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Abstract

Common vehicle always experience energy loss during cornering manoeuver. Thus, to
ensure it did not happened especially at high speed, a study of torque vectoring and
traction control need to be made since it can increase the traction control of tyres during
cornering at high speed. The study of torque vectoring and traction control for an all-
wheel drive electric vehicle was conducted by modelling an all-wheel drive EV in
ADAMS/Car software. In addition, an optimal control algorithm will be developed for
best performance to minimize energy losses using MATLAB/Simulink software.
Furthermore, to prove the effectiveness of the all-wheel drive electric, the torque and
traction control simulation of the all-wheel drive electric vehicle will be compared with
uncontrolled electric vehicle model. According to the result, torque vectoring and traction
control of in-wheel motor in all wheel drive EV can help to increase the performance of
the electric vehicle during cornering manoeuver. In conclusion, this study of torque
vectoring and traction control for an all-wheel drive electric vehicle will help researchers
to improvise the design of the future electric vehicle in term of the vehicle performance

during cornering manoeuvre.
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CHAPTER 1: INTRODUCTION

1.1 Problem statement

Torque vectoring is a very important technology that is essential to be used in car because
it related to the energy efficiency that being used in electric vehicle (EV). Torque
vectoring increases the energy efficiency by transferring the torque from right wheel to
left wheel, and vice versa thus it can increase the traction of the wheel to the ground
during cornering [6]. Due to the increased traction to the ground, the car equipped with
this technology is much safer compared to common car on road [6]. In this project, in-
wheel motor (IWM) will be used in the all-wheel drive (AWD) electric vehicle thus, the
wheel can be controlled independently and it provides far greater control than any other
drive systems like front wheel drive and rear wheel drive. A vehicle dynamic model
needs to be developed to characterize the torque vectoring drive system and an optimum
control algorithm needs to be developed to provide the best performance and to minimize
drivetrain losses. In conclusion, by introducing the torque vectoring and traction control
in EV, the usage of energy especially electric energy can be reduced thus the efficiency
of the next generation of EV will be increased and most important part is this technology

gives great impact towards the sustainability of environment.

1.2 Objectives :

1. To develop a vehicle dynamic model for an electric vehicle with 4 in-wheel motors
in ADAMS/Car.

2. To develop an optimal control algorithm for best performance in
MATLAB/Simulink.

3. To simulate and characterize the performance of the electric vehicle and compare it

to uncontrolled base EV model.
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1.3 Scope of Study

The main purpose of the project is to develop a vehicle dynamic model for an EV
equipped with 4 in-wheel motor by using ADAMS/Car software. After the base vehicle
model generated in ADAMS/Car, an optimal control algorithm will be developed for best
performance to minimize energy losses using MATLAB/Simulink software. Besides that,
the performance of the electric vehicle will be simulated and characterized so that it can
be compared to uncontrolled electric vehicle model using co-simulation of ADAMS/Car
and MATLAB/Simulink strategy. The vehicle controller will be generated using
MATLAB/Simulink and the simulation will be compare with uncontrolled electric
vehicle model to prove that the effectiveness of torque vectoring and traction of the all-

wheel drive electric vehicle.
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CHAPTER 2: LITERATURE REVIEW AND/OR THEORY

2.1 Electric Vehicle

Electric vehicle is a vehicle that use stored electric power mainly from on-board
battery to propel one or more electric motor for propulsion. There are three main type of
electric vehicle such as; powered by stored electricity originally from an external power
source, powered by on-board electrical generator such as hydrogen fuel cell or internal
combustion engine (hybrid electric vehicle) and powered directly from external power
station like trains.

Electric vehicle always relates with green technology because it emits less
pollution to the environment compared to internal combustion engine (ICE). According
to [1], the efficiency of electric vehicle is much higher compare to internal combustion
engine vehicle where electric vehicle convert about 59-62% of the electrical energy from
the grid to power at the wheels rather than 17-21% for internal combustion engine. By
using electric motor, electric vehicle can perform in quiet and smooth operation while can
provide stronger acceleration and required less maintenance compared to internal
combustion engine.

In the other side, electric vehicle also has their own disadvantages which are
limited driving range for example the Mitsubishi i-MIiEV can only travel up to 160
Kilometres [2]. In addition, in case of electric vehicle (EV), recharging of the battery
consume a lot of time. Even at level 3 public quick-charge port charge took
approximately 30 minutes to 80% charge [3]. The battery of an electric vehicle is made of
rare earth metal (Lithium) thus make the battery packs to be expensive. Furthermore, the
rechargeable battery may need to be replaced from time to time and the battery itself is
heavy and bulky thus need a lot of space. Apart from these disadvantages, EV still the
best solution for next generation transportation because these advantages may be solved

or improved from time to time as the generation continue to discover new technology.
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2.2 In-wheel Motor in All-wheel Drive Electric VVehicle

In-wheel motor is basically an electric motor that directly attached into the wheel
to drive and propel the wheel. According to research made by researchers in Rome, Italy,
up to 79% of energy efficiency that can be produced by using in-wheel motor in all wheel
drive electric vehicle and 30% for a series hybrid electric vehicle [4].

By introducing this method, the energy losses through gearboxes drive shafts and
axels can be eliminated thus make the car to be more energy efficient compared to
conventional hybrid electric vehicle which still used gearboxes, drive shafts and axels.
Plus, by eliminate the gearboxes, drive shafts and axels, the manufacturing cost of a
model of electric car can be reduced and can provides significant weight saving thus,
decreasing the environmental impact of the product.

According to [7], there are 2 main types of IWM which are high speed inner-rotor
motor and low speed outer-rotor type. High speed inner-rotor can reach up to 10000rpm
and it has fixed speed reduction where it utilized planetary gear set for realistic wheel
speed while for low speed outer-rotor motor, the rotor is designed as the rim itself [8].

Figure 1 shows an in-wheel electric motor designed by Protean Electric.

Figure 1: Example of in-wheel motor by Protean Electric [13].
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2.3 Existing Electric Vehicle in the Market

Due to the ICE produce very less power output efficiency, the demand of study of

EV increases, thus, several existing company came out with their own concept of electric

vehicle. There are several EV in the market for example:

1.

Mitsubishi i-MIEV - EV that used permanent magnet synchronous motor
mounted on the rear axle [2].

Nissan Leaf — EV that used front-mounted synchronous electric motor which
driving the front axle [9].

Honda Fit EV — EV that used high-density coaxial electric motor [10].
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Figure 2: Specification of Mitsubishi i-Miev, Nissan Leaf and Honda Fit EV.
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2.4 Torque Vectoring and the Existing Implementation

Torque vectoring (TV) is a process that translates input from the driver (brake,
steering angle, acceleration pedal signals) into torque commands to the wheels of the
vehicle which means with the individual torque distribution, the performance and traction
control of the vehicle can be enhanced [5]. In other words, while TV system monitors
steering angle, wheel speed, yaw rate, vehicle speed and other inputs, it splits engine's
torque from front to back and distributed it from side to side on a given axle by using
control unit deferential [14].

According to [14], when the vehicle is turning left with under steer, TV drive
automatically transmits the input torque, T4 of the driveshaft from left rear wheel to right
rear wheel with vectoring torque, Ty, by engaging clutches. Thus, it results in additional
driving force T, / R acting on right rear wheel and extra braking force -T, / R acting on
left rear wheel. Finally, the differential longitudinal driving force AF between the right
and left wheel is produced, which generates yaw moment, M, helping the vehicle bend
into the corner more sharply. When the vehicle is driving straight, TV behaves like an
ordinary open differential with the input torque T4 equally distributed to the left and right

rear wheels, which means T, = 0.

—  Engine —‘

Figure 3: Definition of torque vectoring [14].

Some car manufacturer has already implemented this technology to improve the
performance of their cars. Quattro, xDrive, and Active Yaw Control are among the most
popular torque vectoring technologies that has been implemented by Audi, BMW and

Mitsubishi respectively.
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Yaw moment

. Torque vectorin
Braking force q J

Figure 4: Left-right torque vectoring concept in Mitsubishi’s Active Yaw Control [15].

For instant, the Active Yaw Control introduced by Mitsubishi shown in
Figure 4, the left-right torque vectoring concept involves vectoring torque between the
left and right wheels such that braking force is produced on the left side and driving force
of the same magnitude is generated on the other. This technology has given two benefits
toward the vehicle control. Firstly, it enhanced the cornering performance by means of
tire load equalization between the left and right rear wheels. Secondly, it also improved
the cornering performance by means of tire load equalization between the front and rear
wheels as a result of direct yaw moment control [15].

According to [16] in his book, “Fundamental of Vehicle Dynamics’, there are
three possibilities exist in vehicle steer, which are neutral steer, understeer and oversteer.
Neutral steer means when on a constant radius turn, no change of in steer angle required
as the speed is varied. While understeer means the steer angle have to increase as the
speed is increased in constant radius cornering (CRC) where the lateral acceleration at the
center gravity (CG) causes the front wheels to slips away to a greater extent than at the
rear wheels, thus making the vehicle to follow path larger than intended. For oversteer,
the steer angle will have to decrease as the speed is increased in CRC event. Oversteer
also causes the slip angles of the rear wheels to increase more compared to the front. The
outward drift at the rear of the vehicle will turn the front wheels inward, thus decreases

the radius of turn.
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Figure 5: EV steer characteristic.

As shown in the figure above, the vehicle steer characteristic of the electric vehicle of this
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project is understeer.
Figure 6: The effect of Torque Vectoring towards understeer characteristic of vehicle.
By applying torque vectoring, the steer angle needed for vehicle can be reduced as

the vehicle increasing its speed thus prolong the vehicle to stay near the neutral steer
characteristic as the speed is increased.
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As stated before, in this project four in-wheel electric motors will be used to
propel the Electric Vehicle. Thus the EV can perform torque vectoring concept can be
applied at both front and rear wheels. For example, to generate yaw moment to the left
(anti-clockwise), torque output at the left wheels of the vehicle must be higher compare

to the right wheels.

W

T
Orque‘ .
vectoring

Less Higher
output Yaw output
torque at moment torque at
right right
wheels wheels

=

Figure 7: Torque vectoring of 4 In-wheels All wheel Drive Electric Vehicle (anti-clockwise turning)

Figure 7 above shows the torque vectoring concept that can be applied in this project
using 4 in-wheel motors.

Torque vectoring is very much related to control system which will translate the
input signal from vehicle user demand into vehicle control output. Thus, the control

system that will be used in this project will be explained in the next sub chapter.
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2.5 Control and Control System

Control is the process of causing a system variable to perform some desired value.
While control system in other hand, is an interconnection of components forming a
system configuration that will provide a desired system respond [10].There are more than
95% of the control loops based on proportional-Integral-Derivative (PID) controllers are
yet still be used in the industrial processes [11]. This is due to the simplicity in principle.

There are 2 main type of element or pathway within control system which are
feed-forward and feed-backward. A feed-forward controller uses information from
measurable disturbances to improve the control performance; theoretically it is possible
to eliminate the disturbances, but in reality, the disturbances will not perfectly eliminate.
On the other hand, feed-backward control system calculation is based on measurements
of the controlled output; where feed-backward control systems normally give better
attenuation of low-frequency process disturbances and that they give better robustness
(less sensitivity to parameter changes) when compared to systems without feedback [11].
Among the most widely used feed-backward control mechanism in industrial control
systems is a PID controller.

Another popular logic controller is fuzzy logic. It can control complex
continuously-varying systems. It can approximate any continuous functions on a compact
set to a given accuracy so it can be considered as a universal approximator. The
advantages of using fuzzy model are the model structure is easy to understand and
sometimes interpretable and various types of knowledge can be integrated in the model,
including statistical objects and empirical knowledge [12]. It also found that fuzzy
controller was simpler and easier to develop compare to PID controllers [8].

Fuzzy controller type will used in this final year project to develop an optimal
control algorithm for best performance and to minimize energy losses in
MATLAB/Simulink. The fuzzy controller model and block diagram of the Fuzzy

controller system used will be further discussed in the result and discussion part.
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2.6 Reference Model

Bicycle model is the simplest method in determining lateral vehicle response which has
two degree of freedom. The model combined the right and left tires at the front and rear
of the car into equivalent tire which located at the centre line. The slip angles on the
inside and outside wheels are approximately the same. The degree-of-freedom for
constant forward speed are yaw rate, r, and lateral velocity uy (or sideslip angle, o). In
addition, this model neglects body roll and load transfer. The longitudinal speed of travel
is assumed to be constant. The steer and slip angles are assumed to be thus, the tire forces

may be assumed to vary linearly with slip angles [17].

Figure 8: Bicycle model [17]

In Figure 8, uy and uy are the longitudinal and lateral components of the vehicle velocity,
d is the steering angle, of and o, are the tire slip angles and Fys and Fy, are the lateral tire

forces.

The mathematical model to be use in this project is using the same approach as researcher

[8]. The state equation for the project electric vehicle bicycle model is written as:

% = Ax + B&; 2.1)
x=[Bv] (2.2)
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Where B is side slip angle, &; is front steer angle, y is yaw rate, m is mass, l; is length
between center of the car and front tire, [,- length between center of the car and rear tire, |

is the vehicle inertia, Cr is front cornering stiffness, and C,. is rear cornering stiffness.

When the vehicle is experiencing several manoeuvers such as changing lane,
making j-turn or steer change there is possibility that the vehicle to experience oversteer
or understeer. During this moment, the vehicle will give slight different in term of lateral
acceleration, and yaw rate as compare to the reference model. Thus, the bicycle model is
introduced in this project as reference model which is generated in MATLAB/Simulink
model for the EV to assist in controlling the torque vectoring and traction control of the
IWM during co-simulation between MATLAB/Simulink model and ADAMS/Car model.
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CHAPTER 3: METHODOLOGY/PROJECT WORK

3.1 Research Methodology
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3.1.1 Explanation of Methodology

3.1.1.1 Define problem and component used for torque vectoring and traction control for

all-wheel drive electric vehicle:

Define problems statement and all the components used for AWD EV such as in-
wheel motors, controller, type of vehicle parts and battery used.

3.1.1.2 Literature review:

Find articles, paper works and previous study related to torque vectoring and
traction control for an all-wheel drive electric vehicle

3.1.1.3 Base vehicle identification, verification and data analysis:

Identify the base model for the electric vehicle. Verify the type of parts that need
to be used such as double wishbone suspension.

3.1.1.4 Base vehicle modeling in ADAMS/Car:
The base model of the electric car will be generated using ADAMS/Car; all the

measurements are according to the chassis specification.
3.1.1.5 Simulation and verification of base vehicle model (FYP2):

Generate similar vehicle model that using internal combustion engine (ICE) and
compare the Single Lane Change (SLC) simulation in ADAMS/Car with the base
EV model.

3.1.1.6 Modification of base vehicle model to become EV (FYP2):
Add torque at each wheel of the base EV model using ADAMS/View interface

so that it can simulate the motor rotation torque and modify the input so that it
can be co-simulate with MATLAB/Simulink.
3.1.1.7 EV_modeling in MATLAB/Simulink (FYP2):

Define motor sizing and generate electric motor controllers, driver controller, and

reference model controller using MATLAB/Simulink.
3.1.1.8 Co-simulation between ADAMS/Car and MATLAB/Simulink to assess the
controller (FYP2):

Fuzzy controller of the motor controllers will be tune so that the best

performance of torque vectoring and traction control is achieved in
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MATLAB/Simulink. Then, co-simulate the simulation done in
MATLAB/Simulink and ADAMS/Car to assess the controller.

3.2 Project Activities

Several activities related to the project were done in order to complete this

project. The activities are as mention below:

3.2.1 Extract chassis measurement from CATIA file
3.2.2 ADAMS/Car software:

Generate subassemblies using templates

Generate ICE vehicle and electric vehicle full assemblies.

Define appropriate coordinate for wheel centre, suspension parts, and
centre of gravity of the vehicle models based on chassis measurement
specification

Verify and simulate vehicle models using “single lance change” (SLC)
simulation command

Verify simulation result data of ICE vehicle and electric vehicle.

Apply torque on each wheel by using ADAMS/View interface.

Define Torque input so that it can co-simulate with MATLAB/Simulink
Save SLC simulation data into “m-file” which can be read by
MATLAB/Simulink.

3.2.3 Define Motor sizing, battery sizing and vehicle mass using appropriate equation.
3.24 MATLAB/Simulink software:

Export ADAMS/Car SLC simulation data so that it can be used in
MATLAB/Simulink.

Construct and link block model of electric motor controller, driver
controller, and reference model controller.

Generate and tune fuzzy controller for each motor to gain optimized
vehicle traction control.

Co-simulate MATLAB/Simulink with ADAMS/Car.
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3.3 Gantt chart

Table 1: Gantt chart of FYP 1 and FYP 2

Activity (FYP1)

Week of January 2013 Semester

Title & Supervisor Allocation

415

6|78

9

10

11| 12

13

14

Overview basic of the project

Study on literature, technical

paper & extended proposal

Extended proposal submission

S
E
M

Proposal defense/Progress

preparation and evaluation

ADAMS/Car vehicle

modeling

Interim Report preparation and

submission

A > m XU W

Activity (FYP2)

Week

of May 2013

Sem

ester

Simulation and verification
with conventional ICE

vehicle

Modification of base model

to become EV

EV modelling in
MATLAB/Simulink

Co-simulation between
ADAMS/Car and
MATLAB/Simulink to assess
the controller

Final Report
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3.3 Proposed Project Milestone

Table 2: Project milestone for FYP 1 and FYP 2

1 Acquisition of primary information W6
2 Submission of Extended Proposal W6
3 Completion of base model modeling task w12
4 Completion of Interim Report w14
| ulEmEmeEy | bsbemE e |
5 Completion of all ADAMS/Car modeling task w8
6 Completion of control system modeling W10
; Completion of co-simulation between base model and W12
control system model
8 Submission of Final Year Project Report w14
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CHAPTER 4: RESULT AND DISCUSSION

4.1 Base vehicle identification, verification and data analysis

Base model identification, verification and data analysis was done before generating the
base model using ADAMS/Car. Thus, the subsystems of vehicle used by the EV were
identified and the measurements of each part were corrected to get an accurate result. The
subsystems needed are chassis (vehicle body), suspensions, steering, wheels and brakes.
In this project, flat chassis need to be used to simulate the vehicle body. Prior to vehicle
modeling, the measurements of chassis were done and modeled in CATIA to ease the

coordinate point’s identification and mass estimation of the chassis.

[ Stet  ENOVIAVSVPM  File

3 Partl
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x

Edit View Inset Tools Window Help
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Sketch.13/PartBody/Partl selected [ =]

Figure 9: Overview of flat chassis model modeling using CATIA

Figure 9 shows the overview of CATIA model of the flat chassis that is used in the
project. This CATIA model was made based on the real measurement of the flat chassis
that has been built by UTP students in other previous research.
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4.2 Base vehicle modeling in ADAMS/Car
Prior to vehicle modeling in ADAMS/Car, there are several subsystems need were
identified such as chassis, suspensions, steering, handling tires, and braking system
as shown below:

4.2.1 Chassis
For vehicle body subsystem, template of “ rigid chassis It” (light version of rigid
chassis) in the ADAMS/Car is used to simulate the flat chassis that being used for the
EV.

Beview Seftings Tools Help

Figure 10: light version of rigid chassis used in ADAMS/Car

Figure 10 shows the rigid chassis that used to model the flat chassis in ADAMS/Car.
The red cylinder indicates the steering column housing and the yellow sphere indicate

the overall chassis body.
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4.2.2 Suspensions
For suspension subsystems, templates of “ double wishbone” were used for both

front and rear suspension.

Beview Sefngs Took  Help

Al NER]

Figure 11: Double wishbone suspension used by front and rear suspension subsystem

Figure 11 shows that the type suspension used at both front and rear wheels. The
drive shafts of both suspensions were deleted because; in this project the vehicle will

be propelled by four in-wheel motor instead of an ICE.
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4.2.3 Steering
For steering, pinion and rack type of steering will be used so, the template that used

was “ rack pinion_steering”.

a2/ ADAMS/Car 10.0.0

st Simulate Review Settings Tools Help

e

E:

ils|

A Select \

o

Figure 12: Pinion and rack type of steering

Figure 12 shows the pinion and rack type of steering subsystem used in this project.
This steering minor role is “front” because the steering will navigate the front wheels

for left and right maneuver.
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4.2.4 Handling tires

In other hand, normal type of handling tires and wheels were used for both wheels

subsystems, thus, template used for the wheels is “ handling_tire”

Simulste Review Seltings Tooks Help

Figure 13: Wheel system used in the project
Figure 13 shows the pair of wheels used by front and rear wheel subsystem. In this
project motors will be used to propel the vehicle, thus, torque force will be applied at
each wheel to simulate the motor torque using ADAMS/View after the EV model is

verified.
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4.2.5 Braking system
Brake subsystem used for this project is brake disk type. The template used is
“ brake system 4Wdisk”.

Review Settings Tools Help

Sk X

Figure 14: Disk type of brake system.

ERE]

Figure 14 shows that the disk type of brake subsystem used in the project.
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Before all the templates of the subsystem save as subsystem file (.sub), the coordinate
of the front and rear suspensions need were defined and modified according to the
right coordinate generated in CATIA to get an accurate result of ADAMS/Car
modeling.

A Hardpoint Modification Table

© Assembly * Subsystem hame Filter. [*
loc_x remarks

hpl_lca_front -200.0 (nong)
hpl_lca_outer 0o (none)
hpl_lca_rear 200.0 (none)
hpl_twr_strut_mount |00 (none)
hpl_subframe_front | -400.0 (none)
hpl_subframe_rear |400.0 (none)
hpl_tierod_inner 200.0 (none)
hpl_tierod_outer 180.0 (nong)
hpl_top_mount 40.0 (none)
hpl_uca_frant 100.0 (none)
hpl_uca_outer 40.0 (none)
hpl_uca_rear 250.0 (none)

hpl wheel_center |00 (none)

d | bl

Display: Single and (& Lef ¢ Right ¢ Both ok | appy | cancel |

Figure 15: Hard point coordinates of front suspension

7 Hardpoint Modification Table

" Assembly & Subsystem |\2.rear_susp - Narne Filter: |*
loc_x Ioc_y loc_z remarks

hpl_lca_frant 14270 -400.0 150.0 (none)
hpl_lca_outer 16270 750.0 100.0 (none)
hpl_lca_rear 1827.0 450.0 155.0 (none)
hpl_lwr_strut_mount |1627.0 5000 150.0 (none)
hpl_subfrarme_front |1227.0 4500 150.0 (none)
hpl_subframe_rear [2027.0 450.0 150.0 (none)
hpl_tierod_inner 1827.0 -400.0 300.0 (none)
hpl_tierod_outer 17770 750.0 300.0 (none)
hpl_tep_mount 1667.0 -500.0 £50.0 (none)
hpl_uca_front 17270 -450.0 5250 (none)
hpl_uca_outer 16670 6750 5250 (none)
hpl_uca_rear 1677.0 -490.0 530.0 {none)
hpl_wheel center |1627.0 -800.0 300.0 none,

4 ] i

Display: Single and & Left © Right © Both 0K ‘ Apply ‘ Cancel |

Figure 16: Hard point coordinates of rear suspension
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Lastly, each subsystems needed were attached together to model the full assembly design.

© | New Full-Vehicle Assembly

VA_FIat_Chassrs_medel

Front Susp Subsystem — (|[rrivater Ssubapstems. 6hSUS_FRONT_wO_DS

Subsystem <privatey vaubsyatems. BhGUS_REAR_WO_DGH,

<piivale> \subsystems. bhStesing sub

Front Wheel Subsystem rivale>\subsystems. 1T IRE_Front sub

Resr Whesl Subsystem fivaler subsystems. 1T ie_Rear sub

Body Subsystem rivates \subsystems. B ody sub

™ Pawertrain Subsystem

¥ Brake Subsysiem — [[<prveteebsystes BREeke e

™ Dther Subsystems

\Vehicle Test Rig IiMDLDFH\/EFLTESTFHG |

ok | e | cenes |

Figure 17: New full vehicle assembly command in ADAMS/Car

la) ADAMS/Car 10.0.0° [ o S

few Adust Simuate Review Setings Tools Help

5o SE ]

Figure 18: vehicle dynamic model for an electric vehicle with 4 in-wheel motors in ADAMS/Car

Figure 18 above shows the full assembly design vehicle model of the electric vehicle that
used 4 in-wheel motors in this project. Next step is to simulate and characterize the

performance of the electric vehicle and compare it to base EV model.
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4.3 Simulation and Verification of Base Vehicle Model
Prior to modification of base vehicle model to become EV, some validation is
required in order to validate the ADAMS/Car EV model with stock vehicle model.
For comparison purposes, single lane change (SLC) simulation was selected. Single
Lane Change simulation is basically to simulate vehicle that change lane at certain

speed as shown in figure 19 below.

Start,
T=0

Figure 19: Overview of single lane change

This simulation also held to verify if the structures of the model are strong enough to
handle all forces exist during the simulation. If the structures of the vehicle failed,

modification of subsystems hard point coordinates must be done.

2 Animation Controls

Figure 20: structures of the model vehicle failed

Figure 20 shows vehicle structure failed due to suspension could not withstand the

applied forces experience by the vehicle during SLC simulation.
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=1 5100 _sin: condtion_sensors yew_tete
— —v23keD0_sin: condition_sensors yaw_rate

150

eryser)

Angular Velocity (e

Analysis. sicdl_sin Time (zec)

Figure 21: stock car vs. EV car SLC performance verification

As shown in Figure 21 above, the result of the yaw rate of both models were
compared and if the SLC percentage error result was minor, thus it is concluded that
the EV is verified and modification of base model can be done to become all-wheel
drive EV.

4.4 Modification of Base Model to Become Electric Vehicle
To modify the base model to become EV, a torque must be applied at the centre of
each of the subsystems tyres. To apply the torque, the interface of the ADAMS/Car
was switch into ADAMS/View. Then, torque is inserted at the centre of each tyre
and defined the input accordingly so that it can communicate with
MATLAB/Simulink during the ADAMS/Car and MATLAB/Simulink Co-simulation

stage.

P AR POUT 2.0
fo Eat derw et Gemrgy Do Daw

Figure 22: torque forces added at each wheel.
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4.5 Electric Vehicle Controller modelling in MATLAB/Simulink

Prior to controller modelling in MATLAB/Simulink, the ADAMS/Car model
simulation was save in m-file so that the EV model could be generated in
MATLAB/Simulink and to ensure it can co-simulate with MATLAB/Simulink. SLC

simulation that was saved into m-file and ADAMS/Car model that generated by
MATLAB/Simulink from the m-file are as shown in Figure 23 and Figure 24

respectively.

R Full-Vehicle Analysis: Single Lane Change Xl

Full-vehicle Assembly W2 <
Output Prefix [stoo
End Time

Mumber Of Steps
Maode of Simulation
Road Data File ]
Initial Velocity R
Gear Position ,ﬁ

nitial Stesr Valus e
Maximur Steer Value ,90—
Start Time ,2—
Cycle Length ,05—
E—— [ge 7]

I Cruise Contral

I~ Quasi-Static Straight-Line Setup

M Create Analysis Log File

ok | mppy | cancel |

Figure 23: Saving ADAMS/Car SLC simulation model into m-file.

IZ] untitled/adams_sub *

File Edit View Smulation Format Tools Help

DS B »onfinn uoma o BB BREE G €

EEX

ADAME Flant

ADAMS_yout

¥ To Watspace

e ABAMS_tout

Clodk T To Wokspace

brake.right_rear_brake_tarque_VAR hux

Ready 100%

Figure 24: ADAMS/Car model in MATLAB/Simulink.

Page | 39



Some calculations also need to be done in order to determine the component sizes.
The component includes in-wheel motor, battery and the electrical vehicle mass. The

equation that governing each of the components is as shown below:

4.5.1 In-Wheel Motor Sizing
The motor sizing is based on normal driving condition which is at 90km/h
(25m/s) and on flat asphalt surface.

Power required:
P=VI[E, + F+ F+M2] (4.1)
P =25[0.5pC,AV? + f,mg.cos 6]
P = 25[0.5(1.23)(0.3)(1.75)(25%) + 0.013(400)(9.81)
P =6320W = 6.32 kW

Power required per motor:

6.320
Py = —5— = 1.580 kW

Thus, Motor with 2kW is selected.

4.5.2 Battery Sizing
Condition: full charged, travelled distance of 80km at 90km/h. State of charge =
80%, motor efficiency = 90%, lead acid (35Wh/kg)
Energy Required:

E=22 (4.2)

T

D 80km

~V " 90km/h
T = 1, xS0C=0.8x09=0.72 (4.3)

_ 6.32kW x 0.89h
- 0.72
E = 7.81kWh

Thus, the battery capacity for the EV: 7.81 kWh

= 0.89h

Voltage of battery, at current = 300A
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Battery mass,

P=1v

6320
~ 300
V=22V

(4.4)

7810Wh

My =-—"
>~ 35wh/kg

45.3 Additional Electric Vehicle Model Mass

Mass:
Chassis (steel) = 40kg

Electric motor = 14kg x 4 = 56kg

Controller = 2kg x 4 = 8kg
Battery = 220kg
Additional lump mass = 382 kg

Additional lump mass was added in the ADAMS/Car vehicle model located

approximately in between rear tires. Figure below shows the total mass of the

EV.

&

-

Apply | Parent | Chl\dren‘ Modify \r “erbose

Clear Read from File Save to File | Close

for model: w2
n the global reference fr
: 1367.0824764579 kg

Aggregate mass
The aggregate mass i
Mass
Center of Mass
Locat
Orientation
Mass Inertia Tensor

: 973.3503437386,

IzZX
IYZ

ame is

-1.5841667561, 378.390477076 (mm, mu, mw)
: 270.0394595581, 9Z.2904685581, 90.1350672453 (deq)

: E.28e72663Z1E+008 hyg-mm*

I *Z
ITY 1 2.9286677619E4008 ky-mu**Z
IzZ © 2.5244311778E4005 kg-mm**Z
IXY : -1.3288E294Z6E4006 hg-mw**Z

: 5.554378Z851E+008 ky-mu**Z

© -1.2396747901E4006 kg-mm**Z

Figure 25: Total mass of the car generated by ADAMS/Car.

The vehicle mass is needed by MATLAB/Simulink which used by reference

model to produce reference yaw rate value for every simulations needed.
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45.4 Electric Vehicle Controller Model
EV Controller model was constructed using MATALAB/Simulink. The overall
EV model is as shown in figure below:

[T mwna_1 5012 o LCEE
P R Ve Seidor Fowmst Tah el
DEdS 1@ bof e D Mubés REmcE 0
] g e
N - ——— .;
— 1...: :. Brake Model ADAMS}FEET—-.,_&.I::.;
- Model -
r 1 o
! r - e
[ ,__ T | . ks -'_|'|_" = h.'-'_'_'.- - i P N—— _— o
[ ......t ~_ H‘ — ol ! T - .d._-—’-.,_..,,.:
- I:-:;-"F‘hll - | . , . B e — E w M
. - — : - A [ I o ) - == s i BET
—— [P - H--. AN "" L mmnh
. = e | N ————— ,
Driver Model L§ — . Mo § —— ]
‘_ I-"H-..'_......._'tI |‘ *,:--." T T e e s S | - ':.':-'
L i e ) -—.rl =
T - (" ™ ]
A= e L - )
P —EI' L - el | e | -
) - *‘I' . "_.'-I'!"l—l'r ™ I '-.:“::
l ...‘ L L= —-] =
— o el forst -
Reference Model =3

Figure 26: Overall EV model in MATLAB/Simulink.

Inside the model shown in Figure 26, there were several sub-model constructed
such as reference model, in-wheel motor models, driver model and ADAMS/Car
model. The main purpose of model the EV in MATLAB/Simulink is to control
the amount output in each in-wheel motor modelled in ADAMS/Car. The torque
output is the function of torque constant and current given out by the battery
which is retrieved from the IWM torque map (refer appendix 1). The description

of the sub-model is as shown below:

4.5.4.1 Reference Model

Reference model is an abstract framework consisting of an interlinked set of
clearly defined concepts produced in order to encourage clear communication
between the input and output function of the controller that generated in
MATLAB/Simulink. The reference model is created based on the 2 degree of

freedom bicycle model stated in (Chapter 2.6). For this project, Steering wheel
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angle of the vehicle will be the input of the reference model and the model will
generate reference yaw rate as the output. The reference yaw rate next will be
compare with the actual yaw rate of the EV and the yaw rate error of the vehicle

will be calculated to give input to IWM model.

=1 IWM_140813/ref model.
Fle Edit View Simulaton Format Tools Help

NS &B2B y i vem o DEBEE BREE T ®

WA Int Ot

Ready 100% odeds

3 Concel | Heb | aeew |

Figure 28: Reference model input

4.5.4.2 In-Wheel Electric Motor Model
Four Fuzzy IWM controller models needed to simulate the behaviour of the

motors during co-simulation process which are for front left, front right, rear
right and rear left. When several manoeuver that making the steer angle to
change, the vehicle may gone through either understeer of oversteer steer
characteristic which will give slight difference in term of yaw rate. Thus, the
yaw rate error was used as one of the input of the fuzzy controller. Other input
data for the controllers are steering wheel angle and vehicle speed. The fuzzy
logic controller will control the amount of torque (output) produced by the IWM

so that it can improve the vehicle cornering performance based on the fuzzy
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logic controller strategy. The strategy to control the IWM fuzzy logic controller

is summarized as table shown below:

Table 3: IWM fuzzy logic controller strategy

Input | Input | Input | Output | Input | Output | Input | Output | Input | Output
Steering Yaw Vehicle Front Vehicle Rear Vehicle Front Vehicle Rear
wheel rate velocity Left velocity Left velocity Right velocity Right
angle error Torque Torque Torque Torque
L - Low | Low | Low | Low | High | High | High | High
L + Low | High | Low | High | High | Low | High | Low
R - High | High | High | High | Low | Low | Low | Low
R + High | Low | High | Low | Low | High | Low | High
L — steering wheel angle towards left (0° to -90°)
R — steering wheel angle towards right (0° to 90°)
“-“ — negative yaw rate error as compared to actual®
“+” — positive yaw rate error as compared to actual
File Edit View
FIS Variables Membership function plots  PIt points: 181
Current Yariakle Current Mernbership Function (click on MF to select)
Type it Type trimt -]
Range 1180 180] Ferene 18050 %01
Display Range: [-180 180] [ Help ] [ Close ] |

Figure 29: Steering wheel angle as input 1 in fuzzy logic controller
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2} Membership Function Ed
File Edit ‘iew

FIS Variables

Membership function plots  Piot points:

181

N

input3

03 02 01 o 01 02 03 04 0
input varishle ‘input2”

Currert Variable
Hattie input2

Type input

Range 0608

Currertt Membership Function (click on MF to select)

Params ‘ [06-0503)

Display Range | 0B D8] ‘

‘ [ Help | [ Close

Selected variable “input2!

Figure 30: Yaw rate error as input 2 in fuzzy logic controller

) Membership Function Edit
File Edic tiew

FIS Variables

Membership function pits  Piot paints:

181

L H

05
input3 0 ; . . -
40 50 B0 70 &0 a0 100 "o 120
input variable "input3"
Currert Warishle Current Membership Function (click on MF to select)
Tope it W=
Pararns | 1406010022 |

Range [40420]
Display Range a1z | ‘ [ Help ] [ Clase ] |

Selected variable "inputs"

Figure 31: vehicle velocity as input 3 in fuzzy logic controller
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) Membership Function Editor: FL2
File Edit view

FIS Variables

EEX

plot points: 181

Msmbership function plots

XIEY
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Ini ut2

inpLt3 5

)

H

output variable "output!”

Currert Merbershin Function (click on MF to select)

Current Variahle
= Params \ [0 2 5e+004 4e+004]
£ 0 5.49e+004]
Display Range | (06 43e+004] | ‘ [ Helo ] [ Close ]

Selected variahle "output?”

Figure 32: motor torque as output of the fuzzy logic controller

The motor torque output range was retrieved from real specification of 2kW in-
wheel motor design by Kelly Control, LLC [18] (refer Appendix 1).

) Surface Viewer: RL2 Q@@
File Edt View Options
f
%10 ‘,.
SET
R ‘&3‘
N ,III ST
= ‘ ‘\-“' ‘
£l ‘\ e
2 ‘ \\ ‘\‘
25
05
verr wa
Ref_Input | [Naf e 0] || ‘ [ ree [ cese | ‘
Ready ‘

Figure 33: Input and output map of the fuzzy logic controller

4.5.4.3 Driver Model

Driver model simulate the throttle and brake demand during the co-simulation
process and the output will be sent to the ADAMS/Car controller to be

processed.
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4.5.4.4 The EV ADAMS/Car Model
The EV ADAMS/Car model is a model where generated by ADAMS/Car

software which simulate the behaviour of the EV when it received input from

the IWM fuzzy logic controller model and from the driver model.

51 1w_14081 3/ ubsystem2 EEX

Fie Edt View Simulation Format Tooks Help

DeEs ® you o Nemd ] T

front_tire FLT

(]

front_tire FRT

©

rear_tire RRT

brake.left_front_rake_torque_VAR

omega FR

adams_sub Gam @ees AL omega R
mega_rear_let

rear_tire.o

Figure 34: Adams/Car model
From the input, it will generate the output which needed for the reference

model, driver model and IWM fuzzy logic controller model thus, complete the

closed loop MATLAB/Simulink block model.
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4.6 Co-Simulation between ADAMS/Car and MATLAB/Simulink to Assess the

Controller

To assess the controller so that it will improve the cornering performance of the EV
several vehicle cornering event simulation were held which are single lane change
(SLC), steep steer (SS) and constant radius cornering (CRC). The results will be
comparison of performance of EV model with controlled IWMs and EV model with
uncontrolled IWMs. The results are compared based on the yaw rate characteristic
which gives information on how stable the electric vehicle undergoes the manoeuvre
since yaw rate is related to side slip angle (refer equation in chapter 2.6). The result

and discussion of the simulations are as shown below:

4.6.1 Single lane change simulation:
As stated before, SLC is to simulate vehicle that changing lane at certain given
speed. The vehicle input condition for the SLC simulation is given as shown

below:

A Full-Vehicle Analysis; Single Lane CIfilze 3]
Full-Yehicle Assembly W2 M
sle

Output Prefix
End Tirne
Number Of Steps
Mode of Simulation
Road Data File
Initial Velocity
Gear Position

Initial Steer alue

Iaximum Steer Walue

Start Time 2

Cycle Length 05

Stesring Input Angle -

" Cruise Control
I Quasi-Static Straight-Line Setup

[ Create Analysis Log File

ok | apply | cancel |

Figure 35: SLC simulation condition.

Time taken for the SLC simulation is 5 second, and the SLC manoeuver will
start at T= 2sec where the steering wheel angle started to turn from 0 to 90
degree for 0.5sec and turn back from 90 to O degree for another 0.5sec. The

vehicle speed was set constant at 90 km/h.
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Single Lane Change Result:

Front left WM Torque
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Figure 36: Torque vs. Time graph for SLC

wh

35

45

Based on torque versus time graph above, the output torque at the front right and

rear right wheel were lowered down by the controller at T=2s until T=2.5s. This

shows that the torque vectoring system was applied thus assisting the vehicle to

have a resultant moment towards the right (clockwise). At T=2.5s until T=3.0s,

the torque at front left and rear left were lowered down by the controller. The

torque vectoring system assisted the car to get the resultant moment toward the

left. Thus, it completed the single lane change manoeuver.

Yaw rate vs Time
0.6

YAW, EF

Unctrolled
Controlled

04

0.2

Yaw rate (rad/s)

D4

08 L 1 1 1 1
0 05 1 15 2 28

Time (s)

Figure 37: Yaw rate vs. time for SLC.

Based on Figure 37 above shows the plot of yaw rate versus time for yaw

reference based on two degree-of freedom (2DOF) bicycle model, uncontrolled
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and controlled EV model. Yaw reference plot shows that there will be slight
overshoot at T=3s to T=3.5s. By controlling the IWMs of EV model, the yaw
rate was found has improved the slight overshoot. In the other hand, the
uncontrolled EV model still experiencing change in yaw rate after T=3.5s. Based
on the plot, it can be conclude that controlling IWMs can improve the stability of

the EV model during SLC manoeuver.
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4.6.2 Steep steer simulation:
SS simulation is j-turn simulation of a vehicle at a certain speed. The input

condition of the simulation is as shown below:

R Full-Vehicle Analysis: Step Steer

Full-vehicle Assembly w2 <

Output Prefix f[ss
End Time =
Number Of Steps 500

Mode of Simulation ’m

Road Data File [ miids:tacar_shared/oads. thi2d_1
Initial “elocity ’907 W
T— O

Initial Stesr Valus o
Final Steer Value e
Step Start Time E
Duration of Step ’2\—
- T

I Cruize Control
I~ Quasi-Static Straight-Line Setup

[~ Create Analysis Log File

ok | aepy | cancel |

Figure 38: SS simulation condition.

The vehicle speed was set constant at 90 km/h. Time taken for the SS simulation
is 5 seconds, and the SS manoeuver will start at T= 2sec where the steering
wheel angle started to turn from 0 to 90 degree for 2 seconds and stay at 90

degree until the end of the simulation (5 seconds).

Step Steer Result:
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Figure 39: Torque vs. Time graph for SS.

Based on torque versus time graph above, the output torque at the front right and
rear right wheel were increased by the controller at T=2s until T=3.5s. This
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shows that the torque vectoring system assisted the vehicle to have a resultant
moment towards the left (anti-clockwise) at the beginning of the j-turn. At
T=3.5s until T=5.0s, the torque were lowered down and controlled by the
controller at about 30Nm. At this point, the torque vectoring system tried to
assist the car to balance the yaw rate according to the reference model developed
before to complete the j-turn or SLC manoeuver.

Yaw rate ¥s Time
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Figure 40: Yaw rate vs. time for SS.

Based on Figure 40, the result shows the plot of yaw rate versus time for yaw
reference based on two degree-of freedom (2DOF) bicycle model, uncontrolled
and controlled EV model for SS simulation. Clearly spotted that uncontrolled
EV model unable to maintain its yaw rate as the vehicle start the j-turn at T=2s.
While the EV model with controlled IWMs tries to follow the reference yaw rate
line as the vehicle experienced the j-turn in step steer simulation. Thus, by

controlling IWMs can improve the vehicle stability in Step steer.
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4.6.3 Constant radius cornering simulation:
CRC simulation is where the vehicle is to turn at a certain constant radius with
increasing speed. In this project, the radius set for CRC simulation was 30
meters and the speed of the vehicle was increased from 30km/h to 90km/h. The
turn direction is toward the left (anti-clockwise), the input condition of the

simulation is as shown below:

2 Full-Vehicle Analysis: Constant Radius Cornering (5]

Full-Yehicle Assembly W2 -
Output Prefix cre

Made of Simulation [fes_onty -]
Road Data File [ mids: racar_sharedhoads 123 _f
Output Step Size R
Gear Position ENE
Turn Radius [
Length Units ,m

Turn Direction @ left © right

Control @ velocity ¢ lateral acceleration

Duration of manewver |20
Initial Velocity 0

Final Welocity ar|
Welocity Units kmrhr -
™ Shift Gears

¥ Quasi-Stalic Skidpad Setup

Entry Distance model units
Settle Time

¥ Create Analysis Log File

oK ‘ Apply ‘ Cancel ‘

Figure 41: CRC simulation condition.

Constant Radius Cornering Result:
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Figure 42: Torque vs. Time graph for CRC.

Based on torque versus time graph above, the output torque at the front right and

rear right wheel were start at about 30Nm by the controller at T=0s. While, the

torque values at front left and rear left were start higher which is at about 50Nm.

This shows that the torque vectoring system assisted the vehicle to have a
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resultant moment towards the right (clockwise) at the beginning of the anti-
clockwise constant radius cornering turn for 1 second. This is shows that the
controller tried to lower down the yaw rate error that experienced by the EV
model according to the reference model.

At T=1s, both output torque at the front left and rear left wheel were lowered
down at about 20Nm until the end of the CRC manoeuver finish while torque
output at front right and rear right is remain constant at 30Nm up until T=3.2s
and T=3.9s respectively. As the speed increased, the torque output at front right
and rear right were further increased to 50Nm at T=3.2s and T=3.9s respectively
until the CRC manoeuver finish. This shows that as the speed increased, the EV
model experienced understeer, thus torque vectoring system assisted the EV
model to ensure it stays at the correct CRC path.
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Figure 43: Yaw rate vs. time for CRC.

Figure 43 shows the plot of yaw rate versus time for yaw reference based on two

degree-of freedom (2DOF) bicycle model, uncontrolled and controlled EV

model for CRC simulation. As the vehicle increase its velocity through 30m

radius cornering, the controlled EV model tries to maintain its yaw rate

according to the reference plot. While the uncontrolled EV model unable to
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maintain the yaw rate thus, making the model undergoes understeer
characteristic and may came out from the cornering path (30m radius). Hence,
by controlling the IWMs in the EV model, the cornering performance of the EV

model can be improved.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

The initial step in study of torque vectoring and traction control for an all-wheel drive
electric vehicle was to develop base model in ADAMS/Car which include several
subsystem such as front and rear double wish bone suspensions, chassis, steering, brake,
and wheels. Prior to modification of base model to become EV model, the base model
without ICE cornering characteristic is compare with base model with ICE to validate its
performance and body model structure. Once the base model is validated, IWM is added
at each wheel to become dynamic model in ADAMS/Car. Up to this point, the first
objective which is to develop a vehicle dynamic model for an electric vehicle with 4
IWMs in ADAMS/Car is achieved.

Prior to simulate and characterize the performance of the EV, Some set-up in the
ADAMS/Car model was done so that it can communicate with MATLAB/Simulink for
the co-simulation purposes. Next, sizing of IWM, Battery and vehicle mass was made to
determine the value for the component sizing in the MATLAB/Simulink EV controller
Model. Several subcomponents of vehicle model were generated in MATLAB/Simulink
to ensure the co-simulation with the ADAMS/Car model such as reference model, IWM

model and driver model.

Next, simulation and characterization of the performance of the EV and compare it to
uncontrolled EV model was made. The simulations involved are single lane change, step
steer and constant radius cornering. According to the result, torque vectoring and traction
control of in-wheel motor in all wheel drive EV can help to increase the performance of
the electric vehicle during cornering manoeuver. At this stage, the second and third
objective which are to develop an optimal control for vehicle best performance and to
simulate and characterize the performance of the electric vehicle and compare it to

uncontrolled EV model were done.
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In conclusion, torque vectoring using this approach has the potential to improve response
and stability where the tuning of the control model enabling vehicle behavior to meet

driver expectations.

5.2 RECOMMENDATION

The result of the study concluded that the modeling and simulation of the EV is a
success. The simulation performed shows that torque vectoring and traction control

capable to improve the vehicle performance in term of vehicle handling.

To improve the study for future work, the modelling of ADAMS/Car and
MATLAB/Simulink can be done in detail manner. For example, in ADAMS/Car
modelling, the suspensions model used were simplified with several assumptions. While
in MATLAB/Simulink, reference model accuracy was up to 2 degree of freedom to
improve the accuracy of the result, the degree of freedom should be increased.

In this project, the result of the electric vehicle model cornering performance improved
by controlling the IWMs but is not very smooth where the controller still lacking in term
of giving the best output torque. To improve the results, researcher can use other type of
controller which can give out better and smooth output such as Neuro-fuzzy logic
controller which combining human-like reasoning style of fuzzy systems and structure of

neutral networks.

Simulation alone will not give a very accurate result towards the realistic vehicle that will
be built. Thus, to ensure that all wheel drive of electric vehicle is possible and the torque
vectoring and traction control is really improving the handling of the electric vehicle,
experimental base on real electric vehicle is needed so that the technology can be proved

in real life.
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Appendix

1. Appendix 1: Motor Map [18]
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