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Abstract

The development and validation of a high-fidelity dynamic model of an electric sport
utility vehicle (SUV) is presented. The developed model of the electric vehicle system
consists of two main subsystems: the high-fidelity vehicle dynamics model, and the high-
fidelity electrical powertrain subsystem that is comprised of an alternating-current (AC)
electric motor, a 3-phase inverter, and motor controllers. The high-fidelity models are
developed in MapleSim and Simulink. Specifically, the high-fidelity vehicle dynamics
model is developed using the MapleSim multibody and tire dynamics libraries. A simple
longitudinal model is developed in Simulink to cross-validate the high-fidelity MapleSim
model by comparing the vehicle dynamics responses of the two models.

The electrical powertrain components are developed and implemented in the follow-
ing order: the AC electric motor is developed first followed by the 3-phase voltage source
inverter. Motor controllers are developed next, and lastly the electrical powertrain sub-
system is assembled by combining the AC electric motor, the 3-phase inverter, and the
motor controllers. Previous research results and literature on AC electric motors are
studied thoroughly to develop an AC electric motor model suitable for electric vehicle
applications. The 3-phase voltage source inverter is developed to convert a constant
voltage signal into 3-phase AC voltage signals that are used by the AC electric mo-
tor. Lastly, the motor controllers are designed to control the electric motor responses,
such as developed motor torque or speed. At each stage of the powertrain component
model developments, the developed models are verified by studying their simulation
results. Experimental motor data from vehicle testing is available, so the experimental
torque-speed curves are used to tune the AC electric motor parameters.

Once all the individual components are developed and validated, the high-fidelity
electric vehicle system is created in Simulink by assembling the MapleSim vehicle dy-
namics model and the electrical powertrain subsystem which is developed in Simulink.
For the models developed in MapleSim, they are exported as Simulink blocks so that
they could be run alongside with the Simulink models. A driver controller is included
to calculate required reference motor torque to track a reference speed input. A brake
module is designed to simulate a brake system found in an electric vehicle where regen-
erative and mechanical brake systems cooperate to deliver braking torque. The electric
vehicle system model is simulated using the driving cycles that represent city, highway,
and aggressive driving scenarios. The simulation results, such as the vehicle’s longi-
tudinal speed and developed motor torque and currents, are presented and studied to

verify that the electric vehicle system can operate under different driving scenarios.
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Chapter 1
Introduction

This chapter explains the thesis’s main problem statement and the research objectives.
The key approaches taken to complete the research are discussed, and it is followed by
the organization of the thesis. The benefits of building an electric vehicle’s prototype

in modelling and simulation environments are briefly explained.

1.1 Problem statement

Electric vehicles are viewed as environmental-friendly and alternative fuel vehicles in
today’s automobile industry. They have more efficient drivetrain components compared
to a vehicle with an internal combustion engine (ICE). For example, electric motors are
energy efficient and lighter than ICEs, and electric vehicles generally have smaller and
lighter transmission components than ICE powered vehicles. The main disadvantage
of electric vehicles is the energy storage component which is a rechargeable battery.
Most consumer electric vehicles use rechargeable batteries as the main energy storage
component, and a large number of battery cells are needed in electric vehicles to get
a similar driving range to ICE powered vehicles. Since the utilization of rechargeable
batteries greatly influences the overall cost and the driving range of electric vehicles,
there have been extensive contributions from the academic and industrial communities
to develop affordable and long-range electric vehicles by using different types of batteries
or reducing the number of batteries used in a vehicle. Battery research activities have
been very successful at improving the energy density of battery cells. Plans to increase
the manufacturing capacities of battery factories will serve to reduce the cost of cells,
and therefore the cost of electric vehicles. It can be foreseen that battery-powered

electric vehicles will play an important role in the future of the automotive industry



with the potential launch of long-range electric vehicles with a competitive price tag.
Hydrogen-fuel powered electric vehicles have emerged as an alternative electric vehicle
that overcomes the disadvantages of battery-powered electric vehicles by using hydrogen
gas and fuel cells to produce electricity. But, hydrogen gas refuelling stations are not
widely available, and there are safety doubts about storing a hydrogen gas in a highly
pressurized hydrogen gas tank located in a vehicle.

An electric vehicle’s configuration is dependent on the available powertrain compo-
nents, such as electric motors, batteries, and powertrain controllers. The latest battery-
powered electric vehicles use lithium-ion battery cells, but if improved and more energy
dense battery cells become commercially available in the near future, the next genera-
tion of electric vehicles will be equipped with different types of battery cells. Different
types of electric motors are also currently available for electric vehicle applications,
such as direct-current (DC) electric motors, and AC synchronous and asynchronous
electric motors. Electric vehicle engineers and designers should consider advantages
and disadvantages of each powertrain component to design the electrical powertrain
system which is efficient, powerful, and commercially viable in terms of cost. Physical
prototypes can be built to test different combinations of components, but it will be
a time-consuming and expensive exercise. Using high-fidelity mathematical models to
build an electric vehicle’s prototype in a virtual modelling and simulation environment,
such as MapleSim, can be a time-saving and inexpensive alternative approach. The ref-
erence vehicle used to model the high-fidelity electric vehicle is the 2012 Toyota Rav4
EV.

1.2 Research objectives

The research objectives are to develop high-fidelity powertrain components found in
the reference electric vehicle, which are an AC induction motor, a 3-phase voltage
source inverter, and motor controllers. The high-fidelity vehicle dynamics model is
developed and it is used to build the electric vehicle system that includes the high-
fidelity powertrain components. The high-fidelity models are developed in the modelling

and simulation environments, such as Maple, MapleSim, Simulink, and MATLAB.



1.3 Approach

Various references are collected and studied thoroughly to derive the dynamic equations
of the powertrain components. Krause et al. [1] and K. Bose [2] presented the dynamic
model of the AC induction motor which was originally shown by G. Kron [3]. The
dynamic direct-quadrature (d-q) equivalent circuit of the AC induction motor is used
to derive the motor’s dynamic equations which are based on the synchronously rotating
reference frame (d°-¢¢). The developed motor model is a voltage-based model instead of
a current-based model where the voltages are independent variables, and the developed
torque is calculated from the dependent variables, such as the currents and flux link-
ages. To control the AC induction motor’s speed or torque, the field-oriented control
techniques invented by F. Blaschke [4] and K. Hasse [5] are studied thoroughly, and
the corresponding speed and torque controllers are designed to control the developed
induction motor model. Since a battery pack used in an electric vehicle provides DC
power, a 3-phase inverter is required to convert constant power into 3-phase AC power
that is used by the AC induction motor. The developed motor model is a voltage-based
model, so a 3-phase voltage source inverter is studied and designed. Once all the pow-
ertrain components are developed and verified, the electric vehicle system is created by
combining the high-fidelity vehicle dynamics model with the high-fidelity powertrain
models. The electric vehicle system is tested for different driving scenarios, such as
city, highway, and aggressive driving schedules collected by the U.S. Environmental
Protection Agency.

1.4 Thesis organization

This thesis first presents the literature review and relevant backgrounds on electric
vehicle configurations, and different types of electric motors with their speed and torque
controllers. In the third chapter, the simplified longitudinal vehicle dynamics model and
the high-fidelity MapleSim vehicle dynamics model are developed and validated. The
electrical powertrain components’ development and implementation process is explained
and validated in Chapter 4. The motor controllers are developed next, and the electrical
powertrain subsystem is assembled and simulated in Chapter 5. The electric vehicle
system is assembled using the components developed in the previous chapters, and the
electric vehicle system is simulated for different driving scenarios in Chapter 6. The
final chapter concludes the thesis and the contributions of this research are summarized.

Recommended future work is also summarized in the final chapter.



Chapter 2
Literature Review and Background

This chapter reviews available literature and research results that are applicable to the
current topic. The first section presents different electric vehicle configurations that
are introduced to the public. The second section reviews different modelling methods
used for the electrical powertrain components, such as the AC induction motor and
the 3-phase pulse-width-modulation (PWM) inverter. Lastly, different control schemes

used on the electrical powertrain components are discussed.

2.1 Electric vehicle history

The first primitive electric carriage that had non-rechargeable primary cells was created
by the Scottish inventor, Robert Anderson, in 1830 [6]. Thomas Davenport constructed
the first DC electric motor in North America, and he is credited with building the first
practical battery powered electric locomotive [7]. During the 1900s, electric vehicles
had occupied a major portion of automobile market share in North America. For ex-
ample, electric vehicles represented about 30 percent of all vehicles found in New York
City, Boston, and Chicago [8]. The downfall of electric vehicles was first started by the
introduction of mass-produced vehicles with an ICE by Henry Ford in 1908 which is fa-
mously known as the Model T [8]. Vehicles with a gasoline ICE were more powerful and
had a longer driving range compared to electric vehicles, and most importantly, gaso-
line fuel was more readily available and inexpensive than electricity. Starting from the
1920s, electric vehicles started to disappear from automobile markets, and eventually
electric vehicles were replaced by ICE powered vehicles [6].

Electric vehicles regained interest from governments and automotive manufacturers

around the world when the price of oil was increasing at a rapid rate starting in the



1970s. For example, California passed the Zero Emission Vehicle Mandate in 1990
to force automotive manufacturers to produce and sell electric vehicles [6]. During
that time, General Motors had successfully built a practical consumer electric car,
called the EV1. The EV1’s drivetrain and battery technology are still used in latest
electric vehicles on the road today. The EV1’s first generation was equipped with
an AC induction motor with lead-acid battery packs. The second generation reduced
its curb weight and improved its driving range by using nickel metal hydride (NiMH)
battery packs. During the 2000s, the public had once again lost interest in electric
vehicles due to its known disadvantages, such as a short driving distance and long
charging duration. At the same time, Toyota and Honda introduced hybrid vehicles
equipped with both electrical and mechanical drivetrains. These vehicles were good
alternative fuel vehicles for consumers who were looking for a fuel efficient car that had
a similar driving distance compared to ICE powered vehicles. As the oil price fluctuates
everyday and environmental concerns arise from vehicle emissions in urban areas, such
as carbon monoxide and nitrogen oxides, efficient electric vehicles that produce no
tailpipe emissions are still needed in the present world. With advancements of battery
technologies, such as latest lithium-ion battery cells, today’s latest electric vehicles
can travel a long distance per charge, and they have faster charging time compared
to previous generation electric vehicles [9]. In the following sections, different electric

vehicle configurations that are available in today’s automobile market are presented.

2.2 Battery powered electric vehicle

An electric vehicle’s configuration is designed based on a choice of the main energy
source. Small electric vehicles, such as electric golf and shopping carts, are commonly
equipped with a DC electric motor and lead-acid battery packs. Lead-acid batteries
are the most inexpensive rechargeable battery in terms of kilowatt per hour charge,
but they have low energy density compared to latest battery technologies, so they
are only used for short-range electric vehicles [6]. Salameh et al. [10] presented a
mathematical model of lead-acid batteries derived from the equivalent battery circuit,
and they verified the developed battery model using experimental results. Nickel-based
batteries were the next promising battery technology to be used in place of lead-acid
batteries in electric vehicles. NiMH batteries have a higher energy density than lead-
acid batteries, so they were deemed suitable for medium-range electric vehicles. NiMH
battery packs were used in the second generation of the GM EV1, and they are still
used in the Toyota Prius hybrid vehicles. Taniguchi et al. [11] explained the NiMH

5



battery development process for hybrid and electric vehicle applications. The latest
compact sized electric vehicles are equipped with lithium-ion battery packs. Lithium-
ion batteries have higher energy density, longer lifetime, and shorter charging time
compared to lead-acid and NiMH batteries, but are significantly more expensive than
the previous battery technologies. There have been many research activities to model a
lithium-ion battery cell. Rong et al. [12] presented a mathematical lithium-ion battery
model that predicts the remaining battery capacity; the electrical circuit battery model
is presented by Chen et al. [13]; and Dao et al. [14] presented a physics-based lithium-
ion battery model based on porous-electrode theory. In a survey done by Seaman et
al. [15], they presented circuit-based and chemistry-based battery models intended for
hybrid and electric vehicle applications. The Nissan Leaf, the world’s bestselling electric
car, has an AC synchronous motor with lithium ion battery packs. The electric vehicle
from Tesla Motors and the Toyota’s electric SUV have an AC asynchronous motor
paired with lithium-ion battery packs. A summary of lead-acid, NiIMH, and lithium-ion
battery parameters are found from [6, 9] and listed in Table 2.1.

Table 2.1: Parameters for Lead-acid, NiMH, and Li-ion batteries

Battery  Specific energy Energy density Specific power 7 of life
type 42 2 i o
9 L kg 80% discharge
Lead-acid 20-35 54-95 250 800
NiMH 70-95 150 200 1000
Lithium-ion 80-130 153 300 >1000

2.3 Hydrogen fuel powered electric vehicle

Lithium-ion batteries are commonly used in today’s electric vehicles. They are lighter
and have higher specific energy and power compared to NiMH battery packs, but the
lithium-ion battery packs still require a considerable amount of time to fully charge [16].
Thus, the current battery powered electric vehicle is not suitable for a long distance
travel since it would need to charge its battery pack frequently. Automotive manu-
facturers and researchers are seeking a new storage component that has higher energy
density and shorter charging time than the battery pack currently used in electric ve-
hicles. A hydrogen fuel powered electric vehicle is equipped with a hydrogen gas tank
which is the main energy storage component, a stack of fuel cells, and an electric mo-

tor [17]. A fuel cell is an electrochemcial energy conversion device that uses hydrogen

6



fuel and oxygen to produce a DC voltage [18]. To understand how electricity is gener-
ated from fuel cells, chemical reactions in an acid electrolyte fuel cell between hydrogen
and oxygen are explained [18]. At the fuel cell’s anode, hydrogen gas Hy ionizes which

in turn releases electrons e~ and protons H.
2H, — 4H" + de™ (2.1)

On the cathode side, oxygen O, reacts with electrons and protons to produce water
H,0.
O, +4e~ +4H" — 2H,0 (2.2)

From the above chemical equations, the electrolyte, which is a polymer membrane that
separates the anode and cathode, must only pass protons and keep electrons, so that
electrons will flow through the external circuit to reach the cathode. Larminie et al. [6]
showed the chemical process in the acid electrolyte fuel cell between the hydrogen gas

and oxygen, which summarized in Figure 2.1.

l Hydrogen fuel

e
Anode 2H; —» 4H* + 4e- %

H* Load

H* moves through electrolyte (Electric motor)

|
|
|
|
|
|
|
T
v

Cathode 0, + 4H* + 4e — 2H,0 <e—_|

Oxygen from the air T

Figure 2.1: Chemical reactions in the fuel cell

A pressurized gas tank is used in hydrogen fuel powered electric vehicles to store
hydrogen gas. A hydrogen gas tank’s rate of refilling is faster, and its energy density is
greater compared to a lithium-ion battery [9]. However, hydrogen gas refuelling infras-
tructures are not widely available, and there are safety concerns about having a highly
pressurized gas tank in a vehicle. Toyota and Hyundai Motor have introduced consumer
hydrogen gas powered electric vehicles, and the development process for Toyota fuel cell
hybrid electric vehicles is presented in Aso et al. [19].



2.4 Electric traction motor

In electric vehicles, an electric motor is used in place of an ICE to produce traction
torque. The popular electric motors used in electric vehicle applications are: brushed
DC electric motors, permanent magnet AC synchronous motors, and AC induction

motors.

2.4.1 Brushed DC motor

Brushed DC electric motors are used in electric vehicle applications because of their
low cost and simplicity in implementation of motor controllers. The shortcoming of
brushed DC motors for electric vehicle applications is mainly due to its durability. A
commutator makes physical contacts with carbon brushes which causes degradation
on the components. These components require frequent maintenance services, and the
motor’s life time is low for high intensity applications, such as variable speed or torque
applications. However, due to its inexpensive cost and ease of control implementation,
Gupta et al. [20] implemented the variable speed drive of a brushed DC motor for low

cost electric vehicles.

2.4.2 AC synchronous motor

As the name of the AC synchronous motor indicates, the motor must rotate at a
synchronous speed which is related to the supply power frequency. The basic principle
of an AC synchronous motor is that a magnetic field produced from a stator attempts to
align with a magnetic field produced from a rotor which is excited by a DC power supply.
At steady-state operation, a rotor’s magnetic field has aligned with a stator’s magnetic
field, hence the motor rotates at its synchronous speed. There are two main types of
AC synchronous motor depending on how a rotor is excited: a wound rotor produces a
magnetic field from a DC current, and a permanent magnet rotor produces a magnetic
field from itself [2]. Since a permanent magnet AC synchronous motor (PMSM) does
not need an external excitation, a PMSM is frequently used in variable speed drive
applications. The PMSM modelling process and simulation results are presented in
detail by Pillay and Krishnan [21], and Zhong et al. [22] showed a mathematical model of
the PMSM for direct torque control applications. PMSMs are widely used in automotive
industries for electric and hybrid vehicle applications where Toyota extensively uses a
PMSM for its hybrid electric vehicle lineup [23].



2.4.3 AC induction motor

AC induction motors are widely used in industry as a main workforce because they
are economical, rugged, and reliable [2] compared to other DC and AC machines. A
squirrel-cage AC induction motor has a simple rotor structure in which a rotor is made
from ferromagnetic steels, and its structure resembles a squirrel cage. Similar to AC
synchronous motors, there is an AC induction motor with a wound rotor, but a squirrel-
cage AC induction motor is commonly used due to its inherent ruggedness coming from a
simple rotor structure. As the name of the induction motor indicates, a rotor’s magnetic
field is induced from a stator’s magnetic field created by a 3-phase power supply. A
rotor’s magnetic field attempts to align with a synchronously rotating stator magnetic
field, and a slip between rotor and stator magnetic fields develops motor torque. Due
to the advantages of induction motors over other DC and AC machines, there has
been much research activity on modelling and simulating induction motor models for
variable speed and torque applications. A simple per-phase equivalent circuit model of
the induction motor is adequate to predict motor operations in steady-state conditions.
For highly dynamic performance applications, such as variable speed and torque drives,
the dynamic direct-quadrature (d-q) model of the induction motor is used. The dynamic
d-qg model was originally used when developing induction motor’s variable speed drives,
such as a field-oriented controller. For current automotive applications, Tesla Motors is
using an AC induction motor for all of its vehicle lineups. Since the reference vehicle,
the Toyota Rav4 EV, has an AC induction motor from Tesla Motors, different modelling

methods for an AC induction motor are explored.

Per phase equivalent circuit

A per phase equivalent circuit of an induction motor is used to predict a motor’s
performance at steady-state conditions. A simplified per phase equivalent circuit was
presented by K. Bose [2], and it is shown in Figure 2.2. Using the simplified circuit,
the torque equation as a function of slip can be derived.

Using the torque equation, a motor’s torque-speed curve can be plotted. The torque

equation also can be used to find the magnitudes of starting torque and breakdown

torque [2]. b op V2
T, =3(— T s 2.3
( 2 >Swe (Rs + R./S)? + w2(Lis + Ly, )? (23)

where P is a number of poles of the motor, and R,, R,, L;., and L;, are the motor

parameters included in the simplified per phase circuit. S is the per unit slip which is



Figure 2.2: Simplified per phase equivalent induction motor circuit

defined as

(2.4)

We
where w, is the supply electrical speed or the synchronous speed (rad/s), and w, is

the rotor electrical speed (rad/s). The magnitude of starting torque can be found by
setting S = 1.

P R, %8
Tstarting = 3(=)— - 2.5
tarting ( 2 )(JJe (Rs + Rr)z + WE(LZS + Llr)2 ( )

The breakdown torque is the maximum torque developed by the induction motor
before the torque decreases as the motor accelerates to a higher speed. The magnitude
of breakdown torque can be found by first differentiating Equation (2.3) with respect
to S and equating it to zero to find the slip S,, at breakdown torque.

= 4+ R”
\/Rg + wg(Lls + Llr)2

(2.6)

m

The positive component of S,, is substituted into Equation (2.3) to find the breakdown

torque equation.

T _3P v (2.7)
breakdown 4 W, \/Rg T wg(Lls n Llr>2 n RS .

The regenerative breakdown torque can be found by substituting the negative compo-

nent of S, into Equation (2.3). By using a per phase equivalent circuit, the motor’s
performance, such as staring and breakdown torque, can be predicted at steady-state

conditions.
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Dynamic d-q circuit

Since the per phase equivalent circuit is only valid in steady-state conditions, the dy-
namic d-q circuit is used to model the motor transient behaviours. A three-phase motor
model can be represented as an equivalent two-phase motor model which is known as
the dynamic d-q circuit model. There are two axes: d°-¢° are the stator direct and
quadrature axes, and d"-¢" are the rotor direct and quadrature axes. This is illustrated
in Figure 2.3(b). Depending on the choice of reference frame, the motor’s dynamic
equations derived from the dynamic d-g circuit can be further simplified. There are
three main reference frames that researchers have used to develop the AC induction
motor model. They are the stationary stator reference frame, rotating rotor reference
frame, and synchronously rotating reference frame. Each reference frame has its own
advantages and disadvantages depending on the intended application, so the reference

frame should be selected carefully.

ibs ‘lb;r

w /
3-phase Py 3-phase
stator (’\ rotor
(stationary) '; o (rotating)

SN, TN TN

’
v

(a) 3-phase stator and rotor circuits (b) 2-phase stator and rotor circuits

Figure 2.3: Simplified 3-phase and 2-phase induction motor circuits

Stationary stator reference frame

A stationary stator reference frame is fixed to a stator, and its d-axis is aligned with
one of the stator’s 3-phase (A-B-C') windings. Since its d-axis is always aligned with
a stator’s phase A winding, stator’s d-axis variables would be exactly the same as
physical stator phase A variables. Using the stationary stator reference frame has
the benefit of not using any transformation methods to study motor’s stator variables

during simulations since the stator d-axis variables would be always identical to the
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stator phase A variables [24]. Also, H.C. Stanley [25] referred rotor variables onto the
stationary stator reference frame to eliminate time-varying inductances in an induction

motor’s voltage equations.

Rotating rotor reference frame

Similar to the stationary stator reference frame, a rotating rotor reference frame’s d-
axis is aligned with a rotor’s phase A winding. Using a rotating rotor reference frame
is useful when studying rotor variables during simulation since rotor phase A variables

can be directly obtained from d-axis rotor variables.

Synchronously rotating reference frame

R.H. Park [26] first introduced the method to transform a synchronous motor’s 3-phase
stator winding variables, such as voltages, currents, and flux linkages, into fictitious
windings rotating with the rotor at a synchronous speed. Referring the stator variables
to a reference frame fixed in the rotor is called Park’s transformation. This has the
effect of eliminating all time-varying inductances in the synchronous motor’s voltage
equations. The synchronous motor has time-varying inductances because of a relative
motion between stator and rotor circuits, and the circuits itself have varying magnetic
reluctance [1]. G. Kron [3] referred the AC induction motor’s stator and rotor variables
in the reference frame rotating at a synchronous speed to eliminate the time varying
inductances. The two reference frames used by Park and Kron have identical rotational
speed which is a motor’s synchronous speed. An arbitrary reference frame rotating at a
synchronous speed is called a synchronously rotating reference frame, and it had been
extensively used to model induction motors for control applications since the stator
and rotor variables are in terms of DC quantities. Ozpineci et al. [27] demonstrated
a Simulink implementation of an induction motor model derived from its dynamic d-g
circuit models. The induction motor’s dynamic d-g models are extensively used for

variable speed applications [28, 29, 30], and variable torque applications [31, 32, 33].

2.5 AC induction motor control

An AC induction motor is used to power the Toyota Rav4 EV. Different modelling
methods for an induction motor were explained in the previous section, and in this
section, different speed and torque control schemes of an induction motor are explained.

Compared to DC motors, the complexity of AC motor controllers is high because of the
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inherent coupling effect that exists in AC motors. The coupling effect is caused from
the fact that torque and flux are functions of voltage or current and frequency [2]. The
induction motor’s scalar control technique, which is known as an open-loop voltages per

hertz (V/Hz) controller, is explained first followed by the explanation of vector control.

2.5.1 Open loop V/Hz control

For variable speed applications of the AC machines, the open-loop V/Hz controller is
widely used because of its simplicity and availability [2]. Since the rotor electrical speed
w, is approximately equal to the supply electrical speed w, which is also known as the
motor’s synchronous speed, w, is used as the primary control variable to adjust the
motor’s speed. The supplied voltage V" is then directly calculated using w, and the
gain factor G to keep the flux at a constant value (¢s = V*/w,). The open loop V/Hz
controller’s performance at a low speed is poor since the supplied voltage becomes small
relative to the voltage drop across the stator resistance. To overcome this, the boost
voltage can be added when the reference speed is small to increase the supplied voltage.
The simple open loop V/Hz control’s block diagram is displayed on Figure 2.4. Kataoka
et al. [34] implemented the open loop V/Hz controller for an induction motor whereas

Szabé et al. [35] implemented the controller on a synchronous electric motor.

Boost Vie
voltage Vv
»O— 5 3l
Vo V' Command voltage Vg >
) calculations Vo | Inverter
(Inverse Park and Clarke| v’
, »  Transformation) ™
Reference

speed

Figure 2.4: Open loop V/Hz speed control

2.5.2 Direct field-oriented control

Scalar control, such as the open loop V/Hz controller, is relatively simple to imple-
ment, but the inherent coupling effect that exists in the induction motor results in
sluggish speed or torque response. Field-oriented control was introduced at the be-

ginning of the 1970s, and it was demonstrated that synchronous and asynchronous
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machines can perform like separately excited DC machines [2]. There are two general
types of field-oriented control. The first one is direct field-oriented (DFO) control in-
vented by Blaschke [4], and the second control method is called indirect field-oriented
(IFO) control invented by Hasse [5]. DFO is discussed in this section, and IFO is

explained in the next section.

Reference 7
flux : Vi l Voc
) 1 i *
V}r O & Command voltage Vi
calculations vy Inverter
i;s (Inverse Park and Clarke Vc*
. O Transformation)
r [ ]
Reference : o ! 98 :
' v
speed r Flux and synchronous @,
'/}r <---4 angle estimation

Figure 2.5: Direct field-oriented control

DFO control is designed based on the dynamic d-¢ induction motor model based
on the d°-¢° frame, and its block diagram is shown in Figure 2.5. The vector control
variables, ig; and i,
transfer functions, G1(s) and Ga(s), which are shown in the figure. They are converted

are controlled independently and they are calculated using the

to 3-phase stationary variables, 7, 7;, and ¢}, using the unit vector magnitudes, sin 6,
and cos 6, where the synchronous angle 6, is the angle between the d-axis of the syn-
chronously rotating reference frame and the d-axis of the stationary reference frame
attached to a stator.

s

cosf, = —& (2.8a)

r
S

sinf, = - (2.8b)

wAT = \/ 21"2 + wZ'PZ (28C)

where 17, and v, are the measured or estimated direct and quadrature rotor flux

linkages referred in the stationary stator reference frame. 1, is the estimated rotor flux
linkage calculated using ¢y, and ¢;,. The unit vector magnitudes, sin ¢, and cos 6., are

calculated based on the rotor flux linkage vectors.
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2.5.3 Indirect field-oriented control

IFO control is similar to DFO control method, and its block diagram is shown in
Figure 2.6. The main difference is how the synchronous angle 6, is calculated. For
an induction motor, the synchronously rotating axes d°-q¢ always have the relative

T

velocity to the rotating rotor axes d"-q", which is called the slip speed wg. The slip
speed is calculated from the estimated rotor flux linkage zﬁr, the reference quadrature

stator current %, and the gain factor GG3. The synchronous speed w, is then calculated

qs’
by adding the slip speed wy and the rotor speed w, together. For rotor flux-oriented
control, the synchronous angle is found by integrating the synchronous speed.
Ugs
Wgl = G3T (29&)

T

We = Wy + Wy (2.9b)

0. = /wedt (2.9¢)

i, is the estimated rotor flux linkage calculated from the direct stator current 15,

feedback signal.

~

U = Lty (2.10)
Reference ' l/}r Ve
flux : i .
lﬁ: O o Command voltage Vg N
calculations | Inverter
N i.. |(Inverse Park and Clarke V:
@, transformations)
Reference P
speed e

) i//r Flux
....... estimation

Figure 2.6: Indirect rotor field-oriented control
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2.6 Reference electric vehicle

The reference vehicle used to model the high-fidelity electric SUV is the 2012 Toyota
Rav4 EV. The first generation Toyota Rav4d EV was introduced in 1997 which was
equipped with an AC electric motor and NiMH battery packs [36]. Except for the
electrical powertrain system difference, the first generation Rav4 EV was identical to a
second generation gasoline Rav4. Toyota converted the third generation gasoline Rav4
to develop and produce the 2012 Rav4 EV. Tesla Motors contributed to the development
and production of the 2012 Rav4 EV by supplying the electrical powertrain components,
including the AC induction motor, lithium-ion battery packs, and powertrain controllers
to Toyota. Table 2.2 summarizes the mechanical and electrical specifications of the 2012
Toyota Rav4 EV [37, 38].

Table 2.2: Mechanical and electrical specifications of the 2012 Toyota Rav4 EV

Mechanical Electrical
. Front-wheel Drive . .
Drive type (FWD) Motor type  AC induction motor
Curb mass 1830 kg Powertrain 115 kW @ 300 rpm
max. output
Overall Motor 300 kW @ 7000 rpm
height /width /length 1684/1816/4574 mm max. output at 900A
Front /rear track 1560/1560 mm Motor 385 N-tm
max. torque
Wheelbase 2641.6 mm Motor 14500 rpm
max. speed
Traction - .
Coeft. of drag 0.3 battery type Lithium-ion
Fixed gear
Transmission open-differential ma]iat:)i? t 129 kW
Gear ratio: 9.73 ' P
. Battery
Brake Disc 41.8 kWh
usable energy
. MacPherson Battery
Front /rear suspension Double-wishbone max. voltage 386 V
Maximum speed 135 km/h (Eco) Battery 276 V

160 km/h (Sport)  min. voltage
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Chapter 3

Electric Vehicle Modelling

In this chapter, the development of a high-fidelity vehicle dynamics model of the Toyota
Rav4 EV is presented in detail. The Toyota Rav4 EV’s vehicle dynamics is presented
in both the Simulink longitudinal vehicle dynamics model and high-fidelity MapleSim
vehicle dynamics model. The Simulink longitudinal vehicle dynamics model is first
developed using the Toyota Rav4 EV specifications. The development of the high
fidelity MapleSim vehicle dynamics model is presented, and the two simulations results

are compared in the last section.

3.1 Longitudinal vehicle dynamics

The reference vehicle is a front-wheel driven vehicle, and its free body diagram (FBD)
is shown in Figure 3.1. Using the FBD, the total forces acting on the vehicle can be
calculated. Fr is the total resistance force, assumed to act at the height of the vehicle’s
centre of gravity, I, is the total traction force produced by two front tires, and Fyy
and F,n are the front and rear tire normal forces. Lastly, Fj is the total gravitational

force acting on the vehicle.

> F=m,i (3.1a)
F, — Fr — Fysinf = m, & (3.1b)

The aerodynamic resistance force Fy.,, is due to aerodynamic drag which can be
estimated from the air density p, a vehicle’s coefficient of drag C'y, and a vehicle’s frontal

area A,.r. The rolling resistance force F,., is generated from the rolling resistance of
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3

Figure 3.1: FBD of a front-wheel drive vehicle

tires that can be estimated from the vehicle weight m,g, the coefficient of friction u,.,
and the slope of the road 6 . The key modelling assumptions for the longitudinal vehicle
model are that the vehicle only moves in a straight line, and the only degree of freedom

of the model is the longitudinal speed which is denoted as z.

FR = Faero + Fres (32&)

1
Foero = §pCdA7“efj72 (32b)
Fres = prmyg cos(0) (3.2¢)

The longitudinal vehicle dynamics model has longitudinal weight transfer calcula-
tions that adjust the front and rear tire’s normal forces [39]. The weight transfer model
considers longitudinal acceleration, slope of the road, and aerodynamic and gradient
resistance forces which are assumed to act through the vehicle’s centre of gravity (CG).

The front and normal tire’s normal weights are calculated using:

bF,cos (8) — h (Fr + F,sin(0) + m, )

Finy = 3.3
mw a+b (3-32)
P — aFycos(0) +h (Z;R:ng sin(0) + m,i) (3.3)

where h is the CG height, a is the distance between the front axle and the CG, and b

is the distance between the rear axle and the CG as depicted on Figure 3.1.
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3.1.1 Differential and transmission

The Toyota Rav4 EV has a single speed fixed gear box and an open-differential con-
necting an electric motor to two front wheels. The dynamic model of the drivetrain
is illustrated in Figure 3.2. The differential and transmission are simple static models
that consider the efficiency and torque/speed ratio of each system. The key modelling
assumptions for the drivetrain’s dynamic model are: the clutch and torque converters
are always fully engaged, and the vehicle is only driven in a straight line, so the left

and right applied wheel torque and angular speeds will be equal.

Figure 3.2: Dyanmic model of the electric vehicle drivetrain

From Figure 3.2, the drivetrain dynamic equations are derived.
Tm — Td = Jmém (34)

where 7, is the motor input torque, and 7, is the differential input torque. J,, is the
rotational moment of inertia of the motor, and 6,, is the angular rotation of the motor.

For a straight line driving simulation, the applied left and right wheel torque will
be equal (7, = Twr = Twr), and the left and right wheel speed will be equal (w, = Wyr

= Wy ), so the dynamic equations relating the differential and the front wheel are:

1 1.

§ndBde — Tw = EJdgw (35&)
.0
g = .5bb

where By is the differential ratio, 1, is the transmission efficiency, J; is the rotational
moment of inertia of the differential, 7, is the front wheel torque, and lastly 6, is the
angular rotation of the front wheel.
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3.1.2 Tire model

The tire model is the linear dynamic longitudinal tire model presented by Pacejka [40],
and the model is only valid under small longitudinal slip conditions. The tire’s dynamic

equation is defined as:
Vi
U+ —u+Vy =0 (3.6)

O-Fi
where u is the longitudinal deflection, V,, is the wheel centre’s longitudinal speed, and
0, is the tire’s relaxation length calculated using the longitudinal slip stiffness C'r, and

the longitudinal tire stiffness at road level Cg,.

CFH
= 3.7
=G (3.7)
Ve is the slip velocity which is defined as:
st = Vx - Tefféw (38)

where .55 is the tire’s effective rolling radius. Finally, the longitudinal traction force

generated from the tire is defined as:

Fy = Cppkl = Cpy— (3.9)

K

where k' is the longitudinal slip. The sum of the moments acting on the front wheel is

shown in Figure 3.3, and it is used to derive the spin dynamics of the front wheel.
Tw — reffFJ: = Jwéw (310)

where J,, is the rotational moment of inertia of the wheel.

Figure 3.3: FBD of a front wheel
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3.1.3 Implementation and results

The Simulink longitudinal vehicle dynamics model is developed by combining Equa-
tions (3.1) to Equations (3.3) into a Simulink block. Similarly, the drivetrain dynamic
equations and tire dynamic equations presented in the previous sections are combined
into Simulink blocks to come up with the Simulink drivetrain and tire models. Illustra-

tion of the three Simulink blocks are shown in Figure 3.4 with their inputs and outputs.

Fx X[—> 7 Z-m - TW Fx
Longitudinal . ) . .
vehicle dynamics Drivetrain Tw — — X Tire
—={ grade F— 0, - F, 6,

Figure 3.4: Ilustrations of the Simulink vehicle dynamics components

The three blocks are assembled on a Simulink workplace to create the longitudinal
vehicle dynamics system. A reference speed profile is used as the input to the vehi-
cle system, and a simple driver model calculates the reference motor torque from the
difference between the reference and actual vehicle speed. An electric motor model is
not included in the system. It is assumed that an infinite amount of motor torque is
available, so the reference motor torque calculated from the driver model goes directly
into the drivetrain block. The complete Simulink longitudinal vehicle dynamics system

is shown in Figure 3.5.

£
- tor t
Reference PID(s) motor torque

speed wheel torque P wheel torque Fx Fx
» wheel speed > xdot wheel speed "
X
Drivetrain Front left tire grade
wheel torque Fx Longitudinal

Dynamics

v Y

xdot wheel speed
Front right tire —‘

Figure 3.5: Simulink implementation of the longitudinal vehicle dynamics

The Toyota Rav4 EV vehicle and tire parameters listed in Table 2.2 are used to
simulate the Simulink longitudinal vehicle dynamics system. A simple reference speed
profile is applied, and the vehicle’s responses — the vehicle speed z, applied wheel torque

T, and front right tire’s normal force Fyy — are measured and plotted in Figure 3.6.
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From the simulation results, the applied wheel torque and front right tire normal force
are in accordance with the vehicle acceleration. When the vehicle is accelerating, the
applied wheel torque undergoes a positive step change, and the front tire’s normal
force decreases due to the backward weight transfer. Similarly when the vehicle is
decelerating, the applied wheel torque undergoes a negative step change, and the front

tire’s normal force increases due to the forward weight transfer.

50 T T T T

4 Reference speed| |
= Vehicle speed
5301 H

0 5 10 15 20 25
Time [s]

Figure 3.6: Simulation results — Simulink longitudinal vehicle dynamics model

3.2 MapleSim vehicle dynamics model

MapleSim is a multi-domain modelling and simulation environment that gives access
to symbolic equations. Users can drag and drop built-in MapleSim components that
represent physical models, such as a rigid mass, revolute and prismatic joints, to build

kinematic or dynamic models. The high-fidelity vehicle dynamics model of the Toyota
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Rav4 EV is developed in MapleSim, and its three-dimensional representation captured
from the MapleSim visualization window is shown in Figure 3.7.

The vehicle is a four wheeled vehicle that has two wheels at the front and two wheels
at the rear. Each wheel has one independent vertical suspension, adding 4 degrees of
freedom (DOF) to the overall system. The chassis is a rigid body with 6 DOF, and 4
DOF come from the rotation of the four wheels. Overall, the system has 14 DOF which
are sufficient to predict the longitudinal dynamics of the vehicle. Tires are standard car
tires, and they are modelled using the Pacejka 2002 model developed by Pacejka [40].
The MapleSim components that are used to develop the high-fidelity vehicle dynamics

model are explained in detail in the following sections.

Figure 3.7: Three-dimensional representation of the MapleSim vehicle model

3.2.1 Vehicle chassis components

The vehicle’s chassis is modelled using a MapleSim rigid body component that has a

body fixed coordinate xyz attached at its centre of mass as illustrated on Figure 3.7.

Figure 3.8: MapleSim rigid body and rigid body frame components

The mass of rigid body m and its moment of inertia matrix [/] are used as the
main parameters for a MapleSim rigid body component. Also, the initial conditions are
assigned to set initial linear displacement and velocity, and initial angular displacement
and velocity with respect to the ground frame. MapleSim rigid bodies are used as the
hard-points in the vehicle chassis, such as the chassis’s centre of gravity, the start and
end locations of the suspensions, and lastly the point where the wheel is connected to

the suspension. The rigid bodies are connected to one another using a MapleSim rigid
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body frame where the rigid body frame provides a fixed displacement and orientation

between the two connected rigid bodies.

3.2.2 Suspension components
Prismatic joint

The four independent suspensions are modelled using MapleSim built-in prismatic joint
blocks. A prismatic joint allows one translational DOF between the two connected

frames.

Figure 3.9: MapleSim prismatic joint

There are four prismatic joint parameters: the unit vector é; that assigns the joint’s
translational direction, the spring and damping constants, K and Ky, and lastly the
spring’s unstretched length Lj. Also, there are two initial conditions that can be as-

signed which are the joint’s initial length and speed.

Revolute joint

MapleSim revolute joints are used to connect the four wheels to the four independent
suspensions. A revolute joint only allows one rotational DOF between the two frames.
Similar to the MapleSim’s prismatic joint parameters, there are four revolute joint
parameters: the unit vector €; that assigns the joint’s rotational direction, the rotational
spring and damping constants, K, and K, and lastly the rotational spring’s unstretched
angle #y. Two initial conditions are assigned to set the joint’s initial angular position

and velocity.

Figure 3.10: MapleSim revolute joint
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3.2.3 Differential and transmission components

MapleSim ideal gear components are used to connect an electric motor to the front
wheels, and a MapleSim ideal gear block is shown in Figure 3.11. The component
is an ideal gearbox with one driving shaft, which is connected to flange,, and one
driven shaft that is connected to flange,. In the ideal gear box, there is no associated
inertia, elasticity, damping, and backlash. For the MapleSim vehicle dynamics model,
the flange, is connected to the electric motor, and the flange, is connected to the

front wheels.

Figure 3.11: MapleSim ideal gear
This component is represented by following equations.

0, = 6, (3.11a)
Ty = —Th (3.11Db)

where r is the gear ratio.

3.2.4 Tire components

MapleSim built-in standard tire components and Pacejka tire models are used. Kine-
matic tire parameters and tire normal forces are internally calculated by the MapleSim
standard tire component. From the standard tire component shown in Figure 3.12, the
tire’s longitudinal and lateral slip angles, the tire’s central linear and rotational speed,

and the tire’s normal forces are calculated.

Standard tire  Pacejka

G
Figure 3.12: MapleSim standard tire and tire force components
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In MapleSim, many different tire force models are available, such as Linear, Calspan,

Fiala, and Pacejka tire models. Since the Pacejka tire model is widely used in vehicle
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dynamics simulations due to its advantages over other tire models [40], the Pacejka tire
model is selected to be used in the high-fidelity MapleSim vehicle dynamics model.

3.2.5 Implementation and results

Using the MapleSim components introduced in the previous sections, the front-wheel
driven vehicle with four independent suspensions is developed in a MapleSim user in-
terface as depicted in Figure 3.13. The four prismatic joint blocks are used to model
the four independent suspensions. The four standard tire components and Pacejka tire
models are included and they are connected to the wheel carrier, which is modelled as
a mass-less rigid body, using the four revolute joints as shown in the figure. The input
to the system is the same reference speed profile used during the Simulink longitudinal
vehicle dynamics simulations. A MapleSim PID controller block is used as a driver
model to calculate the reference motor torque from the difference between the reference
and vehicle speed feedback signals. The reference motor torque is magnified through
the ideal gear block which is then applied onto the revolute joint to rotate the wheel
by the applied wheel torque. Lastly, the resistance force calculation block shown in the

figure calculates the magnitude of aerodynamic resistance force and applies it to the
rigid body which is the vehicle’s CG.
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Figure 3.13: High-fidelity MapleSim vehicle dynamics model of the Toyota Rav4 EV
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The same vehicle and simulation parameters are used in the following simulations.
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The PID controllers gains are also identical in the Simulink and MapleSim vehicle
dynamics simulations. On Figure 3.14, the simulation results of the Simulink and
MapleSim vehicle dynamics models are plotted together. Since the MapleSim vehicle
model has more detailed components, such as the suspensions and tire models, its
responses contain higher order dynamics than the Simulink vehicle dynamics model.
However, the two responses overlap each other very closely, and their wheel torques

and right front wheel normal force profiles are very similar to each other.

50 T T T T
40 e Simulink ||
= MapleSim
s

Time [s]

Figure 3.14: Comparison of the Simulink and MapleSim vehicle dynamics simulations
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Chapter 4
Electrical Powertrain Modelling

The Toyota Rav4 EV’s electrical powertrain system consists of the AC induction motor
and its motor controller, the 3-phase PWM DC/AC inverter, and lithium-ion battery
packs. The mathematical representations of the AC induction motor’s dynamic equa-
tions are explained first followed by explanations of the 3-phase PWM DC/AC voltage
source inverter. The development of a lithium-ion battery model and its battery man-
agement system is not covered in this work, and instead, a constant voltage input is

used.

4.1 Asynchronous AC induction motor

AC induction motors are widely used in industry because of their reliability and ro-
bustness, low maintenance cost, and high efficiency compared to DC machines [41].
Particularly, a squirrel-cage induction motor is the most widely used AC mechanical
power source in industry due to its simple structure compared to wound AC induction
motors [41]. AC induction motor models can be developed using different reference
frames, such as a stationary reference frame, a rotating reference frame attached to
a rotor, and a synchronously rotating reference frame. The selection of the induction
motor’s reference frame has to be carefully considered since each reference frame has
its own advantages and disadvantages [24]. For motor control applications, it is desir-
able to develop the induction motor model using the synchronously rotating reference
frame (d®-q°) because all the time-varying inductances in the voltage equations can be
eliminated, and thus, the motor variables will only have DC components.

The following section introduces the two key transformation techniques used to

transform three-phase stationary signals into two-phase synchronously rotating sig-
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nals. Clarke [42] presented the Clarke transformation to convert three-phase stationary
signals into two-phase stationary signals. R.H. Park [26] introduced the coordinate
transformation method to convert two-phase stationary signals into two-phase signals

rotating at a synchronous speed.

4.1.1 Clarke transformation

In a 3-phase AC motor, there are three stationary stator windings and three rotating
rotor windings which will generate 3-phase AC motor variables, such voltages, currents,
and flux linkages. Using the Clarke transform [42], three-phase stationary reference
frame (a-b-c) signals are converted into two-phase stationary frame (d*-¢*) signals as

illustrated in Figure 4.1. The d® and ¢° axes are always orthogonal to each other.

Figure 4.1: Clarke transformation

The ¢°-axis is always aligned with the a-axis which results in the following Clarke
transformation matrix, Kg, that converts the three-phase stationary current signals (i,

iy, 1c) into the two-phase stationary current signals (i, 73,).

lgs 1 5 1 \2[ \[2 lq
lgs | = Ks | i = g 0 —5 5 1p (4.1)
s ' 111 -
Los le 2 3 2 Le

where 75, is the zero sequence component. The corresponding inverse Clarke transfor-
mation is shown below which converts the two-phase stationary current signals into the

three-phase stationary current signals.

s s
lg los 1 0 1 los

_ -1 s _ 1 V3 °s
p = (Ks) st = -3 T3 1 st (42)
. ] 1 3 'S
le los 3 DR 1 Los
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4.1.2 Park transformation

R.H Park [26] introduced the method to transform two-phase stationary reference frame
signals into two-phase rotating reference frame signals rotating at an arbitrary angular
speed. It is important to note that an AC induction motor is an asynchronous machine,
so the rotor’s rotational speed cannot reach a motor’s synchronous speed. The relative
speed between the synchronously rotating frame and the rotor’s rotating frame always
exists, and it is called the slip speed wy;.
The reference frame (d°-¢¢) is rotating at the motor’s synchronous speed, and the
synchronous speed is defined as
We = Wy + Wy (4.3)

The motor’s synchronous speed can be calculated by adding the slip speed wy and
the rotor speed w,. The angle (6.) between the stationary and synchronously rotating
frame is used in the forward Park transformation matrix to transform the two-phase

stationary current signals into the two-phase synchronously rotating current signals

(i(e]s? Zfls)'

Figure 4.2: Park transformation

The orthogonality of the two axes, d® and ¢°, is retained while they are rotating

at a synchronous speed. The transformation matrix, K¢, is used for the forward Park

L I I I B (1.4)
19 15 sinf. cos0. 15

The corresponding inverse Park transformation is

o G I I B (4.5)
19 194 —sinf, cosb, 194

transformation.
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4.1.3 Reference frame selection

The synchronously rotating reference frame which has the angular speed of w, is used
to develop the dynamic equations of the AC induction motor. R.J. Lee et al. [24] pro-
posed the outline for selecting a suitable induction motor’s reference frame depending
on different induction motor applications. The synchronously rotating reference frame
is selected to construct the motor’s dynamic equations because the time varying in-
ductances in the voltage equations can be eliminated [3]. Also, the stator and rotor’s
magnetic fields are rotating at the synchronous speed w,, so referring the stator and
rotor’s variables, such as voltages, current, and flux linkages, to the synchronously ro-
tating reference frame has the effect of converting the stator and rotor’s variables into
DC quantities. This is especially beneficial when developing motor controllers because
the classical control theory, such as a proportional-integral-derivative controller, can
be used. The variable speed controllers, such as direct and indirect field-oriented con-
trollers which will be discussed in the next section, are originally developed based on

the dynamic d°-¢° induction motor model.

Table 4.1: Summary of the reference frame used to model the induction motor

Reference Interpretation Initial Final Transformation
frame speed P frame frame method and matrix

Stationary 3-phase

0 variables referred to abe  dg Clarke
the stationary 2-phase K
reference frame
Stationary 2-phase
0 variables referred to s s b Inverse Clarke
the stationary 3-phase ¢ ae (Kg)™!
reference frame
Stationary 2-phase
" variables referred to &g dogt Park
© the synchronously rotating K¢

2-phase reference frame
Synchronously 2-phase
rotating variables referred to Eod da Inverse Park
the stationary 2-phase 1 1 (Ke)™
reference frame

Table 4.1 summarizes the two transformation methods that are used to convert

three-phase stationary signals to two-phase synchronously rotating signals. Also, their
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corresponding inverse transformation matrices are shown. The motor’s synchronous

speed w, is updated in each simulation step using Equation (4.3).

4.1.4 Dynamic model of the AC induction motor

There are different ways to formulate an induction motor’s model. Some researchers
have developed induction motor models with respect to the stator reference frame or
the rotating reference frame attached to the rotor [33]. The dynamic equivalent circuits
shown in Figure 4.3 are based on the synchronously rotating reference frame d°®-¢°, and

the dynamic equations of the induction motor are derived and listed in this section.

s L.=L L L, =L -L, -
0_va M) M)
; / ] M\_z
R, WY g (0, — 0. )y R
e L e
Vas Vs " Var Vor

igs L LI igr
[ Is r --—
M /2R
Rs wel//qs (a)e - )V/qr Rr
L
VSr '//gs " (/jgr Vgs

(b) A direct component of the induction motor’s circuit

Figure 4.3: AC induction motor’s dynamic equivalent circuit

Kron et al. [3] referred the stator and rotor variables such as voltages, currents,

and flux linkages in a synchronously rotating reference frame. The motor’s voltage
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equations are expressed in a synchronously rotating reference frame.

e ‘e d e e
qu = RSZqS + Eiﬂqs + wewds

e ‘e d e e
Uds = Rszds + %¢d$ - w€¢qs

e e d e e
Vgr = erqr + E¢qr + (we - wr)¢dr

e e d e e
Var = erdr + %wdr - ((,Ue - wr) qr

(4.6a)
(4.6b)
(4.6¢)

(4.6d)

The voltage equations are defined in terms of flux linkages per second . They

are redefined using flux linkages which are noted as F' instead of the flux linkages per

second 1.

Fas = Wity
F;s = wbl/)(eis
qur = wbwgr
Fc?’r = Wb’ll)gr

where wy, is the motor’s base speed. Now Equations (4.6) are redefined as

e 1 d e We e
qu:R +_EFqS+WdeS

. 1d We 10
Vds :RSZdS thds waqs

1d —
0 i 4+ Lqpe o MF;T

T "
. 1 d (Wo — wy)
0 = R, —F ——F°
Lar + Wp dt dr Wp qr

(4.8a)
(4.8Db)
(4.8¢)

(4.8d)

where v§, and vg, are set to zero for a squirrel-cage induction motor [27]. The flux linkage

expressions can be derived from the dynamic d®-¢¢ circuit model shown in Figure 4.3

in terms of stator and rotor currents. Note that the flux linkages F' are expressed by
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multiplying original flux linkages per second v by the base speed wy.

Fy, = Xygig, + X (g, +ig,) (4.9a)
Fr = Xypig, + X (ig, +ig,) (4.9b)
Fy = X515, + X (15 +15,) (4.9¢)
Fa = Xirig, + Xon(igs + ig,) (4.9d)

where X, is the mutual reactance, and X;, and X, are the stator and rotor’s leakage

reactance that are defined as

X = Wy Lom (4.10a)
Xis = wplis (4.10b)
Xir = wpLyr (4.10c)

L,,, L;s, and L;. are the mutual inductance, stator leakage inductance, and rotor leak-
age inductance, respectively. The current equations are obtained by expressing Equa-

tions (4.9) as a function of the flux linkages.

e qus - qum
lgs = —x. (4.11a)
.e Fer - Fem
qu = % (411b)
Fe — [e
gy = —E—" %, am (4.11c)
F; — F§
i, = % (4.114d)
lr
Fr, = Xm(igs +ig,) (4.11e)
Fm = X igs + ig,) (4.11f)

where F_ ~and Fg are the direct and quadrature magnetizing flux linkages. The

current and equations, Equations (4.11), are substituted into the voltage equations (4.8)
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to obtain:

Ve, = )}é (FS, — F&) + wib%F;S + Z—de (4.12a)
i = (Pl — Fi) + B — 2 E, (4.12D)
0= )]2 (F&. — F2,) + wib%F;T + (“’w;b“’)zfd (4.12¢)
0= )]?l (FS. — F¢ )+ wib%% - %Fq (4.12d)

The magnetizing flux linkages can be expressed in terms of the flux linkages only.

F¢ =X Fo Lo 4.13
am = St | T (4.13a)
F¢  F¢
F¢ =X, >% 424 4.13b
dm ! (Xls + Xlr) ( 3 )
where . ) .
X1 = (5— + )t (4.14)

_|_
Xm Xls Xlr
Finally, the stator and rotor’s ordinary differential equations for the flux linkages

are obtained.

dclz,es . -v; _ Z—:Ffs + )%i (F;m _ F;s)} (4.15a)
T [ug,— SR 5 (P F) (115D)
o _Ww;bw) B+ (Ko - qur)] (4.15¢)
% — w, :—wet;wT)F;r + )% (Fe — F;T)] (4.15d)

The applied stator voltages are vy, and vg,. The variables F7 and Fj,. denote direct-
quadrature components of the rotor flux linkages. Similarly, the variables F7, and Fj,
denote direct-quadrature components of the stator flux linkages. The superscript, e, is
used to indicate that the variables are expressed in the synchronously rotating reference
frame. The subscripts, d and ¢, denote that the corresponding variable is either the
direct d or the quadrature ¢ component.

The induction motor’s torque is developed from the interaction between air gap flux
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linkages and rotor current which can be expressed as the following vector form.

3

BN
2" 2

)Ey, x Iy (4.16)

m T

T

where % = [F%, F¢, 0] and I¢ = [i€, i, 0]. The torque equation can be expressed in

terms of the mutual flux linkages and the rotor currents.

3 (h 1 e e e e
T. = 5 (717) _ (de,lqr - quldr) (417)

Wh

The other several torque equations can be derived in terms of the stator flux linkages
and currents, and the rotor flux linkages and currents.

3 P ]' e :e e -e

T, = 5 (7”) o (Fgic, — Frig,) (4.184a)
3 P 1 e ~e e e

T, =3 <7p> ™ (Feig, — Fgit,) (4.18b)

Lastly, the motor’s angular speed is calculated using

b (pr) @1 (119)

where J,, is the motor’s rotational moment of inertia, P, is the motor’s number of poles,
and T7, is the load torque. Equations (4.11) - Equation (4.19) are used in a MapleSim
custom component worksheet to develop the induction motor model in MapleSim. This
is a straightforward and convenient method to create a model since symbolic equations
are directly entered in a MapleSim custom component worksheet. Once all of the motor
dynamic equations, parameters, and initial conditions have been entered, the input and
output ports for the custom component can be defined. For the MapleSim induction
motor model, the input variables are: the reference stator voltage, vy, and vg,, the
angular electrical speed of the input power w,, and the disturbance torque 7. The
output variables are: the stator current and flux linkages, and developed motor torque
and speed. After setting up the motor model’s input and output ports, the MapleSim
induction motor model is generated, and it is exported as a Simulink component using a
Simulink component generation worksheet in MapleSim. Figure 4.4 shows the exported
MapleSim induction motor model in Simulink which is paired with the Clarke and Park

transformation blocks. The Simulink implementation shown in Figure 4.4 is used to
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validate the MapleSim induction motor model using the motor parameters listed in
Table 4.2.

1) »lva igs_out igs ia
va vqs »|vgs ia
2 »vb ids_out »lids ib
vb ib
3 »ve Te_out —P{theta-e ic
ve vds >vds Te Inverse Park and ic

» theta- —P.
etae wr-out Clarke Transforms
Park and Clarke F wr
Transforms N gs-out
@D 1 we
we Fds_out
Fqr_out
GG O——>m
Tl Generated by MapleSim Fdr-out
MapleSim AC Induction Motor
in de-qe frame
we theta-e

Synchronous angle
calculation

Figure 4.4: MapleSim induction motor model

4.1.5 Implementation and results

To test the MapleSim induction motor model shown in Figure 4.4, the induction motor
is simulated in Simulink using the motor parameters listed in Table 4.2. The reference
induction motor is a 50 HP machine and its parameters are found in [1]. The MapleSim

induction motor model is simulated by applying a 3-phase 380 V at 60 Hz AC signal.

Table 4.2: Induction motor parameters used in the free acceleration simulation

Machine rating R, R, X X, X I
hp volts rpm Nm 2 [Q [ [ [Q [Q [kgm?
50 460 1705 198 4 0.087 0.228 0.302 0.302 13.08 1.662

The induction motor is freely accelerated from stall with no load torque (7, = 0)
other than its rotational inertia. The simulation results are displayed in Figure 4.5.
One phase of the motor terminal currents, and the output angular speed and torque
are plotted. During the motor’s acceleration period, the magnitude and frequency of
the motor’s terminal current is rapidly increasing. As the motor decelerates, the motor
current’s magnitude and frequency diminishes to a smaller value. The motor accelerates
until 2.5 seconds and reaches the steady-state speed which is about 376 rad/s. The

oscillations in the motor torque response during initial transitions are caused due to
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the interaction between the stator and rotor flux linkages [43]. It is important to
check that the motor torque response is in accordance with the response of the motor
currents. The current response’s magnitude and frequency increases as the magnitude

of the developed torque increases.

400 T T T T T i T T T
— X:3.109
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Figure 4.5: Torque and speed profiles during free acceleration simulation

An external load torque is applied to observe the induction motor’s dynamic be-
haviour when a load torque is present, and the corresponding simulation results are
shown in Figure 4.6. Initially, the motor has accelerated to its base speed (376 rad/s)
and remains at the base speed until the load torque is applied. The load torque is
first increased from 0 N-m to 190 N-m, which is slightly less than the motor’s rated
torque. It remains at 190 N-m for 4 seconds, so that the motor finds the new operating
point. After 4 seconds, the load torque is decreased from 190 N-m to 0 N-m. The
motor’s torque response is shown in the second plot of Figure 4.6 where the load torque
is graphically shown using dotted line, and the motor’s output is shown using straight

line. When the load torque is first introduced, the motor reacts by increasing its output
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torque to overcome the load torque. Since the motor speed is calculated from the dif-
ference between the developed torque and load torque, the motor speed decreases until
the load torque is present. Also, the motor current response is in accordance with the

motor torque response since the motor current increases as the motor torque increases.

wy [rad/s]

250 1 1 1 1 1 1

200 T T T T

= 150 H
g

Z. 1001 |

50 —

200

100

-100

-200 :
4 5 6 7 8 9 10

Time [s]

Figure 4.6: Dynamic performance of the induction motor when step load torque is
applied

4.2 3-Phase PWM DC/AC Inverter

A DC/AC inverter is needed to convert the battery DC voltage to 3-phase AC voltages
which are used by the AC induction motor. Pulse-width modulation (PWM) is the
process used to modify a width of output pulse train signals with respect to a control

signal [44]. A sinusoidal wave voltage with a desired frequency is used as the PWM’s
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control signal to generate the output sinusoidal voltage which can be used to power AC
machines.

Figure 4.7 shows an example of a three-phase voltage source inverter using power
resistors, such as insulated-gate bipolar transistors (IGBT) [44]. To understand op-
eration principles of a 3-phase voltage source inverter, a single-phase voltage source

inverter shown in Figure 4.8 is first explained and implemented.

Figure 4.7: A three-phase voltage source inverter

In a PWM inverter, a comparator is used to compare the input voltage v;,(t)
to a reference signal, and depending on a comparator’s result, power transistors are
turned on or off. Figure 4.8(a) is a single-phase full bridge voltage source inverter that
has two main set of switches, which are Ti,, Ty, Toe, and Ty, (T3, and Tj, are acti-
vated/deactivated at the same time). The first comparator, Comparator 1, turns on or

off the switches, T, and Ti,, based on the result of the following comparison.
o If v;,(¢) is greater than v,(t), then turn off T}, and Ty,
o If v;,(t) is less than v,(t), then turn on T3, and Tj,

The second comparator, Comparator 2, compares vy, (t) to the second reference volt-
age vy(t). It turns on or off the switches, T, and T4, based on the same logic explained
above. The output of the single-phase voltage source inverter vy,.q(t) is calculated by
subtracting v, (t), which is the voltage across Ty, transistor, from v,(t), which is the
voltage across T1,. The two reference voltage signals are shown in Figure 4.8(b). v,(t)
and v, (t) are triangular waves with the same amplitude and period, but v,(t) has a
180° phase delay compared to v,(t) .
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voltage source inverter and v, (t)

Figure 4.8: A single-phase voltage source inverter

The single-phase voltage source inverter’s operation is summarized and shown in
Figure 4.9. The voltage across the two resistors (Ty, and Ty,) are plotted on the first and
second plot. By subtracting v, (t) from v,(t), the single-phase inverter’s output voltage
is calculated and plotted on Figure 4.9. Using the single-phase inverter’s operational
principle, the three-phase voltage source inverter is constructed by assembling three

single-phase voltage source inverters together.
11 H [ "
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Figure 4.9: Operation of the single-phase voltage source inverter
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4.2.1 Low pass filter

Since the inverter’s load voltage is a chopped AC voltage signal with zero DC compo-
nents as illustrated in Figure 4.9, a filter is needed to convert the chopped AC voltage
signals into smooth sinusoidal waves. To achieve this, a first order ideal low pass filter

is first used. The first order low pass filter’s transfer function, H(s), is defined as

H(s) = — (4.20)

where w, is a cutoff frequency. Since the first order low pass filter is an ideal filter which
does not exist in real life, second order low pass filters are frequently used in place of
ideal first order low pass filters because they can provide an inexpensive approximation
to ideal first order low pass filters [45]. One of the popular low pass filter circuit designs
is the Sallen-Key topology [46] which consists of an operational amplifier, resistors and
capacitors. The Sallen-key low pass electrical circuit is shown in Figure 4.10, and its

second-order transfer function is found from [45].

kw?
H = —< 4.21
() 52 + %S + w? ( 2)
1
. = —— 4.21b
We = B ( )
1
= — 4.21
0= 1 (4:21¢)

Equations (4.21) contains the three filter parameters where k is a gain, and @ is a quality
factor. In the case of the Sallen-Key low pass electrical circuit, the cutoff frequency is

determined based on the resistance and capacitance.

|
[
— AN\ ¢
A .
+ R R i +
v, (t) = (k-1)R V(1)
R

Figure 4.10: Low pass Sallen-Key filter
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4.2.2 Implementation and results

The three-phase voltage source inverter is implemented as shown in Figure 4.11. The
three single-phase inverter blocks (T'1-T2, T3-T4, and T5-T6) in Figure 4.11 are iden-
tical except the input voltages are different. Ideal Simulink switches are used in place
of the IGBTSs as illustrated in Figure 4.11(b).

CT e -
J Tz " Vx
Va*
P Vdc
GO > Vin_b Vb Vina
Vb* T34
P Vdc - >
Ca )——»jvine v
Ve T5-T6
(a) Simulink three-phase voltage source (b) Inside of the single-phase inverter
inverter block (T1-T2)

Figure 4.11: Simulink three-phase voltage source inverter

The single-phase voltage source inverter is simulated to convert 100 V DC voltage
into one phase AC voltage signal, and its simulation results are shown in Figure 4.12.
The two reference voltage signals are triangular waves with unity amplitude and switch-
ing frequency of 100 Hz. The control input voltage v;, is a sinusoidal wave with unit

amplitude and frequency of 10 Hz, and it is depicted as black points in the first plot.
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Figure 4.12: Simulation of the single-phase inverter
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The second plot in Figure 4.12 shows the single-phase inverter’s output voltage
which looks like chopped AC voltage signals. To apply the single-phase inverter’s output
voltage to the induction motor, the voltage signals need to be filtered as explained in
the previous section. The single-phase inverter with the first order low pass filter is
simulated, and the switching frequency of 500 Hz and the cutoff frequency of 75 Hz are
used. Figure 4.13 compares unfiltered and filtered voltage signals. The filtered voltage
signal lags the ideal voltage signal because an integral term from the low pass filter

causes a delay.
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Figure 4.13: Simulation of the single-phase inverter with the low pass filter

Finally, the three-phase voltage source inverter shown in Figure 4.11 with the low
pass filter is simulated to convert a 100 V DC voltage signal to 3-phase AC voltage
signals. The same switching and cut-off frequencies from the previous simulation are

used, and the three-phase inverted and filtered voltage signals are shown in Figure 4.14.
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Figure 4.14: Simulation results — 3-phase DC/AC voltage source inverter
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Chapter 5

AC Induction Motor Control

DC electric motors have been widely used for variable speed and torque applications
because of their simplicity in motor control [9]. DC motors, however, require frequent
maintenance, and they are not suitable for applications like an electric vehicle applica-
tion where high torque and speed responses are needed. An open loop constant Voltages
per Hertz (V/Hz) is a scalar controller for AC machines, and it is widely used as the
variable speed drive when high dynamic performance from an AC motor is not required.
But, the open loop V/Hz controller’s performance is limited, and it is negatively influ-
enced by the inherent coupling effects that exist in AC motors where torque and flux

linkages are functions of voltage or current and frequency [2].

Variable Frequency Drive

’7 Scalar control j ’7 Vector control —’

Open-loop speed control Closed-loop speed  Direct torque control Field-oriented control
Constant Volts/Hertz control (DTC) (FOC)

Direct Indirect
FOC FOC

Figure 5.1: Overview of the various VFD controllers for AC motors

The introduction of vector control in the beginning of the 1970s increased the AC
motor’s popularity for variable speed applications. Vector-controlled AC motors could
be operated like a DC motor [2] where torque and field components are independent
from one another. Field-oriented control (FOC), that is a sub-branch of vector control,
was first proposed by F. Blaschke [4] and K. Hasse [5]. F. Blaschke invented direct
FOC, and K. Hasse is credited with the invention of indirect FOC. Direct and indirect
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FOC have similar structures other than the method used to estimate the synchronous
speed.

In this Chapter, a separately excited DC motor’s structure and its control principle
are discussed. The open loop V/Hz controller is implemented to control the speed of
the induction motor model developed in Chapter 4. Lastly, the indirect FOC controllers

are implemented and explained in the last section.

5.1 DC motor operation and control

A separately excited DC motor’s cutout and electrical circuit representation are shown
in Figure 5.2. The field flux, A, is generated from the field component of the motor’s
electrical circuit. The field flux is aligned with the stator’s d°-axis as depicted in
Figure 5.2(a). The commutator in the DC motor produces the armature current i,
in the rotor winding that is always aligned with the stator’s ¢*-axis. Since i, and A;
are decoupled in nature and the two vectors are always orthogonal to each other, they
can be controlled independently [41]. This implies that the DC motor’s torque can be
controlled by adjusting its torque component i, without affecting its flux. Similarly,

the field current iy can be controlled by adjusting its field component A; only.

R¢
Ve
(a) Simplified representation of a DC (b) A separately excited DC motor’s
motor electrical circuit
Figure 5.2: Graphical representation of a DC motor
The separately excited DC motor’s developed torque is defined as
Ty = krjiq (5.1)

where kp is a motor torque constant.
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5.2 Scalar speed control — open loop Volts/Hertz

Scalar control is used when high dynamic performance from AC motors is not required,
such as controlling the speed of pumps and ventilators [34, 35]. Open loop constant
V/Hz control is frequently used in industry due to its simplicity and ease of implemen-
tation. The speed controller can be implemented on synchronous and asynchronous AC
motors without many modifications [35]. As the name of the controller indicates, it is
an open loop feed-forward controller where the controller does not require any feedback
signals. The main goal of the open loop constant V/Hz controller is to maintain con-
stant rated stator flux density while changing the motor speed by varying the applied
stator voltage and frequency.

From the steady-state stator voltage equation of the AC machine explained by Szabd

et al. [35], the following expression is derived:

1 Vs

where A is the stator flux, Vj is the stator voltage, and f, is the stator reference
frequency. To keep the stator flux constant, the stator voltage and frequency need to
be increased or decreased at the same rate.
The following equation is used to determine the reference stator voltage:
wr 1

vy = —— = wr (5.3)
B Wrated 27Tf7"ated ©

where w? and wyqeq are the motor’s synchronous and rated angular speed. The open

loop constant V/Hz controller’s block diagram is shown in Figure 5.3.
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27[ frated

Figure 5.3: Open loop V/Hz speed controller
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The reference synchronous speed w? is used as the reference speed input to control
the rotor’s angular speed w,. From the synchronous speed equation (Equation (4.3)),
the synchronous speed is calculated by subtracting the slip speed from the rotor angular
speed. The slip speed is usually within 5% of the synchronous speed for typical AC
motors [41]. Since the synchronous and rotor speed are approximately equal, using
the synchronous speed as the reference speed input has the effect of controlling the
rotor angular speed. Using Equation (5.3) and Figure 5.3, the open loop constant
V/Hz controller is implemented with the AC induction motor and 3-phase voltage
source inverter models explained in Chapter 4. The reference speed input is the desired
motor’s synchronous speed w; which is converted to the reference stator voltage using
Equation (5.3).
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Figure 5.4: Implementation of the open loop V/Hz controller in Simulink

Figure 5.4 shows the Simulink implementation, and its simulation results are shown
in Figure 5.5. The reference input, the desired motor’s synchronous speed, is highlighted
in the second plot using a dotted line. The open loop constant V/Hz controller has a
good speed tracking performance when the desired motor’s synchronous speed is high.
When the step load torque is introduced, the motor reacts accordingly by producing an
extra amount of torque to overcome the load torque. The controller’s speed tracking
performance, however, becomes poor when the reference synchronous speed is low.
During the initial start up period which is from 0 to 5 seconds, the motor fails to follow
the reference speed, and also, the corresponding developed torque abruptly fluctuates
during that period. This is the main drawback of the open loop constant V/Hz control,
which makes the controller not suitable for controlling the motor at low speed. When
the motor is operating at low speed, the magnitude of the voltage-drop is of comparable
magnitude to the computed reference stator voltage which leads to poor speed tracking

performance at a low speed [35].
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Figure 5.5: Simulation results of the open loop V/Hz controller

5.3 Vector control — field-oriented control

The induction motor’s torque equations (Equations (4.18)) in terms of the stator and
rotor variables were defined in Chapter 4. Expressing the torque equation using the
synchronously rotating reference frame explains the possible relationship between the
separately excited DC motor and the vector-controlled AC induction motor, and ben-
efits of using the vector control technique. Using the synchronously rotating reference
shown in Figure 5.6, the stator or air gap flux linkage 17 vector is aligned with the
d®-axis of the d°-q¢ frame. Thus, the direct stator flux linkage expressed in the d®-¢°
frame, 14, is equal to ¢ whereas the quadrature stator flux linkage expressed in the
d®-q¢ frame,

Since ¢, is equal to zero, the torque equation defined in Equation (4.18)(a) can be

e -
gs» 18 equal to zero.
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Figure 5.6: ¢ aligned with synchronosuly rotating reference frame

rewritten as

T, = ki, (5.4a)
3/P

by =2 (2 4b

. 2(2) (5.4b)

where k7 is an induction motor equivalent motor torque constant. The redefined torque
equation resembles the separately excited DC motor torque equation shown in Equa-
tion (5.1) where ¢S, and igs correspond to the field and torque components of the induc-
tion motor. From the separately excited DC motor’s operation principle discussed in
Section 5.1, the DC motor’s torque and field components are found to be decoupled in
nature. They could be controlled independently without affecting the developed torque
or the field current. By referring to the induction motor variables in the d°-¢° frame,
the field component 97, and torque component i, are decoupled since v, is aligned
with the d“-axis, and i, is aligned with the ¢®-axis as shown in Figure 5.6. Thus, the
vector controlled induction motor can be operated like a DC motor where good torque
and speed performances are expected for variable speed and torque applications. The
list of key steps taken during the FOC is shown below.

1. Depending on the type of controller, such as a speed or torque controller, calculate
the reference components, vg, and vj,, in the synchronously rotating reference

frame using the reference inputs, Ty.cf or wrey, and Yy.y.

2. Find the angular position of the rotor 6,, and update the synchronously rotating

reference frame angle 6..

3. Using the inverse Park and Clarke transformations with 6., convert vy, and vj,

into v,, vy, and v, which become the inputs to the 3-phase voltage source inverter.
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5.3.1 Indirect field-oriented speed controller

In the area of field-oriented control, there are the two main control techniques: direct
and indirect field-oriented control [4, 42]. Direct field-oriented (DFO) control utilizes
magnetic feedback information to estimate the synchronous speed. The alternative
approach to DFO control is indirect field-oriented (IFO) control. The rotor’s angular
position is used as the feedback information where an encoder is used to measure the
rotor’s angular speed, and the synchronous speed is calculated by adding the rotor’s
angular speed to the estimated slip speed. Generally, the velocity feedback signal is a
cleaner signal than a magnetic feedback signal, so IFO control is inherently more robust
than DFO control [47].

The rotor’s angular position is determined by integrating the angular speed of the

rotor.

0, = / wydt (5.5)

Having the accurate synchronous speed is very important since the synchronous angle
is used in the Park transformation to convert three-phase stationary signals into two-
phase synchronously rotating signals. The synchronous speed is estimated by adding

the slip speed to the angular speed of the rotor. The slip speed wy; is estimated by

LR, .
i¢ (5.6)

Wy = ——
° Lrwref 7

where ig¢ is the reference quadrature component of the stator current calculated from
the controllers that will be explained in the following sections. Lastly, 1,.s is the
reference rotor flux linkage. The derivation of the slip speed estimation is shown in the
following subsection called the flux linkage estimation.

Finally, the synchronous angle is calculated by integrating Equation (4.3).

0. = / (wr + wg)dt (5.7)
The overall IFO speed control architecture is shown in Figure 5.7. There are four main

control blocks used in IFO speed control: the flux and velocity controllers, and V¢ and

V4 regulators.
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Figure 5.7: Overall indirect field-oriented speed control architecture

Flux controller

The induction motor’s torque output is constant up to the base (rated) speed, and this
region is called the constant torque area. However, when the induction motor rotates
faster than its base speed, the motor torque gradually decreases due to a reduced
magnetic field in the motor. This region is called the field weakening region, and the
motor power is constant in the region. Equation (5.8) is used to calculate the adjusted
reference flux linkage ¢, ; based on the motor’s angular speed w, and its base speed

wy, and the equation is also used in [33, 41].

* wrefa if Wm < We.

wTef = (58)

“babrer, oOtherwise.

|or |

The adjusted reference flux ensures that the stator voltage remains under its rated value
while the motor is operating in the field weakening region. The flux controller block
shown in Figure 5.7 receives two inputs which are the reference flux linkage v,.f, and
the rotor’s angular speed w,, and they are used to calculate the adjusted reference flux
linkage. Equation (5.8) has limitations if the adjusted reference flux linkage needs to be

decreased at a faster rate. This can be overcome by using an exponential function with
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a negative power. The equation is modified to incorporate the exponential function and

the constant K to calculate the adjusted reference flux linkage.

" ¢refa if Wm S Wp-
¢ref = K f (wp—|wr]) (5.9)
e s, otherwise.

where K7y is a constant used to change the rate of decrease of ¢y, ; in the field weakening
region. For the motor’s angular speed plotted in Figure 5.8, Equation (5.8) and Equa-
tion (5.9) are used to calculate the adjusted reference flux linkages. The base speed
is 378 rad/s (60 Hz), so the adjusted reference flux linkage is constant up to the base
speed, and it starts to decrease when the motor is rotating faster than the base speed.
Using Equation (5.9) with different values of Ky, various 1}, s profiles are possible as

shown in Figure 5.8.

2 600f : '
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s 400 -

Eq.5.8
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5 10 15
Time [s]

Figure 5.8: Adjusted reference flux linkage profiles using the different gains

Velocity controller

The velocity controller uses a proportional-integral (PI) controller to calculate the ref-

erence quadrature stator current in the synchronously rotating reference frame.

e Kiv
? = (va + ?)(wref - w,,) (510)

qs
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where K, and K;, are the PI controller’s proportional and integral gains.

V4 and VY regulators
The V¢ regulator uses a PI controller to calculate the reference direct stator voltage in
the synchronously rotating reference frame.

e * Kl *
Vs = (Kpd + Td)( ref /\Tef) (511)

where K, and K;,; are the PI controller’s proportional and integral gains. The V¢
regulator also uses a PI controller to calculate the reference quadrature stator voltage

in the synchronously rotating reference frame.

e * Kl e % e
ve = (qu—i— Sq)(zqs —2qs) (5.12)

where Ky, and Kj;, are the PI controller’s proportional and integral gains.

Flux linkage estimation

Flux linkages are estimated since they are hard to measure, and for the case of the rotor
flux linkages, it may not be accessible for instrumenting sensors to measure rotor flux
linkages. Thus, the rotor flux linkages are estimated using the induction motor’s voltage
equations derived in Chapter 4. Since it is more convenient to measure data from the
stator (stationary component of the motor) than the rotor (rotating component), it
is desirable to estimate the flux linkages using the stator variables, such as the stator
currents. This flux linkage estimation method is used for rotor flux-based IFO control
only. K. Bose [2] presented the rotor flux linkage estimation for rotor flux-based IFO
control, and he also showed the stator flux linkage estimation method for stator flux-
based DFO control.

The rotor’s voltage equations are listed in Equations (5.13). In case of a squirrel

: . . .
cage induction motor, vy, and vg, are equal to zero.

d
Vgr = Brtgy + — 05 + (we —wr)¥, =0 (5.13a)

d
Var = Rrigy + 0, — (we — wr)tg, =0 (5.13b)
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The rotor flux linkage equations from Chapter 4 were

e __ quT (XZT + Xm) . Xm -e

T w—blgr + w—blqs (5.14a)

e~ A (5.140)

The above equations can be simplified since L, = M and L,, = == and they are
rewritten as

. = o — L—mie (5.15a)

r s

q L'r" L'r‘ q
e

e wdr _ Lm i€

2 - =2
dr Lr Lr Lds

(5.15b)

Since the rotor currents are inaccessible for measurements, g, and g, in Equa-

tions (5.13) are replaced using Equations (5.15).

er Lm -e d e e
R, Lq,, — RT—LT igs + —dtwqr + (We — wp)Y5, =0 (5.16a)
e L, d
ro_ =m e e . e _ 1
R, I R, I iy + dtwd’" (we — wr)tby, =0 (5.16Db)

When the rotor variables are referred to in the synchronously rotating reference
frame, the direct rotor flux linkage 1; is aligned with the d°-axis which makes ¢¢, equal
to zero. Equations (5.16) can be simplified by equating 1§, and @DS,, to zero. Using

Equation (5.16)(a), the expression for estimating the rotor flux linkages is

s, Lo
d;l + q/)dr = R Lr ’Lds

(5.17)

The equation for estimating slip speed is found from Equation (5.16)(b) by setting

o and 1/5; equal to zero.
L RT o

7”,ébdr qs

Wsl = We — Wr =

(5.18)

5.3.2 Indirect field-oriented torque controller

The goal of the IFO speed controller explained in Section 5.3.1 is to force the induction

motor to follow the reference angular speed input as shown in Figure 5.7. To simulate
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a vehicle model for different drive cycles, a driver controller, such as a proportional-
integral-derivative controller, is commonly used to make a vehicle to follow reference
drive cycles. The output of the driver controller is the reference motor torque which
becomes one of the inputs in the drivetrain system. It is necessary to have the reference
motor torque as the input instead of the reference speed which was used in the previous
section. The IFO speed controller is modified and renamed as the IFO torque controller
where it takes the reference motor torque as the input.

In the IFO speed controller, the motor speed w, and estimated rotor flux linkage ¢;§r
are used as the feedback signals. For the IFO torque controller, the velocity controller
is replaced with the torque controller, and the developed motor torque 7. is added to
the list of feedback signals. Similar to the velocity controller, a PI controller is used
in the torque controller to calculate the reference quadrature stator current i .*. The
structure of V¢ and V¢ regulators remain identical, but the PI controller gains are

modified. The overall IFO torque architecture is shown in Figure 5.9.
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Figure 5.9: Overall indirect field-oriented torque control architecture

Torque controller

The torque controller uses a PI controller to calculate the reference quadrature stator

current in the synchronously rotating reference frame.

o s K;
t = (Kpt + T)(Tref - Te) (519)

qgs
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where K, and Kj; are the PI controller’s proportional and integral gains.

5.3.3 Implementation and results

The TFO speed and torque controllers explained in the previous sections are imple-
mented in Simulink. The speed controller’s implementation is explained in detail, and
the simulation results are shown to verify that the controller is working properly. The
IFO torque controller adopts identical components from the IFO speed controller, so
its implementation is similar to the IFO speed controller with few modifications. The
IFO torque controller’s simulation results are discussed thoroughly, and the impact of

the flux controller in the IFO torque controller is highlighted.

IFO speed controller implementation

Figure 5.10 shows the IFO speed controller implementation in Simulink. The grey
coloured signals in Figure 5.10(a) are the feedback signals from the induction motor.
The motor’s angular speed, the quadrature stator current, and the direct stator flux
linkage are used as the feedback signals. The structure of the velocity controller, and
the V4 and V¢ regulators are similar, so only the velocity controller’s structure is shown
in Figure 5.10(b).

wr_ref
igs* »igs*
N — I e
A Velocity controller (as / igs vgs*
wr Vq regulator
o +
Fref fs” — >Fas vase—»(2) wr_ref PI(s)
Fref Flux controller Fds p———»|Fds vds* - vgs*
Vd regulator @
wr
»igs*
P Fds* . .
> " ..vfe (b) Inside of the velocity

Synchronous velocity
calculation

controller
(a) The four controllers that are used to control the

motor’s angular speed

Figure 5.10: Main controllers in the IFO speed control

The internal structure of the synchronous speed calculation and flux controller
blocks are shown in Figure 5.11, and they are implemented using Equation (4.3), Equa-
tion (5.6) and Equation (5.8), respectively.

Using the controllers explained in this section, the electrical powertrain system with

the TFO speed controller is simulated in Simulink where the main goal is to follow a
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Figure 5.11: Synchronous speed calculation and flux controller blocks

specific reference motor angular speed profile. Figure 5.12 shows the overall system im-
plementation in Simulink where it has four main subsystems: the IFO speed controller,
the inverse Park and Clarke transformations, the 3-phase PWM inverter with the low
pass filter, and lastly the AC induction motor.

wr_ref  vgs* P vgs* vao* » vao* vao »ivao ia[—]
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Tl wr

AC Induction Motor

Figure 5.12: TFO speed controller with the electrical powertrain components

IFO speed controller simulation results

The motor parameters shown in Table 4.2 are used in the following simulation. Also,
the PI controller gains used in the simulation are listed in Table 5.1 with additional

simulation and powertrain parameters.

Table 5.1: PI control gains and additional parameters used in IFO speed controller
simulation

PI control gains Additional parameters

Wh Upc wref
Boo Boq By Bo Baa Bia gy ) [w)

10 10 10 1 1 1 60 380 0.47
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The velocity controller gains, K, and Kj;, are manually tuned through repeated
simulation attempts until the error between the reference and rotor angular speed is
reduced to a small value. Controlling the V? regulator’s gains, K, g, and K4, affect
how the estimated flux linkage tracks the reference flux linkage. Similar to the velocity
controller’s gains, the V¥ regulator’s gains are manually tuned from repeated simulation
trials until the error between the reference and estimated flux linkages has minimized.
The reference flux linkage value (0.47 Wb) is obtained from Dilmi et al. [33] where
they used an induction motor for hybrid electric vehicle applications. The constant
DC voltage is supplied to the inverter with a certain switching frequency. The IFO
speed controller’s speed tracking performance is excellent since the rotor angular speed
tracks the reference angular speed very closely which can be seen from Figure 5.13.
The corresponding developed torque 7. is highly responsive, and the torque response

resembles a unit step input when the motor is accelerating.
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Figure 5.13: Simulation results of the electrical powertrain system with the IFO speed

controller
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The plot of signum(ws) is plotted to study the motor’s operation modes during the
simulation. When the motor is acting as a generator, wy is negative, which indicates
that the rotor angular speed is faster than the synchronous speed. If wy; is positive then
the motor is operating in the motoring mode, producing positive torque. One phase of
the motor currents i, is plotted in Figure 5.14 to study changes of the motor current
when the motor is operating at different speeds. It was seen from the motor torque
equation that motor current and torque are related to each other. When the motor is
accelerating, the magnitude of developed torque will increase which causes the motor
current’s magnitude and frequency to increase as seen from Figure 5.14. Once the motor
output torque becomes small, the motor current’s magnitude and frequency reduces to
a smaller value. Also, the estimated flux linkage z/%,r is plotted with the actual flux
linkage 1§, calculated from the MapleSim AC induction motor model. The estimated
flux linkage remains around the reference flux linkage value, 0.47 Wb, which indicates
that the V¢ regulator’s performance is satisfactory. The flux linkage estimation equation
that was derived in Section 5.3.1 works well since the estimated flux linkage is close to

the actual flux linkage as shown in Figure 5.14.
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Figure 5.14: Simulation results — the electrical powertrain system with the IFO speed
controller
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IFO torque controller implementation and results

Similar to the IFO speed controller implementation, the IFO torque controller is im-

plemented with the electrical powertrain components shown in Figure 5.15.
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Figure 5.15: TFO torque controller with the electrical powertrain components

The same motor parameters used in the IFO speed controller simulation are used
in the IFO torque controller simulation. Initially, the PI controller gains from the IFO
speed controller are used as the control gains for the IFO torque controller, and the

initial simulation results are shown in Figure 5.16.
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Figure 5.16: Initial simulation results — IFO torque controller

The IFO torque controller’s performance is satisfactory since the developed torque

follows the reference motor torque. However, sharp undershoots are observed when
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the torque response undergoes a step change at 2.5 and 4 seconds. Undershoots and
overshoots are not desirable for variable torque applications because they can cause
unintended outcomes. Undershoots and overshoots can be avoided by changing the
torque controller’s proportional gain to zero. After setting K, = 0, the torque tracking
performance became poor, so K;; is increased to improve the torque tracking perfor-
mance. The value of K, is increased to improve the estimated flux linkage’s tracking

performance. The modified control gains are listed in Table 5.2.

Table 5.2: Final PI control gains used in the IFO torque controller

PI control gains
Ky, Kpy Kp, Kii Kig K,
0 10 10 50 10 1

Using the modified control gains, the undershoots are eliminated from the torque
response as displayed in Figure 5.17. Also the estimated flux linkage is proximate to

the actual flux linkage as seen from the figure.
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Figure 5.17: Simulation results — [FO torque controller with the modified control gains
The different reference torque input and the final control gains listed in Table 5.2 are
used in the following simulation results shown in Figure 5.18. This particular reference

torque input is selected because it will make the motor rotate faster than its base or
rated speed (wp).
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Figure 5.18: Final simulation results — IFO torque controller

The reference flux linkage is plotted at the bottom of Figure 5.18 to show how the
flux controller adjusts the reference flux linkage based on the motor’s speed. Once the
motor exceeds its base speed at about 9 or 17 seconds, the flux controller reduces the
reference flux linkage as shown in the figure. To show the effect of the flux controller, the
system is simulated without the flux controller, and corresponding simulation results
are shown in Figure 5.19. Since the flux controller is excluded from the IFO torque
controller; the reference flux is constant regardless of the motor angular speed. The
output motor torque abruptly fluctuates at about 17 seconds which is when the motor
speed exceeds its base speed. The main function of the flux controller is to decrease the
reference flux linkage gradually when the motor speed exceeds its base speed. When
the motor rotates faster than its base speed, it is said to be operating in the flux
weakening region. In this region, it is necessary to decrease the reference flux linkage
to stop the stator voltage from increasing. Figure 5.20 shows the direct and quadrature

components of the reference stator voltages during the two previous simulations. It can
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be clearly noted that the system without the flux controller has abrupt fluctuations in
the reference stator voltages when the motor speed exceeds its base speed. The reference
stator voltages displayed on Figure 5.20(a) has no abrupt fluctuations compared to

Figure 5.20(b), and this is mainly due to having the flux controller in the IFO torque

controller.
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Figure 5.19: Simulation results — IFO torque controller without the flux controller
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Figure 5.20: Applied stator voltages during the IFO torque controller simulations
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Chapter 6

Electric Vehicle System Model

In this chapter, the MapleSim vehicle dynamics model and electrical powertrain com-
ponents that have been developed in the previous chapters are assembled in Simulink
to create the full electric vehicle system. Different reference speed profiles, such as an
urban driving schedule, a federal test driving schedule, and a high acceleration aggres-
sive driving schedule are used to verify that the developed electric vehicle system model

can simulate different driving scenarios.

6.1 Modelling the electric vehicle

To implement the electric vehicle system, the developed Simulink and MapleSim com-
ponents from Chapter 3 to Chapter 5 are integrated as one system, and the electric
vehicle system model is shown in Figure 6.1. The following section reviews the main

components that were developed in the previous chapters.
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Figure 6.1: Electric vehicle system model
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6.1.1 Vehicle dynamics model

In Chapter 3, the Simulink longitudinal vehicle dynamics model and the high-fidelity
MapleSim vehicle dynamics model were developed, and their simulation results were
compared against each other to verify that the simulation results are similar. The
high-fidelity MapleSim model is exported as a Simulink component using a MapleSim
Simulink component generation worksheet, so that it can be used in Simulink with the

motor controllers developed in Simulink.

Vx
Te

Ww

%+a | Generated b
oo MapleSim v

ManbleSim vehicleDvnamics

Figure 6.2: MapleSim vehicle dynamics model exported as a Simulink block

The input and outputs of the high-fidelity MapleSim vehicle dynamics model are
shown in Figure 6.2. 7, is the motor input torque coming from the AC induction motor
component. The outputs are the vehicle’s longitudinal speed v, and the front wheel’s
angular speed w,, which will be used as feedback signals. The complete list of vehicle

dynamics parameters were listed in Table 2.2

6.1.2 Electrical powertrain components and controls

In Chapter 4, the development of the AC induction motor model in the synchronously
rotating reference frame was explained in detail. The MapleSim model is exported as
a Simulink component. Also, working principles of the 3-phase DC/AC PWM inverter

were discussed, and the Simulink inverter model was developed.

AC induction motor

One minor modification is made to the AC induction motor model presented in Chapter
4. Previously the motor’s angular speed w, is calculated using Equation (4.19), and
it was one of the motor model’s output variables. But, when the motor is mechan-
ically connected to the front wheels, the angular speed of the front wheel should be
proportional to the angular speed of the motor by the gear ratio. Thus, the motor’s
angular speed has become one of the input variables, and the motor’s angular speed is

calculated using the front wheel’s angular speed feedback signal and the gear ratio.
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Figure 6.3: MapleSim and Simulink electrical powertrain component models

There are four input variables: the direct-quadrature components of the reference
stator voltage (vgs and v,s), and the motor’s synchronous and rotor speed (w. and w;).
The output variables are: the stator and rotor flux linkages, the stator currents (Fis,
Fus, Fyy Far, i4s, and i), and the motor output torque 7.. The input and output ports

are shown in Figure 6.3(a).

3-phase DC/AC PWM inverter

The 3-phase DC/AC PWM inverter is used to convert the battery’s DC voltage into
3-phase AC voltage signals which will be used by the AC induction motor model. The
3-phase PWM inverter’s internal structure was shown in Section 4.2.2. The Simulink
inverter model shown in Figure 6.3(b) displays the input and output variables. The

input variables are the battery DC voltage, and the set of three control voltage signals

*

*). The output variables are the set of three inverted and filtered voltage

(vk, vl v

ao’

signals (vg, Vp, Ue).

Motor controllers

The main goal of the motor controller is to control the AC induction motor’s output
torque which will be delivered to the vehicle dynamics model. In Chapter 6, the three
different motor control methods — open loop constant V/Hz speed control, IFO speed
control, and TFO torque control — were explained and implemented in Simulink. The
Simulink TFO torque controller block is shown in Figure 6.4(a), and it is used in the
full electric vehicle system. There are four inputs to the IFO torque controller: the
reference motor torque from the driver model, the motor torque and speed feedback
signals, and the reference stator flux linkage. The output variables are: the reference

stator voltages calculated from the IFO torque controller, and the estimated motor’s
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synchronous speed. The reference stator voltages in the d°-¢° frame are converted to
the 3-phase stationary signals, and they are used as the control signals for the 3-phase
PWM inverter shown in Figure 6.3(b).

The Simulink electrical powertrain components discussed above are assembled into
a single block to establish the electrical powertrain subsystem where the inputs are
the reference motor torque and flux linkages, and the outputs are the motor terminal

currents and the output torque produced by the AC induction motor.
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Te_ref iabc

Fref

vds*

Te
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wr we
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(a) IFO torque controller (b) Electrical powertrain subsystem

Figure 6.4: Simulink IFO torque controller and electrical powertrain subsystem

All the powertrain components discussed previously are included in the electrical
powertrain subsystem shown in Figure 6.5. The reference motor torque and flux linkages
are processed by the motor controller which calculates the reference stator voltage
required by the motor to produce a desired motor torque. The reference stator voltages
are used by the 3-phase PWM voltage source inverter as its control signals to convert

the battery DC voltage into AC voltage signals used by the induction motor.
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Figure 6.5: Inside the Simulink electrical powertrain component
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6.2 Longitudinal driver model

A proportional-integral-derivative (PID) controller is used as a longitudinal driver
model. The goal of the controller is to force the full electric vehicle’s longitudinal
speed to track a reference longitudinal speed. The PID controller processes the er-
ror between the reference speed and vehicle speed feedback signals, and calculates the

reference motor torque as the output.

Driver model
Reference Reference

speed profile 1 motor torque
~() Kp+ Ky~ sKy
S

4

X - espeed

ref ref

X Vehicle longitudinal speed feedback
from the vehicle dynamics model

Figure 6.6: A PID longitudinal driver model

The control gains, mainly the proportional and integral gains, are manually tuned
so that the error between the reference speed and actual vehicle speed is minimized.
The complete electric vehicle system shown in Figure 6.1 with a simple ramp reference
speed profile is simulated multiple iterations with different sets of PI control gains to
find the set that resulted in the lowest speed error. The vehicle’s longitudinal speed

error responses for the different sets of PI control gains are plotted in Figure 6.7.
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Figure 6.7: Vehicle speed error responses for the different sets of control gains
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To tune the driver model’s PI controller, the following set of PI gains, K, = 50 and
K; = 1, is first used. The proportional gain is gradually increased until the vehicle
speed error is minimized. Once the proportional gain is tuned, the integral gain is
tuned to further minimize the vehicle speed error. However, increasing the integral gain
excessively could result undesired undershoots or overshoots, so the gain is increased
until no undershoots or overshoots are observed. For example, the vehicle speed error
for the the following set of PI gains, K, = 300 and K; = 50, becomes negative near
the steady-state speed which implies the vehicle response has overshoots as depicted in
Figure 6.7.
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Figure 6.8: Simulation results — the vehicle model a ramp speed profile

The vehicle speed and motor torque responses for the control gains, K, = 300 and
K; = 10, are plotted in Figure 6.8. The speed tracking response is satisfactory since
the magnitude of speed error is small, and there are no overshoots that are seen from
the response. The motor’s field weakening region is seen from the torque response. The
motor torque gradually decreases starting from around 5 seconds even though the rate
of reference speed is increasing. This is due to the field weakening effect which causes
the motor torque to decrease gradually when its speed is faster than the motor’s base

speed.
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6.3 Brake module

In an electric vehicle, there are two sources of braking torque. A mechanical brake
system provides braking torque at a wheel once a brake pedal is pressed by a driver.
An electric motor can be operated as a generator to provide braking torque from the
motor. This is called regenerative braking since kinetic and thermal energy that would
have been dissipated by a mechanical brake can be recaptured as electrical energy by the
electric motor and stored in the traction battery. To optimize an electric vehicle’s energy
efficiency, the regenerative brake system operates simultaneously with a mechanical
brake system or operates as a standalone brake system to slow down a vehicle.
Implementing the regenerative brake system is simple since the developed AC induc-
tion motor model can be operated as a generator. When the driver model detects that
a vehicle is decelerating, the reference motor torque calculated from the driver model
would be negative since the feedback vehicle speed is greater than the reference speed.
Using the vehicle’s deceleration and reference motor torque values, the brake module
splits required brake torque between the mechanical brake system and AC induction
motor. For example, if a vehicle is decelerating at a slow rate, and the reference motor
torque is smaller than the motor’s maximum regenerative braking torque, then only
the regenerative brake system is used to slow down a vehicle. For emergency braking
situations where the deceleration rate is greater than a preset maximum deceleration
rate, the regenerative brake system becomes inactive, and the mechanical brake system
is only used to provide braking torque. Table 6.1 explains the operating principles of

the mechanical and regenerative brake systems.

Table 6.1: Operating principles of the mechanical and regenerative brake systems

Is Tref < Tregenmax 7 Is Adecel < Gdecelmaz ? Operation mode
Yes Yes Regenerative braking
Yes No N/A
No Ves Regenerative braking

Mechanical braking
No No Mechanical braking

The mechanical and regenerative brake systems can be expanded by introducing dif-
ferent levels of the deceleration rate where they are used to divide the mechanical and
regenerative braking torque proportion. For example, when the vehicle is decelerating
at a fast rate, the mechanical brake system should provide most of braking torque while

the regenerative brake system is active to provide limited braking torque to recapture
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some amount of electrical energy. The complete electric vehicle shown in Figure 6.1
is simulated with a decelerating reference speed profile to observe the mechanical and
regenerative brake system behaviours. For the first simulation, the vehicle is travelling
at a constant 40 km/hr, and it is decelerated to 30 km/hr in 5 seconds. The motor’s
maximum regenerative torque is set to -50 N-m which is determined from the Toyota
Rav4 EV’s experimental data shown in Section 6.4. The reference motor torque calcu-
lated from the driver model is smaller than the motor’s maximum regenerative torque,

so the mechanical brake system is inactive as seen from the second plot of Figure 6.9.

;
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Figure 6.9: Simulation results — the vehicle model with slow deceleration

The second simulation is performed with a faster deceleration rate to show the
regenerative brake system is working simultaneously with the mechanical brake system.
The reference motor torque calculated from the driver model is greater than the motor’s
maximum regenerative torque which indicates that the motor is not capable of delivering
braking torque by itself, so the mechanical brake system becomes active to deliver the
rest of braking torque. The total braking torque required to track the reference speed
profile on Figure 6.10 is about -110 N-m, so the regenerative brake system delivers -50

N-m while the mechanical brake system provides -60 N-m.
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Figure 6.10: Simulation results — the vehicle model with fast deceleration

6.4 Experimental model validation

The reference vehicle, the Toyota Rav4 EV, is driven for different driving scenarios to
collect experimental data which is used to validate the developed component models
from the previous chapters. The reference vehicle has electronic control units (ECU) to
control and manage its powertrain components. All the individual powertrain compo-
nents, such as the traction battery and electric motor, and the inverter, are controlled
by the ECUs provided by Tesla Motors, and the ECUs are inter-connected by the EV
CAN bus as depicted in Figure 6.11. The Toyota’s power management ECU controls
the overall vehicle’s power management, and the EV gateway ECU connects the Toyota
ECU and the Tesla Motors ECUs. The EV CAN bus access point, DLC-R as depicted
in the figure, is located at the rear of the vehicle which can be physically accessed to
collect experimental powertrain data. The vehicle’s electrical powertrain data is col-
lected using bus interface and data logger called the Vector CANcaseXL. A portable
computer is connected to the CANcaseXL via a USB cable, and the CANcaseXL is
connected to the EV CAN bus access point. Raw collected data from the CAN bus
requires decoding, and Chris Shum who is the research engineer in the Motion Research
Group in the department of System Designs Engineering of the University of Waterloo
has decoded the CAN bus messages. The detailed CAN bus decoding work is presented
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by C. Shum [48].
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Figure 6.11: Toyota Rav4 EV control architecture

At the time of the Toyota Rav4 EV’s vehicle experiment, the below variables from

the EV CAN bus data are identified and scaled to engineering units.
e Vehicle’s longitudinal speed [m/s]
e Motor speed [rad/s]
e Motor torque [N-m]
e Battery State-of-charge (SOC)

The vehicle testing was conducted on a test track at Toyota Motor Manufacturing
Canada Inc. (TMMC) located in Cambridge, Ontario. The main focus of the vehicle
testing was to collect the EV CAN bus data for various driving scenarios presented in
Table 6.2. The experimental data collected from the coast down test is used to identify
unknown vehicle dynamics parameters whereas the data collected from the acceleration
and braking tests is used to validate and tune the developed AC induction motor model.
The Toyota Rav4 EV has two drive modes: Normal and Sport. If the Sport mode
is selected, the induction motor’s maximum torque becomes higher compared to the
case when the Normal mode is pressed. Also, there are two gear shift lever positions
for the forward movement. Setting the gear shift lever to B allows the regenerative
brake system to operate more frequently than setting the shift lever to D. During the
acceleration test, a driver was instructed to press a brake pedal to hold the vehicle from
moving, and switch his or her foot to an accelerator pedal quickly and press it at full

throttle to accelerate the vehicle.
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Table 6.2: Vehicle test plans for the TMMC vehicle testing

Gear shift lever ~ Speed # of

Test type Drive mode position [km/hr] iterations
Coast down test Egiig} B ;80_ _48 g
Braking test 1\18(;:[)??1 g 28 : 8 g
Acceleration test 1\18(]);111"?1 g ()O_- 1820() g

The Toyota Rav4 EV’s experimental motor torque-speed curves are plotted in Fig-
ure 6.12. Multiple torque-speed curves are plotted using the measured motor data from
a number of acceleration tests. Each of the torque-speed curves are slightly different

since the acceleration’s magnitude for each trial is not exactly the same.
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(b) Torque-speed curves using the data from the gentle braking test

Figure 6.12: Toyota Rav4 EV motor torque-speed curves from the experiments

From the torque-speed curves from the acceleration test, it can be seen that the field
weakening regions for all the curves start at approximately the same motor speed. The
gradual decrease in the motor torque starts at the motor’s base or rated speed which
is found to be 387 rad/s (61.6 Hz). In Chapter 4 and Chapter 5, the assumed base

speed, 60 Hz, was used to simulate the AC induction motor. The simulations results
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from Chapter 4 and Chapter 5 are still valid since the actual and assumed base speeds
are very close. The maximum regenerative braking torque is found from the measured
motor data from the braking tests listed in Table 6.2. The braking tests are divided for
slow and fast deceleration braking cases. For the set of slow deceleration braking tests,
the shift lever is set to B, and a brake pedal is pressed gently to maximize the usage of
regenerative braking. The torque-speed curves for the slow deceleration braking tests
are plotted in Figure 6.12(b) to find the maximum regenerative braking torque. From
the torque-speed curves, the minimum developed motor torque is found to be -48.5 N-m,
which is the maximum regenerative torque. Using the identified parameters from the
experiments, the electric vehicle system shown in Figure 6.1 is simulated to collect the

simulation results, and they are compared against the data collected from the vehicle

testing.
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Figure 6.13: Comparison of the simulation and experimental results

Figure 6.13 shows a comparison of the simulation and experimental data. The refer-
ence speed profile vy fsm is generated so that the simulation vehicle speed v, becomes
similar to the experimental vehicle speed v.,, profile. From the torque response plot,
the experimental motor torque 7., response has a positive magnitude even though
the vehicle remains stationary. During the vehicle testing, the brake pedal was pressed
to stop the vehicle from creeping forward. Even though the electric vehicle does not
have an automatic transmission, the vehicle creeps forward when the accelerator is not

pressed. This means that the motor provides a small amount of positive torque even
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though the accelerator is not pressed, so that the electric vehicle behaves like a typical
automatic vehicle. The experimental motor torque response and the simulation mo-
tor torque response Teq,, are similar in shape and magnitude, but, the rate of torque
decrease in the field weakening region is different between the two data sets. In the
experimental results the torque response decreases at a faster rate than the simulation
torque response. The gain K in Equation (5.9) is gradually increased until the simu-
lation torque response decreases at a similar rate in the field weakening region as the
experimental torque response, and the corresponding simulation results are shown in
Figure 6.14.
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Figure 6.14: Comparison of the simulation and experimental results with modified
parameters

6.5 Implementation and results

The Simulink components discussed in the previous sections are used to construct the
full electric vehicle system, which was shown in Figure 6.1. There are three main sub-
systems included in the electric vehicle system model: the vehicle dynamics subsystem,
the electrical powertrain subsystem, and lastly the brake module. The driver model is
included in the system to track the reference speed profile.

The electric vehicle system’s inputs are the reference speed profile and constant
flux linkage listed in Table 5.1, and the outputs are the vehicle’s longitudinal speed
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and the motor’s three-phase terminal currents. The electrical powertrain subsystem
consists of the IFO torque controller, the 3-phase PWM voltage source inverter, and
the AC induction motor. Its inputs are the reference motor torque calculated from the
driver model, and the reference flux linkage. The subsystem’s outputs are the developed
motor torque and the motor’s three phase currents. When the mechanical brake system
becomes active for high deceleration situations, the brake module generates braking
torque which is subtracted from the motor output torque, and the resultant torque is
applied to the vehicle dynamics model. The vehicle dynamics subsystem processes the
inputs from the electrical powertrain subsystem and the brake module, and the outputs
are the vehicle’s longitudinal speed and the front wheel speed.

The reference speed profiles are the driving cycle tests conducted by the US Envi-
ronmental Protection Agency (EPA). Different driving cycles were standardized by the
EPA to measure tailpipe emissions and fuel economy of passenger vehicles and trucks.
The following EPA’s city and highway driving cycles are used to simulate the electric
vehicle system [49].

e The urban dynamometer driving schedule (UDDS)

e The federal test procedure (FTP-75)

e The highway fuel economy driving schedule (HWFET)

e The high acceleration and aggressive driving schedule (US06).

The first and second driving cycles represent city driving conditions where a vehicle
is operating in a low speed range and encounters frequent stop-and-go situations. The
third driving cycle represents highway driving conditions where a vehicle is travelling
at around 100 km/hr without stopping. The last driving cycle represents high acceler-
ation and aggressive driving conditions where a vehicle is accelerated rapidly and stops
aggressively. The four driving schedules are plotted in Figure 6.15.

The simulation results for the UDDS driving cycle are shown in Figure 6.16 and
Figure 6.17. From Figure 6.16, it can be seen that the vehicle tracks the reference speed
profiles precisely throughout the entire driving cycle. When the vehicle is decelerating,
the regenerative and mechanical brake systems are simultaneously active to provide
negative braking torque as depicted in the second plot. To study the simulation results
thoroughly, Figure 6.17 shows the simulation results between 400 and 600 seconds. By
examining the close-up view of the simulation results it is clear to see that the vehicle

tracks the reference speed profile very well, and there are no overshoots or undershoots
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Figure 6.15: Reference speed profiles used in the electric vehicle simulations

in the vehicle speed response. Also, from the current response plotted in the Figure 6.17,
one phase of the motor currents i, is in accordance with the developed motor torque
response. For example, as the magnitude of the developed motor torque increases, the
magnitude and frequency of the current response increase.

The simulation results for the FTP75 driving cycle are shown in Figure 6.18 and
Figure 6.19. The UDDS and FTP75 driving cycles are very similar, but the FTP75
driving cycle has an additional high speed profile near the end of its driving cycle.
Similar to the UDDS driving cycle simulation, the vehicle tracks the reference speed
profiles precisely throughout the entire FTP75 driving cycle. Figure 6.19 shows the
simulation results between 700 and 1000 seconds. By examining the close-up view of
the simulation results it is clear to see that the vehicle tracks the reference speed profile
very well, and there are no overshoots or undershoots in the vehicle speed response.

The highway driving cycle’s (HWYFET) simulation results are shown in Figure 6.20.

Similar to the two city driving cycles’ simulation results, the vehicle follows the reference
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Figure 6.16: Simulation results — UDDS driving cycle

speed closely. When the vehicle is cruising at a high speed, the developed motor torque
remains small, which is an expected result. The high acceleration and aggressive driving
cycle’s (US06) simulation results are shown in Figure 6.21. Near the end of the US06
driving cycle, the reference speed profile resembles a trapezoidal wave with a steep
slope. The close-up view is shown in Figure 6.22 to examine the simulation results near
the end of the driving cycle. The vehicle undergoes high acceleration followed by high
deceleration, and the developed motor torque reaches about 200 N-m. The mechanical
brake system provides most of the braking torque when the vehicle is decelerating at
a high rate. By examining the simulation results of the four driving cycles, it can be
seen that the developed electric vehicle system handles the different driving scenarios

well, and the system works properly under different driving scenarios.
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Figure 6.17: Simulation results — close-up view of UDDS driving cycle
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Figure 6.18: Simulation results — FTP75 driving cycle
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Figure 6.19: Simulation results — close-up view of FTP75 driving cycle
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Figure 6.20: Simulation results - HWYFET driving cycle
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Figure 6.21: Simulation results — US06 driving cycle
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Figure 6.22: Simulation results — close-up view of US06 driving cycle
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Chapter 7
Conclusions

In this work, a high fidelity electric vehicle model has been developed in the modelling
and simulation environments, and the simulation results obtained from the high-fidelity
AC induction motor model were compared against experimental motor data collected
from vehicle testing using the reference electric vehicle, the Toyota Rav4 EV. The
developed high-fidelity electric vehicle model is comprised of two main subsystems: the
high-fidelity vehicle dynamics model developed using MapleSim, and the high-fidelity
electrical powertrain models consisting of the AC induction motor, the 3-phase DC/AC
voltage source inverter, and the motor controllers. Finally, the high-fidelity electric
vehicle system has been simulated for different driving scenarios to verify that the
developed vehicle model is capable of operating under different driving scenarios.

The high-fidelity vehicle dynamics model was developed using the reference vehicle’s
mechanical specifications. In Chapter 3, the development of the high-fidelity MapleSim
vehicle dynamics was explained in detail using the MapleSim components that were
used to build the vehicle dynamics model in the user interface of MapleSim. A sim-
ple vehicle dynamics model was developed in Simulink using the FBD of a front-wheel
driven vehicle and drivetrain dynamics including tire dynamics. The MapleSim vehicle
dynamics and Simulink vehicle dynamics models were simulated using the same refer-
ence speed input and control gains, and the simulation results, such as the vehicle’s
longitudinal speed, wheel torque, and front tire normal forces, from the two models
were compared and verified that the results are comparable.

The high-fidelity powertrain components found in the reference vehicle were devel-
oped next. Using the dynamic d-q equivalent circuit of the AC induction motor and
the synchronously rotating reference frame, d°-¢¢, explained in Chapter 4, the AC in-

duction motor’s dynamic equations were derived. The AC induction motor model was
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developed based on the d°-¢° frame because R.H Park [26] and G. Kron [3] showed that
the time-varying inductances can be eliminated from the motor’s voltage equations, and
the resulting motor variables, such as voltages, currents, and flux linkages, are in terms
of DC quantities. Since the developed motor model was based on the d°-¢° frame, the
Park and Clarke transformations were used to convert the applied 3-phase voltage in-
put signals into the two-phase synchronously rotating voltage signals. Using the derived
dynamic equations listed in Section 4.1.4, the high-fidelity AC induction motor model
was developed using a MapleSim custom component worksheet, and it was exported as
a Simulink block to work with the motor controllers developed in Simulink. The devel-
oped motor model was simulated for a given 3-phase supply voltage, and its simulation
results were studied and validated. Since the battery pack used in the reference vehicle
provides DC power, the 3-phase PWM voltage source inverter was developed next. The
voltage source inverter was developed because the developed AC induction motor was
a voltage-based model.

The motor controllers were developed to control the motor speed or developed
torque. Indirect field-oriented control originally presented by K. Hasses [5] was stud-
ied and implemented in Simulink to control the speed of the induction motor. The
developed speed controller was then modified to control developed motor torque, and
this controller was called the indirect field-oriented torque controller. The electrical
powertrain subsystem was assembled by combining the AC induction motor model, the
3-phase PWM voltage source inverter, and the variable torque controller. The subsys-
tem was simulated for different reference torque profiles, and the motor responses, such
as the developed motor torque, terminal currents, and flux linkages, were studied and
verified. At the time of the vehicle testing, the electrical powertrain data was recorded
from the reference vehicle’s CAN bus, and only the motor variables were identified and
scaled. The developed AC induction motor parameter K; was manually tuned using
the experimental motor torque-speed curves. In Chapter 6, the electric vehicle system
was created by combining the high fidelity MapleSim vehicle dynamics model with the
electrical powertrain subsystem. The electric vehicle system was simulated for the city,
highway, and aggressive driving schedules to verify that the vehicle system is capable

of operating under different driving scenarios.

7.1 Contributions

The main contribution of this thesis is the development and implementation of the

high-fidelity electric vehicle model in the modelling and simulation environments. The
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key electrical powertrain components, which were the AC induction motor, the 3-phase
PWM voltage source inverter, and the variable torque controller, were modelled, and

the AC induction motor model was validated using the experimental data.

7.2 Future work

The electric vehicle is implemented and validated successfully in this thesis. Many areas
in the electrical powertrain system, however, still have room for further improvement.
The following approaches can be used to address some of those limitations and increase

the overall accuracy of the models.

Traction battery and battery management system

The reference vehicle has lithium-ion battery packs to power the electrical powertrain
system. A lithium-ion battery model was not included in the electric vehicle system,
and instead a constant DC voltage was used. In MapleSim 7, different battery models
are currently available, and with few modifications, a traction battery can be included
in the electric vehicle system. A high-fidelity battery management system, however, will
require extensive effort to implement. Brandl et al. [50] explained a general and flexi-
ble battery management system architecture for electric vehicles for lithium chemistry

based batteries.

Improved AC induction motor model

The AC induction motor developed in this thesis used constant motor parameters, such
as the stator and rotor’s resistances and inductances. However, many motor parameters
are dependent on the operating temperature, and should be modelled accordingly to
ensure accurate simulation. Khalifa et al. [51] showed how the AC induction motor
parameters vary when the motor’s operating temperature increases. By including the
effects of temperature on motor parameters, the dynamic response of the electric motor

can be captured with greater detail and accuracy.

Improved 3-phase PWM voltage source inverter

The 3-phase PWM voltage source inverter developed in this thesis was built using the
Simulink ideal switches. For an actual DC/AC power inverter, IGBTSs are commonly

used. Instead of using the ideal switches in Simulink, the next phase of development
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of the 3-phase PWM voltage source inverter should incorporate the dynamics of IGBT

switches.

Improved variable torque controller

The variable torque controller used in the electric vehicle model is designed by modi-
fying the indirect field-oriented speed controller. The torque controller requires many
feedback signals, such as developed motor torque, speed, and currents. The torque
control design can be improved by implementing other control methods, such as direct
torque control, which are known to use fewer feedback signals and offer comparable
torque responses to vector control [32]. But, direct torque control generates flux and

torque ripple which may be undesirable effects for electric vehicle applications [2].
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