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Multi-motor Control and Efficiency Optimization for
Distributed Drive EV System

CHUAN LI

Program of Electrical Power Engineering (MPEPO)

Abstract

The energy efficiency of electric vehicles (EVs) is arguably the most critical factor
in their acceptance in today’s market. As a result, a great deal of research on EVs
is motivated by the prospect of improving energy efficiency.

The purpose of this thesis is to study the high-fidelity vehicle modeling approach
and its multi-functionalities. The co-simulation approach combines electric power-
train system of electric machine, inverter, gearbox with high-fidelity vehicle models
of driver, steer brake, autobody wheel, and road environment. Different coupling
methods and comparison between vehicle and electric powertrain system are intro-
duced. These methods pave the way for the further research of real-time simulation
platform and hardware-in-the-loop (HIL) test bench.

The proposed co-simulation platform supports the feasibility of interactions with
various subsystems like thermal model, wheel slip control model, and different elec-
tric machines. Coupling lumped parameter thermal networks to simulate heat dissi-
pation in electric machine and inverter are also presented. The aim is to demonstrate
versatility of the co-simulation method in estimating temperatures in devices under
various driving conditions. And the simulation of thermal dynamics with different
driver behaviors are studied. Furthermore, the functionalities of a wheel slip con-
trol method during acceleration and braking are also tested in this platform. The
simulation results support the feasibility of this controller in further research.

Keywords: Electric vehicle, electric powertrain, Co-simulation, thermal analysis,
Wheel slip control, high-fidelity modeling.
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Introduction

1.1 Problem Background

The energy efficiency of electric vehicles (EVs) is arguably the most critical factor
in their acceptance in today’s market. As a result, a great deal of research on EVs
is motivated by the prospect of improving energy efficiency [1, 4]. Model-based and
simulation-based optimizations have been a major part of the research, leading to
the development of various simulation platforms, such as CarMaker [5], Carsim [6],
ADAMS [7], etc. CarMaker, for example, includes a complete model environment
including an intelligent driver model, a detailed vehicle model and a highly flexible
road and traffic model based on MATLAB/Simulink platform|8], which can be sat-
isfied for most research needs. While in electric models like powertrain, CarMaker
and other tools are using the look-up table based efficiency maps to do the simu-
lation, therefore, dynamics of voltage, current, and impacts of machine controllers
are not observable. And these values are important for the efficiency optimization
in electric vehicle[9].

On the other hand, various physics-based models are often used for subcomponents
analysis. For example, finite-element method (FEM) models of electric machines
[10], Spice models of power electronics [11], and electrochemical models of batteries
[12]. They probably are good for each component but unsuitable for system stud-
ies. Therefore, the need for considering the real-world conditions during calculation
has encouraged system-level simulation of vehicles by coupling with high-fidelity
subcomponents such as electrical powertrain, mechanical transmission, and thermal
models [13, 16]. For example, time-stepped FEM and field-circuit co-simulation
strategies were used to analyse a fault-tolerant permanent magnet machine for an
electric vehicle [17]. In [18], a finite element model of the motor in Maxwell was cou-
pled to an inverter model in Simplorer to validate a flux weakening control strategy.
Although these co-simulation methods can be used to study certain system-level
phenomena, their computational resource requirements and the complexity of their
interfaces make them unsuitable for use in full vehicle simulations.

Mathematical models [19], using lumped parameters and differential equations, can
be used to address the above challenges. Firstly, the lumped parameter repre-
sentation simplifies the model and thus reducing computation load compared to
physics-based models. Secondly, since such models can be easily implemented in
a common environment, defining signal interfaces between subsystem models will



1. Introduction

take less effort [20]. Therefore, it is valuable to do some research on high-fidelity
vehicle modeling by co-simulation approach. To validate the multi-functions of pro-
posed high-fidelity vehicle platform, two thermal models of electric machine and
inverter [21, 23], and a wheel slip control model are also introduced. Fig.1.1 shows
the flowchart of co-simulation between vehicle and electric powertrain system.

/~ Co-Simulation platform N

Full vehicle model Electric Powertrain

9
74

Autobody and Road and driver Electnc‘ Wheel slip
2 i powertrain
wheel dynamics dynamics 4 controller
dynamics
Hardware-in-the-loop test bench

Figure 1.1: The flowchart of co-simulation between vehicle and electric powertrain

This research is also involved and founded by the Europe DRIVEMODE project.
The DRIVEMODE project is a joint venture funded by the EU to develop the next
generation of electric powertrains for the automotive industry [24]. Until now, most
battery electric vehicles have had drivetrains featuring electric motors running at
a maximum speed of 15,000 rpm, corresponding to a gear ratio of approximately
10:1. In DRIVEMODE we aim to push the input speed to an input speed of 20,000
rpm with a gear ratio of 14.1:1. The DRIVEMODE traction power system combines
with a frequency converter, motor and gearbox as shown in Fig.1.2. are tightly in-
tegrated to suit each other’s parameters . and are united by a single cooling circuit
and frame. Large-scale manufacturing of integrated drive trains is achieved through
modularity. The modular driveline concept developed is suitable for both low and
high-performance vehicles.
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Electric Machine

Figure 1.2: The modular structure of DRIVEMODE electric powertrain

1.2 Thesis Purpose

The objective of this thesis is to study the co-simulation approach by combing math-
ematical models of electric powertrain and vehicle. The electric powertrain system
consists of electric machine, inverter and transmission, which is implemented with
PLECS tool. The mathematical description of electric machine contains incremental
inductance and apparent inductance mode. The electric vehicle consisting of driver,
steer brake, autobody, wheel, road and environment is modeled by CarMaker. Both
PLECS and CarMaker can be established into the Simulink Environment.

The simulation method provides access to vehicle and electric powertrain variables
such as traction torque, wheel slip, phase currents of electric machine, DC link volt-
age, etc. Subsystem performance can therefore be investigated under various driving
conditions and vice versa using the proposed method. The coupling method between
vehicle and electric powertrain consists of torque open-loop, torque close-loop, speed
open-loop, and speed close-loop.

Another aim of this paper is to analyze influences of driver behaviors on thermal
performance of electric machine and inverter. So, lumped parameter thermal net-
works (LPTNs) representing heat dissipation in electric machine and inverter are
also modeled to observe the temperatures of electric machine windings and semicon-
ductor junctions. Moreover, this platform also validates a wheel slip control under
different driving conditions, and the brief introduction of wheel slip control method
is also presented in vehicle modeling.
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The main objectives can be grouped into:
o Building the electric powertrain model, including electric machine, inverter,
and transmission, and thermal model under offline PLECS/Simulink environ-
ment.

o Introduce the electric vehicle modeling with autobody wheel, steer brake,
driver, road, environment, and wheel slip control units based on CarMak-
er/Simulink software.

o Study the different coupling methods between vehicle model and electric pow-
ertrain model.

o Four cases study to shows the multi-functional property of co-simulation ve-
hicle model.

1.3 Limitations

o In high-fidelity vehicle modeling, the offline CarMaker/PLECS co-simulation
normally is not suitable for validations. Because it remains a trade-off issue
between models complexity and running speed. i.e., Higher precision models
consumes large amount of time. So, this platform is only used to verify the
feasibility of co-simulation.

o The purpose of this thesis is focusing on high-fidelity vehicle modeling. Only
the simplified thermal model study and wheel slip control are considered. The
thermal model and wheel slip control model are still not suitable for high-
precision research, but these can be achieved by deeper research based on the
proposed platform.
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Electric Powertrain Modeling

The detailed electric powertrain system consists of electric machine, inverter, en-
ergy system, and transmission, as shown in Fig.2.1. In addition, several connection
blocks are also shown in the diagram such as machine control unit, thermal model
and drive signal. The machine control strategy is implemented within the machine
control block. The thermal model block represents the heat dissipation of electric
machine and inverter. The drive signal block provides the reference torque from
driver/vehicle. The energy system is represented by a constant DC power sup-
ply. This detailed electric powertrain system can be satisfied in different simulation
requirements, such as offline, real-time, and hardware-in-the-loop. The following
subsections are brief description of each main subsystems.

Machine [° 0, w,
control T T
, L w
tabc | Electric '
machine
— (PMSM)
» Transmission
suII)ngy j Inverter Wy
e\ L 4 w
w
[——
l Ploss P cu B Fe
[ Thermal model ]
L. 4

Figure 2.1: Block diagram of the electric powertrain

2.1 Electric Machine

A permanent magnet synchronous machine (PMSM) is considered here. The pa-
rameters of the electric machine are given in Table 2.1.
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Table 2.1: PARAMETERS OF ELECTRIC M ACHINE

Parameter Value Unit
Rated power 65 kW
Output torque 190 Nm
Rated speed 9000 rpm
Rotation inertia 0.018  kgm?
Number of pole-pairs 4 -
Stator resistance 0.0267

No load d-axis flux linkage 0.064 Wb
No-load d-axis inductance  0.46 mH
No-load g-axis inductance 1.3 mH

The electric machine receives the three-phase PWM voltage from the inverter and
the load torque from the transmission model. The outputs are the three-phase
currents, rotor speed, rotor angle and motor power losses. If the mutual coupling
between dq axis is neglected, the derivative of phase currents in d&q frame is de-
scribed as:

di

Ldi'ﬁz (ud—RS~id+wm~¢q) (21)
di, .

L - i (ug — Rs - ig + Wi - Ya) (2.2)

where ug, u4, t4, i, are instantaneous d&q axis voltages and currents respectively,
Y4, Y, are flux linkages in d&q axis, R, represents the stator phase-resistance, Lg;,
L, are the d&q axis incremental inductances, and w,, is the mechanical rotor speed.
The d&q axis incremental flux linkages can be obtained from the simulation of elec-
tric machine FEM model as shown in Fig.2.2. The dotted circle in two subplots is

the maximum current of PMSM
2IH}
150 .
1M} .’.

S0 ;

2(H}

150

TiH}

Sl

1]

-51)

Q-axis current [ A]
Q-axis current [ A]

D-axis flux linkage [Wh]
Q-axis flux linkage [Wh]

100 -10H)

150 -150)

200 . . =200}
201 - 101} i TH} 2(H} -2} -1} 1] 10y 20HF

D-axis current [A] D-axis current [A]

Figure 2.2: d&q axis flux linkage map
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The d&q inductances are calculated from the flux linkages based on:

d

Ly = 20 (23
dzd ig=constant
d

L= s (2.4)
qu 1g=constant

Electromagnetic torque can be obtained as:
. _ 3
Te:(wd.flq_wq.zd).p.i (25)

where T, means the electromagnetic torque, and p is the number of pole-pairs.

However, several electric machine simulation tools are not using the flux linkage
as above to calculate currents and voltages. Only d&q axis inductances are involved
as shown in the following equations:

i
Lda'gzvd—Rs-id‘f‘an'%'i‘l (2:6)
L %—U—RZ + Laq - we * 1 _77D W (27)
P s g da * We * %d P e .
Te=5-p-[¥p-ig+ (Lia = Lga) - G~ 1] (2:8)

where ug, u4 , 14, i, are instantaneous d&q axis voltages and currents; R, is stator
phase resistance; 1p is the magnet flux linkage, and w, is the electrical rotor speed.
In this case,Lq4, and L,, are apparent inductances in d&q axis in addition to the
incremental inductances in equation 2.1 and 2.2. Apparent inductance is the in-
terpolation based on incremental flux linkages 14i&1,¢ and the corresponding d&q
currents shown as follow:

_ Y~ Yao

1d

Laq (2.9)

an = w (210)

where 140 and 14 are the flux linkages at zero current point. Fig.2.3 and Fig.2.4
shows the difference between apparent and incremental inductance in 2-D and 3-D
plot, respectively.
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Incremental inductances -
Lple Ly

Inductance

Apparent inductances
Lyq& Lgq

d or q axis currents

Figure 2.3: The meaning of apparent and incremental inductance in 2-D plot

| Incremental | | Apparent

=i

d-axis [Mux linkage [H]
g-uxis [lux linkage [H]

20

i

0

100 100 -1on

100 : !
1 ann L g-axis current [A] d-axis current [A] MO 200 g-axis current [A]

d-uxis current [A

Figure 2.4: The comparison of apparent and incremental inductance in 3-D plot

Two different descriptions of PMSM will lead to different torque performance, and
this will be discussed in the results section. In this thesis, all testing cases are using
the flux linkage PMSM to simulated electric powertrain, i.e., equation 2.1, 2.2, and
2.5.

The rotor speed in two simulation methods are same, which is calculated by the
following equation:

dw,

J
dt

+Bw,=T.—T; (2.11)
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where 17, is load torque, w, is rotor speed, J is rotating inertia and B is viscous
damping constant. The mechanical friction losses are neglected in this case. There-
fore, B is assumed to be zero. Rotor angle can be calculated by the integration of
the rotor speed. Since the electric machine is connected to the gear box and wheels
via shafts, the inertia J indicates the combined inertia as follow

J =T+ T, + J,, (2.12)

where J,,, indicates the inertia of electric machine, J;] and J;U are inertia of the gear-
box and wheel observed from the electric machine side, respectively.

2.2 DC supply and Inverter

The circuit diagram of DC battery supply and inverter is shown in shown in Fig.2.5.
The battery model is a constant voltage source combined with internal resistance,
capacitance, and inductance. The inverter is modeled as a six-MOSFETs (Q1 to
Q6) 2-level voltage source converter (VSC). The battery and inverter are connected
by DC cable along with capacitor and resistor. In vehicle model, power electronics
are modelled as loss components with a simple input and output power relationship.
Table 2.2 presents all parameters of DC supply and inverter in powertrain model.

Re/2 Rdc
Qi1 Q3 Qs Rest

Al A A

R a4 as Resr
&} &} ]
Cdc

_ 1 o

Rc/2

)

Figure 2.5: The circuit diagram of DC supply and inverter in powertrain

Table 2.2: PARAMETERS OF DC SUPPLY AND INVERTER

Name Symbol Value Unit
DC link voltage Uyge 360 \Y%
resistance of DC battery Ry 1 m¢)
Inductance of DC battery Lg. 0.5 mH
ESR of DC link capacitor Resr 0.865 mf)
DC link capacitance Coe 150 uF
DC cable resistance R. 1 m¢)
Switching frequency of inverter f 16 kHz
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The losses in power electronics are summarised into switching and conduction losses
[25]. Switching losses consist of the turn-on and turn-off losses in MOSFETs and
diodes. Conduction losses contains DC cable losses in addition to MOSFETs and
diodes losses. All these values are calculated based on current, voltage, and fre-
quency. The power relationship of DC supply and inverter are shown as follow:

PBattery = Pdc - -Ploss/dc (213)

3
Piossyinv = 6 - | Perjinv + Pporinv + Z(PSW/INV)Z' (2.14)
i=1
where Ppastery and Py, are battery power and DC link power, Pgy/rny); are three
switching loss components, and Prr/rnvy and Pp /vy are conduction losses of a
MOSFET and diode in inverter respectively.
In this work, the inverter receives gate signals from the machine control block where
a field-oriented control (FOC) is implemented [26].

2.3 Machine Control

In machine control, a cascaded control strategy is shown in Fig.2.6 and 2.7. Both
the outer loop speed controller and inner loop current controller are used based on
the field oriented control (FOC) strategy.

i idlr?f - udlref - ) =
ref + PI
MPTA :: - fnverse Park SVPWM DC supply “4’<PMSM

iy U Y
qref 1 aref Transform b and Inverter

s
ry

id ia iabc
Park < ; Clarke
9 Transform |« B | Transform |

HE

Rotor | O

Position

Position sensor

Figure 2.6: Block diagram of current controller layer in PMSM

T,
Qref Pl Tref Uy g Uabe
A »
- Inner Current DC supply
u WM )
t Controller B, SVP and Inverter
6@ T |
|
Rotor I
0, Position }
Mechanical |, O
Rotor Speed |

Speed sensor

Figure 2.7: block diagram of speed controller layer in PMSM

10



2. Electric Powertrain Modeling

In electric machine control [26], stator currents i,,. are measured using electric cur-
rent sensor. The d&q axis currents are calculated from three phase currents via
Clarke and the Park transform. Then it can be used as the feedback values of the
current control loop. The reference torque is transformed to d&q axis reference
currents based on maximum torque per ampere (MPTA) method [27]. The devia-
tions between reference and measured d&q currents go through the electric current
PI controller, and the respectively output phase voltages ug,.r and g, e on the
d&q axis system. ug,r and u,,.; are transformed into the stator phase voltage u,
and ug under a& 3 coordinate system via inverse Park transform. Then, using the
voltage space vector PWM method to produce PWM gate signals g to control the
inverter, thus enabling closed-loop control of the PMSM. The PI control parameters
are calculated based on following equations:

u(t) = Ke(t) + K, / e(t)dt (2.15)
R, = a.L(J) — R(B) (2.16)

ky = 0 L(J) (2.17)

k: = o (R(B) + R.) (2.18)

where e(t) is the error between reference and actual value in current and speed, u(t)
is the output of PI controller, «.. is the current and speed controller bandwidth, and
ki, kp, and R, are integral, proportional, and active damping parameters respec-
tively. In current controller, L and R are d&q inductance and stator resistance. In
speed controller, L and R are replaced by J (motor inertia) and B (viscous damping)
accordingly.

In this case, the 74=0(i4,.r =0) torque transform method can also be used for
currents reference calculation. The parameters of machine controller are shown in
Table 2.3 and these values are calculated based on no-load parameters of PMSM in
Table 2.1.

Table 2.3: PARAMETERS OF MACHINE CONTROLLER

Parameter Value
Bandwidth of current controller 1500
Bandwidth of speed controller 150

Proportional gain of current controller d-axis 0.6843
Proportional gain of current controller g-axis 1.881

Proportional gain of speed controller 1.316
Active damping constant d-axis 0.6576
Active damping constant g-axis 1.8543
Active damping constant speed controller 0.175
Integral gain of current controller d-axis 1026
Integral gain of current controller g-axis 2821
Integral gain of speed controller 197.43

11
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2.4 Transmission

The transmission is modelled with an ideal gearbox connected to electric machine
and wheel, as shown in Fig.2.8. Both sides of torque and inertia can be converted
to each other according to the transmission ratio.

Transmission

Ty

PMSM

Wheel

S g

Jw

Figure 2.8: Transmission system between electric machine and wheel

The efficiency of the gearbox is grouped into torque losses. The gearbox contains
multiple reduction stages, which rotate at different speeds. The inertia of the gear-
box is therefore calculated by translating the inertia of each gear into the electric
machine shaft. The inertia of a gearbox with n gear stages can be defined as

(Jo + Js) (Jno+Jus) o

J =7 coognz2 T ensl) o g
TR R RN

(2.19)
where J; to J, represents the inertia of each gear wheel, the suffix J; indicates the
gear wheel that rotates at the rotor speed of the motor and J, is the final gear
wheel which rotates at the same speed as wheel. The co-efficient ky to k,_; is the
reduction ratio for each stage, with k; being the first stage, closest to the electric
motor shaft. Finally, k£, means the final gear ratio.

The inertia of each wheel in 2.12 is calculated like gearbox as below:

P A
Jp = 5 (2.20)
g9
The load torque in 2.11 is obtained as:
Ty
TL = k’i - Eoss (221)

g

where T}, is the gearbox torque losses and T, is load torque at wheels. The wheel
speed €, is calculated by scaling down the electric rotor speed by the gear ratio k.
In this work, the transformed gear ratio is 14.

2.5 Thermal Modeling

Simplified lumped-parameter thermal networks (LPTNs) are used to model the heat
dissipation of electric machine and inverter as shown in Fig.2.9 and Fig.2.10. The

12
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LPTN for electric machine in Fig.2.9 contains seven internal nodes representing the
rotor core, permanent magnets, air gap, stator tooth, stator yoke, stator frame and
coolant. The LPTN for the inverter in Fig.2.10 contains three nodes representing
the case, heat-sink and ambient.

Rotor Magnets Airgap Coolant

(inf)
Rotor Shaft

Figure 2.9: Seven nodes LPTN of PMSM

Case Rines Sink Ripsa  Ambient

PMOSFET Cease Cens ;o

Figure 2.10: Three nodes LPTN of inverter

In electric machine, the seven node thermal circuit is modeled based on the hairpin
four-layer winding PMSM as shown in Fig.2.11.

1 | Rotor
cil
."1, L ::: » 2 | Magnets
&£, -
o % —, \— o 3 | Airgap
oy, s 4 | Tooth
~4 | X~
, \n!“ 5 | Yoke
[ ] Bosd
6 | Frame
ooog ace
wse y 4
oot g, 7 | Coolant
o ‘ ' Y0y
20,
7R AN
FiEFgeL"
aaw

30 60 (mm)

Figure 2.11: Seven nodes diagram of hairpin winding PMSM

13
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The rotor core node is connected with the permanent magnets by thermal conduc-
tion. This lumped part makes heat transfer through rotor regions, then the heat
convection passes through the air gap with windage or friction losses. The thermal
resistance connects the stator winding, the insulation, and the stator core. In this
thermal model, it is assumed that the main heat flow is generated from stator wind-
ing and stator iron core, i.e., the copper and iron losses[27]. The total heat losses
are dissipated finally in the coolant. This way the node of coolant is simplified as a
fixed value.

The copper losses are calculated as below:

Pcu:§-<zd+zq)-RS:§-’ls'Rs (2.22)
The iron-core losses at the frequency f are calculated as follow:
f ’ (kh + f : kc)

Py (ia,iq, f) - Pre (1, 14) (2.23)

fbase : (kh + fbase . kc)
where kj,k. are coefficients of hysteresis losses and classical eddy current losses. At
the base speed represented by fyese, the iron-core loss map Py, as a function of i4
and i, can be calculated in the FEM model.

In thermal modeling, the mode of heat transfer consists of conduction, convection,
and insulation. In general, most parts of the machine components like magnets,
iron, and copper materials are simulated with conduction mode [28]. The formulas
of heat conduction resistance in radial and tangential directions are described as
follow, and shown in Fig.2.12.

In (?"Q/ﬁ)
Rra ial — 2.24
S S D) (224)
)
Rtangential - ﬂ (225>

where r; and ry indicate inner and outer radius of annulus, [ is the length of the
part in the heat flow direction, s is the cross-sectional area, and A is the thermal
conductivity.

Rtangential

Figure 2.12: Pie-section of a cylinder showing radial and tangential direction

14
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The physical parameters of PMSM are listed in Table 2.4 and the thermal conduction
coefficients of each region are shown in Table 2.5.

Table 2.4: PHYSICAL PARAMETERS OF PMSM

Parameter Value Unit
Length of Airgam 0.7 mm
Length of Stacking 120.0 mm

Outer Diameter of Stator 175.0 mm
Inter Diameter of Stator 123.0 mm
Outer Diameter of Rotor 121.6 mm

Inter Diameter of Rotor 42.0 mm
Width of Slot 14.2 mm
Slot Thickness of Slot 4.3 mm
Width of PM 14.0 mm
Thickness of PM 4.1 min

Table 2.5: MATERIAL PARAMETERS OF PMSM

Material Conductivity A Density p Heat Capacity C,
W/m/k g/cm? J/g/K

Copper 384 8.93 0.385

Steel 50 7.9 0.466

Insulator 0.5 1.2 1.1

Permanent Magnet 8 7.5 0.45

Air (40) 0.28 0.001 1

The thermal capacitance, for transient analysis, can be calculated as below:
C=p-V-C, (2.26)

where p is density, V' is volume of each part, and C, is the heat capacity of each
material. The parameters of each component are shown in Table 2.5.

The heat dissipation of airgap in convection mode can be modeled using a ther-
mal resistance.

1

Rconv = ﬂ

(2.27)

where A is the air thermal conductivity, and A is a cylinder area whose radius is
equal to airgap intermediate radius as shown by right in Fig.2.13.
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Figure 2.13: 2D cross-section of a cylindrical electric machine

In inverter thermal circuit Fig.2.10, each node connects each other by thermal resis-
tance and capacitance. The thermal circuit shows the heat transfer from converter
case to cooling plate and sink, then flows to the ambient. The ambient node is where
the temperature eventually dissipates to outside, so it is set to a fixed value.

In this case, the heat source is the combination of six-MOSFETSs power losses, i.e.,
the switching losses and the conduction losses as shown in equation2.14. The cal-
culation of each thermal node is same as PMSM, so this part is simplified to final
parameters as shown in Table 2.6.

Table 2.6: THERMAL PARAMETERS OF INVERTER

Parameter Value Unit
Thermal Resistance Sink-Ambient 0.0073 K/W
Thermal Resistance Case-Sink 0.0043 K/W
Thermal Capacitance of Sink 1238 J/K
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3

Vehicle Modeling

The schematic of vehicle model in CarMaker platform, including models of driver,
vehicle controller, autobody & wheels, road & environment, and electric powertrain
is shown in Fig.3.1. A rear-wheel-drive (RWD) vehicle with parameters shown in
Table IV is considered in this work. The motion of the vehicle is modeled in three
dimensions: longitudinal, lateral and vertical. In addition, different driver behaviour
in terms of acceleration can be simulated. Road traction/braking limits determined
by tyre adhesion can also be included. In the following subsections, these models
are described. In addition, a wheel slip control unit is also introduce in this section,
and it build inside the steer & brake system. Since, the wheel slip control block is
not the main purpose of this paper, it is not shown in the block diagram of vehicle
modeling.

N
1 e [
Driver model P R Steer & brake
J L system
A - /
v * N
Autobody &
. Wheel
r\\ 'y /‘
Road & Simplified
Environment powertrain

Figure 3.1: block diagram of vehicle modeling
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Table 3.1: PARAMETERS OF VEHICLE MODEL

Parameter Value Unit
Unladen mass 1745 kg
Wheel inertia 2.673  kg/m?
Wheel radius 0.343 m
Cross-sectional area of the vehicle 2.168  m?
Aero-dynamic drag co-efficient 0.3 -
Rolling resistance co-efficient 0.009 -
Gear ratio 7 -
Number of drive units 2 -
Acceleration due to gravity 9.8 m/s?

3.1 Autobody and wheel

The simulated vehicle is a multi body system including vehicle body, vehicle loads,
wheels, suspensions, and aerodynamics[]. The vehicle center of gravity (COG) is
considered for calculating the force on each wheel. Therefore, the load transfer be-
tween the front and rear axles can be modeled, which affects the maximum traction
force on each wheel. In addition, the aerodynamic force is modeled as a sum of drag,
side and lift forces. Similarly, the rolling resistance force considers of roll, pitch and
yaw movement of the vehicle.

To obtain the typical behavior of vehicle during wheel slip control study. Only
the longitudinal motion of vehicle is considered. The tire-road resistive force F,
consists of aerodynamic force Fi,,, gradient force Fy,qq, and rolling resistance ..y,
as shown below:

F. = Foero + Fyraa + Fron (3.1)
Fooro = ;p cCy - AP (3.2)
Fyraa =m - g - sina (3.3)
Foy=C,.-m-g (3.4)

where r,, is radius of wheel, n, is the number of drive units, in this work, ny equals
to 2, p is air density, Cy is aerodynamic drag co-efficient, A indicates effective cross-
section area, C, presents the rolling resistance co-efficient, g is gravity acceleration
and « is gradient angle of road. The relation between torque and force is shown as
follow:

T=ry F (3.5)
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3. Vehicle Modeling

Then the resistance torque on each driven wheel can be calculated as

1 w
TT,:<2,0-Cd-A-v2—|—Cr-m-g+m-gsina)-T (3.6)

v

where n, is the number of wheels on vehicle (normally it equals to 4). Based on the
electric machine equation 2.11, 2.12 and 2.21, the rotational speed of each rear-drive
wheel can be calculated as:

J  dwy,

—— =T, T, 3.7

ky dt (37)
where T}, is the driving torque transformed from electric machine 7, to gearbox. The
equation is simplified without slip ratio, braking torque, and torque loss in gearbox.
The following equation shows the rotational speed of front non-drive wheels

dw
where T,, and &, are equals to zero due to no-connection with electric machine, and
Jw is only the wheel inertia instead of electric machine and gearbox. The positive
resistive torque of front wheel is show the opposite direction compare to the rear-
drive wheel. The relationship between vehicle and wheel speed can be formulated
as follow:

(3.9)

where A\ is the wheel slip ratio. A — 1 indicates increasing slip, and A — 0 represents
decreasing slip.

Based on newton’s second law, the longitudinal vehicle acceleration can be derived
as:

m-v =ng-F,—n, F, (3.10)

where F,, and F;. are load force and resistance force of each wheel accordingly, ng is
the number of driven wheels (ny = 2 in this case).

3.2 Driver Modeling

The driver model or driving maneuver consists of driving missions and driver be-
haviors. The driving missions can be grouped into speed-based and distance based
driving cycles, and the driver behaviors are considered: aggressive, normal, and
defensive as shown in Fig.3.2 . The x and y axis indicate lateral and longitudinal
motions respectively, while the positive and negative values on each axis represent
acceleration and deceleration, accordingly.
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Defensive Normal Aggressive

Longitudinal acceleration [m/s’]

Lateral acceleration [rn/sz]

Figure 3.2: Three typical driver models

For the aggressive driver the maximum deceleration can be much higher compared
to the acceleration, and both vary considerably. Defensive drivers result in a narrow
range of acceleration and deceleration, and they have the same maximum value. The
normal driver represents a driving behaviour in between the two mentioned above.
Other driving models can be adapted as required. The output of the driver model is
the pedal position angle 6,. The driving torque is obtained by multiplying the pedal
position and the speed-based maximum torque of the electric electric powertrain.

3.3 Steer and brake system

The main idea of the Steer and brake system is to separate the connection between
driver model and autobody wheel model. the driver module provides the required
values for pedal position, brake, clutch, steering angle, etc. The Steer and brake
system decides, on request, in which way the required signals from driver are to be
converted to the vehicle modules (powertrain, brakes, steering, etc.).

Fig.3.3 plots the relationship between vehicle speed and maximum output torque
based on PMSM. The maximum torque at each speed multiplied by pedal position
6, is the reference torque supplied to the electric powertrain, e.g., Tyey.

For example, When the motors are operating at 4000 rpm, the maximum output
torque of each motor at this time is 104 Nm. If the driver presses the gas pedal
to the floor (6, = 1), the total output torque (two driving motors) at this point is
104*1*2=208 Nm.
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Figure 3.3: Relationship between maximum output torque and speed

In addition, the braking system in Fig.3.4 is integrated in load torque 7}, and electric
driving torque T,.. The role of the brake system is to calculate the current braking
torque for each wheel (wheel and parking brake). The brake control communicates
the target regenerative braking torque for each wheel to powertrain based on the
maximum possible regenerative braking torque of the motor and the redistribution
strategy. And the brake system sends the mechanical brake torque to each wheel.
In combination with the ECU, it is possible to set a target drive source torque for
the powertrain control. In the vehicle modeling, all braking torques are transmitted
as negative values.

Rregenerative

| | —
Pedal position! W ' brake torque :
— Brake control J ; i .
! . : Electric
| Signals | : i :
! ' ' | powertrain | .
: * i Mechanical :
! W i brake torque |
i | Brake system J , > :
i i A J |

Figure 3.4: block diagram of braking system

21
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3.4 Road and Environment Modeling

The road and environment models describe tire-road contact, traffic conditions, and
vehicle trajectories. The maximum traction force transferred to wheels is expressed
as:

Fw,ma:r; :,UFN (311)
Py _ g cosa (31
Ty

where g is friction coefficient, Fy is normal force acting on each wheel, n, is the
number of wheels on vehicle i.e., n, = 4, and other values are same as 3.1. The
friction coefficient varies with different road and slip ratio, since it is not important
in the thesis, the description is removed.

When the traction force applied to the wheel exceeds the value given in 3.11, the
wheel will start to slip, i.e., the slip ratio A in 3.9 starts increasing. The road gradi-
ent and environment conditions, e.g. temperature, air density, air pressure, etc., are
also available for modeling. Fig.3.5 and 3.6 show two types of road and environment
models in thermal model test case and wheel slip control test case, respectively.

| |
| |
2 ' 22
| [km] |
| \ o !
| \ | |
'\ \\ | Road width [m] 3.5 |
— \ | |
" \ :
\ // \I l Friction 1 I
. / \ I coefficient :
V. S — |
|
// \ | Road gradient 0 :
/ \\ : [%6] |
’ & | ——— J:
e / I Temperature 20 |
S e’ | ke !
y @ e T e e s
| 7 R
/ ! Air density 1.205 |
| |
| |

[kg/m?]

('/
: P i
I Air pressure !
' 1.013 !
\\_/ ) |

Figure 3.5: Road and environment model 1
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Figure 3.6: Road and environment model 2

3.5 Simplified electric powertrain Modeling

The electric powertrain which acts as a power system inside CarMaker is divided into
a number of subsystems with well defined interfaces, as shown in Fig.3.7. The pow-
ertrain is assigned to three levels: powertrain control unit, subcomponent control
units(BCU, MCU, TCU) and electro-mechanic components. Powertrain control unit
contains a top-level powertrain control strategy that mainly manages the working
states (e.g. ignition on, drive) and the distribution of electrical and mechanic energy.

In second-layer, three control units are involved, the battery control unit(BCU),
the motor control unit (MCU), and the transmission control unit (TCU)). Each
control unit supervises one kind of electro-mechanic components in order to estab-
lish the energy distribution planned by powertrain control unit.

The subsystems of the third level are models of the powertrain’s electro-mechanic
components (such as motors, gearboxes, batteries etc.). However, all of these electro-
mechanic components are described ideally with basic equations, such as only using
equation2.11 to describe the electric machine. Therefore, the detailed dynamics of
electric machine like currents, voltages, and frequency are unavailable in this plat-
form.
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Figure 3.7: Three-level simplified powertrain model in RWD vehicle

3.6 Wheel slip control

For traction and stability control, different models that represent the tire-road in-
teraction have been used. In this thesis, the aerodynamic-free acceleration vehicle
model with the magic formula is used owing to its semi-empirical, simple, and low-
cost computation properties. The wheel slip control is based on the ‘bicycle” model
that only considers the rotation rear wheel dynamic and the longitudinal movement.
And the vehicle traction is performed by two independently controlled in-wheel elec-
tric motors, placed on each rear wheel. Electric motors are driven by variable speed
drives able to apply the reference torque in the order of milliseconds, which allows

neglecting the dynamics of the actuators.

3.6.1 Vehicle motion analysis

ROAD

Figure 3.8: Longitudinal vehicle dynamics

Fig.3.8 shows the longitudinal vehicle dynamics, when only the longitudinal vehicle
motion is considered, the dynamic differential equation for the in-wheeled motor can
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be described as follow

_T.M-m.g
4

this equation is the combination of 2.11, 2.12, 3.5, 3.11 and 3.12.

Jow =T, (3.13)

And all the vehicle dynamics in 3.9, 3.10, 3.5, and 3.11 are summarized as follows:

m-v =F,—F, (3.14)

Vy =T+ W (3.15)

Fo=Fymaz = p- Fn (3.16)
Uy — U

P — 3.17

— (317)

where v and v,, are vehicle and wheel linear speeds, respectively. Other values are
same as above.

The main idea of proposed wheel slip control is improving the vehicle behavior
under extreme conditions like ice-road. During the acceleration period, the vehicle
stability and motor efficiency are more important than purely apply the absolute
maximum driving force to the vehicle. To reduce the unnecessary slip energy loss,
we can apply a well-managed control of the wheel acceleration and speed when ve-
hicle drives into the low friction road. If the acceleration of each wheel difference
can be controlled, then the slip-ratio is also well-controlled.

For normal road, the acceleration of each wheel is limited by the maximum driving
torque and the resistance force. These values will converge to constant since there
is no slip, i.e., the derivative of slip ratio A in 3.17 will equal to zero during stable
acceleration phase.

When vehicle drives into the ice-road, low tire-road friction coefficient u, the wheel
velocity will be increased abnormally owing to the extreme low friction forces in
equation 3.16. The acceleration w or a of the slipped wheel jumps as well, which
means the derivative of wheel acceleration @  will over some normal condition.
Therefore, this value can be treated as a threshold to trigger the novel acceleration-
based load torque compensation wheel slip control.

3.6.2 Control Method

At the beginning, the previous no-slip wheel acceleration value is settled as the
reference value wy . The first step is reducing the reference driving torque 7T, or
T, according to the decreasing resistance torque to keep the wheel acceleration as
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reference wy.

At the meantime, the total losses of load torque during slip can be accumulated
by

t1
ATy = (b — ) J (3.18)
t0
where ¢ty and ¢; means the starting and ending time of first step wheel slip control,
respectively.

According to equation 3.14, the acceleration of vehicle/chassis v will be influenced
by the lost load torque ATy, shown as follow

rm
This value means that the acceleration value of vehicle and wheel are not close to
each other, ie., V # rw. The slip ratio A will still rise according to equation 3.17.
Therefore, the vehicle still needs extra control to remain stable.

AV =

(3.19)

The second step control is to regulate the acceleration of the chassis to its pre-
vious no slip state. So, the extra torque created in equation 3.19 should be reduced.
As mentioned above, the first step happens quickly, and the slip ratio is still close
to zero. Then, we can get the second step reference torque compensation equation as

2AT,
r2m,

AT 5 = J (3.20)

Until now, the acceleration of chassis and wheel are maintained at no slip situations,
thereby the vehicle can remains stable.

The block diagram of proposed controller is shown in Fig.3.9.

lTL

Tref Te
Driver C_\ f_\ Powertrain
e j/' """""" \‘l/' """" B
: 1st 211d 1
1 control control :
. 1
! T T I
1 w
: Lost torque calculation 1
- |
! I
! |
l |
! |
! 1
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Figure 3.9: The block diagram of proposed controller
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With this controller, the traction force can be limited to its maximum effective val-
ues owing to road adherence. And it does not restrict the vehicle traction torque on
normal roads (not triggered yet). Compare to other controllers mentioned in refer-
ence, this controller only need wheel or motor speed as input signal, so the control
complexity can be reduced.

On the other side, this approach also can be used for Anti-lock Braking System
(ABS). The conventional hydraulic braking system can be replaced by the regen-
erative brake with rechargeable batteries. The main idea is to regulate the wheel
and vehicle slip ratio to their previous no-slip states when its braking. While this
strategy should combine with slip ratio estimation which will not be discussed in
this paper. Only a simplified case study is proposed in simulation based on the
proposed control strategy.
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Model Coupling Method

The detailed electric powertrain and vehicle model needs to be interfaced to create
the high-fidelity full-vehicle system. The vehicle has two electric drive systems
driveing the two rear wheels independently, as shown in Fig.3.7. At the very first
stage, the simulation time steps used by both models to advance the time evolution
of the system dynamics should be the same in order to keep them synchronized. In
this thesis, all the simulation time steps are defined as 1 millisecond. Four different
coupling methods are discussed in the following sections.

4.1 Torque open-loop coupling method

Fig.4.1 describes the signal interfaces of torque open-loop method between vehicle
model (CarMaker) and electric powertrain system. All input signals from vehicle
model to electric powertrain are the driving torques 7. and the wheel load torques
T\, and the outputs of electric powertrain are motor/wheel speeds. In this method,
vehicle model and external electric powertrain are operating in parallel, there are
no signals feedback to vehicle. Therefore, the external electric powertrain does not
influence the vehicle simulation.

Vehicle model (left parts) receives the driving signal as discussed before. The driving
torque 7). and load torque T, signals are obtained from the driver and autobody,
respectively. Then, each motor/wheel speed w,, can be calculated by the simplified
electric powertrain in vehicle model based on equation2.11, and feedback to vehicle
body to finish the simulation.

The external electric powertrain (right parts) receives two torque signals from ve-
hicle and calculates the morot/wheel speed at the same time. In this method, the
electric machine is using the current/torque control in addition to the speed con-
trol as shown in Fig.2.6. As long as both motors/wheels rotate at the same speed,
the external electric powertrain simulation can be used. This coupling method is
only used to test the electric machines, inverter and control functionalities. The
powertrain model in this case acts as an observer for vehicle simulation. Therefore,
providing access to measure power, voltage, currents, efficiency, etc.
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Figure 4.1: Torque open-loop coupling method between vehicle and electric pow-
ertrain

4.2 Torque close-loop coupling method

In the torque closed-loop interface, as shown in Fig.4.2, the speed signals of each rear
wheel are feedback to the vehicle simulation. The front wheels models are still using
the simplified powertrain in vehicle model, because only two electric drive needs
to be simulated. The external powertrain is acting as the main power system in
vehicle simulation instead of an observer. However, this interface is less demanding
on real machine test bench, because the machine stability will be reduced with only
current /torque control. The feedback of speed signals provides additional challenges
such as measurement noise, data transmission, stability etc. If the test bench has
mechanical oscillations, this will affect the whole simulation. It can also become
cumulative and create further mechanical oscillations, causing instability in the ve-
hicle simulation.

Similar to the torque open-loop interface, the electric machine can be controlled
using the current/torque control. Considering the fast response of current control
in electric machine, the rotor speed measured in external powertrain and vehicle are
at the same step. Therefore, the speed feedback signals will not creates time delay.
Parameter errors of machine controller can lead to speed differences between the
external powertrain and the vehicle model. As a result, a difference is created in the
close-loop co-simulation. These differences will be presented in the next chapter by
case study.
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Figure 4.2: Torque close-loop coupling method between vehicle and electric pow-
ertrain

4.3 Speed open-loop coupling method

The signal interactions of speed open-loop is shown in Fig.4.3. The load torque T,
into external powertrain is same as torque couplings. While another input is the
the wheel speed w,, instead of the driving torque 7. in torque couplings. In this
method, the external powertrain is acting as both follower and observer based on
vehicle signals. The output comparison between vehicle model and external pow-
ertrain model is the driving torques of each motor/wheel. The vehicle modeling is
same as torque couplings, and it runs alone.

Due to the speed inputs, the external powertrain is using the speed controller, as
shown in Fig.2.6. The wheel speeds calculated in vehicle model is used as the speed
reference w,, for controlling the electric machine in external powertrain. With the
load torque inputs, the actual driving torque 7). of each wheel can be calculated
by equation 2.11. Considering the different bandwidth of speed control and current
control, i.e., the responsing time of machine controller, there can be a difference in
rotor speed between the vehicle model and external powertrain.
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Figure 4.3: Speed open-loop coupling method between vehicle and electric power-
train

4.4 Speed close-loop coupling method

In the speed close-loop interface, as shown in Fig.4.4, the driving torque 7. s signals
of each rear wheel are feedback to vehicle model for calculating the speed of each
wheel. The calculation of wheel speeds are still using the simplified powertrain in
vehicle model. The external powertrain is acting as a middle part between vehicle
model and its internal simplified powertrain, and it still can be treated as a close-
loop simulation.

In this method, the motor speed of external powertrain will be delayed due to
its lower control bandwidth, and the synchronization between two models will be
effected. However, this method can improve the electric machine stability, especially
in real HIL test bench. Several problems can be sovled like speed oscillations, un-
wanted yaw movement of the vehicle, and large flywheel requirements. Therefore,
comparing to torque close-loop coupling, the speed close-loop coupling is more suit-
able for HIL test cases. Due to the control bandwidth of speed control mode, the
torque feedback should be enabled after few seconds. Otherwise, the vehicle will
have a loop conflict and cannot be started.
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Figure 4.4: Speed close-loop coupling method between vehicle and electric power-
train

4.5 Comparison of coupling methods

The reference torque (from driver) in all cases are ramped up at 0.1s to 50Nm with
a low-pass filter (LPF) having a bandwidth of 0.3 rad/s. The vehicle drives on
a straight-line trajectory for 5s. The results of four coupling approaches, including
wheel speed, electromagnetic torque 7.y and load torque 7,,, are compared in Fig.4.5
and Fig.4.6. The blue color indicates the results of the open-loop approaches, while
the close-loop couplings are represented by orange color.

4.5.1 Torque open-loop & Torque close-loop

Fig.4.5 shows the comparison of torque open-loop and torque close-loop coupling
methods. In the first subplot, the slope of wheel speed in close-loop (orange) is
higher than open-loop (blue), around 0.4 rad/s?. It can be explained by observing
the electromagnetic torque 7).y in the second subplot. Due to the use of LPF in
the reference torque generation, it takes roughly 2 seconds for the torque to reach
the reference. The electromagnetic torque in both method is the same, and shown
as overlapped by the orange solid line in second subplot, owing to the fast current
control mode in PMSM (with 1500 kHz bandwidth, as shown in Fig.2.6).

Differences in the load torque between the two coupling methods are visible in
second subplot. In open loop coupling (blue dash line), the external powertrain
just uses the two torques of vehicle to solve the wheel speed and does not affect
the vehicle simulation. While, in close-loop coupling (orange dash line), the wheel
speed calculation in vehicle is based on the external powertrain, which means the
load torque losses in external powertrain (PMSM efficiency, gearbox losses, etc.) are
also involved in close-loop simulation. Therefore, the total load torque in close-loop
coupling will lower than open-loop coupling. And these load torque gap leads to dif-
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ferent slop of wheel speed. However, the difference of speed and torque are correct,
and it means the vehicle simulates under more complex conditions.
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Figure 4.5: Comparison between torque open-loop (blue) and torque close-loop
couplings (orange)

4.5.2 Speed open-loop & Speed close-loop

The difference between speed open-loop and speed close-loop interfacing methods is
shown in Fig.??. The speed coupling performances are similar to torque couplings.
In the first subplot, the slope of wheel speed in close-loop (orange) is higher than
open-loop (blue), and this slop difference is much higher than torque couplings, al-
most 3 rad/s®. This is caused by the high frequency torque oscillations in PMSM,
as shown in the second subplot.

Due to the speed control mode of PMSM (with 150 kHz bandwidth in Fig.2.7),
the electromagnetic torque in speed open-loop method is always chasing the refer-
ence torque instead of equal to that value. Therefore, these torques are not linear
and oscillates with high frequency (blue line in second subplot). In the speed close-
loop method, the electromagnetic torque also oscillates in high frequency (not shown
in figure), and this will make the vehicle model unstable. To overcome this problem,
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a low-pass-filter with 1000 kHz bandwidth is inserted between vehicle model and
external powertrain.

The filtered electromagnetic torque is shown in the second subplot with orange
solid line, and it is higher than the reference torque from driver. Considering the
similar load torque losses in external powertrain, the slop of wheel speed in speed
close-loop method is much higher than open-loop connections. Furthermore, this
speed value is also much higher than torque close-loop method. So, comparing the
two close-loop methods, the torque close-loop coupling is more suitable on offline
simulations.
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Figure 4.6: Comparison between speed open-loop (blue) and speed close-loop
couplings (orange)
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Results

In this section, the results of four simulated test cases are presented to support the
various functionalities of the proposed co-simulation vehicle model. In the first case,
the simulation results of two types of electric machines, as described in section II,
are compared. Then, the second test case is comparing the co-simulation vehicle
model and simplified vehicle model. The third case is study the impacts of drivers
behaviors on thermal performance of electric machine and inverter. In the final
case, the functionality of vehicle model for wheel anti-slip control validation based
on three driving conditions are introduced.

5.1 Case 1: Comparison between incremental and
apparent inductance PMSM

In this case, only electric machines are simulated. Figh.1 shows the results of motor
speed and torque in two types of electric machines. PMSM 1 and PMSM 2 are the
incremental inductance machine (2.1 2.2) and apparent inductance machine(2.6 2.7),
respectively. In the first subplot, the slop of rotor speed in PMSM 1 is higher than
PMSM 2. The speed dynamics can be explained by observing the electromagnetic
torque in the second subplot.

The reference torque in two machines is 20 Nm during simulation, as shown by
the blank line in second subplot. And the load torque is 15Nm in both machine,
which is not shown in this plot. Due to the different inductance mode in equation
2.5 and 2.8, the output torques will be different as shown in the second subplot.
However, the electromagnetic torque of each machine mode is not equal to the refer-
ence torque (black line). This is because the different models of PMSM and machine
controller. Each PMSM model is using the dynamic FEM parameters of flux linkage
and inductance, which makes it simulating in a dynamic condition in addition to a
constant parameters condition. While the parameters of each machine controller is
the same fixed parameter model. Therefore, the electrical torque after controller will
always have some error. And this will lead to the torque oscillation at beginning, as
shown in the second subplot.
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Figure 5.1: Rotor speed and torque comparison in two PMSM model
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Figure 5.2: d&q currents comparison in two PMSM model

Fig.5.2 shows the d&q currents in two PMSM, each machine is using the current
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control and maximum torque per ampere (MTPA) control strategy. The look-up
table for d&q reference currents in both machines are same, which means the actual
d&q currents will be the same, as shown by the overlapped line orange in each
subplot. The current oscillation at the beginning is owing to the parameter errors
between PMSM model and current reference values. Moreover, all other test cases
are using the PMSM 1, i.e., the flux linkage PMSM.

5.2 Case 2: Comparison between simplified vehi-
cle model and co-simulation vehicle model

In this case, the results of two co-simulation approaches of vehicle model are pre-
sented. In the first model, the external electric powertrain relates to simplified
vehicle equations 3.1 to 3.10. Only longitudinal motion of the vehicle is considered,
and it is very difficult to model driver behaviors, road and environment conditions.
The second method uses the external electric powertrain (section II) and detailed
vehicle model (section III) based on torque close-loop coupling method (section III).

The reference torque rises to 50Nm at 0.2s and drops down as the vehicle speed
reaches 50km/h with a low-pass filter (LPF) bandwidth of 0.3 rad/s. In addition,
the vehicle moves on a straight trajectory during the simulation. The results of
two co-simulation approaches, including vehicle speed, rotor speed, electromagnetic
torque and load torque, and dq axis currents, are compared in Fig.??. The subscript
“1” and blue color indicates the results of the first approach, and the second one is
represented by the subscript “2” and orange color.

In the first two subplots, the slope of vehicle and motor speeds increase at the
beginning and reaches a constant value. The difference between two speeds is based
on the unit transformation and gearbox ratio. The speed dynamics can be ex-
plained by observing the electromagnetic torque in the third subplot. Due to the
use of LPF in the reference torque generation and FOC, it takes approximate 0.7
second for the torque to reach the reference. When the reference torque is removed
and electromagnetic torque decreases, the vehicle starts decelerating, due to the
same LPF, it delays roughly 0.7 second to decrease the driving torque when vehicle
reaches 50km/h. Therefore, the final speed values are over 50km/h. However, the
deceleration is much slower as no braking torque is applied and only the wheel resis-
tance torque helps to stop the vehicle. It can also be observed that the load torque
is smaller than the electromagnetic torque, as the difference is used to accelerate
the combined rotational inertia of electric machine, gearbox and wheels. The d&q
currents in subplot four follow the electromagnetic torque. Maximum torque per
Ampere (MTPA) is used to select the current references.
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Figure 5.3: Simulation results showing comparation of two co-simulation vehicle
models

Fig.5.4 shows the power losses and thermodynamics of PMSM and inverter based
on the same drive conditions. The sum of the copper and iron losses of the motor is
shown in the first subplot. At the beginning, the copper losses dominate, as the sum
coincides with the torque curve. Later, as the speed increases, the iron losses become
noticeable, and the sum follows the speed curve. The PMSM winding temperatures
shown in the second subplot start at 65°C, which is the ambient temperature in
motor LPTN. At the beginning, the slope of the winding temperature increases
more rapidly, in line with the increase in motor losses. As the speed decreases, the
total losses decrease, mainly iron losses. As a result, the winding temperature does
not increase further because the iron losses in the core are dissipated more efficiently.
The conduction losses of the MOSFETs are proportional to the square of the current,
while the switching losses are proportional to the dc-link voltage and current [23].
Since the dc-link voltage is constant in the simulation, the total inverter losses in
subfigure three are proportional to the current. The junction temperature of the
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MOSFET in the last subplot is driven by the inverter losses. It starts at 25°C, due
to the temperature setting of the inverter coolant.
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Figure 5.4: Thermal and power losses of two co-simulation vehicle models

The difference between the results of the two methods is visible in Fig.5.3 and 5.4.
In the first method the vehicle speed lags the second method, even though the
electromagnetic torque is the same between the two simulations. This is due to the
different methods used to calculate the load torque, which is slightly higher in the
first method. The d&q currents are almost identical in both methods. The total
losses of the motor start to diverge with the speed difference, as they depend on
both torque and speed. The winding temperature is the same in both methods,
as the copper losses should be the same. The inverter losses are the same because
they are mainly current dependent. The temperature of the junctions is therefore
the same in both methods. There is a difference of five to seven seconds, which is
caused by the common simulation method.
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5.3 Case 3: Thermal behaviors during different
driver models

In this case, the road and environment model shown in Fig.3.5 and the three driver
models shown in Fig.3.2 were used. A distance-based driving task was used and
the results of the first lap (2.2 km) are shown in Fig.5.5. The values of x-axes in
all subplots are distance instead of time. As the vehicle was driven in cycles, it
did not come to a complete stop at the end of the simulation cycle. Three sub-
plots are shown: vehicle speed, electromagnetic torque, and elapsed time. The red,
black and blue curves represent the aggressive, normal and defensive driver models
respectively. All drivers have a maximum speed of 150km/h, only the acceleration
and deceleration speeds are different.
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Figure 5.5: Simulation results showing comparison of three driver models

The three different driver models lead to three different driving performances, as
shown in the subplots for the vehicle speeds. The local minima and maxima in
the speed diagram correspond to tight corners and straight sections respectively.
The electromagnetic torque is determined by the driver’s acceleration requirements
and is almost zero when the vehicle is decelerating. The elapsed time in the third
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subplot is inversely proportional to the average vehicle speed. The difference in
speed between aggressive and defensive drivers ranges between 20% and 50%. Dur-
ing acceleration, the effect of the driver model on EM torque is more pronounced
compared to deceleration. The aggressive driver has the highest average speed.

Fig.5.6 shows the machine losses, winding temperatures, inverter losses and junction
temperatures based on the three driving habits. The initial temperatures of wind-
ing and inverter are same as case 2. This thermal and power losses shows similar
behaviours to that observed in the previous case. There is a 30% difference in the
maximum winding temperature between the aggressive and defensive drivers. Sim-
ilarly, the junction temperature varies by 25%, but it varies much faster due to the
much smaller thermal capacitance.

2000

-
u
=3
S

losses [W]
=
S

Machine

500 |

Winding
temperature [°C]
3 3

60

1000 ¢

800 -

600 [

Inverter
losses [W]

400 |

200

0
100
95
90
85
80|
75F
70
65

Ll o,

Junction
temperature [°C]

. . . . . . . . . .
0 02 04 06 08 1 12 14 16 18 2 22
Distance [km]

Aggressive Normal Defensive |

Figure 5.6: Thermal and power losses of PMSM and inverter based on three driving
habits
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5.4 Case 4: Wheel slip control test case

In this case, the reference torque is defined as a constant value 104Nm on each rear
wheel and the driver signal is disconnected. The parameters of road and environment
are presented in 3.6. The vehicle starts on normal road surface and accelerates into
the ice road (friction coefficient p=0.2) at t=4.125s or 30m. The results of vehicle
with or without controller, including vehicle speed, wheel speed, slip ratio, and
driving torque and load torque, are compared in Fig.5.7. The blue lines indicate the
results with controller, while the orange lines are vehicle without controller.
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Figure 5.7: Vehicle dynamics when driving in ice road, comparison between vehi-

cles with and without controller

In Fig.5.7, the first subplot shows the vehicle speed with and without controller.
Due to the short measurement time, only 0.2s, vehicle vehicle does not change as
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quickly as wheel speed, which results in an overlap of two vehicle speeds, and for
long period, this two values are different. But it is enough for observing the con-
troller performance. In the second subplot, The wheel speed (orange line) of the
vehicle without controller increases significantly, while the wheel of the vehicle with
controller (blue line) changes slightly. Considering the same vehicle speeds in first
subplot and equation3.17, the slip ratio in no controller vehicle will increase seri-
ously, while the slip ratio in vehicle with controller still can close to zero, as shown
in the third subplot.

These can be explained by observing the electromagnetic torques and load torque
in the fourth subplot. In both vehicle, the driving torque before controller remain
constant at 104Nm. When the load torque is reduced from 100Nm to 24Nm at slip
road and the electromagnetic torques keep constant, the wheel starts accelerating.
And this acceleration is much faster without controller since the controller can re-
duce the electromagnetic torque from 104Nm to 28Nm constantly. It can also be
observed that the load torque is smaller than the electromagnetic torque, as the
difference is used to accelerate the electric machine and wheel.
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Conclusion

This paper presents a high-fidelity full-vehicle modeling method that uses two ded-
icated simulation tools to model the vehicle and the electric powertrain separately.
The main contribution of this thesis is the introduction of a multi-functional vehicle
platform consists of thermal unit and wheel slip control unit. This approach is not
limited to improve the accuracy by co-simulation, but also aims at developing a
high-fidelity platform for online fault diagnosis and efficiency optimization on the
next generation of electric vehicle.

The advantages and disadvantages of four different coupling methods are presented
and verified by analyzing the electric powertrain model. The purpose of the open-
loop simulation is to verify the feasibility of platform docking. The closed-loop
torque simulation has a higher accuracy and is more suitable for offline simula-
tion, while the closed-loop speed simulation is more suitable for HIL test bench. In
case 1 study, different electric machine models affect the accuracy of the powertrain
system. For offline platform simulations the effect is not significant, but for HIL
platforms a detailed model comparison is necessary. In case 2 and case 3, the two
proposed co-simulation method was compared. It was observed that co-simulation
using simplified vehicle model leads to an underestimation of the vehicle and power-
train system. Furthermore, the simulation of driver behaviour and road conditions
requires the use of specialised simulation tools (like CarMaker) to model the vehi-
cle when performing co-simulation. Furthermore, the use of a common simulation
environment for vehicle and electric powertrain modelling makes co-simulation sim-
pler by reducing the complexity of the design model interface. Simplified lumped
parameter thermal networks are used to model the heat dissipation of PMSM and
inverter. Three drive models were used together with distance-based drive tasks to
investigate winding and junction temperatures. Simulation results show a maximum
temperature difference of 30% and 25% for the motor windings and semiconductor
junctions due to the different drive models. Although an aggressive drive leads to
higher temperatures, the duration of the temperature cycles is relatively short. In
case 4, the simulations of wheel slip control strategy during acceleration is presented.
With wheel slip control, the traction wheel dynamics can be detected and managed
during extreme conditions based on the detailed electric powertrain system.

Overall, the platform can satisfy various requirements quite well. Therefore, demon-
strating the capability in both simulation and multi-function verification while using
high fidelity co-simulation platform. This research also paves the way for the next
step real-time simulation and hardware-in-the-loop test bench. Fig.?? shows the
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already established back-to-back test bench.

dSPACE dSPACE
SCALEXIO

DC Power
supply

Figure 6.1: The setup of back-to-back machine test bench

The test bench shown in Fig.6.1 consists of two identical electric machines powered
via two voltage source converters (VSCs). The DC links of the two VSCs are con-
nected to form a back-to-back configuration so that higher powers can be tested
with lower power requirements on DC power source. The two machines are me-
chanically connected with a torque transducer. The controller of each machine is
implemented in dSPACE real-time processor d1006. The diagram shows "PMSM 1"
for the traction machine and "PMSM 2" for the load machine.
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