake subsystem model
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3.3 Electric Vehicle Model

In this project, a comprehensive basic model of an all-electric vehicle was built,
implemented, and optimized in the Simulink environment, as shown in Fig.(3.25).
By replacing the powertrain and brake system models, the project team optimized
and reconstructed the original Simulink model to achieve the all-electric vehicle’s
dynamic simulation. At the same time, the project converted the subsystems of the
original model into Simulink library files. This improvement improves the modular-
ity and manageability of the model and lays the foundation for subsequent updates
and extensions.
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Figure 3.25: Electric Vehicle Model

The conversion to library files allowed the project team to modularly manage and
update the model. By saving individual subsystems as separate library components,
developers can do so directly in the library whenever a specific feature needs to be
modified or improved without rebuilding the entire model. This not only speeds
up development but also simplifies the process of error troubleshooting and func-
tional verification. This approach improves the scalability of the model. As the
project progresses and the technology evolves, new features and sub-models can be
developed and added directly to the existing library files. In this way, the modeling
framework does not need to be massively modified, but only new submodels can be
replaced or added to the basic modeling framework.

The structure of these library files is illustrated in Fig.(3.26), providing a clear view
of how the individual subsystems are organized and managed. In the Simulink en-
vironment, these library files can be directly called and applied to different projects
and simulation scenarios, improving the development efficiency and ensuring a high
degree of model consistency and reproducibility.

In the input segment of the model, a driver input module was designed to allow

the user to customize and preset the initial parameters of the vehicle to suit dif-
ferent testing and simulation needs, as shown in Fig.(3.27). The module provides
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Figure 3.27: Driver Input System

an intuitive interface that allows the user to adjust the vehicle’s key settings eas-
ily. The main functions of the Driver Input Module include setting the initial SOC
of the vehicle, which allows the user to simulate the vehicle’s driving performance
under different states of charge to evaluate the effectiveness of the battery man-
agement strategy and the performance of the EV under real-world road conditions.
In addition, the module supports setting the vehicle speed limit. As explained in
the above section, the driver input module also supports selecting different driving
modes, each with different power output and energy recovery. The module also
integrates on/off controls for ABS and TC. By activating or deactivating these sys-
tems, the user can study their specific impact on the vehicle’s dynamic performance.

In this project, considering the complexity of the vehicle model and the variable
dynamic response, the model adopts Simulink’s BUS system, which effectively man-
ages the data transmission between different sub-modules, including the packing,
sub-packing, and unpacking processing of the data, to ensure the accuracy and real-
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time information flow.

The accelerator pedal signal input by the driver is fed into the powertrain mod-
ule, which is responsible for calculating the torque output and speed information of
the motor. At the same time, the brake pedal signal is fed into the brake model,
which calculates and generates the brake torque on the four tires, and this torque
information is then packaged into brake signals for further processing. In addition,
the input signals from the driver’s operation of the steering wheel are fed into the
steering system, from which the system calculates the necessary steering adjustment
information.

Next, information ranging from road information, steering information, brake infor-
mation, and powertrain output, all of which are passed to the tire model, is used to
calculate the dynamic performance of the tires. The dynamic response of the tires
has a direct impact on the stability and safety of the vehicle. At the same time, the
chassis module receives the road information and calculates the dynamic response
of the vehicle chassis based on the suspension forces on the four tires, and this sus-
pension information is not only fed back into the tire model for further dynamic
calculations, but is also used in the calculation of the axle model, where the axle
model combines the road information, the suspension information of the tires, and
the acceleration of the vehicle in the xy-direction, to compute the force of the four
tires in the z-direction. This result is fed back into the tire model to simulate how
the tires will behave accurately in real-world driving.

Eventually, the outputs of all the sub-models are pooled into the chassis model,
which is responsible for calculating the vehicle’s acceleration in all three xyz direc-
tions and the velocity and acceleration information of the body’s pitch, roll, and
yaw. These dynamic parameters are fed back to the driving simulator through the
output module, thus reflecting the simulated dynamic performance of the vehicle in
the driving simulator in real-time, providing the driver with an all-electric vehicle
driving simulation experience.
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Experiments

The previous section described in detail the simulation modeling process of the all-
electric vehicle in this project. In order to ensure that the simulation model is the-
oretically accurate and can truly reflect the dynamic performance of the all-electric
vehicle in the natural environment, this chapter will focus on the experimental val-
idation steps taken to improve the model’s reliability. This process consists of two
parts: collecting necessary vehicle operation data through information acquisition
and experiments and fine-tuning and validating the simulation model using these
experimental data. These data tune the model. This process involves not only ap-
plying the experimental data directly to the model but also improving the model’s
accuracy by tuning it and comparing the differences between the predictions of the
model and the experimental observations. At the same time, the experimental data
also allow for the validation of the model.

4.1 Vehicle General Data & Experiments Data

In the planning stage of the experiment, the data requirements should be defined.
The type of data expected to be acquired from this experiment, the source of the
data, and how the data will be applied first need to be planned and organized in
detail before the experiment begins. This process involves two key data categories:
static vehicle parameter information and dynamic data acquired during the experi-
ment.

4.1.1 Vehicle General Data

For the designed simulation vehicle model to be as close as possible to the perfor-
mance and behavior of a real vehicle, an important step is to collect and analyze
the relevant parameters of the vehicle in detail. Table (4.1) shows the key param-
eters that need to be collected to refine this simulation model. These parameters
include the vehicle’s power performance data (e.g., maximum power, torque, etc.),
dimensional parameters (e.g., vehicle length, width, height, wheelbase, etc.), mass
parameters, and tire characteristics. Most of these parameters can be obtained by
consulting the official website or technical manual of the subject vehicle, which pro-
vides a reliable source of information for the model’s accuracy.
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Table 4.1: Vehicle Data Requirement

No. | Name Units
1 | Vehicle Mass kg

2 | Vehicle Front Area m?

3 | Vehicle Size M1 1M
4 | Vehicle Center of Gravity position | (x,y,z)
5 | Maximum Vehicle Speed Limit m/s

6 | motor max output torque

7 | motor max power output W

8 | battery cell capacity Ah

13 | Track Width m

14 | Wheelbase m

18 | Wheel Radius m

4.1.2 Experiments Data

An integral part of the experimental process is the collection of vehicle dynamics
data that will be used for subsequent model calibration and refinement. Ensuring
that a comprehensive and accurate dynamics data set is collected is fundamental
to achieving high-quality model simulations. Table (4.2) systematically lists the
types of vehicle dynamics data that must be collected in an experiment and their
corresponding units. These data types cover all aspects of vehicle kinematics and
dynamics and the sources from which the data are collected.

Table 4.2: Experiment Data Requirement

No. | Name Units Data source
1 | speed x m/s sensor
2 | speed y m/s sensor
3 | speed z m/s sensor
4 | Acceleration x m/s? sensor
5 | Acceleration y m /s sensor
6 | Acceleration z m/s? sensor
7 | acceleration pedal position | 0%-100% | OBD-II
15 | testing time S sensor/OBD-II
17 | Yaw velocity °/s sensor
18 | Pitch velocity °/s sensor
19 | Roll velocity °/s sensor
20 | Roll angle ° sensor
21 | Pitch Angle ° Sensor
22 | Yaw Angle ° Sensor
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4.2 Experimental Equipment & Testing Track

The successful execution of this experiment relies on several key components: the
experimental vehicle, the experimental instrumentation, and the test track. These
components allow for the collection of accurate and reliable data that allows for an
in-depth analysis of the vehicle’s dynamics. In this section, these three key compo-
nents are described in detail.

4.2.1 Experimental Vehicle

The choice of the experimental vehicle has a decisive influence on the experiment
results. The vehicle should be representative of the type of vehicle under study and
be able to provide the necessary performance characteristics and dynamic behav-
ior. The experimental vehicle needs to be in good holding to avoid any mechanical
failures that could interfere with the experimental data. In this project, the ex-
perimental vehicle chosen is the Volvo C40 Recharge Twin 2022, as shown in Fig.
(4.1). This model is a two-motor, four-wheel drive vehicle, and its relevant technical
parameters are shown in Table (4.3), table(4.4) and table (4.5).

At the same time, due to limited experimental conditions, this project could not
obtain a driving robot or similar solution to control the accelerator pedal’s input
angle accurately. This project will use a real driver to control the vehicle, so the
experimental design will be based on the full accelerator pedal experiment.
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Figure 4.1: Volvo C40 Recharge Twin 2022 in REVERE Lab

Table 4.3: Electric Drive Motor Specifications

Parameter

Unit

Value

Location in Car

Electric Motor Type
Electric Motor Model
Max. Power Output, per
Electric Motor

Max. Power Output, Total
Car

Max. Torque, per Electric
Motor
Max. Torque, Total Car

kW

hp
kW

Front and Rear
Synchronous Motor with Permanent Magnet
EAD 3.1
150

204
300

408
330

660
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Table 4.4: Vehicle Dimensions

Dimension mm
Ground Clearance 171
Wheelbase 2702
Length 4440
Load Length, Floor, Folded Seat 1685
Load Length, Floor 896
Height 1596
Load Height 630
Front Track 1598
Rear Track 1603
Load Width, Floor 1059
Width 1873
Width including Folded-Out Door Mirrors 2034
Width including Folded-In Door Mirrors 1910

Table 4.5: Tire Sizes

Location Size
Front 235/50 R19, 7.5x19x50.5 235/45 R20, 8x20x50.5
Rear 255/45 R19, 8.5x19x56  255/40 R20, 9x20x58.5

4.2.2 IMU(Inertial measurement unit)

The experiments in this project require the acquisition of the vehicle’s translational
accelerations and the measurement of the angular acceleration of the experimental
vehicle in the roll, pitch, and yaw directions. This experiment uses an IMU to col-
lect the data to realize these functions. The IMU used in this experiment is Axotec
RGX-840, as shown in Fig. (4.2). This IMU has 4G LTE network capability and
a GPS signal input interface. The data collected during the experiment will be
transmitted to the lab server through the 4G network to facilitate the subsequent
data processing. The IMU has low power consumption and can be powered by the
cigarette lighter in the car.

To avoid data fluctuations caused by shaking, the IMU needs to be rigidly connected
to the vehicle’s chassis. To accomplish this, some modifications were made to the
vehicle’s seating. The IMU is attached to an aluminum profile, which is attached to
the vehicle seat fixing rail by two L-shaped steel plates, as shown in Fig. (4.3).

4.2.3 OBD-II Cable

To accurately obtain the accelerator pedal position information from the experimen-
tal vehicle, this project used the automotive diagnostic interface OBD-II (On-Board
Diagnostics II) method to establish the connection between the vehicle and the data
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Figure 4.2: Axotec RGX-840

Figure 4.3: IMU in car Figure 4.4: OBD-II Cable
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acquisition system. The OBD-II system has been standard automobile equipment
since 1996 and can provide real-time data on the vehicle’s status. By using a spe-
cialized OBD-II connection cable, as shown in Fig. (4.4), it is possible to directly
access the vehicle’s internal communication network to read the position of the ac-
celerator pedal in real time. In this project, an OBD-II scanning tool equipped with
a data logging function could monitor and record the position information of the
accelerator pedal in real time.

This method is efficient and enables the data to be acquired with a high degree of
accuracy, as the OBD-II system extracts the information directly from the vehicle’s
electronic control unit (ECU). The advantage of using the OBD-II interface is its
versatility. Most modern vehicles are equipped with an OBD-II interface, meaning
that the same equipment and software can be used on a wide range of vehicle
models, significantly increasing the flexibility and scalability of experiments.OBD-II
technology allows data to be acquired with minimal invasiveness, without the need
to make any modifications to the vehicle or to add additional sensors, which avoids
potential damage to the vehicle while at the same time guaranteeing the originality
and accuracy of the data. This avoids potential damage to the vehicle and ensures
the originality and accuracy of the data.

4.2.4 Microphone & Sound Card

Although the main purpose of this project is to create VDM for electric vehicles,
sounds were also collected during the experiment to reserve experimental materials
for creating sound models for future electric vehicles.

The microphone used in this experiment is Core Sound OctoMic, a four-channel
microphone that can capture environmental sounds containing a large amount of
detail. In this experiment, the microphone was installed on the head position of the
co-pilot to collect sounds while driving, as shown in Fig.4.6.

The sound card used in this project is the TASCAM official US-4X4HR sound card,
as shown in Fig.4.5. The sound card is connected to the four independent channels of
the four-channel microphone through an adapter cable, and the sound information of
the four channels is separately collected, transcribed, and stored in the experimental
computer.
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Figure 4.5: Sound Card Setup Figure 4.6: Microphone Setup

4.2.5 Testing Track

For this project, the experimental road must be as smooth as possible with cement
pavement. Smooth cement pavement can reduce the impact of the external envi-
ronment on vehicle driving conditions. At the same time, to carry out accelerated
experiments, the experimental road should be as long as possible to meet the de-
mand for acceleration space due to higher acceleration. To reduce the impact of
climate on the experimental road, the day of the experiment should be sunny, and
there should be no water on the road surface.

4.3 Experiments Design

Faced with the constraints of experimental resources and conditions, this project
carefully planned a series of experiments to explore the comprehensive dynamic
performance of EVs in single-pedal mode. One pedal drive mode is a driving mode
unique to EVs that allows the driver to control the acceleration and deceleration
of the vehicle by operating only the accelerator pedal, which allows fine control of
the vehicle speed by adjusting the pedal position and, at the same time, recovers
energy through the power recovery system during the deceleration process. This
project plans to conduct comprehensive testing and data collection of the dynamic
response of an EV to accelerate, maintain speed, and brake in this mode through
experimental methods.

In the design phase of the acceleration experiment, a pre-estimation of the vehi-
cle acceleration performance is first required, taking into account the safety of the
experiment and the feasibility of its implementation. When preparing for the ac-
celeration experiment, this project referred to the official performance data of the
vehicle. T.e., the time required to accelerate from a standstill to 100km/h is 4.7
seconds. Based on this data, the theoretical distance required to accelerate the ve-
hicle to 80km/h can be estimated with the help of the uniformly accelerated linear
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motion formula, which assesses whether the selected experimental roadway meets
the experimental requirements. To estimate the distance required to accelerate to
80km/h, it is assumed that the vehicle maintains uniform acceleration during the
acceleration process from 0 to 100km/h. Although the actual situation may vary
due to non-linear variations in power output, this simplifying assumption provides a
reasonable approximation. Based on the official 0 to 100km/h acceleration time of
4.7 seconds, we can calculate the average acceleration and then use this acceleration
to estimate the theoretical distance to reach 80km/h, which is about 41.8m.

4.3.1 Vehicle Normal Acceleration Test

The first full acceleration pedal acceleration experiment was implemented to analyze
the performance and dynamic performance of the EV under full-force acceleration
conditions. In this experimental design, attention was given to the acceleration
performance of the vehicle from a standstill state to reach 80km/h, as well as the
performance maintained for a period of time after reaching that speed. The following
are the detailed steps and considerations of the experimental design. See table (4.6).

Table 4.6: Pre-experiment Preparation and Experiment Steps

Section Details

Pre-experiment

Preparation e Vehicle condition: Ensure that the vehicle’s SOC
(battery charge remaining) is around 80%, which is
designed to simulate the more typical daily use of
EVs. Also, ensure that the electric motor can provide
sufficient power for full acceleration.

« Safety measures: Considering the safety of the full

acceleration pedal test, it was conducted during a
low-traffic period to ensure the safety of the vehicle
and driver during the test, and the safety of other
traffic participants in the vicinity.

Continued on next page
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Table 4.6 continued from previous page

Section Detalils

Experiment Steps

1. Experiment start: Place the vehicle stationary af-
ter confirming that the surrounding environment is
safe and free of obstacles.

2. Full acceleration: Press the accelerator pedal
rapidly to the maximum level and accelerate until
the vehicle speed reaches 80km/h.

3. End of the experiment: After completing the
speed holding phase, gradually decelerate the vehicle,
stop it safely, and prepare for the next experiment.

4. Repeat the experiment: To ensure the accuracy
and reliability of the experimental data, repeat the
above full acceleration experiment 4 times.

4.3.2 OPD Fearture Test

A comprehensive series of experiments was designed to test the OPD function of the
newly developed motor model. These experiments were designed to test the OPD
function through different driving styles. This set of experiments contains tests of
full throttle with OPD on, tests of OPD function, and tests of the driver driving the
vehicle generally with OPD on. In addition, a random driving test was included in
the experiments to obtain data from a broader range of usage scenarios and ensure
that the model maintains high accuracy and reliability even under unpredictable
driving behaviors.

4.3.2.1 Full Pedal test With OPD (full release after acceleration)

After fully releasing the accelerator pedal under OPD mode-activated conditions,
the first experiment tested the vehicle’s deceleration to a complete stop via kinetic
energy recovery. Table (4.7) shows the specific experimental design.
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Table 4.7: Pre-experiment Preparation and Experiment Steps for Full Pedal Ac-
celeration and Deceleration Experiment

Section

Details

Pre-experiment
Preparation

Experiment Steps

Vehicle conditions: Ensure the vehicle’s battery
SOC (State of Charge) is approximately 80% to sim-
ulate typical daily use conditions and ensure sufficient
energy for continuous operations.

Safety Measures: The experiment is conducted in
an area with minimal traffic and good visibility to en-
sure the safety of the vehicle, driver, and surrounding
traffic.

. Experiment start: Confirm the experimental en-

vironment is safe and free of obstacles, and position
the vehicle in a stationary state, ready to start the
experiment.

. Full acceleration to 80 km/h: Rapidly press the

accelerator pedal to the maximum until the vehicle
reaches 80 km/h.

. Full release of pedal: Completely release the ac-

celerator pedal and allow the vehicle to decelerate to
a complete stop.

. Repeat: Repeat the full acceleration and full release

process four times to form an initial experimental cy-
cle.

. Adjust target speed to 40 km/h: After com-

pleting the initial cycles, adjust the target speed and
repeat the acceleration to 40 km/h and full release to
a stop. Repeat this reduced speed cycle.

. Repeat the reduced speed experimental cycle:

To ensure the accuracy and reliability of the data,
repeat the entire process at the reduced speed.

4.3.2.2 Full Pedal test With OPD (half release after acceleration)

Having tested the full release of the pedal, it is also essential to consider another
scenario of how the vehicle will behave when the throttle is only released halfway.
This experiment was conducted to test this performance by accelerating the vehi-
cle to a specified speed at full throttle with OPD on and then releasing the pedal
halfway. The specific experimental design for this experiment is shown in Table (4.8).
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Table 4.8: Pre-experiment Preparation and Experiment Steps for Full Pedal Ac-
celeration and Half Pedal Deceleration Experiment

Section

Details

Pre-experiment
Preparation

Experiment Steps

Vehicle conditions: Ensure the vehicle’s battery
SOC (State of Charge) is approximately 80% to sim-
ulate typical daily use conditions and ensure sufficient
energy for continuous operations.

Safety Measures: The experiment is conducted in
an area with minimal traffic and good visibility to en-
sure the safety of the vehicle, driver, and surrounding
traffic.

. Experiment start: Confirm the experimental en-

vironment is safe and free of obstacles, and position
the vehicle in a stationary state, ready to start the
experiment.

. Full acceleration to 80 km/h: Rapidly press the

accelerator pedal to the maximum until the vehicle
reaches 80 km/h.

. Half release of pedal: Half release the accelera-

tor pedal and allow the vehicle to decelerate for 5
seconds.

. Braking to Stop: Fully release the accelerator

pedal to stop the vehicle.

. Repeat: Repeat the full acceleration and half-

release process four times to form an initial exper-
imental cycle.

. Adjust target speed to 40 km/h: After com-

pleting the initial cycles, adjust the target speed and
repeat the acceleration to 40 km/h and half release
for 5 seconds. Repeat this reduced speed cycle.

4.3.2.3 Full Pedal Acceleration Speed Holding Test

A set of experiments was designed and implemented to verify that the model can
control the vehicle to drive at a constant speed only through the accelerator pedal
with the OPD mode on. This experiment aims to evaluate the practical effects of
the OPD mode, especially the performance performance at a constant speed. In this
set of experiments, the vehicle was first accelerated to a predetermined target speed
with the full accelerator pedal. After reaching the target speed, the driver used only
the accelerator pedal to maintain the vehicle at a constant speed, attempting to
maintain stability at different speed intervals. After continuous speed driving, the
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driver releases the accelerator pedal completely, allowing the vehicle to gradually
decelerate to a complete stop using only the regenerative braking system. During
this process, the vehicle speed, accelerator pedal position, and the effect of regen-
erative braking will be recorded and analyzed in detail. The specific experimental
design and steps are detailed in the Table (4.9).

Table 4.9: Pre-experiment Preparation and Experiment Steps for Full Pedal Ac-
celeration and Speed Holding Experiment

Section

Details

Pre-experiment
Preparation

Experiment Steps

Vehicle conditions: The vehicle’s battery SOC
should be kept at approximately 80% to mimic typ-
ical operational conditions and ensure adequate en-
ergy for acceleration and speed holding.

Safety Measures: The experiment is conducted in
a controlled environment with minimal traffic to en-
sure the safety of the experiment, vehicle, driver, and
external traffic.

. Experiment start: Verify that the experimental

environment is secure and free from any obstacles,
ready the vehicle at a stationary state.

. Full acceleration to 60 km/h: Rapidly depress

the accelerator pedal fully until the vehicle reaches
60 km/h.

. Speed holding: Maintain 60 km/h by modulating

the accelerator pedal as needed for a duration be-
tween 5 to 10 seconds.

. Braking to Stop: Fully release the accelerator

pedal to stop the vehicle.

. Repeat: Repeat the full acceleration and holding

process four times to complete the initial set of cycles.

. Adjust target speed to 40 km/h: After complet-

ing the cycles at 60 km/h, reduce the target speed to
40 km/h and repeat the full acceleration and speed
holding procedure.

4.3.2.4 Full Pedal Deceleration Speed Holding Test

Following the above experiments, another set of experiments was designed and im-
plemented to validate further the model’s response to speed changes and the stability
of speed holding in the OPD mode. The goal of this set of experiments was to assess
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the strength of the vehicle after speed adjustment, i.e., whether the new target speed
could be effectively maintained by the accelerator pedal after a speed change.

In this set of experiments, the vehicle was first accelerated to a predetermined initial
target speed with the full accelerator pedal. After reaching the initial target speed,
the driver would release the accelerator pedal to decelerate the vehicle to a second
target speed. Once the vehicle reached the second target speed, the driver used only
the accelerator pedal to maintain this state of uniform driving. After constant speed
driving, the driver releases the accelerator pedal completely, allowing the vehicle to
gradually decelerate to a complete stop using only the regenerative braking system.
During the process, the vehicle speed, accelerator pedal position, and the effect of
regenerative braking will be recorded and analyzed in detail. The specific experi-
mental design and steps are detailed in the Table (4.10).

Table 4.10: Pre-experiment Preparation and Experiment Steps for Full Pedal Ac-
celeration, Deceleration and Speed Holding Experiment

Section Details

Pre-experiment

Preparation e Vehicle conditions: Ensure the vehicle’s battery
SOC is at approximately 80% to simulate typical op-
erational conditions, ensuring adequate power for the
experiment’s demands.

o Safety Measures: The experiment will be con-
ducted in an area with low traffic and good visibility
to safeguard the experiment, vehicle, driver, and sur-
rounding traffic.

Continued on next page
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Table 4.10 — continued from previous page

Section Detalils

Experiment Steps

1. Experiment start: Ensure that the experimental
area is safe and free from any obstacles, and prepare
the vehicle in a stationary position.

2. Full acceleration to 60 km/h: Rapidly depress
the accelerator pedal to full until the vehicle reaches
60 km/h.

3. Deceleration to 40 km/h: Release the accelerator
pedal sufficiently to allow the vehicle to slow down
to 40 km/h.

4. Speed holding at 40 km/h: Once at 40 km/h,
use the accelerator pedal to maintain this speed for
a duration of 5 to 10 seconds.

5. Braking to Stop: Fully release the accelerator
pedal to stop the vehicle.

6. Repeat: Repeat the full acceleration, deceleration to
40 km/h, and holding process four times to complete
the initial set of cycles.

7. Adjust initial target speed to 40 km /h, reduce
to 20 km/h: After completing the cycles at initial
conditions, start from 40 km/h and reduce the speed
to 20 km/h, then maintain 20 km/h using the accel-
erator pedal as in previous steps.

4.3.2.5 OPD Normal Drive Speed holding Test

All of the above experiments were conducted under full accelerator pedal condi-
tions, which are not common in daily driving behavior. This set of experiments was
designed to verify that the vehicle model can accurately reflect the power output
effect of the vehicle under various input environments. This set of experiments aims
to simulate operations closer to actual driving situations to ensure the applicability
and reliability of the model under different driving conditions. In this set of experi-
ments, the driver was asked to gradually accelerate the vehicle to a specified speed
in a usual driving manner instead of immediately using the full accelerator pedal.
After reaching the target speed, the driver will use only the single-pedal function
to maintain the vehicle at a constant speed. After maintaining constant speed for
a certain period of time, the driver will ultimately release the accelerator pedal and
allow the car to gradually decelerate to a complete stop using only the regenera-
tive braking system. The specific experimental design and steps are detailed in the
Table (4.11). Throughout the experiment, the vehicle’s speed, the position of the
accelerator pedal, and the effect of regenerative braking were recorded in detail.
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Table 4.11: Pre-experiment Preparation and Experiment Steps for Controlled

Speed Holding Experiment

Section Details

Pre-experiment
Preparation

Experiment Steps

Vehicle conditions: Ensure that the vehicle’s bat-
tery SOC is approximately 80% to simulate normal
operating conditions, ensuring enough energy for sus-
tained speed control.

Safety Measures: Conduct the experiment in a
low-traffic area with clear visibility to ensure safety
for the vehicle, driver, and surrounding area.

. Experiment start: Verify safety of the experimen-

tal area, ensure no obstacles are present, and position
the vehicle ready for normal driving.

. Normal driving to 40 km/h: Drive the vehicle

normally up to 40 km/h using typical acceleration.

. Speed holding at 40 km/h: Use the accelerator

pedal to maintain a speed of 40 km/h for 5 to 10
seconds.

. Braking to Stop: Fully release the accelerator

pedal to stop the vehicle.

. Repeat: Repeat the process of reaching and main-

taining 40 km/h three times.

. Adjust target speeds: After completing initial cy-

cles, reduce speed to 20 km/h, then to 10 km/h,
maintaining each speed for 5 to 10 seconds using the
accelerator pedal.

4.3.3 Vehicle braking Experiments

The braking of an all-electric vehicle consists of mechanical braking and kinetic
energy recovery, which will also constitute the unique dynamic performance of an
all-electric vehicle. In order to tune the braking model constructed in this project,
data collection of the braking dynamics of an all-electric vehicle is required here
through an experiment. Given the limitations of the data that can be obtained
from the vehicle under test in this experiment, it is impossible to obtain information
on the brake pedal’s position. At the same time, modification of the brake pedal is
an unsafe behavior. Therefore, only the dynamic performance of the fast-braking
vehicle was collected for this experiment, as in table (4.12).
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Table 4.12: Pre-experiment Preparation and Experiment Steps For Vehicle Brak-

ing Experiments

Section

Details

Pre-experiment
Preparation

Vehicle condition: Ensure the vehicle’s SOC (battery
charge remaining) is around 80%, which is designed
to simulate the more typical daily use of EVs. Also,
ensure that the electric motor can provide sufficient
power for full acceleration.

Safety measures: The test is conducted during a low-
traffic period to ensure the safety of the vehicle and
driver, as well as the safety of other traffic partici-
pants in the vicinity.

Experiment Steps

. Starting the experiment: After ensuring the sur-

rounding environment is safe and free of obstacles,
place the vehicle stationary.

. Acceleration: Press the accelerator pedal until the

vehicle reaches 40km/h.

. Braking operation: After reaching 40km/h, press the

brake pedal quickly until the vehicle comes to a com-
plete stop.

. Repeat the experiment: To ensure the accuracy and

reliability of the experimental data, repeat the full
acceleration experiment 3 times.
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Results

After several experimental and modeling processes, several results have been ob-
tained from the vehicle experiments and the model validation. This chapter will
describe these results and discuss them in four main sections: experimental data
and its processing, model refinement based on the processed data, comparison of
the model outputs with experimental data from the same driver inputs, and limita-
tions of the overall project. The experimental data and its processing section will
present the data obtained from the vehicle experiments, including the pre-processing
steps of the data and the preliminary analysis results. The model refinement based
on the processed data section will detail how the processed experimental data was
used to optimize and refine the EV model. The process of tuning the model param-
eters will be discussed, as well as how to improve the accuracy and robustness of the
model through parameter tuning and validation. A comparison of model outputs
with experimental data from the same driver inputs will be made to compare the
differences between model outputs and actual experimental data. This section aims
to validate the model’s accuracy, i.e., whether the model can output a dynamic re-
sponse similar to that of an actual vehicle under the same driver input conditions.
The limitations section of the overall project will objectively analyze the limitations
present in the project.

5.1 Experiment Data Process And Results

After obtaining the experimental data, it first needs to be processed. In view of the
low frequency and average data accuracy of the experimental data, this project did
not perform denoising on the experimental data. The data file format read from
the ECU is a CSV file, and this type of file needs to be pre-processed before further
manipulation in Matlab. Given the large number of experiments and the amount of
data acquired, a Python automated script was designed for this project to perform
the initial processing of CSV data. The Python script removed the table headers
from the files captured for this project, leaving only the experimental data itself.
The formatting of the data was also corrected. The specific code for the data pro-
cessing and the flow can be found in the GitHub repository for this project.

After processing the experiment results, the experimental data can be initially ob-
served and analyzed. Fig.(5.1) shows the results of the experiment (4.3.2.1), where

the x-axis represents the time, the left y-axis represents the pedal position using a
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Project Description Link
Vehicle Experi- | ZikunWang- GitHub Link
ments Guideline | Ricardo/Vehicle Experiment_ Guideline

Table 5.1: GitHub Repository for Experiment Data Process

blue line, and the right y-axis represents the velocity information using a red line.

To provide a more comprehensive analysis, detailed results and corresponding graphs
for all experiments are shown in the A.3. The graphs in these appendices include
more experimental data covering different driving conditions and parameter settings
to ensure the broad applicability of the experiments to model tuning. Further analy-
sis of these results allows for identifying areas where the model needs to be improved
and the next step of parameter tuning and optimization.

Full Pedal Test with OPD (70-80km/h)

100 \
90 |

80

Pedal Position
Speed [km/h] | | 70

80

160
70
60 | 150
50 140

Pedal Position
Speed [km/h]

40 \ 130
30

120
20 -
110

[ | . :

0 5 10 15 20
Time [s]

10 1

Figure 5.1: Full Pedal Test With OPD (70-80km/h)

5.2 Model Refine Process

After the experiment data are processed and ready for visualization, the next step
is to adjust the model and tune the parameters to make the model outputs fit the
experiment data with the same accelerator pedal input. For the Simulink model
built in this project, the most focused point is how the drive torque is output by the
electric motor with a certain driver’s behavior. Some parameters had already been
set based on either the physical parameter and the technical specification found on
the official web page of the test vehicle or based on our model tuning experiences.
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However, some parameters still require to be tuned in order to enable the vehicle
model to reflect the real handling at a more accurate level.

First, referencing the data from the "speed holding at 60 km/h at OPD mode" ex-
periment, the model is analyzed. If the accelerator pedal signal from the experiment
is input to the vehicle model with no steering wheel angle (straight run), and the
model is at OPD mode, the longitudinal velocity from the experiment and the model
output are shown in Fig. 5.2.

Apparently, this model is far from reflecting reality. So, some of the parameters
must be tuned. After the parameters for shaping the pedal regenerative braking-
coasting-accelerating segmentation are tuned, the model could give a better judg-
ment on when to accelerate and to brake, compared with the experiment data. the
outputs are like figure 5.3.

After the "pedal segments" are shaped as the behavior of the real vehicle does, the
accelerating, regenerative braking and speed-holding behavior of the model still are
not fit. Further tuning on that performance will be the next step. In this step, the
parameters that define the mapping relation between drive torque and pedal posi-
tion input and the look-up table defining how the maximum regenerate rate varies
with velocity are adjusted. The comparison between the experiment data and the
model output then looks like Fig. 5.4. It could be observed that the model fits reality.
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Figure 5.2: Longitudinal velocity of experiment VS simulation model output, OPD
mode, before tuning the parameters
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Figure 5.3: Longitudinal velocity of experiment VS simulation model output, OPD

mode, after shaping the "pedal segments"
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Figure 5.4: Longitudinal velocity of experiment VS simulation model output, OPD

mode, after further tuning

Then different experiment data are input to the model, and smaller changes on the
parameters are applied for the robustness and accuracy under different driver opera-
tions. The final fitting results are talked about in the following section of this thesis.

5.3 Model Results Using Experiment Input
After all the parameters are tuned until the model produces a rather proximate

fit to the experimental data, the results are as follows. Those results include the
experiment input data, the experiment result, and the model’s result. The Results

72



5. Results

show that this Simulink model performs well in most situations, but there are still
some limitations in the model.

5.3.1 Vehicle Normal Acceleration Simulation Result VS
Experiment Result

This result shows the vehicle’s normal acceleration experiment results vs. simula-
tion results. For this experiment, due to the limitation of not getting access to the
braking pedal data, only the acceleration part of the result has been considered. As
shown in Fig.(5.5), the model has a good result for normal acceleration performance,
but the response time is not good enough. Also it could be noticed that the sim-
ulated vehicle acceleration response is slower instead of faster as shown in former
figures. This is because the drive mode in this experiment is normal drive using
two pedals, not in OPD mode, and so is the VDM switched into. The two drive
modes in VDM are using different control logic, so the direction of delay comparing
to experimental data are opposite. Yet the delay is within tolerance.
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Figure 5.5: Full Pedal Test Without OPD

5.3.2 OPD Feature Test Result

After normal driving without OPD, the project’s focus is on the unique feature of
the fully electric vehicle. In this section, some different model vs. experiment results
are shown. All those experiments try to rebuild a vehicle model that behaves like
an OPD-driving vehicle in the real world.
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5.3.2.1 Vehicle Full Pedal With OPD (full release after acceleration)
Simulation Result VS Experiment Result

These results show the experiments for full pedal driving and full release after ac-

celeration. There are two groups of experiments for different target speeds.

As

shown in Fig.(5.6) and Fig.(5.7), the Simulink model gives a very similar result to
the experiment result. This means the model created is good enough to present the
performance of extreme acceleration and deceleration through OPD.
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Figure 5.6: Full Pedal Test With OPD
(70-80km/h) Simulation Result VS Ex-
periment Result
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Figure 5.7: Full Pedal Test With OPD
(50-60km /h) Simulation Result VS Ex-
periment Result

5.3.2.2 Full Pedal test With OPD (half release after acceleration)

OPD vehicles have different strategies for different speeds and pedal positions. Two
different experiments have been done to verify the model’s performance in half-pedal
positions released after full pedal acceleration. The results in Fig.(5.8) and Fig.(5.9)
show that the model gives a similar result to the experiments.
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Full Pedal And Half Release Test With OPD (60-80km/h)
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Figure 5.9: Full Pedal And Half Release
Test With OPD (40-60km/h)Simulation
Result VS Experiment Result

5.3.2.3 Full Pedal Acceleration Speed Holding Test

When a driver is driving a fully electric car in real life, many scenarios require the
vehicle to maintain a certain speed. For an OPD vehicle, using one pedal to do speed
holding is a unique experience to driving an ICE car. The results in Fig.(5.10) and
Fig.(5.11) show that the model has a similar result as the experiment design. That
means the model gives the same driving feeling when people drive it at a certain
speed after acceleration.

Full Pedal Drive And Speed Maintain Test With OPD (60km/h)
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Full Pedal Drive And Speed Maintain Test With OPD (40km/h)
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Figure 5.10: Full Pedal Drive And Figure 5.11: Full Pedal Drive And
Speed Maintain Test With OPD Speed Maintain Test With OPD
(60km/h) Simulation Result VS Experi- (40km/h) Simulation Result VS Experi-
ment Result ment Result

5.3.2.4 Full Pedal Deceleration Speed Holding Test

In OPD, the driver needs to release the acceleration pedal to control the speed de-
crease. In some scenarios, the driver wants to decrease and maintain a lower speed
rather than stop the car. The results in Fig.(5.12) and Fig.(5.13) show that when
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the real driver sent the same acceleration pedal input to the car and the model, the
result was from those two parts. The Simulink model gives an excellent result that
fits the experiment.
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Figure 5.12: Full Pedal Deceleration Figure 5.13: Full Pedal Deceleration
And Speed Maintain Test With OPD And Speed Maintain Test With OPD
(60km/h) Simulation Result VS Exper- (40km/h) Simulation Result VS Exper-
iment Result iment Result

5.3.2.5 OPD Normal Drive Speed Holding Test

In most real-life scenarios, the driver won’t use a full acceleration pedal most of the
time. In that case, the experiments should apply some normal driving conditions to
verify the model’s performance. The results in Fig.(5.14) and Fig.(5.15 ) show the
vehicle and the model performance when the driver tries to maintain a low speed
at standard pedal position input. The Simulation result for the 40 km/h target
speed is good, but the result from the 20 km/h target speed is higher than the ex-
periment. This result shows that the model is not good enough when dealing with
low-speed simulations of imperfect roads. This might be due to the road where the
experiment happens not being perfectly horizontal, including a tiny slope and some
bumps, and the influence from that will increase when the vehicle speed is decreased.
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5.3.3 Vehicle braking Experiments

The model contains a newly built braking system model. Thus, the experiment
needs to contain a design to verify it. The results in Fig.(5.16) and Fig.(5.17) show
the braking performance after the vehicle reaches 40km/h and 20km/h. The OPD
feature in the car has been turned off since the experiment’s design was to verify the
brake itself. The result is that the target speed is 40km/h, and the vehicle braking
performance is as good as that of the experiments. However, for a target speed of
20km /h, the simulation model continuously accelerates while the experiment data
is cruising. The possible reason for that is the road influences the experiment input
to maintain speed at 20km/h. This result also shows that the model is not good
enough when dealing with low-speed simulations of imperfect roads.
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Conclusion

6.1 Outcomes

This master’s thesis presents a fully electric vehicle model in Simulink. In the future,
the model can be implemented in the SIM IV simulator for people to drive. The
model has the OPD, BOS, and regenerate braking feature for the simulator driver
to feel like driving an electric vehicle.

We created a vehicle simulation toolbox for future work. The toolbox and base
model are modular, and the appropriate modules can be replaced when simulating
other vehicles without redeveloping the entire model.

Also, when experimenting, we create a workflow for students like us who will work
with cars but only have minimal access to the data from cars. The modern vehicle
always comes with an OBD port. Hence, we created a guideline on how to get data
from OBD and how to process it. The guideline is open-sourced and distributed on
GitHub.

6.2 Limitations

There are some limitations in this model. First, there are many unknown parame-
ters of the test vehicle, such as the spring stiffness and damping in the suspension
subsystem, the toe and camber of the wheel, and the stiffness of the tire. These
parameters are only tuned to achieve robust longitudinal performance; the lateral
performance is not included in this study. The real vehicle test is also done only
in the longitudinal direction, which is another reason why the lateral performance
of this vehicle model could not be tuned. Second, the tire model uses the magic
formula approach, the parameters in the magic formula are beyond our ability to
modify. Third, the electric motor is built based on the motor map. The motor map
represents the steady state operating performance of an electric motor rather than
dynamic, though a first-order transfer function is added in the model to describe
the dynamic, which is also theoretical.

There are some limitations in the experiment design. Given that this project en-
countered certain technical limitations in accessing critical information for commu-
nication within the vehicle control system, particularly the inability to access the
decoded DBC file for CAN (Controller Area Network) messages, the information
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read directly from the vehicle was very limited. This limitation is mainly reflected
in the fact that the accelerator pedal position information can only be read through
the OBD-II interface. At the beginning of the experimental design, the project en-
visaged analyzing the vehicle’s dynamic behavior in depth through several tests, in-
cluding tests with different accelerator pedal positions, brake pedal positions, power
recovery under different pedal changes, and dual lane change tests. These experi-
mental designs can be accessed in A.2.

However, the tests with different brake pedal positions could not be conducted as
scheduled due to the inability to obtain pedal position information quantitatively.
Specifically, the lack of a means to accurately control and record the accelerator
pedal position made this part of the experimental design challenging to implement.
Similarly, tests on brake pedal position could not be executed due to the inability
to read brake pedal position information via CAN messages and the questionable
safety of physically modifying the brake pedal to obtain position information for
testing on public roads.

In addition, the initial design of the dual-lane change test was to use the brake pedal
information, accelerator pedal information, and steering wheel information collected
in the experiment as inputs and to verify the accuracy of the model established by
the project by comparing it with the data derived from the calculation. However,
due to the limitation of data collection capability, critical data such as steering wheel
angle could not be obtained, leading to this test plan’s abandonment.

Secondly, the project team could not obtain access to a professional test track, which
meant that all data collection had to be carried out on public roads, where the actual
road conditions had an unknown impact on the accuracy and reliability of the data
collection. Although the project team made every effort to select straight and level
road sections for the experiments to minimize the impact of road conditions on data
quality, the experimental data were still inevitably affected to a certain extent.

6.3 Future Work

There could be plenty of future work carry on over our outcomes. First, further
experiments with more precision and better design could be conducted to make the
model fit the real vehicle more accurately, such as lateral performance and battery
performance. Additionally, the experiment design could include more sensors and, if
possible, the official DBC file. Also, the model is not running perfectly in low-speed
situations when the road has slop and other influences, it might due to the road,
but there is also a possibility that the model is not refined at low speed scenario.
Second, the model is not interpreted into the driving simulator yet, it must be
another interesting work to let people drive the "Simulink vehicle" in the driving
simulator to experience the fast change of the acceleration on an electric vehicle.
Third, the drive modes on the vehicle model is rather rough. As we know there are
different drive modes on a real vehicle such as "sport" "comfort" "snow" etc. It will
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be a nice project to find differnce of the drive modes on the vehicle and how they
could be modeled into a vehicle simulation model.
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Appendix

A.1 Model Equations

A.1.1 Chassis

The equations for planar motion of the vehicle:
ma, = m(t—vr) = Fy o

may, = m(0 +ur) = Fy o
]zr = Mz,tot

where:
Fytor = E?:lei + Iy siope + Fo air
Fyﬂfot = E;1:1Fyz‘ + Fy7sl0pe
M. 4ot = Bi_y (Fria; — Fyibi + M)
The road slope are given by:
Fy siope = —mglly

Fy,slope = E?:leiecfi

The aerodynamic drag is given by:

Fw,Air = —0-5CAxPAA0U2

The roll, pitch and vertical vibrations are given by:

Sb = Z?:lbiFsuspi + msathT + msg(phsr

Ig

é:

E?:laiFsuspi + msaxhsp + msggphsp

Ir

4
Ei:l Fsuspi
mg

ZCG =

(A.10)

(A.11)

(A.12)
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A.1.2 Steer

5 — dsw. fittered — O
T .

i + Fyicsfi + Mzictori + PmotEi + 5toei <A13>
steer
Tsw
O = A.14
= (A14)
(Tsw — Ty)°
Pservo =C (TSW - TO) + [pmaz —C (Tmax - TO)]m (A15)
Tkp = Tswisteer + PservoApiston%;_eer <A16)
A.1.3 Wheels
Magic formula:
(Fxi, Fyi, Mz, My, Mx;) = MF fnc(a, ki, v, Fzi) (A.17)
F,; = Fx;cos(9;) — Fycos(9;) (A.18)
Fyi = FYZ'COS((SZ') + FXiCOS((Si) (Alg)
The equations for the longitudinal slips are given by:
Ryww; — u; .
k; = % for traction
o (A.20)
ki = =1 for braking
Uy
u; =u— br (A.21)
Iwersi = Twi + 0.5(i2 g Leng + IDRV) (A.22)
T; = Trii + Tprvi + My; (A.23)
Tprii = —PrriCBRKi (A.24)
Tprvi = Tprve = 0.5Tpryy (A.25)
Tprvs = Tprvs = 0.5TpRyy (A.26)
Myl' = _inchr (AQ?)
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The side slip angle is given by:

The camber angle is given by:
Vi = Vsti T FyiTsfi + PmotTyi

A.1.4 Suspension

(A.28)

(A.29)

(A.30)

The deflection of the spring and the damper at each wheel is given by:

dy = Zog — Oa; + by — 2w, i =1:4

dyi = Zog — 0a; + ¢b; — sy =1:4

Consequnently the spring and damper forces are given by:

Fy = —Kgdg;

FDi = _CDidSi

The total suspension force on each wheel is given by:

Ka'rb@

Fsusi:Fsi Fz_
P MRS

5 —Kri(Zw; — Zri) — Cri(Zwi — Zpi) — Fsi — Fpi + K;—gj‘"
5i =

Maysi

A.1.5 Axles

The static load on each wheel are given by:
For the front wheels:

Fzi o = 0.5mygcosty

For the rear wheels:

Fz;i s = 0.5m,gcosly

The change in the wheel load are calculated by:

For the front wheels: L
AF, = 4 My lyltry

tw
For the rear wheels:

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)

(A.39)
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My gyl

AF, =+ (A.40)

tw
Due to the longitudinal acceleration, the changes of the wheel load is given by:

=N
AF, = £ (A.41)
2wb
The load on each wheel can be derived by:
.’Z‘h ‘s h?"
FZ’i = FZi,st + Fsuspi + ma K + mﬂ ay (A42)

2wb tw

A.2 Experimental design for complete testing

To test the single-pedal mode with regenerative braking function, unique to all-
electric vehicles, this experimental design is derived from the experimental design
proposed in Jorge’s master thesis with modifications.

A.2.1 Straight-ahead Run

The experimental part is to collect data in different driving modes and braking
modes, which is used to tune the braking system and the powertrain system model
to make their output fit the experiment results with the same input.

A.2.1.1 Experiment 1: Constant Acceleration Pedal position Test

In this round of testing, the initial SOC should be higher than 80%. The starting
state of the vehicle is stationary. After starting the experiment, the acceleration
pedal is first stepped down to 20% and maintained for 10s and the data is recorded.
Afterwards, the vehicle was returned to the initial state and the acceleration pedal
was stepped down to 40%, maintained for 10s, and the data was recorded. Repeat
the above experimental operation and record the data at 60%, 80%, and 100% of
the acceleration pedal.

The data recorded in this experiment contains the output states of the vehicle’s
powertrain at different constant acceleration pedal positions, as well as the transient
response states as the pedal is increased from 0 to the enacted pedal position.

A.2.1.2 Experiment 2: Variable Pedal Experiments at Specific Speeds

In this experiment, the effect of different degrees of acceleration pedal release on
single-pedal mode driving at different vehicle speeds will be investigated. The pre-
requisites for this experiment are that the SOC state meets the requirements to
activate the single-pedal mode and that the single-pedal mode should be enabled in
the vehicle system.

First, the car was driven with 100% acceleration pedal position to reach 150km/h,
and at the moment of reaching 150km/h the acceleration pedal was released to 80%
and the data was recorded. Repeat the above operation to release the acceleration
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pedal from 100% to 60%, 40%, 20%, and 0%. Record the data.

Then, the above experimental procedure was repeated with the acceleration pedal
position of 80%, 60%, 40%, and 20% as the starting state. It should be noted that
there may be cases where the car is unable to reach the desired 150km/h at lower
positions, such as 20%. In this case, the test will be carried out at the highest
achievable speed and this will be stated in the experiment report.

All the above experimental procedure will be tested for all the different target speeds
i.e. 100 km/h, 80 km/h, 60 km/h,40 km/h,20 km/h.

A.2.1.3 Experiment 3: Experiments for rapidly changing acceleration
pedal position

This experiment looks at whether rapidly changing accelerator pedal position has
an effect on powertrain output performance. This experiment is divided into two
parts, one part is a test of the effect of rapidly depressing the accelerator pedal on
the output performance of the powertrain, and the other part is a test of the effect of
rapidly lifting the accelerator pedal on the output performance of the regenerative
braking system. For the initial state setting of the car, the regenerative braking
system should be activated in the system as well as the single pedal mode.

In the first part, the initial speed of the car was 20 km/h. this speed was reached
by 50% of the accelerator pedal position. After reaching 20km/h, the pedal was
pressed down to 100% maintained for 5s and the data was recorded. Change the
initial speed to 40, 60, 80 and 100km/h and repeat the experiment.

In the second part, the initial speed of the car was 150 km/h which was reached
by accelerating the pedal position to 100%. After reaching this initial speed, the
pedal was quickly lifted to 50% position for 30s to record the data. The speed of
the car was returned to the initial state and the pedal was quickly released to the
0% position and data was recorded continuously until the vehicle speed was 0.

A.2.1.4 Experiment 4: Straight-ahead Free Ride

The vehicle’s initial speed is 0, and the initial SOC should be less than 80% but
greater than 30%. The driver is supposed to freely depress both pedals without any
steering wheel angle input. When the free ride is over, the vehicle speed should be

0 km/h.

A.2.2 Circular Run

The experiment consists of driving the vehicle describing a constant radius circular
path, starting from Okm /h speed and slowly increasing until the stability limits are
reached. From this experiment, the main vehicle motions that can be studied are
the vehicle’s lateral velocity, acceleration, and yaw rate.

A.2.2.1 Constant Radius Test

First, drive the car onto a route of that set radius, using the smallest speed that
will maintain that path. Keep the position of the accelerator pedal and the angle of
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the steering wheel fixed, and record the data at this point. Subsequently, increase
the vehicle speed to the next level, maintain the same path, and when the vehicle
is stabilized, keep the position of the accelerator pedal as well as the angle of the
steering wheel fixed and record the data. The experimental procedure was repeated
until the vehicle was unable to maintain the steady-state condition.

A.2.3 Double lane-change track and designation of sections
This part of the experiment was obtained by adapting ISO 3888-1. This part of the
experiment simulates the behavior of a driver changing lanes during driving, and the
purpose of this part of the experiment is to validate the results of the model in more

detail. By comparing the results of this part of the experiment with those of the
model, the model’s representation of real-world driving dynamics is demonstrated.

A.3 Experiments Results

A.3.1 Vehicle Normal Acceleration Test Result

Full Pedal Test without OPD
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Figure A.1: Full Pedal Test Without OPD
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A.3.2 OPD Feature Test Result

A.3.2.1 Full Pedal test With OPD (full release after acceleration)

Full Pedal Test wdh OPD (70- 80km/h
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Full Pedal Test with OPD (50-60km/h)
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Figure A.2: Full Pedal Test With OPD Figure A.3: Full Pedal Test With OPD
(70-80km /h)

(50-60km /h)

A.3.2.2 Full Pedal test With OPD (half release after acceleration)

Full Pedal and Half Release Test with OPD (60-80km/h)
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Full Pedal and Half Release Test with OPD (40-60km/h)
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Figure A.4: Full Pedal Test With OPD Figure A.5: Full Pedal Test With OPD
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A.3.2.3 Full Pedal Acceleration Speed Maintenance Test

Full Pedal Drive and Speed Maintain Test (60km/h)
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A.3.2.4 Full Pedal Deceleration Speed Maintenance Test
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Figure A.8: Full Pedal Deceleration Figure A.9: Full Pedal Deceleration
And Speed Maintain Test With OPD And Speed Maintain Test With OPD
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A.3.2.5 OPD Normal Drive Speed Maintenance Test
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A.3.3 Vehicle braking Experiments
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A.4 Nomenclature for Appendix

Apiston

Projected front area of the vehicle

Piston area of the steering servo system

a; Longitudinal position (wrt CG) of wheel ¢

y Lateral acceleration of the vehicle

Longitudinal acceleration of the vehicle

b; Lateral position (wrt CG) of wheel i

Air drag coefficient
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Cr
Csf,i
Ctor,i
clutch
dsS;

Fm,z‘
Fx,Slope
Fx,Tot
Fy,;
Fy,i
Fy,Slope
Fy,Tot
Fz,i
in,st

Brake torque-pressure gradient for wheel ¢
Damping coefficient at wheel ¢

Tyre vertical damping coefficient at wheel 7
Suspension roll damping

Rolling resistance coefficient

Suspension compliance for lateral force at wheel ¢
Suspension torsional compliance at wheel i
Clutch engagement

Suspension deflection at wheel ¢

Damper force at wheel ¢

Spring force at wheel ¢

Suspension force at wheel ¢

Longitudinal force, in tyre coordinate, at wheel ¢
Air drag

Longitudinal force, in vehicle coordinate, at wheel ¢
Longitudinal force due to the road slope

Total longitudinal force

Lateral force, in tyre coordinate, at wheel ¢
Lateral force, in vehicle coordinate, at wheel ¢
Lateral force due to the road crossfall

Total lateral force

Vertical force at wheel ¢

Static load at wheel 7

Pitch centre height

Front roll centre height

Rear roll centre height

Height of centre of gravity above the pitch centre
Height of centre of gravity above the roll centre
Driveshaft inertia

Engine inertia

Vehicle moment of inertia about roll axis
Effective inertia at wheel ¢

Inertia of wheel ¢

Vehicle moment of inertia about pitch axis
Vehicle moment of inertia about z axis

Gear ratio (gearbox-+end gear)

Steering gear ratio

Anti-roll bar stiffness
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PpRri.i
Pyervo
Ry

,

TBRK

zca
ZRi
AW,i
Q;
i
Vsti

Hcf,i

Spring stiffness at wheel ¢

Torsion bar stiffness

Tyre vertical stiffness at wheel ¢
Suspension roll stiffness

Overturning moment at wheel ¢

Rolling resistance torque at wheel ¢
Aligning torque at wheel ¢

Total moment about z axis

Vehicle mass

Front mass

Rear mass

Sprung mass

Unsprung mass at wheel ¢

Rack ratio, i.e., rack linear motion per turn of steering wheel
Brake pressure at wheel i

Pressure at steering servo system

Wheel radius

Vehicle yaw rate

Brake torque at wheel ¢

Driving torque at wheel 7

Engine Torque

Total torque at wheel ¢

Torque about the kingpin (sum of the torque at both sides)
Steering wheel torque

Track width

Vehicle longitudinal speed

Longitudinal speed at wheel ¢

Vehicle lateral speed

Wheelbase

Vertical position of vehicle centre of gravity
Road surface vertical position at wheel ¢
Vertical position of wheel i

Side slip angle at wheel ¢

Camber angle at wheel ¢

Static camber angle at wheel ¢
Longitudinal slip at wheel 7

Vehicle pitch angle

Crossfall of the road at wheel ¢
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0, Longitudinal slope of the road
0y Torsion bar deflection
0; Steer angle of wheel 7
dsw Steering wheel angle
Osw fitterea  Filtered steering wheel angle
dtoe; Toe angle at wheel 7
e; Roll steer coefficient for wheel ¢
pa Air density
o Tyre relaxation length
7o Coefficient for camber due to lateral force, for wheel i
74; Roll camber coefficient at wheel 4
¢ Vehicle roll angle
Omot Roll angle due to the vehicle motion
Weng Engine speed
w; Rotational speed of wheel @
AF, Load transfer
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