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PREFACE

This basis for this dissertation is stemmed for developing better alternatives for electric

vehicles to prolong their trip. As the world embraces an era of electric vehicles, there will be

a greater need to address some of the problems that prevents them in becoming a convenient

solution over vehicles with an internal combustion engine. This dissertation will discuss some

of those issues and propose two unique solutions.

This dissertation is ultimately based on a patent, a journal paper, and three published

conference papers for the author Omar Nezamuddin.
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ABSTRACT

Electric vehicles (EVs) face a major issue before becoming the norm of society, that is,

their lack of range when it comes to long trips. Fast charging stations are a good step

forward to help make it simpler for EVs, but it is still not as convenient when compared

to vehicles with an internal combustion engine (ICE). Plenty of infrastructure changes have

been proposed in the literature attempting to tackle this issue, but they typically tend to be

either an expensive solution or a difficult practical implementation.

This dissertation presents two solutions to help increase the range of EVs: a novel wireless

charging method and a multi-motor architecture for EVs. The first proposed solution involves

the ability for EVs to charge while en route from another vehicle, which will be referred to

from here on as vehicle-to-vehicle recharging (VVR). The aim of this system is to bring an

innovative way for EVs to charge their battery without getting off route on a highway. The

electric vehicle can request such a service from a designated charger vehicle on demand and

receive electric power wirelessly while en route. The vehicles that provide energy (charger

vehicles) through wireless power transfer (WPT) only need to be semi-autonomous in order

to “engage” or “disengage” during a trip. Also, a novel method for wireless power transfer

will be presented, where the emitter (TX) or receiver (RX) pads can change angles to improve

the efficiency of power transmission. This type of WPT system would be suitable for the

VVR system presented in this dissertation, along with other applications.

The second solution presented here will be an architecture for EVs with three or more

different electric motors to help prolong the state of charge (SOC) of the battery. The key

here is to use motors with different high efficiency regions. The proposed control algorithm

optimizes the use of the motors on-board to keep them running in their most efficient regions.

With this architecture, the powertrain would see a combined efficiency map that incorporates

the best operating points of the motors. Therefore, the proposed architecture will allow the

EV to operate with a higher range for a given battery capacity.

The state-of-the-art is divided into four subsections relevant to the proposed solutions

and where most of the innovations to reduce the burden of charging EVs can be found: (1)

infrastructure changes, (2) device level innovations, (3) autonomous vehicles, and (4) electric
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vehicle architectures. The infrastructure changes highlight some of the proposed systems that

aim to help EVs become a convenient solution to the public. Device level innovations covers

some of the literature on technology that addresses EVs in terms of WPT. The autonomous

vehicle subsection covers the importance of such technology in terms of safety and reliability,

that could be implemented on the VVR system. Finally, the EV architectures covers the

current typologies used in EVs. Furthermore, modeling, analysis, and simulation is presented

to validate the feasibility of the proposed VVR system, the WPT system, and the multi-

motor architecture for EVs.

17



1. INTRODUCTION

The move towards a society where electric vehicles (EVs) and hybrid electric vehicles (HEVs)

dominate the roads is within the near future [  1 ], [  2 ]. This push has been affected mainly

by environmental concerns, primarily regarding the rate of fuel consumption around the

world [  3 ], which would inevitably cause an increase in the price of fuel. Of the biggest

drawbacks preventing EVs from populating the roads is the time it takes to charge them.

This becomes a greater burden when going on trips requiring more than one pit-stop for

recharging, which can represent a large portion of the trip time.

While the introduction of fast charging stations represents a good step forward [  4 ], [  5 ], the

pit-stop time lacks the convenience of conventional vehicles with internal combustion engines

(ICE). The current technology for high speed charging systems is considered as “Level 3”

or “DC fast charging”, which is capable of delivering 50 kW of power in 0.5 hr [  6 ]. Indeed,

the amount of energy contained in a typical gasoline tank is considerably higher than other

sources [  7 ], [  8 ]. Gasoline gallon equivalent (GGE) is the amount of electric energy needed to

equal the energy content of one liquid gallon of gasoline, e.g., 1 GGE = 33.40 kWh. With

most compact cars, tanks around 15 gallons of capacity and an electric compact car with a

battery size of 75 kWh [  9 ], a direct comparison indicates that such conventional vehicles carry

almost seven times more energy than those electric vehicles. Moreover, with fast charging

stations already in existence, and the demand for more to help push EVs on the roads, their

effects on the utility grid will be of concern [ 10 ]–[ 20 ].

This struggle for EVs to be a convenient solution on longer trip has been addressed

mainly in terms of infrastructure change, with several of those solutions to be discussed

in detail in the next chapter. A common issue that those proposed infrastructures have is

that they are expensive and/or would require drastic change in terms of roads and highway

re-construction. This dissertation proposes two novel solutions: a new method for vehicles

to charge their battery via another vehicle while en route, and a multi-motor architecture

for EVs.

The the first solution to be discussed in this dissertation will be denoted from here on as

a vehicle-to-vehicle recharging (VVR) system. In the VVR system, a user driving on a trip

18
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Figure 1.1. Tesla’s fast charging network map for 2020.

can get extra energy on-demand throughout a trip to help give a boost of energy without

needing to stop at a charging station. The vehicles requesting energy will be known as “user

vehicles” in this dissertation, while the vehicles that charge the user vehicles will be known as

“charger vehicles”. Figure  1.2 illustrates the operation of the VVR system. It can be seen in

Figure  1.2a that the user vehicle is on the highway with a full charge, and in Figure  1.2b the

vehicle runs low on charge and requests for the VVR system. Then, the charger vehicle joins

the highway as it gets close by and “engages” with the user vehicle as shown in Figure  1.2c .

Finally, in Figure  1.2d the vehicle is either fully charged or no longer need the VVR system,

and the charger vehicle “disengages” from the user vehicle. These charger vehicles would be

located throughout the highways either in designated depots or at current charging stations.

Also, the number of charger vehicles throughout the highways would depend on the demand.

Notice that there is an infrastructure already in place to guarantee fast charging conditions

to the EVs. Figure  1.1 shows the current map for Tesla’s fast charging infrastructure in

2020 [ 21 ]. The proposed charging system is not expected to replace charging stations, but

to work as a premium service available for those customers who value the time spent in

a trip more than extra payment for the service. The proposed system could also be used

for emergencies for police cars or ambulances that are EVs and running low on battery,
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Figure 1.2. (a) User vehicle en route. (b) User vehicle requesting VVR. (c)
VVR application. (d) Charger vehicle disengaging/leaving route.

since time is of the essence for such vehicles that are on duty. In-fact, some argue that

police stations would have a difficult time transitioning to fully EVs due to limitations of

the current battery technology [  22 ], which the VVR system could help overcome in some

situations. This would be a similar concept to that of refueling the military planes while in

the air without the need for landing to re-fuel. To aid and improve the VVR system that

will be presented, this dissertation also proposes a wireless power transfer (WPT) system
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Figure 1.3. (a) Different relative position between vehicle and a charging
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with a dynamic positioning mechanism that allows power transfer with high efficiency for

a large range of relative position between the transmitter (TX) and receiver (RX) coils.

The system would incorporate a self-alignment feature for tracking the optimum angle to

maximize power transfer between both coils. This type of wireless power transfer system

can be suitable for the VVR system as well as other applications (e.g., charging stations).

Figure  1.3 shows how the application of such WPT system can be incorporated at a charging

station.

The second solution in this dissertation proposes an architecture for EVs that incorporates

three electric motors with different operating regions to be used for propulsion. The main

advantage is that at different operating regions, a controller can determine which motor

would be running based on their efficiency map. The operating region is defined as the

demanded torque to achieve the current speed. This way the motor with maximum efficiency

at the current speed will be used for propulsion, or a combination of motors that would be

considered a more efficient solution for the current operating region. Figure  1.4a shows

an EV with a single motor power train, Figure  1.4b shows an EV with a power train that
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incorporates three motors, and Figure  1.4c shows an EV power train that has n-motors. Note

that in Figure 1.4b and  1.4c , the power train would see a combined motor map efficiency of

all the motors on board. More details including modeling and simulation will be presented

later in the text. In addition to the comprehensive modeling, analysis, and simulation of the

proposed systems, this dissertation will address the current state-of-the-art of the solutions

proposed or EVs. This dissertation is organized as follows: a review on the scientific outcomes

will be discussed in Chapter 2. The literature review will be presented in Chapter 3 and

is divided into 3.1 Infrastructure Changes, 3.2 Device Level Innovations, 3.3 Autonomous

Vehicles, and 3.4 Hybrid and Electric Vehicles. Chapter 4 will present the first solution to

be discussed in this dissertation, that is, the vehicle-to-vehicle recharging system. Following

that, Chapter 5 will present a wireless transfer method that can be incorporated in the VVR

system. Then, Chapter 6 will discuss the second solution, a multi-motor architecture for

EVs. Finally, Chapter 7 will present the summary of this dissertation.
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Figure 1.4. (a) Single motor EV architecture, (b) proposed three-motor
architecture, and (c) proposed multi-motor architecture with n-motors.
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2. SCIENTIFIC OUTCOMES

This will be a brief chapter presenting the contributions (scientific outcome) covered in this

dissertation. The first outcome was a published journal by the author in the IEEE Transac-

tions on Intelligent Transportation Systems. That paper presents a comprehensive literature

review with focus on the difficulties electric vehicles (EVs) face to charge the battery while

on a trip, and proposed a solution without the need of an expensive change in infrastruc-

ture. The proposed method charges EVs while en route from another vehicle, which was the

vehicle-to-vehicle recharging (VVR). The aim of the system is to bring an innovative way

for EVs to charge their battery without getting off route on a highway. This type of system

would also not require drastic infrastructure change in terms of roadway re-construction, but

rather exist with the current charging stations available. This concept of the VVR was also

filed for a patent on Jan 6, 2021 with a title “CARAVANNING AUTONOMOUS VEHICLE

TRAIN” by The Trustees of Indiana University, in which the author of this dissertation is

also a co-inventor.

The second outcome from this dissertation was a paper published in the 2020 IEEE

Transportation Electrification Conference and Expo (ITEC), which proposes a wireless power

transfer system with a dynamic positioning mechanism that allows power transfer with high

efficiency for a large range of relative position between emitting and receiving coils. The

system would have a self-alignment feature for tracking the optimum angle and resonant

frequency to maximize power transfer between both coils. This dynamic wireless power

transfer system is suitable for applications such as the VVR, ground charging station, or a

superior dock charging system.

Finally, this dissertation was the outcome of a paper published in the 2019 IEEE Trans-

portation Electrification Conference and Expo (ITEC), which proposes a multi-motor archi-

tecture for EVs that help prolong the battery’s state of charge (SOC) throughout a trip. The

proposed architecture incorporates 3 or more motors, with different high efficiency regions.

A control strategy can be implemented to decide which motor (or combination of motors)

to use based on the current operating region. This would guarantee that the motors are

running in their most efficient regions. With this architecture, the powertrain would see a
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combined efficiency map that incorporates the best operating points of all motors on-board.

Therefore, the proposed architecture will allow the EV to operate with a higher range for

the same given battery capacity.
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3. STATE-OF-THE-ART

This chapter presents a literature review covering methodologies and technologies related

to the attempts from industry and academia to tackle the problem of small range in elec-

trical vehicles. The following narrative reviews the current knowledge including substantive

findings as well as theoretical and methodological contributions to topics presented in this

dissertation. Those topics are divided into four subsections relevant to the proposed solu-

tions and where most of the innovations to reduce the burden of charging EVs can be found:

(1) infrastructure changes, (2) device level innovations, (3) autonomous vehicles, and (4)

electric vehicle architectures.

3.1 Infrastructure Changes

This section includes the proposal of infrastructures that would ease the way for EVs on

the road. Although such infrastructure would be expensive to implement, it would have ad-

vantages such as: (1) increasing driving range, (2) decreasing battery size, and (3) improving

convenience [  23 ]–[ 27 ]. In [  28 ], a metering and wireless charging system was proposed that

can account for the exact amount of electric power received by each vehicle, with a billing

strategy. It is presented for infrastructures where wireless pads are placed under designated

regions of the roads and vehicles can charge wirelessly while passing by. As multiple ve-

hicles (that are close to each other) pass by a specific transmitter, it would be difficult to

account for the energy consumed by each vehicle. The authors propose identification and

metering equipment, charge control unit, and a dedicated software installed on the EV’s to

help alleviate this issue.

Other types of infrastructures have been proposed to help vehicles to charge-on-the-move

(CoM). The idea of CoM for EVs is not a new concept, in fact it has been implemented for

years as an overhead catenary system. Such system was used on busses, trams, and trains as

well as road freight vehicles. In 2011, Siemens developed a refined catenary system that was

tested on hybrid electric trucks [ 29 ]. In this system, using a pantograph type conductors, the

vehicles can autonomously connect and charge from electrified parts of the highway as seen

in Figure  3.1 . The amount of power these vehicles can receives from the two wire overhead
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Figure 3.1. Siemens catenary system for hybrid electric trucks.

system is about 260 kW. This Siemens catenary system was introduced to a public road in

Sweden (in June 2016) for two years of testing. The system was set up on a highway north of

Stockholm, within a two-kilometer stretch. They used two diesel hybrid vehicles to operate

under the Siemens catenary system for testing.

A change in the current infrastructure was proposed in [  30 ] where cars could CoM as

illustrated in Figure  3.2 . The authors discuss the two major parts for such system which

are the inductive power transfer (IPT) devices for both vehicles and roads. The IPTs on the

road would be 1.5 m in length and spaced out on highways and rural roads. The authors

also present a comprehensive consideration of the infrastructure updates, with an estimated

cost of 76 billion euros for about 86% of the car-miles in Great Britain. The majority of this

cost is due to the integration of IPT devices on the roads on a national scale. A study on

the feasibility of such infrastructure was conducted in [  31 ], where true decarbonization of

the national road freight system was presented. The authors also highlight a logistic concept

for road freight operations that is divided into four categories along with the proposal of

different vehicles and charging methods for each.

Road

Transmitting PadsReceiving Pads

Figure 3.2. Charge-on-the-Move infrastructure illustration.

27



Road

Battery

Inverter

Power Lines

(coil 1)

Pickup Module(coil 2)

and Regulator

(a)

Road

Pickup Module

Power Line

Ferrite

Flux Path

{
{

(b)

Figure 3.3. (a) On-line EV system. (b) Vertical magnetic flux pickup coil
and design of power line.

In [  32 ], an On-Line Electric Vehicle system is presented that incorporates high efficient

and low electromagnetic field (EMF) wireless power transfer. This system (presented in

Figure  3.3a ) is comprised of power lines connected to an inverter that extends under ground to

generate resonant magnetic field, while the EVs have a pickup modules, batteries, capacitors

and electric motors. The authors use vertical magnetic flux type pickup coil along with a

proper design of power lines to achieve 80% efficiency as highlighted in Figure  3.3b . The

authors also propose two methods for EMF shielding for the design.

Another proposal of infrastructure change for EVs was presented in [  33 ] (Figure  3.4 ) that

consists of WPT, supercapacitors and electric motors. The author highlights the importance

of using WPT based on magnetic resonance for high efficiency along with supercapacitors as

buffer devices instead of Li-ion batteries. The claim is that the incorporation of such devices
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Figure 3.4. Infrastructure with EV’s that consists of supercapacitors (ELDC)
and batteries on-board.

will allow the feasibility of a convenient EV infrastructure. The author also showcases

experimental results for WPT with 90% efficiency at an operating frequency of 10 MHz. It

is worth mentioning that in this setup the vehicles would charge while stationary to get a

boost of energy. A similar setup which requires adding transmitting coils under the roads

was discussed in [ 34 ]. Herein, the authors propose an innovative way of WPT using multiple

transmitting coils that are connected together and can turn off/on selectively. They derive

an expression for the efficiency of the proposed system, and also provide simulation and

experimental results. In [ 35 ], another system which involves charging vehicles while on the

move via dielectric coupling is presented. Here, the vehicle’s tires have a steel belt around

them that interacts with electrified roadways while on the move to allow for WPT (as

illustrated in Figure  3.5 ). The Authors show experimental results with a 1/32 scale models

of EVs, and assert that this approach is promising since it can achieve high efficiency with

impedance matching circuits. Another take on EV infrastructure (similar to that discussed

in this paper) was introduced in [ 36 ], [ 37 ]. The authors use large vehicles (like a truck or

bus) on highways to transfer energy to other vehicles on the road, therefore overcoming the

need for EVs to stop for a charge. The system presented in this paper, however, proposes a

better solution with an optimized charger vehicle.
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Figure 3.5. CoM infrastructure via dielectric coupling.

3.2 Device Level Innovations

The topic itself of WPT in electric vehicles has become more popular, and many methods

and different approaches of WPT have been introduced and discussed in detail [  38 ]–[ 44 ]. A

study for evaluating different power pads used for electric vehicles based on their power

transfer efficiency was conducted in [  45 ]. It’s a bigger challenge to charge vehicle on the

move (dynamic wireless energy transfer), and most of the studies conducted are for static

wireless charging as presented in a detailed review in [ 46 ]. They also present a unique issue

to dynamic wireless energy transfer, that is the need for alignment between the two coils

which greatly affects the transmission power.

The main technologies for WPT are through radio waves [  47 ], resonances coupling and

inductive power transfer. In recent years though, the WPT based on resonance coupling has

been explored and became more popular due to its high efficiency [  48 ]–[ 54 ], and was first

discussed in [ 55 ].

Even with such technologies, one of the challenges that wireless charging faces is when the

energy transfer is done with coils that are not aligned and with a dynamic changing distance

between them (dynamic WPT) [  56 ]. In [ 57 ], the authors show that the worry of the change

in distance between the two coils can be overcome by choosing an optimal transmission
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frequency for the WPT with coupled-mode and resonance theory. The analysis there is

based on a circuit model of a strongly magnetic resonance WPT. Another study in [ 58 ]

highlights the WPT systems’ dependency on the complex impedance of the receiver. The

authors propose a complex impedance tuning method that comprises of a DC/DC converter

and LC filters. They show that it is possible to tune the receiver load resistance in a wide

range of values from the circuits low-frequency region.

One important aspect of control in WPT systems is certainly maximizing the power

efficiency, and plenty of research on that topic has been conducted [  59 ]–[ 66 ]. Another aspect

of dynamic WPT is the consideration and estimation of the coupling coefficient as presented

in [ 59 ]. Herein, the authors present a method for real time coupling coefficient estimation,

along with a controller to maximize the WPT efficiency using the DC/DC converter on the

receiver side. In [ 67 ], a state feedback controller was designed to watch out for the changes

of mutual inductance that helps improve the general stability of the system. The authors

mention that such controller could be usable in applications of dynamic WPT on EVs.

Dynamic WPT technologies also face an issue when there is a tilt between the two coils.

In fact, a study conducted in [  68 ] shows the effects of the tilt angle between the transmitting

and receiving coils. The authors showcase three different scenarios and propose a method to

obtain the optimal tilt angle for high WPT efficiency, with respect to their relative position.

The analysis for power efficiency was based on a circuit model (illustrated in Figure  3.6a )

with a single transmitter (TX) and receiver (RX). The coupling coefficient (k) was calculated

considering a misalignment both in angle and horizontal position as shown in Figure  3.6b .

Moreover, research on the effects of the vehicle’s speed at which it passes a WPT area

was conducted in [ 69 ].The authors show that different speeds affect the efficiency of the

WPT, and propose a control method to optimize the energy transfer with respect to the

driving speed. This control method is focused on adjusting the voltage of the transmission

or the vehicle-side equivalent load resistance. With the topic of dynamic WPT becoming

more popular, recent research control methods for dynamic WPT have been proposed in the

literature such as [  70 ]. Herein, a power control method that changes the amount of power

being transferred based on the state of charge (SOC) of the battery is presented. The authors
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Figure 3.6. (a) Circuit model of WPT system with a single TX and RX. (b)
WPT system with angle and horizontal misalignment.

argue that with such method, dual-sided communication is avoided. They also provide some

experimental results from a built prototype that can transmit about 1.5 kW of power.

3.3 Autonomous Vehicles

As mentioned in the last section, the concept of the VVR system is that a user vehicle can

get extra energy on-demand to prolong the duration of the trip without having to pit-stop.

This is similar to the concept of vehicular platooning, where one vehicle follows another safely

32



with a small distance between each other at high speeds. In the VVR system, the charger

vehicle only needs to be semi-autonomous in order for it to guarantee a constant distance

while charging, and this level of “semi-autonomous” is currently available in the market.

Although, research on vehicular platooning has attracted attention as vehicles get higher

level of autonomy, specifically with connected autonomous vehicles [  71 ]–[ 73 ]. Also, plenty

of research has been conducted on vehicular platooning in terms of safety [  74 ]–[ 78 ]. It is

worth mentioning that it is possible to achieve vehicular platooning safely at small distances

between vehicles, with no information or communication from the lead vehicle [ 79 ]–[ 85 ].

Fully autonomous vehicles (self driving cars) are vehicles that are equipped with sensors

to identify and navigate through the environment nearby with no human input at all. If

both the user vehicle and the charger vehicle have full autonomous capability, it would make

for a stronger case in terms reliability and safety. Recently, the concept of autonomous

vehicles have become more popular [  86 ]–[ 90 ]. The automotive industry, along with research

institutions, are also playing a role in advocating some of the highlights of autonomous (or

semi-autonomous) vehicles in terms of safety. At the present time, multiple studies have

been conducted on the improvement of the self driving cars in terms of safety [ 91 ]–[ 93 ] and

control [ 94 ]–[ 97 ].

Autonomous vehicles always need to answer the question of “what to do next?”. These

vehicles need to use information gathered by their localization center to answer that ques-

tion. The localization techniques used in autonomous vehicles can be summed up in two

categories [  98 ]: sensor based, and cooperative localization techniques. The first technique is

comprised of vehicles that only rely on on-board sensors to make decisions. Although the

sensors used in such a technique are typically more accurate and reliable, they come with an

increase of cost. The second technique makes decisions based on communications of vehicle-

to-vehicle (V2V), vehicle-to-infrastructure (V2I), and on-board sensors. The authors in [ 99 ]

show that such a cooperative localization technique can indeed increase the system perfor-

mance, robustness, and a general better awareness of the surrounding environment. In recent

years, the exploration of autonomous vehicles have also expanded to the airspace [ 100 ]–[ 106 ],

and also underwater [ 63 ], [ 107 ]–[ 110 ].
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One of the most important features that autonomous vehicles must comprise of is the

steering control for path tracking capability. In [  111 ], a model predictive controller (MPC)

was introduced for path tracking that reduces that lateral tracking deviation and keeps

the vehicle stable for high and low speeds. Due to the computational complexity in which

an MPC controller can impose when considering path tracking as an optimization problem,

[ 112 ]–[ 114 ] have suggested combining the MPC with a Laguerre function and/or an exponen-

tial weight to reduce such complexity. Another adaptation of an MPC was presented in [ 115 ],

where a linear MPC is capable of path tracking with minimum side to side deviation at high

speeds. In [  116 ], a detailed comparison between a path tracking and a torque-vectoring con-

troller is presented. Although torque-vectoring controllers require vehicles that have motors

on each wheel, they still provide a great solution for vehicle stability and performance when

compared to path tracking controllers based on steering system actuation.

Modeling of autonomous vehicles is desired to ensure that proposed control systems work

as expected. In [ 117 ], the authors propose a game theoretic traffic model that can be used to

test multiple vehicles’ decisions based on safety and correct performance. The authors also

state that their developed simulator can be used to tune and calibrate parameters of control

policies in autonomous vehicles. Other game theoretic modeling techniques for autonomous

vehicles were presented in [ 118 ]. Herein, the models were used as a solution to paradigms

that are important when considering a driver’s interaction with the vehicles active front

steering collision avoidance controller. A similar study was also conducted in [  119 ], where

the focus of the game theoretic model was to analyze the interaction between the driver

and an automated steering system that is based on a cooperative pareto steering strategy.

As the topic is still passing its early stages, modeling of autonomous vehicles will continue

to be a discussed subject in the literature in the foreseeable future. All the current and

new autonomous vehicle developments can be used to make the proposed VVR system more

efficient.
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3.4 Hybrid and Electric Vehicles

HEVs have a more complex powertrain when compared to EVs, and plenty of propulsion

architectures have been proposed for the use in HEVs [ 120 ]. The three main types are

parallel HEV, series HEV, and a series-parallel HEV. The series-parallel HEV system is

more complex than the other two configurations, its main advantage is that it can allow the

ICE to run closer to its higher efficiency regions more often [ 121 ].

Electric vehicles, on the other hand, couples an electric motor to axle and wheels through

transmission/differential and a power electronics module couples the motor to a battery.

Architectures with two motors have been studied in the literature and [  122 ] provides a

method for optimizing the torque applied by each motor of a dual motor drive system

of an all-electric vehicle. The authors in [  123 ] applied the Pontryagin’s minimum principle

optimization to their dual motor setup. Based on the optimization results, a control strategy

is developed which is a combination of mode switching control and power-split control.

The research in [  124 ] proposes a brake energy recovery strategy for a dual-motor dual-axis

electric powertrain. Their new strategy achieves 9.95% higher regeneration than the front

axle braking strategy while keep the same driving behavior. In [  125 ], a novel dual-motor

coupling powertrain that couples speed and torque is proposed. Although coupling multiple

motors to a driveline could have its own complexity, it is a problem with all HEVs or EVs that

incorporate more than one motor or engine and this technology has been well established.

The coupling of the motors onto a single powertrain will not be the focus of this paper.

Other architectures have incorporated the motors directly on to the wheels. One main

advantage of in-wheel motors is the reduction of distance for power transmission which would

provide an increase in efficiency. A driving and control system for a direct-wheel-driven EV

is proposed in [  126 ], which employs two permanent-magnet brushless dc motors (PMBD-

CMs) and a control strategy that simplifies the commonly complex differential algorithm

for steering. In [  127 ], a current distribution control for a dual direct driven wheel motors

is proposed. The authors determine the necessary amount of input current to each driving

wheel with a load disturbance observer, model following controller and a velocity command

compensator.
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Other control systems have been proposed for an EV with four in-wheel drive systems

such as those in [ 128 ] and [ 129 ]. Although in-wheel drive systems present specific technical

advantages, they face considerable challenges. Some of those challenges include limited space

to work with, increasing the unsprung weight, and a lack of differential requires a complex

torque controller to achieve different wheel speeds [ 130 ]. Other notable issues with in-wheel

motors include the effects of heat from braking on the motor performance, any shocks and

bumps seen on the road by the wheel would affect the motor components connected in the

wheel setup. An in-depth review on mechanical causes of failure modes for in-wheel motors

in EVs is presented in [ 131 ].
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4. CONVENTIONAL ELECTRIC VEHICLE: MODELING AND

SIMULATION

The first component to be presented in this dissertation is the modeling of an electric vehicle

(EV). The EV models are hybrid models that incorporate equation-based modeling similar

to that presented in [ 132 ]. There are two globally accepted methods for modeling an EV, a

forward-facing powertrain model and a backward-facing powertrain model [  133 ]. This paper

employs a forward-facing powertrain model and was implemented in MATLAB®/Simulink®.

Figure  4.1 shows the main block diagram representing the model of a typical EV. The

first aspect of this model is the drive cycle (or reference vehicle speed), which primarily

contains data points that represent the speed of a vehicle versus time. These data points

can either be synthetic or real, depending on the type of modeling to be presented. In this

dissertation, the data points were either purely synthetic or taken from well known drive

cycles used in the literature. The data points from the drive cycle would then be fed into

the driver model along with the current vehicle speed.

The driver model block can be seen in detail in Figure  4.2 , where the objective here is

to ensure that the vehicle speed obtained from the glider model is following the drive cycle

data. It does that by getting the difference (error), which is then applied to a PID controller

to define the accelerator pedal position (APP) along with the brake pedal position (BPP).

Drive 

Cycle

Driver

Model

Brake

Model

Motor

Model

Battery

Driveline

  Model

  Vehicle

Dynamics

   Model

APP

BPP

Vehicle
Velocity

Net 

Force

Net

Regen. Torque

Demanded 
   Power SOC

Motor

Brake Force

Torque

Speed

Figure 4.1. Block diagram of the proposed EV.
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Figure 4.2. Driver model block diagram.

The BPP is then the input of the the brake system along with he vehicle speed, to determine

how much regenerative torque can through the motor. The output of the brake model is the

regenerative torque, which is an input to the motor block, and the friction brake force that

is fed to the driveline model.

On the other hand, the APP from the driver model goes to the motor model shown with

more details in Figure  4.3 . Herein, the APP requests the amount of torque to reduce the

speed difference error, but is limited by a one-dimensional lookup table that defines how

much maximum torque is allowed at the current motor speed. The output of the limiter is

the positive torque needed for propulsion, subtracted by the regenerative torque (obtained

from a brake model) to get the total net tractive torque going to the driveline. This net

torque at the current speed is what defines the power needed from the battery based off the

motors’ efficiency map (a 3D lookup table also highlighted in Figure  4.3 ).
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Motor Speed
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Propulsion
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Figure 4.3. Motor model block diagram.
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The motor model would then have two outputs: the net tractive torque going to the

driveline block and the total power requested from the motor to the battery model. The

battery model would then use the power demanded to calculate a new value of SOC. The

Battery’s SOC is calculated using the coulomb counting method as shown in [  134 ], which

can be re-written as:

SOC = SOC(t0) − 1
Crated

∫ tf inal

t0
IBatdt (4.1)

where Crated is the rated energy capacity of the battery, t0 is the initial time, tf inal is the

final time, and IBat is the battery current. The convention here is that positive current IBat

is coming from the battery. For a simplified battery model (shown in Figure  4.4 ) consisting

of an internal resistance (Ri) and voltage (Vi) connected in series only, the current IBat is a

function of the power output of the battery (PBat), and can be defined as:

IBat =
Vi −

√
V 2

i − 4RiPBat

2Ri
(4.2)

where PBat = 1
η

Pmotor + Paccessory, η is the efficiency of the motor, Pmotor is the output power

of the motor, and Paccessory is the power consumed by the accessory load. In this simulation,

the battery current is positive when delivering power to the driveline, and negative when

there is regenerative energy coming back to it. Research on battery management techniques
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Figure 4.5. (a) Free body diagram of vehicle. (b) Block diagram of vehicle model.

have been discussed in the literature such as in [  135 ], where the authors propose a hierarchical

energy management strategy for HEVs that can be used for EVs.

The driveline block converts that total tractive torque it received from the motor block

to tractive force, which is then the input of the glider model. The glider model (or vehicle

model) is a physics-based model inspired from [  136 ]–[ 138 ] where the tractive force overcomes

all other forces acting on the vehicle. Figure  4.5a shows the a free body diagram of the

vehicle highlighting the forces acting on it, which can be described as:

Ftrac = Fin + FG + Frr + Faero (4.3)

where Ftrac is the total tractive force needed for propulsion, Fin is the inertial force, FG is

the grade force, Frr is the rolling resistance force, and Faero is the aerodynamic drag force.

It is evident that unless the vehicle is slowing down or braking, the Ftrac must overcome all
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Figure 4.6. An induction motor efficiency map.

the other forces acting on the vehicle in order for it to catch up to the reference speed. A

block diagram describing this is shown in Figure  4.5b , where the inertial force is used here

to obtain the acceleration, then integrating it to obtain the vehicle velocity.

To show the performance of this model, a simple simulation will be presented in this

chapter. The motor map used was similar to that of an induction motor with the following

efficiency map presented in Figure  4.6 , and the vehicle dynamics for the EV used are pre-

sented in Table  4.1 . The drive cycle (reference vehicle speed) for this demonstration was the

urban dynamometer driving schedule (UDDS), which is approximately 1400 seconds. The

first objective to observe is whether the model is following the reference speed provided from

the drive cycle data, and as presented in Figure  4.7 , it is evident that the model does a good

Table 4.1. Vehicle dynamic parameters used for modeling the EV.
Parameter Value
Air density 1.23 kg/m3

Drag coefficient 0.38
Vehicle frontal area 2.1 m2

Vehicle mass 1560 kg
Gravitational acceleration 9.81 m/s2

Road angle 0 Degrees
Rolling resistance coefficient 0.01
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Figure 4.7. Reference speed vs vehicle speed for the urban dynamometer
driving schedule (UDDS).

job doing so. Figure  4.8 shows the SOC of the battery for this model after 1400 seconds,

which is roughly about 79%.

Justification of battery model

Although this simulation uses a simplistic battery model shown in Figure  4.4 , it does well

in understanding the effects of other variables in the simulation on the battery’s SOC. A
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Figure 4.8. State of charge of the battery’s EV.
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Figure 4.9. Lithium-ion battery model obtained from Simulink.

more complex model presented in Figure  4.9 was used as a comparison. This model is for a

lithium ion (Li-ion) battery obtained from Simulink, and was set to have the same capacity

as that presented previously. The model was derived from the discharge curve characteristics

of a Li-ion battery, and is constituted by the following equations for its internal voltage:

For i∗ > 0,

Edischarge = Vint = E0 − K
Q

Q − it
i∗ − K

Q

Q − it
it + A · exp(−B · it) (4.4)

For i∗ < 0,

Echarge = Vint = E0 − K
Q

it + 0.1Q
i∗ − K

Q

Q − it
it + A · exp(−B · it) (4.5)

where Vint is the nonlinear internal voltage, E0 is the constant voltage, exp is the exponential

zone dynamics, K is the polarization constant, i∗ is the low-frequency current dynamics, i

is the battery current, it is the extracted capacity, Q is the maximum battery capacity, A is

the exponential voltage, and finally B is the exponential capacity.
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Figure  4.10 shows a comparison of the SOC with the battery model derived from equa-

tion (  4.2 ) vs that of a generic Li-ion battery obtained from Simulink. It can be seen that

there is a 1% difference in SOC after about 1400 seconds. Although the Li-ion battery had

a different SOC, the time of running the simulation was much longer. This means that the

model presented in Figure  4.4 would suffice to illustrate the effects of the rest of the model

on the SOC.
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5. VEHICLE TO VEHICLE RECHARGING

5.1 Proposed System

As the literature review suggests, the problem of electric vehicle charging remains open

ended. Although there are many technical solutions presented in the technical literature,

most of them carry inherent economic and/or implementation challenges. This section

presents an alternative solution that allows EV batteries to be charged with minimum in-

frastructure changes and with the ability to reduce the pit-stop time to zero.

The proposed system in constituted by a charger vehicle that is capable of charging

another vehicle wirelessly on a highway. The user vehicle would be en route on a trip that

would typically require at least one pit-stop. During the trip, the user vehicle can request

for the VVR as the SOC of the battery goes low. The logistics of such a system can be

further studied and discussed to improve the performance of the over all system, however an

introduction to the idea will be discussed in this dissertation. A general overview of how the

charger vehicle engages and disengages from the user vehicle is presented in Figure  5.1 . It is

assumed that the user vehicle starts the trip with a full SOC (see Figure  5.1a ). As the vehicle

goes about the route, and starts to reach an uncomfortable low level of SOC, it requests for

a VVR and the charger vehicle joins the route as highlighted in Figure  5.1b . The charger

vehicle would then get close to the user vehicle, and wait for a request to “engage” to start

the process of wireless power transfer. Figure  5.1c shows both vehicles during VVR process

with both vehicles traveling at a close distance. Finally, in Figure  5.1d , the user vehicle is

either fully charged or requests a “disengage” from the VVR, which will find an exit to either

recharge its own battery or park and wait for the next user vehicle. It is note worthy to

mention the following assumptions of the VVR system for this dissertation: (1) the user and

charger vehicle has location information about the other vehicle; (2) the charger vehicle has

SOC information on the user vehicle; (3) the charger vehicles only participate in the VVR if

they have sufficient amount of energy to provide; and finally (4) the user vehicle will travel

on a designated route that has charger vehicles available at depots or charging stations.

As for the charger vehicles, the concept here is that they would have either large batteries

or an on-board electric generator that is capable of delivering power to multiple vehicles as
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Figure 5.1. (a) User vehicle en route. (b) User vehicle requesting VVR. (c)
VVR application. (d) Charger vehicle disengaging/leaving route.

shown in Figure  5.2 . Figure  5.2 (left) shows the charger vehicle as 100% electric, implemented

with a large battery package, while Figure  5.2 (right) introduces the hybrid charger vehicle

with an embedded generator set. The proposed system could be implemented with either

option. The hybrid charger vehicle could be implemented first to lower the cost of the entire

system, and as batteries costs reduce, then electric charger vehicles would be a substitute to

the hybrid counterparts. Note that the WPT charging mechanism can be placed at either

the front or back of either of those vehicles.
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Figure 5.2. Charger vehicle that is either fully EV (left) or HEV (right).

5.2 Modeling and Analysis

In the VVR system presented in this study, the user and charger vehicles are both electric

vehicles. Figure  5.3 shows the block diagram of the proposed system. Both the user and

charger vehicle models are hybrid models that incorporates equation-based modeling similar

to that presented in Chapter 4. The first aspect of this model is also the drive cycle data

points. The data points presented in this study was purely synthetic to demonstrate a desired

driving condition to be used with the VVR. The data points from the drive cycle would then

be fed into the driver model along with the current vehicle speed. As done in Chapter 4,
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Motor/Generator 
Model

Driveline
Charger

Driver Model

Power

Signal

Controller

Model

Controller

Model

Battery

Motor/Generator 
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Charger
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User

Driver Model

User Vehicle

VVR Charger Vehicle

Figure 5.3. Block diagram of the VVR system.
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Figure 5.4. Driver model block diagram.

the driver model block (Figure  5.4 ), ensures that the vehicle speed obtained from the glider

model is following the drive cycle data. The BPP is used to determine the regenerative

torque, which is an input to the motor block, and the friction brake force that is fed to the

driveline model.

The APP from the driver model goes to the motor model (Figure  5.5 ) and requests the

amount of torque to reduce the speed difference error, but is limited by a one-dimensional

lookup table that defines how much maximum torque is allowed at the current motor speed.

The output of the limiter is the positive torque needed for propulsion, subtracted by the

regenerative torque (obtained from a brake model) to get the total net tractive torque going

to the driveline. This net torque at the current speed is what defines the power needed

from the battery based off the motors’ efficiency map (a 3D lookup table also highlighted

in Figure  5.5 ). For this simulation, the motor efficiency map that was implemented was the

same induction motor used in Figure  4.6 .

APP

Motor Speed

Regenerative

    Torque

MaxTorque

Propulsion

Torque Net Tractive 

Torque

Demanded

Battery Power

Efficiency

Lookup Table

x
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Figure 5.5. Motor model block diagram.
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Figure 5.6. (a) Free body diagram of vehicle. (b) Block diagram of vehicle model.

The motor model would output the net tractive torque to the driveline block and the

total power requested form the motor to the battery model. The battery model would then

use the power demanded to calculate a new value of SOC. The SOC in this chapter was also

calculated using the coulomb counting method as shown in [ 134 ]. This was also presented

in Chapter 4 in equation ( 4.1 ), with the current derived from Figure  4.4 and shown in

equation ( 4.2 ).

The driveline block converts that total tractive torque it received from the motor block to

tractive force, which is then the input of the glider model. The glider model (or vehicle model)

is also a physics-based model presented in Chapter 4, where the tractive force overcomes all

other forces acting on the vehicle. Figure  5.6a re-highlights the free body diagram of the

vehicle modeled. Again, the tractive force must overcome all the other forces acting on the

vehicle in order for it to catch up to the reference speed. The inertial force is used to obtain

the acceleration, then integrating it to obtain the vehicle velocity as shown in Figure  5.6b .
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The controller in the VVR model must guarantee that the charger vehicles’ battery has

an SOC that does not go below 10%, and it must also ensure that only when the system is

engaged that it charges the user vehicle. When the vehicle is engaged, the battery of the

charger vehicle sends energy through the inductive WPT model simplified here as a constant

representing an efficiency of 90%, similar to the efficiency in the literature [ 48 ]. Note that in

this model, the user and charger vehicle powertrain model work in a similar fashion.

5.3 Results

Energy Analysis

One important aspect to consider for the VVR system is how much energy the charger

vehicle will use. This incorporates the power that will be consumed by the charger vehicle

and the power being transferred to the user vehicle during the VVR application. Figure  5.7 

provides an illustration of energy consumption of the system. Note that in Figure  5.7 the

wireless energy transferred must overcome the energy to propel the user vehicle in order to

charge its battery.

This type of analysis helps understanding the cost of using the VVR, since the user

vehicle will be responsible for the total energy being consumed by the charger vehicle during

the VVR. Although the VVR system would be more costly than using a typical charging
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Table 5.1. VVR glider model parameters.
Parameters User Vehicle Charger Vehicle

Aerodynamic Drag Coeff. 0.38 0.38
Air Density 1.23 kg/m3 1.23 kg/m3

Frontal Area 1.8 m2 2.1 m2

Gravity 9.81 m/s2 9.81 m/s2

Mass of Vehicle 1800 kg 3114 kg
Rolling Resistance Coeff. 0.01 0.012

Incline Angle 0 Degrees 0 Degrees
Vehicle Inertial Mass 2000 kg 4784 kg

station along the route, the argument here is for a convenient solution since there is no need

to pull over and waste time on just charging. An argument can also be made in terms of

stress on the grid, since the VVR vehicles can be charged during non-peak times and provide

the energy to the user vehicles during peak times. Peak times here is defined as the period of

time throughout the day in which the electric utility company is observing the most demand

from the consumers. Another point is the charger vehicles don’t have to be fully electric

vehicles, they can be hybrid with an on-board generator as mentioned previously.

Drive-Cycle Analysis

MATLAB® and Simulink® was used to simulate the proposed system. The block diagram

presented in Figure  5.3 was implemented where both the user and charger vehicles are fully

electric. As mentioned before, the glider model presented here is a physics based model, and

the parameters used are presented in Table  5.1 .

The VVR system presented in this paper was simulated with the following scenario for

the drive cycles: a lower scale user vehicle is on a trip that requires at least one pit-stop or a

VVR request (about 70 miles). Figure  5.8 shows the drive cycle used in the simulation, which

was fully synthetic and made up from a combination of well known highway drive cycles also

used in [  132 ]. It is evident from Figure  5.8 that the charger vehicle was requested at about

3,450 seconds and joined the user vehicle a little after. Then, as both vehicles are about to

get off the highway (at about 4,700 seconds), the charger vehicle disengages and the user
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Figure 5.8. Drive cycle of the user and charger vehicles.

continues the trip. The user vehicle here has a battery size of about 23.7 kWh, while the

charger vehicle’s battery capacity is 35.91 kWh. The SOC of both the user and charger

vehicle is presented in Figure  5.9 , highlighting the region in which the user vehicle battery

is no longer used for its own propulsion. Figure  5.10 shows the power consumed by the user

vehicle, charger vehicle, and the power transferred during the application of VVR.
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Figure 5.9. SOC of user and charger vehicles.
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Figure 5.10. Total power consumption of user and charger vehicles (including WPT).

A comparison between an EV using VVR versus stopping by a conventional fast charging

station to charge its battery is presented in Figure  5.11 . It is clear that the EV charging with

VVR would reach the destination 20 minutes earlier than a vehicle that would have stopped

at a conventional charging station. It is then a matter of preference on whether customers

are willing to pay a premium to reduce such a trip presented in this analysis by 20%.
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6. NOVEL WIRELESS POWER TRANSFER METHOD

6.1 Conventional System

The wireless power transfer methodology can be considered a mature technology today.

Different methods and approaches have been proposed by scholars and by the industry to

improve the performance of inductive power transfer (IPT) and capacitive power transfer

(CPT) systems. These methods include megahertz operation frequency [  139 ], compensation,

maintaining system resonance [  140 ], refactoring coil structure [ 141 ], and network improve-

ment [ 142 ]. The traditional way to implement wireless power transfer is accomplished with

considerable high efficiency if both plates with transmitting (TX) and receiving (RX) coils

are aligned. The perfect alignment is what it is known as the “sweet spot” within the com-

mercial jargon. Figure  6.1 (a) shows the traditional coupling with perfect alignment, i.e.,

sweet spot. Figure  6.1 (b), in turn, shows both plates misaligned. The perfect alignment

Receiving

Coil

Transmitting

Coil

(a)

Receiving

Coil

Transmitting

Coil

(b)

Figure 6.1. Wireless power transfer transmitting and receiving coils with (a)
alignment (sweet spot) and (b) misalignment.
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Figure 6.2. Wireless power transfer system with ground charging: (a) perfect
alignment and (b) misalignment.

is relatively easy to achieve with static devices. On the other hand, high-efficient charging

devices that change their relative position dynamically is rather challenging.

One of the most promising wireless power transfer technology today for EVs is the one

where the electric current is transferred by creating a magnetic field between a TX pad on the

ground and a RX pad located under the vehicle. This is an application where the alignment

between plates is not easily accomplished. In this wireless charging system, the vehicle

needs to stop at the sweet spot to guarantee maximum efficiency, as shown in Figure  6.2 .

Companies like BMW has proposed a system with cameras and positioning devices at the

bottom of the vehicle to guarantee the sweet spot and therefore ensure higher efficiency while

transferring power [  143 ], which adds cost and complexity to the final product. Figure  6.3 

shows a typical graph of efficiency and power supply versus horizontal distance. In this graph

when there are no displacements in the horizontal direction both maximum efficiency and

supply powers are achieved. The state where both the TX and RX coils’ center match-up is
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Figure 6.3. Efficiency and power supply versus horizontal distance.

considered 0, and the distance that it moves in the horizontal direction (horizontal distance)

is defined as displacement in the horizontal direction. As the horizontal distance between

the TX and RX coil gets larger and displaced, both power supply and power transmitting

efficiency will decrease.

6.2 Efficiency Analysis and Proposed System with Dynamic Positioning

As mentioned in the introduction, this chapter presents a WPT with a dynamic posi-

tioning mechanism that would allow for efficient power transfer for a wider range of relative

position between the TX and RX coils. Figure  6.4 presents a model of a WPT system that

was used to simulate the system. Herein, k is the coupling coefficient between the coils; V

is the phasor of the voltage source in the 1st coil; L1 and L2 are the self-inductance of the

two coils; and R1 and R2 are the parasitic resistances of the two coils. Also, C1 and C2 are

the capacitance of the coils respectively, where ω0 is the resonant frequency of the WPT

system. Rs is the source resistance, and RL is the load resistance. Notice that the coupling

coefficient k is also a function of the angle θ.
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Figure 6.4. (a) Circuit model of WPT system with a single TX and RX. (b)
WPT system with angle and horizontal misalignment.

Considering the circuit presented in Figure  6.4 , applying phasor analysis using Kirchhoff’s

voltage laws for the transmitter and receiver loops yields to:

(Rs + R1 + 1
jω0C1

+ jω0L1)I1 + (kjω0

√
L1L2)I2 = 0 (6.1)

and

(jω0L2 + 1
jω0C2

+ R2 + RL)I2 + (kjω0

√
L1L2)I1 = 0 (6.2)
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where ω0 is angular resonance frequency, and the term kjω0
√

L1L2 is the phasor mutual

impedance of the two coils. The power transfer efficiency relating the output power with the

input power can be described as:

η = Pout

Pin
= Re[V1I

∗
1 ]

Re[V2I∗
2 ]

(6.3)

Solving for the two phasor currents in ( 6.1 ) and (  6.2 ), then substituting that back into (  6.3 )

to get:

η = k2ω2
0L1L2

R1(R2 + RL)2 + k2ω2
0L1L2(R1 + R2)

(6.4)

It is important to note that from (  6.4 ), k and ω0 play an important role in affecting the

total system efficiency. The resonant frequency ω0 is a programmable input, whereas k is

affected by the relationship of the mutual inductance between the RX and TX coil. The

authors in [  144 ] calculate the mutual inductance using Neumann formula, and they clearly
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Figure 6.5. (a) Different relative position between vehicle and a charging
station with dynamic self-alignment system. (b) 3D view in perspective.
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show that for such a system presented in this paper, k is affected by the tilt angle between

the RX and TX coils.

The proposed system should allow for a dynamic alignment towards a spot that guaran-

tees a condition with maximum efficiency. The idea is that as the vehicle comes closer to

the sweet spot, the mechanism would ensure that the TX coil is at an optimal tilt angle and

resonant frequency for the current position of the vehicle to obtain higher WPT efficiency.

Figure  6.5 (a) illustrates schematically how the self-alignment mechanism of the proposed

system works, with the coil placed on the charging station moving freely between two angle

limits. Instead of placing the coils on a surface that moves on a parallel position from each

other (as shown in Figure  6.1 ), one of the coils will have freedom to find a position that is

of better alignment.

The self alignment can be accomplished by injecting DC voltages on auxiliary coils such

that the same magnetic pole is created. Notice that this DC voltage applied to the auxiliary

will not affect the AC power transfer from one coil to another. Both north poles will repel

each other creating the desirable alignment position. As the plate self-aligns the effective

distance between the coils will naturally increase, which will affect the efficiency. A feedback

controller will be used to change the resonant frequency of the input source to compensate

for the drop in efficiency.

6.3 Results

MATLAB® and Simulink® was used to simulate the WPT system presented in Figure  6.4 .

The parameters used for this circuit is presented in Table  6.1 . As mentioned earlier and in

Figure  6.4 , the coupling coefficient k plays an important role in the efficiency, which is also

a function of the tilt angle between the TX and RX coils. Figure  6.6 shows a relationship

between the coupling coefficient k and the system efficiency when the resonant frequency f0

was kept constant at 110 kHz.

It is also noticeable that the system at a given angle and position does indeed have a

resonant frequency f0 that is optimal in terms of efficiency. Figure  6.7 shows the range of

frequency f0 applied vs the efficiency η. Note that for this given position and tilt angle
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Table 6.1. WPT system parameters
Parameter Symbol Value

TX coil inductance/radius L1/r1 217.5 µH / 0.15 m
TX coil resistance R1 4.5 Ω

TX capacitance C1 11.65 nF
RX coil inductance/radius L2/r2 80.3 µH / 0.075 m

RX coil resistance R2 2.1 Ω
RX Capacitance C2 31.54 nF
Load resistance RL 20 Ω

Source resistance Rs 50 Ω
Input voltage source V1 212 V rms

(coupling coefficient was kept constant at k = 0.7), the frequency at which the system is

most efficient is at about 105 kHz. Figure  6.8 shows the effects of frequency and coupling

coefficient on the efficiency of the simulated system. Figure  6.8 highlights how the change

in resonant frequency can affect the WPT efficiency for a given tilt and relative position

between the RX and TX coils. It also shows that the physical design should be chosen to

maximize the coupling coefficient, while the resonant frequency can change dynamically to

optimize the WPT.

Figure  6.9 shows pictures of a test-bed used to collect experimental results of the proposed

system. This is a small-scale proof of concept prototype that allows testing the scenarios pre-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Coupling coefficient (k)

10

20

30

40

50

60

70

80

W
P

T
 E

ff
ic

ie
n
cy

 (
%

)

Figure 6.6. Coupling coefficient vs WPT efficiency.
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sented in Figure  6.5 (a), with both changes in the horizontal and angular direction. Table  6.2 

shows preliminary results collected with the current setup presented in Figure  6.9 , within a

constant load of 20Ω. Herein, it is evident that for the same vertical and horizontal distance,

the efficiency of the WPT system changes as the angle between the two pads changes.

The direct evolution of the proposed system in Figure  6.5 is the solution presented in

Figure  6.10 where the vehicle would also incorporate such a dynamic positioning mechanism.

Such an evolved system (Figure  6.10 ) would allow for more freedom in angular rotation to
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Figure 6.8. Effects of coupling coefficient and frequency on the efficiency of
the WPT system.
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Table 6.2. Experimental results of WPT with different angles
Vertical Horizontal Angle Input Output Efficiency
Distance Distance (Degrees) Power (W) Power (W) (%)

3.5 cm 1.75 cm 5 4.19 2.24 53.45
3.5 cm 1.75 cm 15 2.96 1.45 48.98
3.5 cm 3.5 cm 5 3.04 1.06 34.98
3.5 cm 3.5 cm 15 2.42 0.15 6.28

achieve an optimal angle for a higher WPT efficiency. This type of system would also be

an optimal solution if implemented in the VVR system presented in Chapter 3, since the

movement of the vehicles would continuously cause a change in distance and alignment.
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Figure 6.9. Test-bed photos: (a) perspective view with zero angle, (b) lateral
view with zero angle, and (c) perspective view with 15 degree angle.
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Figure 6.10. Alignment freedom on both the charging station and on the vehicle.

65



7. MULTI-MOTOR ARCHITECTURE FOR ELECTRIC

VEHICLES

7.1 Proposed Multi-Motor Architecture

A typical architecture of an EV with a single motor is reintroduced in Figure  7.1a , to

make it easier on the reader. Considering that it’s a single motor, its efficiency map would

have a single region of high efficiency. This means that unless the motor is running at the

desired optimal speed and torque, it would be operating in regions that are not considered

highly efficient. This paper proposes a multi-motor approach for an EV powertrain shown

in Figs.  7.1b and  7.1c with three and n-motors respectively.

In this proposed architecture, three or more different motors with different operating

regions are chosen. The goal is to ensure that each motors’ highest efficiency region on its map

is different. This way, a controller can decide which motor to operate based on its efficiency

map at the demanded torque and speed. The controller can also decide if a combination of

motors would be more efficient to operate than a single motor for a given operating region.

This method produces a larger high efficiency region seen by the powertrain, which translates

to less losses and consequently improves the SOC.

7.2 Proposed EV Modeling

Similar to the model presented in Chapter 4, the modeling employed in this chapter is

a forward-facing model and was implemented in MATLAB®/Simulink ®. Figure  7.2 shows

the main block diagram representing the model of a typical EV. Similar to Chapter 4, the

drive cycle data (reference vehicle speed) is compared with the actual vehicle speed in the

driver model block, and the difference (error) is applied to a PID controller to define the

accelerator pedal position (APP) along with the brake pedal position (BPP). The APP then

goes to the motor block shown with more details in Figure  7.3 . Herein, the APP requests

the amount of torque to reduce the speed difference, but is limited by a one-dimensional

lookup table that defines how much maximum torque is allowed at the current motor speed.

The output of the limiter is the positive torque needed for traction. The controller should
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Figure 7.1. (a) Single motor EV architecture, (b) proposed three-motor
architecture, and (c) proposed multi-motor architecture with n-motors.

67



Drive 

Cycle

Driver

Model

Brake

Model

Motor

Model

Battery

Driveline

  Model

  Vehicle

Dynamics

   Model

APP

BPP

Vehicle
Velocity

Net 

Force

Net

Regen. Torque

Demanded 
   Power SOC

Motor

Brake Force

Torque

Speed
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then decide which motor (or combination of motors) would be appropriate to use based off

its efficiency map, and request that power from the battery.

Figure  7.4 shows a flowchart of the controller logic when a simple rule based strategy

(RBS) is employed. As seen in the figure, once the program starts, the controller first checks

to see if the SOC is at an appropriate level to continue. If the SOC is at an acceptable

level, the controller will then check the demanded torque at the current vehicle speed to

determine the operating region. It will then decide which motor to use, based on who has

the highest efficiency at the current operating region. From there, the controller will go back
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Figure 7.3. Block diagram of the motor model with a three-motor configuration.
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Figure 7.4. Flowchart of motor controller implementing RBS.

to check the SOC again and continue doing the same process until the SOC is too low, or

the simulation is complete. Of course, to improve the performance of the model, a more

complex optimization technique is to be used to help prolong the SOC of the battery for the

same given drive cycle. In the simulation results, an optimized rule based strategy (ORBS)

is presented and compared to that of the RBS employed here.

The SOC in this chapter was also calculated using the coulomb counting method as

shown in [  134 ]. This was presented in Chapter 4 in equation (  4.1 ), with the current derived

from Figure  4.4 and shown in equation (  4.2 ). Similarly, the net tractive torque from the

motor model is converted to net tractive force in the driveline block, which is sent to the

vehicle dynamics model block to obtain the current vehicle speed.
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7.3 Results

This section provides a comparison between the proposed methodology and current exist-

ing architectures. Figs.  7.5a - 7.5b and Figs.  7.6a - 7.6b show the maps of three different motors

with high efficiency regions that are different. Each motor was simulated separately to see

its behaviour with different drive cycles, and then compared with the proposed combined

multi-motor architecture. Figure  7.5a will be denoted herein as the Motor 1 efficiency map,

which is similar to an induction motor used in the Tesla Model S as presented in Chapter

4. Figure  7.5b and Figure  7.6a represent the efficiency maps of Motor 2 and Motor 3, re-

spectively. Both those motors represent maps of permanent magnet synchronous machines

(PMSMs), and were chosen because of the different positions of the highest efficiency region.

In the combined architecture, since the controller decides which motor to operate, the pow-

ertrain views an efficiency map that is the combination of the three motors’ maps, shown in

Figure  7.6b .

For this simulation, the vehicle dynamics used are presented in Table  7.1 . The drive

cycles in Figs.  7.7a - 7.7b and Figs.  7.7c - 7.7d (obtained from [  145 ]) were used to observe

the behavior of SOC under different driving conditions. Figure  7.7a is derived from the

Federal Test Procedure (FTP) drive cycle and represents city driving conditions followed

by a short pause, then repeats the first 505 seconds again. Figure  7.7b is a portion of the

drive cycle known as ”Supplemental FTP” (US06) repeated 4 times, which represents a

highway drive cycle. Figure  7.7c is the Urban Dynamometer Driving Schedule (UDDS), and

Table 7.1. Vehicle dynamic parameters.
Parameter Value
Air density 1.23 kg/m3

Drag coefficient 0.38
Vehicle frontal area 2.1 m2

Vehicle mass 1560 kg
Gravitational acceleration 9.81 m/s2

Road angle 0 Degrees
Rolling resistance coefficient 0.01
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Figure 7.5. Motor efficiency maps of (a) Motor 1 and (b) Motor 2.

Figure  7.7d is a combination of Figure  7.7a and  7.7b . Figs.  7.8 (a)- 7.8 (d) shows the compared

battery’s SOC for each drive cycle, and Figs.  7.9 (a)- 7.9 (d) are the operating regions for those

drive cycles respectively. It can be seen that the proposed architecture performs better in

all cases with just an RBS strategy, which translates to longer range for the same given

battery capacity. The first drive cycle tested was the FTP drive cycle. The corresponding

Figure  7.8 (a) shows that after 2500 seconds, the proposed multi-motor architecture has an

SOC that is approximately 0.4% higher than Motor 3, 0.6% higher than Motor 1, and 1.5%

higher than Motor 2. Although the operating regions of this drive cycle (Figure  7.9 (a)) is

primarily within within the high efficient region of Motor 3 and Motor 1, there are still some
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Figure 7.6. Motor efficiency maps of (a) Motor 3 and (b) combined motors.

regions that motor 2 is considered more efficient, hence the SOC level is a bit higher for the

multi-motor architecture.

The second drive cycle focused mainly on highway driving conditions. The test was

repeated 4 times to observe the effects of longer highway drives on the SOC when comparing

the four configurations. Herein (Figure  7.8 (b)), after 1500 seconds, the proposed multi-motor

architecture is about 1.1% higher than Motor 2, 4.4% higher than Motor 1, and 4.8% higher

than Motor 3. By observing Figure  7.9 (b), it can be seen that Motor 2 would also do a good

job in terms of SOC since it is most efficient at higher speeds.

The third drive cycle tested was the well known UDDS, which observes the behaviour

of typical city driving conditions. It can be seen from Figure  7.8 (c) that after 1400 seconds
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Figure 7.7. Drive cycles compared: (a) FTP, (b) US06Hwy (repeated), (c)
UDDS, and (d) a combined FTP and US06Hwy.

the proposed architecture has an SOC that is 0.25% higher than Motor 3, 0.4% higher

than Motor 1, and 1.5% higher than Motor 2. Figure  7.9 (c) shows the operating region

of this drive cycle is similar to that of the first test, hence similar results in terms of SOC

performance. The final drive cycle tested was a combination of the FTP and US06. It is

clear in Figure  7.8 (d) that after 2848 seconds, the proposed architecture has an SOC that is

1.6% better than Motor 1 and 3, and 1.7% better than Motor 2. Looking at the operating

regions of this mixed drive cycle shown in Figure  7.9 (d), it is evident that it is a combination

of the other three drive cycles. By applying a simple RBS strategy to the controller of the

multi-motor architecture, it will always choose the motor with the highest efficiency at the

current operating region, thus improving the total system efficiency which yields to higher
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Figure 7.8. SOC using RBS for (a) FTP, (b) US06Hwy, (c) UDDS, and (d)
the combined FTP and US06Hwy drive cycle.
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Figure 7.9. Operating regions for (a) FTP, (b) US06Hwy, (c) UDDS, and
(d) the combined FTP and US06Hwy drive cycle.

SOC levels. Table  7.2 shows the SOC of the battery at the end of the aforementioned drive

cycles.

7.3.1 Optimized Rule Based Strategy

As mentioned before, the purpose of the RBS was to show that the efficiency is indeed

better with this type of multi-motor architecture when compared to a single motor archi-

Table 7.2. Battery SOC comparison
Drive Motor Motor Motor Three
Cycle 1 2 3 Motors
FTP 69.7% 68.8% 69.9% 70.3%
US06 18.2% 21.5% 17.8% 22.6%
UDDS 78.8% 77.7% 78.9% 79.2%
Mixed 50.7% 50.6% 50.7% 52.3%
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Figure 7.10. Multi-motor architecture with 5 motors.

tecture. If the controller would employ a more advanced optimization technique, the SOC

of the battery can improve drastically on longer trips. Figure  7.10 shows an optimized rule

based strategy (ORBS) that was used to compare model performance.

Similar to the RBS, the controller again first checks to see if the SOC is at an appro-

priate level to continue. If so, the controller will then check the demanded torque at the

current vehicle speed to determine the operating region. As seen in the Figure  7.11 , if the

requested torque is below 300 Nm or above 10 kW of power, then it would fall in region 2
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Figure 7.11. Multi-motor architecture with 5 motors.

and employ the previously discussed RBS method. Otherwise, the current operating region

would be considered region 1, and the controller will split requested torque, and decide which

combination of motors would provide higher efficiency for propulsion. Finally, the controller

will again go back to check the SOC and continue doing so until the SOC is too low, or

the simulation is complete. Note that in region 1, the operation of the controller can be

described mathematically by the following equations:

Treq = TMotor_i + TMotor_j (7.1)

Treq = Treq(kMotor_i) + Treq(kMotor_j) (7.2)

where Treq represents the total requested torque for propulsion, TMotor_i and TMotor_j repre-

sent the torque obtained from motor i and j respectively, and finally kMotor_i and kMotor_j

are percentages of the total requested torque and are bound by kMotor_i = 1 − kMotor_j. For

this current architecture presented, i and j are defined as:

i, j ∈ {1, 2, 3} | i 6= j (7.3)
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With the ORBS employed as the controllers optimization technique, the performance

of the multi-motor architecture improves in terms of efficiency. Although the ORBS has a

lot of room for improvement, it was used to illustrate that any optimization technique can

improve the current performance of the proposed EV architecture. Figure  7.12 shows the

SOC of the multi-motor architecture when employing the ORBS vs the RBS with respect to

the drive cycles presented in Figure  7.7 .

For the FTP drive cycle, it can be seen from Figure  7.12a that the ORBS ends up

with an SOC of approximately 71%, which is roughly 0.8% greater than the SOC when

the RBS is employed. The second drive cycle in Figure  7.12b , which has a portion of the

US06Hwy repeated, shows the SOC comparison with the UDDS drive cycle where the ORBS

outperforms the RBS by 0.9% at about 25.1%. Figure  7.12c shows that after 1400 seconds,

the ORBS provides an SOC that is about 0.5% higher than the RBS (at around 79.5%).

Finally, Figure  7.12d shows the comparison of the SOC for the combined FTP and US06Hwy

drive cycle, where the ORBS ends up with 53.7%, that is approximately 1.2% higher than

the RBS. It is worth mentioning that this type of strategy was tailored to the current motor

maps employed in this architecture, which is why a more complex optimization technique

should be considered to accommodate more variations.

7.4 Generalized Architecture

The multi-motor architecture proposed in this paper incorporates motors with different

high efficiency operating regions. Of course theoretically, as the number of motors increase,

the high efficiency region seen by the powertrain becomes larger. The objective here is to

observe the effects of more motors to the total overall efficiency of the system. Figure  7.13 

shows a set up of five motors, with a corresponding map seen by the powertrain shown in Fig-

ure  7.14 (a). Although the efficiency map can still be improved with more motors, the results

indicate that there is no tangible difference in efficiency after five motors. Figure  7.14 (b)

highlights this by comparing the SOC of a three-motor, five-motor, and a n-motor archi-

tecture all employing an RBS strategy. Herein, the difference between a three-motor and a

five-motor configuration after 1400 seconds is about 0.47%, whereas the difference between

78



2494 2495 2496 2497 2498 2499 2500

67

68

69

70

71

72

73

0 500 1000 1500 2000 2500

Time (s)

70

75

80

85

90

95

S
O

C
 (

%
)

RBS

ORBS

(a)

1400 1420 1440 1460 1480 1500
20

22

24

26

28

0 500 1000 1500

20

30

40

50

60

70

80

90

Time (s)

S
O

C
 (

%
)

RBS

ORBS

(b)

1300 1320 1340 1360 1380 1400

78.5

79

79.5

80

80.5

81

0 200 400 600 800 1000 1200 1400

78

80

82

84

86

88

90

92

94

Time (s)

S
O

C
 (

%
)

RBS

ORBS

(c)

2740 2760 2780 2800 2820 2840

52

53

54

55

56

0 500 1000 1500 2000 2500

50

55

60

65

70

75

80

85

90

95

Time (s)

S
O

C
 (

%
)

RBS

ORBS

(d)

Figure 7.12. SOC using ORBS vs RBS for (a) FTP, (b) US06Hwy, (c) UDDS,
and (d) the combined FTP and US06Hwy drive cycle.
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the five-motor and n-motor configuration is about 0.03%. In this case, the n-motor archi-

tecture map was assumed with a minimum efficiency of 90% and a majority of 95% across

the entire torque-speed region.

The results presented here indicate that after some point, it does not make sense to add

more motors. If no optimization technique is employed, having more motors would improve

the efficiency, however this would probably never be the case. With just a simple ORBS

optimization technique applied to the motor controller, a vehicle with 3 motors can compete

with that of 5 motors that has an RBS strategy. Perhaps a more complex optimization

technique can improve the efficiency further, which would eliminate the need to add more

motors to improve the efficiency of the vehicle.
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8. SUMMARY

It is inevitable that EVs will be the norm of transportation in the near future. The struggle

that EVs face right now is the inconvenience in terms of how long it takes to charge while

on a trip. This dissertation proposed two solutions for an electric vehicle to increase its

range: the VVR system and a multi-motor architecture for EVs. The VVR was presented

as a charging system that allows an EV to charge its battery while en route. The process

of transferring electric power from one specialized vehicle (charger vehicle) to another (user

vehicle) during a trip is implemented wirelessly. This VVR system will allow EVs to drive

further distances without the need for a pit-stop.

In addition to the VVR system, a dynamic wireless charging system where high efficiency

power transfer is still achievable at different alignment positions was presented. This would

be suitable for the VVR system, as well as electric vehicle charging stations that will incor-

porate wireless charging. Vehicles in such a system would no longer need to find the sweet

charging spot in order to achieve high WPT efficiency. Instead, a vehicle charging its battery

wirelessly would have higher efficiencies at a wider range of relative position with respect to

the wireless pad.

The second solution presented was a multi-motor architecture for EVs that incorporates

motors with different high efficiency operating regions. Based on the current vehicle speed

and demanded torque, a controller decides which motor, or combination of motors, would be

most efficient to run for the given operating condition. With this architecture, the powertrain

observes a combined efficiency map that incorporates the best of each motor. This offers

more range for an EV with the same battery capacity when compared to other architectures.

In addition to modeling, analysis, and simulation of the proposed systems, this disserta-

tion also presented an extensive state-of-the-art study highlighting the prospective solutions

to mitigate the EVs major problem with range, i.e., (1) infrastructure changes, (2) device

level innovations, (3) autonomous vehicles, and (4) electric vehicles.
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8.1 Future work

This dissertation has the potential to expand in several areas in terms of either modeling,

experimental results, or optimization techniques. The modeling here implies the battery

model discussed in the simulation of the EVs presented in this dissertation. The experimental

results is regarding the WPT system presented in Chapter 6. And finally, the optimization

technique refers to motor controller presented Chapter 7. The aforementioned points will

elaborate the following subsections.

8.1.1 Improvements on the battery model of the EVs

The battery model presented in this dissertation for the VVR system and the multi-

motor architecture was defined from an internal voltage in series with an internal resistance

as presented in Figure  4.4 . From there, the equation of the battery current can be calculated

as shown in equation ( 4.2 ) and used in the SOC equation in ( 4.1 ). This model works great in

illustrating the effects of other parts of the vehicle on the SOC of the battery. However, the

model can be improved and derived based on a more complex battery model for a specific

type of battery (e.g., lead-acid, nickel-cadmium, nickel-metal hydride, or Li-ion).

8.1.2 Improvement in the experimental results of the WPT system

For the experimental setup presented in Chapter 6 (in Figure  6.9 ), the wireless power

transfer circuits were bought off the shelf to demonstrate the proof of concept. A better RX

and TX circuit can be designed in which the resonant frequency (f0) can be adjusted. With

that, a controller can decide which frequency would provide the highest efficiency for the

given relative position between the TX and RX coil. Also, a new test-bed that allows both

RX and TX coils in achieving an angular movement would provide a more comprehensive

experimental results.
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8.1.3 Improvement in the optimization technique employed in the multi-motor
architecture EV

In the chapter highlighting the multi-motor architecture, an optimized version of a rule

based strategy was presented and implemented. This was a simplistic model to prove that any

optimization technique can help the efficiency of the system. The current model presented

in this dissertation can be expressed as a somewhat ”hybrid model”, and can be converted

to an equation based model. If done so properly, a better optimization technique can be

explored to improve the selection of motors that turn on based on the current operating

region. Also, a comparison of different optimization techniques to be implemented can be

discussed in further detail.
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