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Lay Abstract

One of the main factors affecting the cost of electrified vehicle is the expense of

building a high voltage battery pack. Motor’s used in electric vehicle applications

typically operate at higher voltages and therefore require large battery pack or costly

power electronics to step the voltage of the pack up to a suitable operating level.

A Reconfigurable Multi-Source Inverter uses a combination of two sources to create

different voltage levels. This novel inverter can be used to maximize the voltage of

smaller packs to help reduce the overall cost of vehicle electrification.
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Abstract

This thesis focuses on the concept, design, and simulation of the Reconfigurable

Multi-Source Inverter for EV applications and its effectiveness when combined with

a HESS.

The current trends in the automotive market, including different vehicle types,

and the adoption of electrified vehicles by the public are discussed. The benefits and

logistics of different vehicle architectures are analyzed and compared. Hybrid vehicles

will be essential in helping transition society from conventional internal combustion

engine vehicles to purely electric vehicles. The individual components of these elec-

trified vehicles are reviewed, and common topologies are discussed with the benefits

of each system compared.

The batteries required for these electric vehicles are costly and require many indi-

vidual cells in order to operate efficiently. Many hybrids vehicles make use of expen-

sive power electronics, such as DC/DC converters to help boost the operating voltage

of the battery pack without adding additional cells. A Reconfigurable Multi-Source

Inverter in introduced and its switching structure is explained in depth. Its’ ability

to make use of multiple DC sources to create four different voltage levels is outlined

and possible modulation techniques are presented. This thesis aims introduce a novel

Reconfigurable Multi-Source Inverter using a Space Vector Pulse Width Modulation
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(SVPWM) scheme and is further investigated through simulations and with plans for

experimental validation on an R-L load.
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Chapter 1

Introduction

1.1 Automotive Electrification

The Canadian automotive market has been growing for many years, expanding from

1.43 vehicles per household in 2000 to 1.47 in 2009 [1]. As of 2019, Canada was

ranked as one of the world’s top 10 producers for commercial automobiles, making it

one of our countries largest manufacturing sectors [2]. There are five global Original

Equipment Manufacturers (OEM’s) who assemble, on average more than 2 million

vehicles at their Canadian plants per year. These plants are supplied by almost 700

automotive parts suppliers, including Tier 1 companies such as Magna, and Lina-

mar. Additionally, Canada is home to one of only five machine-tool-die-and-mould

(MTDM) making clusters in the world. Canadians have been building vehicles for

over a century, and this industry directly employs more than 125,000 Canadians, with

an additional 400,000 people in aftermarket services, maintenance, and dealerships

[2].

For the average consumer, vehicles can be divided into two major fuel types: fossil

1



M.A.Sc. Thesis – M. Wood McMaster University – Electrical Engineering

fuels or electric potential energy, while there are other options such as fuel cells, or

hydrogen, they are significantly less common. Taking the chemical energy of the

fossil fuel, an Internal Combustion Engine (ICE) converts it to rotational mechanical

energy to produce power for the wheels. Through the use of a transmission gear set,

the vehicle can operate at a variety of speeds and torques to best suit the driver’s

needs. While fossil fuels are very energy-dense chemically, most of that potential

energy is lost through the combustion process in the ICE; conventional fossil-fueled

vehicles have an efficiency ranging from 12-30% [3]. This is the most popular type

of vehicle on the road today, an example of this architecture can be seen below in

Figure 1.1.

The infrastructure that is globally in place makes owning and operating an ICE

vehicle very convenient with gas stations in every major city and located along high-

ways, and side roads, meaning the average driver will rarely need to worry about

running of fuel. As an ICE vehicle burns fossil fuels, various Green House Gases

(GHG) are produced, the majority of which is Carbon Dioxide (CO2). These harmful

gasses are a significant contributor to climate change. On average, for every litre of

gasoline burned by passenger vehicles, approximately 2.3 kg of CO2 is generated [4];

in 2014, road vehicles accounted for almost 50% of the world’s oil usage [5]. Govern-

ments across the globe are increasing fuel economy and emissions standards, causing

the automotive industry to become more electrified in order to combat climate change.

In 2011, the Obama administration implemented improved fuel efficiency standards

for light-duty passenger vehicles for the first time since 1990 [6]. Vehicle electrification

will be crucial in achieving these improved fuel consumption values.

Vehicles using purely electric potential energy are called Battery Electric Vehicles

2
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Figure 1.1: Example Conventional ICE Vehicle Architecture

(BEV). The BEV system is simpler to design and model then the ICE option due to

having significantly fewer moving components. The powertrain for a BEV, shown in

Figure 1.2, consists of a battery pack, or Energy Storage System (ESS), a tractive

Electric Motor (EM), and power electronics. While batteries generally contain less

energy potential than fossil fuels, the power electronics and components of a BEV

system have a much higher operating efficiencies. Through the use of regenerative

braking, a BEV, on average, has an overall system efficiency of around 77% [3].

Electric vehicle charging stations are less common than gas stations; the infrastructure

is being put in place, with governments offering incentives for consumers to opt for

3
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Electrified Vehicles (EVs) over there conventional counterparts. Electric vehicles are

expected to grow from 2% of the world’s total passenger vehicles in 2016 to 22% by

2030 [4].

Figure 1.2: Example Electric Vehicle Architecture

Hybrid Electric Vehicles (HEV) use a combination of both fossil fuels and electrical

energy. An HEV vehicle powertrain is similar to an ICE vehicle but has the addition of

a second alternative powertrain as well. These systems can be bulky and expensive as

they require twice the number of components and design work compared to their ICE

or BEV counterparts. HEVs can be split into many different categories depending

on their level of electrification. The lowest level of electrification is considered a

micro HEV, which utilizes engine start/stop functionality with a small EM to reduce

emissions while idling, which sees an improvement of about 5-10% efficiency over a

conventional vehicle [3]. The next level is a mild HEV, which can begin to contain

4
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High Voltage (HV) systems to improve efficiency up to 20% above a purely ICE

vehicle [3].

Figure 1.3: Example Hybrid Vehicle Architecture

Further electrification would be considered a full HEV, which would make use of

a tractive EM to apply power to the wheels and recharge the system by making use

of regenerative braking. The powertrain of a full HEV can have an efficiency of up to

50% [3]; a typical example of a full hybrid would be the first generation Toyota Prius.

Finally, there is a Plug-In Hybrid (PHEV), Figure 1.3, which allows the HV battery

to be recharged through the use of a wall plug and an external charging cable, as

seen with the Chevrolet Volt. PHEV’s can be up to 70% more efficient than purely

fossil fuel vehicles [3], which makes them a popular choice, having the flexibility and

option to refuel at either a gas station or charging station.

5
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1.2 Contributions

The author, during her time at McMaster, has contributed to several different areas

including but not limited to the following.

• Was the electrical team lead of the EcoCAR 3 team

• Played a crucial role in the design, build, and integration of the Hybrid Energy

Storage System (HESS) used by the MAC team throughout the EcoCAR 3

competition.

• Was the Engineering Manager of the EcoCAR Mobility Challenge team for two

years throughout her master’s degree.

• Was a co-author on two papers outlining the significance of the HESS and its

uses in EV applications.

1.2.1 Advanced Vehicle Technology Competitions

The Advanced Vehicle Technology Competition (AVTC) series is a decades-long

unique collaboration of government, industry, and academic partners who combine

resources to explore sustainable transportation solutions. Sponsored by the United

States Department of Energy, and managed by Argonne National Laboratory, it is

North America’s premier collegiate-level automotive engineering competition. Stu-

dents work in interdisciplinary teams to solve real-world problems and help meet

future automotive market needs.

McMaster has been participating in AVTC’s since 2014, starting with the Eco-

CAR 3 challenge, a four-year-long competition sponsored by General Motors. The

6
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competition consisted of 16 North American universities, who were tasked with the

goal of re-engineering and electrifying a 2016 Chevrolet Camaro. The overarching

goal was to maintain the performance expected from the Camaro while minimizing

its environmental impact through the implementation of high-performance hybrid

technologies. With that goal in mind, the team set their sights on the Chevrolet Z/28

Camaro, a track performance vehicle, as the car to beat. Thus the E/28 Camaro

was born, a hybrid vehicle boasting 600 HP and 750 ft-lbs of torque while increasing

the vehicle’s fuel economy to 42 miles per gallon (5.6 L/100km). The team hoped

to break the stereotype of hybrid vehicles being low range, low performance, and

prove that electrified powertrains can be track-ready, sports cars while still being

environmentally conscious and consumer-friendly.

The E/28 was more than just a student project car; it also featured an advanced

driver assistance system and the level of safety expected from a production vehi-

cle. Together the MAC team designed a PHEV with a 2.0L LTG engine, an 8-speed

automatic transmission, and two electric motors. The innovation opportunities were

endless with such a unique project, and the team continually chose to push the bound-

aries even further by incorporating a HESS (HESS). A HESS is a combination of both

batteries and ultracapacitors; the system capitalizes on the power density of ultraca-

pacitors of the charge-sustaining characteristics of a conventional battery pack. The

Mac team has used these competitions as a stage for combining cutting edge research

with industry design requirements. By continually pushing the envelope of hybrid

architectures, the team was able to showcase the viability of a HESS successfully.

In 2018 McMaster began participating in the newest AVTC, the EcoCAR Mobility

Challenge. Another four yearlong engineering design competition, this time sponsored

7
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by General Motors and Mathworks, 12 teams were tasked with re-engineering, elec-

trifying, and adding autonomous features to a 2019 Chevrolet Blazer for the Mobility

as a Service (MAAS) market. Therefore, the proposed architectures are designed for

ride-sharing and should be efficient as an everyday versatile commuter vehicle. The

McMaster team is currently comprised of approximately 150 engineering students

from a range of engineering disciplines, including mechanical, electrical, software,

mechatronics, automotive, and others. The students on the team range in level from

first-year students new to automotive design to masters-level students who have ex-

perience working in the automotive industry. Together they have designed and built

a parallel through the road mild-hybrid powertrain.

1.3 Thesis Outline

This thesis is organized into seven chapters. It focuses on the concept, design, and

simulation of the Reconfigurable Multi-Source Inverter for EV applications and its

effectiveness when combined with a HESS.

Chapter 1 covers trends in the automotive market, different vehicle types, and

the adoption of electrified vehicles by the public. Additionally, the authors’ thesis

contributions are discussed with emphasis on her work with the McMaster EcoCAR

team.

Chapter 2 presents the fundamentals of the power electronics found within an

electrified powertrain. EM’s, traction inverters, and power converters are discussed

along with their design characteristics and various applications. The primary hy-

brid powertrain architectures are introduced, and their power flow requirements are

detailed.

8
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Chapter 3 discusses energy storage systems found in hybrid vehicle systems and

discusses the benefits and costs associated with different storage methods. Battery

cell modelling and simulation strategies are also discussed in this chapter as battery

cells are unequivocally the most common form of an energy storage system, apart

from fossil fuels.

Chapter 4 introduces the concept of the Reconfigurable Multi-Source Inverter

(ReMSI). The converter topology is initially introduced using ideal switches, which

are later replaced with power semiconductors. The theoretical behaviour of the ReMSI

is discussed in its’ four unique operating modes. Pulse Width Modulation (PWM)

techniques are presented and compared to each other and their applications in the

novel inverters.

Chapter 5 consists of the modelling and simulation of the ReMSI using Simulink

to prove operation using Insulated Gate Bipolar Transistors (IGBTs) in place of ideal

switches. The inverter is first modelled individually, and the results of the different

operating voltages and currents are shown. The model is added to a larger vehicle

model to highlight the mode switching within the inverter, and its potential use cases.

In Chapter 6, a prototype bench has been built to create an experimental setup

using an induction motor and a load. Closed-loop control experiments with speed

and torque references are planned to validate the concept of the proposed topology.

Chapter 7 is dedicated to conclusions and future work.

9



Chapter 2

Electrified Powertrains

Depending on the level of electrification and the powertrain configuration, power

electronics are used to control the Electric Motors (EMs) and the supplemental pow-

ertrain. The EMs can be used as a motor or generator to either apply force to the

powertrain or help recuperate powertrain losses and can be used in both the tractive

torque producing powertrain and as supplementary systems. Power electronics can

be used to convert Direct Current (DC) into Alternating Current (AC) or be used

to step to a different operating DC voltage. The onboard inverters can also operate

as rectifiers and make use of an integrated motor controller is used to control EM.

DC-DC boost converters are used as an option to help step voltage levels up or down

as needed between the ESS and the EM to reduce ESS size. Other power converters

can be integrated into the supplemental powertrain to ensure the proper operation

of the vehicle. Such as a DC-DC buck converter or Auxiliary Power Module (APM),

which is connected between the HV and Low Voltage (LV) batteries to run the acces-

sory loads or an onboard charger to allow the battery to charge with the grid. These

additional electronics add cost and complexity to the overall design of the vehicle.

10
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2.1 Electric Motors

An electric machine is a general term used for machines that make use of electromag-

netic forces, such as motors and generators. While EM’s found in EV applications

can act as both motors and generators, they are primarily used for torque production

and are therefore often referred to as electric motors rather than machines. EM’s can

be used to help improve the overall efficiency of the powertrain in several different

ways. Depending on the purpose and location of the motor in the powertrain, the

nomenclature changes. The Figure 2.1 outlines the various motor positions in an

electrified drivetrain.

Figure 2.1: Motor Positioning Nomenclature

In mild hybrid systems, they are often used to help reducing engine idling during

11
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frequent stopping; this is referred to as a start-stop system. This motor placement is

sometimes referred to as a P0 placement motor, or a Belted Starter Generator (BSG).

For tractive applications, most production powertrains make use of a three-phase AC

EM. These motors usually have an operating voltage of 300V+ and can produce any-

where between 80kW and 120kW of power [4], therefore requiring a sizable onboard

Energy Storage System (ESS). Depending on the placement of the tractive motor, it

may be referred to as P1 through P4, respectively, as shown in the Figure 2.1 above.

Various motor types are currently used in production vehicles such as, the induction

motors used by Tesla or permanent magnet machines, which are in both the Nissan

Leaf and Chevrolet Bolt.

2.2 DC/DC Converters

A DC/DC converter is a power converter that takes an input DC voltage and shifts

it to another voltage level for output. In EV applications, they can be used to step

voltage up or down, depending on the use case. When used to increase the input

voltage, this is referred to as a boost converter and is often used to increase the

output DC voltage of the vehicles ESS. These converters could allow a vehicle to have

a 300V ESS but a 450V inverter to operate without increasing the size of the battery

pack. These converters are often used on the output of the main DC bus of the ESS

connecting to the traction inverter. This is a common design choice to help reduce

the cost of the vehicle, or if the packaging is an issue.

When used to decrease the input voltage, this is called a buck converter, and are

commonly used in electric vehicles as an APM in place of a conventional alternator [7].

By using a buck converter, the HV battery can be used to supply the 12V accessory

12
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Figure 2.2: A Hybrid Vehicle Architecture with a DC/DC Converter

load bus of the vehicle.

2.3 Inverters

In most EV applications, DC electricity is fed to an onboard inverter from a DC/DC

or directly from the ESS, where it is converted to AC electricity. This DC/AC power

converter is referred to as an inverter and is combined and is then connected to a

3-phase AC motor. When the system is used in reverse, for regenerative braking, the

converter acts as a rectifier turning AC voltage from the motor in DC voltage with is

used to recharge the ESS. The inverter can change also control the speed at which the

motor rotates by changing the frequency of the output current. It can also command

torque from the motor by adjusting the amplitude of the signal of the output signal.

13
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Packaging of these components has been made easier for automakers by combining

power conversion and motor control into a single electric drive unit.

Inverters make use of semiconductor devices, such as Insulated Gate Bipolar Tran-

sistors (IGBT’s), for the power conversion stage. These solid-state switches are con-

trolled by small-signal circuits referred to as gate drivers. The gate driver design is of

particular importance as it affects the efficiency of the IGBTs and diodes by control-

ling when they are in their active region. They are composed of smaller integrated cir-

cuits, such as optocouplers, to send isolated switching signals to the semiconductors.

The conventional modulation techniques used by gate drivers are further discussed in

Chapter Four.

2.3.1 The Voltage Source Inverter

Most electrified vehicles make use of a Voltage Source Inverter (VSI), shown in Fig-

ure 2.3, as they are relatively low cost with low switching losses and maintain their

reliability [8]. Making use of IGBTs, the DC input of the inverter can be connected

directly to the ESS or through a DC/DC boost converter to step up the DC voltage

and supply the device with a constant DC voltage. In both setups, a sizeable DC-link

capacitor can be used to smooth the current ripple and reduces the high-frequency

harmonics caused by the IGBTs. This topology requires six independent switches,

which are used to generate a three-phase sinusoidal AC output current to the EM.

However, the VSI has the drawback of having a lower line-to-line AC output voltage

than the DC input bus voltage. As a result, the torque-speed envelope of the EM is

limited by the operating voltage of the ESS [8]. This would also cause the inverter

and motor to have decreased efficiency at low speeds and light torque applications.
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Figure 2.3: Voltage Source Inverter Topology

2.3.2 The Multi-Source Inverter

When a VSI is used to drive a three-phase traction motor, the switching losses are

proportional to the DC bus voltage [9]. Therefore, the efficiency of a VSI can be

increased if the DC input voltage can be variable. Multi-level inverters allow for

different operating voltages on the DC input side, thus reducing the issues seen at

high and low speeds with the conventional VSI. One such option is a Multi-Source

Inverter (MSI), shown in Figure 2.4 below. An MSI is a multi-level inverter that aims

to reduce the overall size of the ESS when used in automotive applications [9]. By

implementing a buck-boost DC/DC converter in combination with the ESS to create

three distinct operating voltages, VDC1, VDC2, and VDC1-VDC2. Unfortunately, the

maximum achievable voltage of the system is limited to VDC1, thus still requiring a

large battery pack to achieve high voltages. Due to this restriction and the cost of

the additional power electronics required it implement it, this inverter topology is not

used in any commercially available vehicles at the moment.
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Figure 2.4: Multi Source Inverter Topology
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Figure 2.5: Multi-Source Inverter in a Hybrid Vehicle
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2.4 Hybrid Vehicle Architectures

Vehicle electrification is a crucial step in helping reduce the world’s CO2 production,

but the jump to complete vehicle electrification cannot happen overnight. Hybrid

vehicles will play a critical step in moving away from fuel-burning internal combus-

tion engines until the infrastructure for BEV vehicles is more widely implemented.

HEVs make use of an internal combustion engine coupled with one or more electric

motors to improve the vehicle’s overall fuel consumption, efficiency. They can range

in electrification from mild hybrids to PHEVs. HEV architectures can be categorized

into three primary types; series, parallel, and power split configurations, based on

the electrical and mechanical power flow between the propulsion components of the

vehicle. Each of these respective architectures is outlined in further detail in the

following sections.

2.4.1 Series Hybrid

In a series hybrid powertrain, the ICE mechanically decoupled from the wheels and

provides no propulsion to the vehicle. The ICE instead acts as a generator producing

mechanical energy to power the connected EM to charge the ESS. This means the

speed of the ICE is independent of the vehicle speed allowing it to remain in its

optimal operating range, making them ideal during stop-and-go traffic [7]. Therefore,

the second EM is the only tractive component in the system, making it a mechanically

simple drivetrain. However, since the ESS is being recharged through the ICE as well

as regenerative braking, the efficiency of the system is limited by the efficiency of the

ICE. A series hybrid configuration is shown in Figure 2.6 below—the BMW i3 an

example of a production series-hybrid vehicle.
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Figure 2.6: Example Series Hybrid Architecture

2.4.2 Parallel Hybrid

In a parallel powertrain configuration, the ICE is mechanically coupled to the wheels

and provides a source of propulsion to the vehicle. As the chemical energy of the fuel

is no longer being converted from mechanical energy into electrical potential energy at

the ICE, this configuration is considered more efficient for highway driving than the

series hybrid [7]. The EM helps to provide additional tractive power to the wheels and

can be either directly connected to the engine or connected through a clutch to allow

for electric-only drive modes. A parallel hybrid configuration is shown in Figure 2.7

below. This driveline is more complicated than the series configuration. However, it

allows for multiple components to share the load at peak torque, thus allowing the

ICE and the EM to be smaller than their series counterparts. Parallel systems tend
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to have a smaller ESS and rely mostly on regenerative braking to keep the battery

charged. These changes allow for a more power-dense driveline and a cost-effective

option for manufacturers. Both the Honda Insight and the Civic hybrid are examples

of production parallel hybrids.

Figure 2.7: Example Parallel Hybrid Architecture

2.4.3 Power-Split Hybrid

A power-split hybrid, seen in Figure 2.8, makes use of the benefits of both a series

and parallel powertrain configuration. This electrified drivetrain uses two propulsion

components, a traction EM and an ICE, to power the wheels. The power from these

two components is connected to a gearbox that can allow for multiple driving modes;

ICE only, EV only, or any split of the two, which allows for more efficient driving [7].
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Additionally, a second EM is connected to the ICE through a planetary gear set to

be used as a generator to help recharge the ESS when needed. By adding additional

components such as clutches or DC/DC converters expands the number of possible

configurations dramatically. The increased number of components makes the control

scheme more complex and increases manufacturing costs, and improved efficiency has

made it the most popular choice among automakers. Both the Toyota Prius and the

Chevrolet Volt make use of a power-split hybrid topology, making it the most popular

commercially available architecture.

Figure 2.8: Example Power-Split Hybrid Architecture
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Chapter 3

Energy Storage Systems

An Energy Storage System (ESS) is where potential energy is stored before it is

turned into mechanical energy to spin the wheels of the vehicle. In a conventional

vehicle, the fuel tank is considered the ESS is that it stores the chemical potential

energy of the fuel before it is converted to rotational mechanical energy by the ICE.

The ESS in EV applications is typically comprised of rechargeable style Lithium-Ion

(Li-Ion) battery cells due to their high energy density to weight ratio [10].

Battery cells are measured using amp-hours (Ah) as a unit of electric charge.

The rated output current is multiplied by time, equal to the charge transferred by a

steady current of one ampere flowing for one hour. For a battery with a capacity of

10Ah, this is equivalent to a discharge current of 10A for 1 hour or 1A for 10 hours.

When measuring multiple batteries connected together, the standard units include

Kilowatts (kW) for power and Kilowatt-Hours (kWh) for energy. Battery cells can be

connected in two ways; series, as seen in Figure 3.1a or parallel connections, as seen

in Figure 3.1b to create a battery pack. Battery packs are designed to meet specific

operating characteristics, such as voltage, energy, or power requirements.
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(a) Series Battery Cells (b) Parallel Battery Cells

Figure 3.1: Battery Cell Configurations

When cells are combined in series, the total voltage of the pack is the sum of all

of the consecutive cell voltages, but the current remains the same as a single cell.

When combined in parallel, the total current of the pack is the sum of all of the

connected cell currents, but the voltage remains the same as a single cell. Therefore,

battery packs need to combined cells in both series and parallel to meet their required

operating characteristics. The notation used to describe the configuration of cells is

S for series and P for parallel. For example, a pack consisting of 15 cells in which

two strings of five are connected series and then the three strings of five are each

connected in parallel would be a 5S3P configuration, shown in Figure 3.2 below.

Figure 3.2: 5S3P Battery Pack
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The EM’s used in vehicle applications typically operate at higher voltages, thus

requiring either a high voltage battery pack or costly power electronics to step the

voltage of the pack up to a suitable operating level. While the cost of batteries has

drastically decreased in recent years, falling 87% per kilowatt-hour since 2010, they

remain the costliest component in an electrified powertrain [4].

3.1 Exotic Energy Storage Systems

3.1.1 Fuel Cell

Fuel cells generate their electrical potential energy an electrochemical reaction be-

tween hydrogen gas and oxygen, with the energy then being supplied to an onboard

EM or power electronics. Therefore, instead of requiring a gas tank like ICE vehi-

cles, a fuel cell vehicle has an onboard hydrogen tank and exhaust water since no

combustion is involved. There are a few vehicle models are available in the Canadian

market today which make use of a hydrogen fuel cell, namely the Hyundai NEXO,

and Toyota Mirai [11]. In theory, the fuel cell technology is an excellent alternative

to a battery pack as it boasts a much faster charging time, as well as a higher energy

density, therefore leading to an increased range. While these vehicles have similar

performance to gasoline or diesel cars, the infrastructure in Canada is not in place to

make these a practical option.

3.1.2 Ultracapacitors

An ultracapacitor (UC), is a high-capacity capacitor with a capacitance value much

higher than other conventional capacitors, but with lower voltage limits. Unlike other
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capacitors, UCs do not use a conventional dielectric layer, but instead, make use of

an electrostatic double-layer capacitance and electrochemical pseudocapacitance. The

electrolyte forms an ionic conductive connection between the two electrodes, which

distinguishes them from conventional electrolytic capacitors where a dielectric layer

always exists. Supercapacitors are polarized by design with asymmetric electrodes,

giving them an electrochemical anode (negative terminal) that is pre-doped with

lithium-ions to lower the anode potential and a cathode (positive terminal) achieve

a UC with a battery like characteristics [12]. UC’s have help bridge the gap between

electrolytic capacitors and rechargeable Li-Ion batteries while offering a higher power

density, albeit at a reduced energy density.

3.2 Hybrid Energy Storage Sytems

A HESS is a combination of two or more energy storage systems working together

to provide tractive energy to the wheels. In an EV to achieve higher performance,

the onboard ESS needs to increase its output current, which results in a higher C-

rate. A C-rate is a measure of the rate at which a battery is discharged relative to

its maximum capacity. A 1C rate means that the discharge current will discharge

the entire battery in 1 hour, by increasing a batteries C-rate the cell experiences

plating of the solid-electrolyte interface and lowers the overall lifetime of the cell. Due

to the increased power density, UCs are capable of storing and discharging current

very quickly and effectively without damaging the cell, which makes them ideal for

handling the peak load demands such as acceleration or braking. These events would

require a primary energy source (fuel cell or battery) to be over-sized accordingly to

minimize the internal resistance increase. Additionally, when connected in parallel
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with each other, the UC can act as a low pass filter to the battery, thus further still

increasing the battery’s longevity. This thesis will focus on a UC and Li-Ion battery

HESS architecture.

HESS topologies can be passively controlled systems or use an active control

scheme where power converters are used to control the direction and flow of power

throughout the system [13]. A passive system, shown in Figure 3.3, requires no

additional power electronics to control the flow of energy, thus making it a cheaper

option.

Figure 3.3: Parallel Passive HESS

As the system charges and discharges, the voltage levels of the two sources are

equal due to the parallel connection, thus making accurate, effective control strategies

difficult due to the variations in the internal resistance and transient response between

the sources. The HESS is then directly connected to the traction inverter, and the

DC output current load is the sum of the battery and the UC currents combined,

making it a power-dense option. While this is advantageous for peak performance, it

is not ideal for regular driving as the UC tends to discharge faster than the battery

due to its lower internal resistance. In order to prevent the UC voltage from dropping

below the battery voltage, the battery needs to charge the UC to keep both voltages
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equal continually. As a result, more energy is required from the battery, shortening

its lifetime as well as negatively affecting the overall performance of the system [14].

Active architectures allow for more control of the system but at the burden of

increased electrical complexity and cost. The most straightforward active HESS

topology makes use of a DC/DC converter between the battery pack and the UC

[13], shown in Figure 3.4. This allows the battery to be used for the constant power

applications, such as highway driving. At the same time, the UC provides additional

power to supplement peak power demands when accelerating or regenerative braking.

The addition of the DC/DC enables the control of the charge and discharge rates of

the two sources resulting in extended battery life and improving the overall efficiency

of the system.

Figure 3.4: Parallel Active HESS

3.3 Battery Modelling

There are many methods for modelling batteries, but researchers generally use mod-

els that can be classified into three main groups: empirical models, electrochemical

models, and equivalent circuit models [10]. Empirical models are often considered

black-boxes and simulate the battery cells. These models consist of a series of math
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functions with unknown parameters, and the model calculates these unknown pa-

rameters by trying to minimize the output error. Electrochemical modelling aims to

show the base chemical reactions happening inside the battery cells. They simulate

the internal electrochemical dynamics of the cell using a set of partial differential

equations. Equivalent circuit models make use of basic circuit elements such as resis-

tors and capacitors to simulate the dynamics of the cells. When parameterizing these

models, the type and quality of data are essential. The values of these parameters can

be calculated using input-output data combined with numerical optimization. The

lack of sufficient high-quality data will cause inaccuracies in certain aspects of the

battery’s behaviour. Based on the required level of modelling complexity, the model

may be comprised of first-order, second-order, or more resistor-capacitor branches.

Figure 3.5: n-order R-RC-RC Equivalent Circuit Model

An equivalent circuit model simulates the battery dynamics resistors and capac-

itors to make RC branches, as seen below. The branches are comprised of three

primary parameters, the modelling resistance R#, the modelling capacitance C#, and

the internal resistance or Ohmic resistance of a battery cell R. The Ohmic resistance
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is made up of R0+ for charging, and R0− for a discharging. Figure 3.5 shows a cir-

cuit diagram for an n-order R-RC-RC model. Higher-order equivalent circuit models

produce more accurate results but have the tradeoff of increased computational com-

plexity. The following sets of equations give the state-space representation of the

second-order R-RC-RC model.













V1,k+1

V2,k+1

zk+1













=













1− ∆t
R1C1

0 0

0 1− ∆t
R2C2

0

0 0 1

























V1,k

V2,k

zk













+













∆t
C1

∆t
C2

−η∆t

C













ik (3.3.1)

Vt,k = OCV (zk)− V1,k − V2,k −R0ik (3.3.2)
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Chapter 4

Reconfigurable Multi-Source

Inverter

A Reconfigurable Multi-Source Inverter (ReMSI) is a novel MSI topology that was

first introduced in the paper ”On the Concept of a Novel Reconfigurable Multi-Source

Inverter” by Ephrem Chemali and Ali Emadi [15]. The paper introduces the concept

and potential applications for a ReMSI, including using it in combination with a

HESS. A ReMSI is similar in topology to that of an MSI but contains two additional

switches, S1 and S2, which allow for an additional operating mode over the MSI.

Its primary purpose is to connect two separate DC sources to a single AC output,

because of the use of two DC sources, this power converter is best implemented in

power-split architectures, such as the one shown below in Figure 4.2 below.

The simulations performed for [15] were done in Simulink and makes use of ideal

switching, as [15] is proof of concepts for the new topology ideal switching is enough.

The Figure 4.2 below shows the ReMSI circuit connections using these ideal switches.

This thesis will expand upon their work, replacing the ideal switches with IGBTs in
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Figure 4.1: Reconfigurable Multi-Source Inverter in a Power-Split Hybrid Vehicle

a T-Type Neutral Point Clamped (TNPC) configuration, which will be discussed in

more detail in Chapter 6.

Additionally, the S1 and S2 switches must be rated to withstand the full load

requirements of DC input and should ideally be solid-state to avoid the switches

welding under load. This thesis will also make use of the same Space Vector Pulse

Width Modulation (SVPWM) control scheme used in [15]. These simulations will be

used towards creating a prototype benchtop version of the ReMSI topology, which is

discussed in Chapter 6.
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Figure 4.2: Ideal Switch Topology for an ReMSI

4.1 Operating Voltages

The ReMSI has four distinct operating modes, taking full advantage of both sources

connected to the input of the inverter.

• Mode 1: This mode would be used for low-speed applications as the battery

pack VDC2 is only supplying the inverter.

• Mode 2: In this mode, the first source VDC1 is being used to charge VDC2, since

the sources are connected in series in this situation and VDC2 smaller than VDC1

the remaining current is used to power the traction inverter.

• Mode 3: The traction inverter is only supplied from VDC1; depending on the

size VDC1, this mode would be used for steady-state highway driving.

• Mode 4: This mode could be classified as a charge depleting drive mode, in

which the traction motor is being supplied by both sources in series to produce
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peak power for the tractive motor. This configuration is achieved when S2 is

open, and S1 is closed.
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Figure 4.3: ReMSI Operating Modes Switching Paths

The operating phase voltages, VAN , VBN , VAN , and the line-to-line voltages, VAB,

VBC , and VAC are calculated below.
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VAB = VAN − VBN (4.1.2)

VBC = VBN − VCN (4.1.3)

VCA = VCN − VAN (4.1.4)

4.2 Inverter Control

To understand how to control the inverter, one must first understand how the switches

operate in order to achieve their desired output. A component is considered to be off,

if it is in a zero state, and denoted a 0. If the switch is turned on, it shall be denoted

as a 1. Great care should be taken to avoid any short circuits which could quickly

become dangerous when operating the device at high voltages. Kirchhoff’s Voltage

Law (KVL) proves that two unequal voltage sources should never be connected in

series to any element in between which can account for the difference in the two

voltages [16]. By knowing the status of the upper switches, the user can also know

the position of the lower switches as they are always opposite their upper counterpart;

this is called complementary switching. When designing a control scheme with Pulse

Width Modulation (PWM), there are two major design requirements. First, the user

must minimize the number of switching per sampling period to avoid any unnecessary

losses. Second, when transitioning from one switching state to the next, only two

switches from the same inverter leg should be used [17].

In the ReMSI, the switches Q2 and Q3 are complementary in Mode 1; Q1 and Q2

are complementary in Mode 2; Q1and Q3 are complementary in Mode 3 and Mode 4;

for each of their respective phase legs. Additionally, S1 and S2 are also complimentary

in all operating modes. The inverter can shift through its’ four operating modes to
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allow for more efficient energy consumption in an automotive application. Depending

on the driving conditions, whether using an ICE, EM’s, or a blended combination of

both, the ReMSI control scheme can select the most suitable option for the given sce-

nario. With this topology, nine different line-to-line voltage outputs can be achieved

and are outlined in the Table 4.1.

Table 4.1: Switching States of the ReMSI with Ideal Switches

Mode
Switching States Line-to-Line Voltages

S1 S2 Q1a Q1b Q1c Q2a Q2b Q2c Q3a Q3b Q3c VAB VBC VAC

1

0 1

0

0 1 1 1 0 0 VDC2 0 -VDC2

0 1 0 0 1 1 1 0 0 VDC2 -VDC2

0 1 1 0 1 0 1 0 -VDC2 VDC2 0
0 1 1 0 0 0 1 1 -VDC2 0 VDC2

0 1 1 1 0 0 0 1 0 -VDC2 VDC2

0 1 0 1 0 1 0 1 VDC2 -VDC2 0

2

0 1 1 0 0 0 1 1

0

VDC1-VDC2 0 -(VDC1-VDC2)
0 1 1 1 0 0 0 1 0 VDC1-VDC2 -(VDC1-VDC2)
0 1 0 1 0 1 0 1 -(VDC1-VDC2) VDC1-VDC2 0
0 1 0 1 1 1 0 0 -(VDC1-VDC2) 0 VDC1-VDC2

0 1 0 0 1 1 1 0 0 -(VDC1-VDC2) VDC1-VDC2

0 1 1 0 1 0 1 0 VDC1-VDC2 -(VDC1-VDC2) 0

3

0 1 1 0 0

0

0 1 1 VDC1 0 -VDC1

0 1 1 1 0 0 0 1 0 VDC1 -VDC1

0 1 0 1 0 1 0 1 -VDC1 VDC1 0
0 1 0 1 1 1 0 0 -VDC1 0 VDC1

0 1 0 0 1 1 1 0 0 -VDC1 VDC1

0 1 1 0 1 0 1 0 VDC1 -VDC1 0

4

0 1 1 0 0

0

0 1 1 VDC1+VDC2 0 -(VDC1+VDC2)
1 0 1 1 0 0 0 1 0 VDC1+VDC2 -(VDC1+VDC2)
1 0 0 1 0 1 0 1 -(VDC1+VDC2) VDC1+VDC2 0
1 0 0 1 1 1 0 0 -(VDC1+VDC2) 0 VDC1+VDC2

1 0 0 0 1 1 1 0 0 -(VDC1+VDC2) VDC1+VDC2

1 0 1 0 1 0 1 0 VDC1+VDC2 -(VDC1+VDC2) 0

The remaining states, not shown below, produce zero output line-to-line voltages

and would be considered a fault state if all switches are on, [111], or a zero state

where all switches are off [000].

4.2.1 Sinusoidal Pulse Width Modulation Scheme

Various modulation techniques can be used to control the gating signals for switch-

ing the power semiconductors in the desired pattern to achieve the DC to AC power
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conversion. Sinusoidal Pulse Width Modulation (SPWM) technology is one of the

most used modulation methods used by the industry for inverter control [18]. This

technique allows the designer to control the output fundamental frequency and fun-

damental voltage. The gating signal is achieved by imposing a higher frequency

triangular carrier wave, Vcr onto the sinusoidal waveform called the modulating wave

Vm. In a three-phase inverter, there are three modulating waves, one per phase, VmA,

VmB, and VmC with each wave being out of phase by 120◦.

Figure 4.4: Sinusoidal Pulse Width Modulation Scheme

The output line-to-line voltages’ magnitude and frequency can be independently

controlled by the amplitude modulation index, ma, and frequency of the modula-

tion sine wave, fm, respectively. These fundamental-frequency components of the

inverter output voltage are calculated in the below equations. The frequency modu-

lation index, mf , is comprised of the carrier frequency and the modulation sine wave

frequency.

ma =
V̂m

V̂cr

(4.2.1)

mf =
fcr

fm
(4.2.2)

After comparing the Vcr and the Vm the switching states for phase leg of the

inverter can be determined based on the following rules:

35



M.A.Sc. Thesis – M. Wood McMaster University – Electrical Engineering

• Vm > Vcr: The upper switch is turned on and the lower switch is turned off

• Vm < Vcr: The lower switch is turned on and the upper switch is turned off

Therefore, the peak-to-peak voltage of Vcr is restricted to the DC-link voltage

VDC forcing the maximum amplitude of the fundamental output phase voltage to be

VDC

2
and 0.612VDC line-to-line voltage [19]. Additionally, the SPWM scheme causes

higher harmonic losses than other modulation schemes, making it less ideal for the

ReMSI.

4.2.2 Space Vector Pulse Width Modulation Scheme

SSVPWM (SPWM) is another modulation scheme used by vehicle manufacturers

for inverter gating control. SVPWM has become increasingly popular due to more

straightforward digital implementation with the advancement of digital signal proces-

sors. Additionally, SVPWM compares only one modulating wave with a carrier, even

when used in three-phase applications. There is also the added benefit of allowing for

a higher DC bus utilization than the SPWM method, with a maximum phase output

of VDC√
3

and a line-to-line voltage of 0.707 VDC , which is a 15.47% improvement over

the SPWM method. Additional bus utilization can be achieved by injecting third

order harmonics, but this method is not explored within this research.

SVPWM switching states use the polar representation of the possible switch states

within the inverter and are referred to as space vectors. To implement space vector

modulation, a reference signal Vref rotates about the αβ reference plane, also known

as the state space, where vα and vβ are the vector components of vector reference
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signal Vref [20].

~V (t) = vα(t) + jvβ(t) (4.2.3)
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(4.2.4)

The state space is broken into sectors, which each represent the different sets of

switches that are turned on or off for the given time period. For a given length and

position in the state space, Vref can be approximated by three nearby stationary

vectors and based on the chosen stationery vectors, switching states are selected, and

the gating signals are generated [21]. Vref passes through sectors one by one, and

when Vref rotates one complete revolution in space, the inverter output voltage varies

one cycle over time. Vref is sampled with a frequency fs, Ts = 1
fs

and the inverter

output frequency corresponds to the rotating speed of Vref . The inverter output

voltage can be controlled by adjusting the magnitude of Vref . In the conventional

VSI, there are eight possible combinations with six active vectors and two zero space

vectors. Due to the nature of complementary switching, SVPWM active only refers

to the state of the upper switches. These eight switch states are calculated below.

~V (t) =
2

3
[vAO(t)e

j0 + vBO(t)e
j 2π

3 + vCO(t)e
j 4π

3 ] (4.2.5)
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ejx = cos x+ j sin x (4.2.6)

VS(000) = V0 = 0

VS(100) = V1 = VDCe
j0

VS(110) = V2 = VDCe
j π

3

VS(010) = V3 = VDCe
j 2π

3

VS(011) = V4 = VDCe
jπ

VS(001) = V5 = VDCe
j 4π

3

VS(101) = V6 = VDCe
j 5π

3

VS(111) = V7 = 0

(4.2.7)

In the ReMSI, there are 24 active vectors to allow for its four distinct operating

modes. There are three possible voltage states -1, 0, and 1, which represent the poten-

tial phase voltage levels of each phase leg output. The spatial vector representation

of the alpha-beta diagram is shown in Figure 4.5 and is composed of four concentric

hexagons separated into six sectors each. The size of the hexagon varies with applied

voltage, while the inner coloured circle of each hexagon represents the maximum

line-to-line voltage. After the mode and sector identification stage, the switching du-

ration of each vector is calculated; this is referred to as a dwell time calculation and

is explained further in Chapter 5. Finally, a symmetric switching sequence is used

to reduce the harmonic distortion and the number of switching periods, allowing for

reduced power losses.
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Figure 4.5: Alpha-Beta Reference Plane
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Chapter 5

Modelling & Simulation of an

ReMSI in an Electrified Vehicle

Modelling and simulation is a necessary tool to help understand a system and its’

behaviour without having to build a real-world prototype. Mathworks MATLAB

and Simulink is an industry-grade modelling and simulation tool, commonly used

throughout the automotive industry. It is within the Simulink environment that the

modelling and simulation work of this thesis is done. When an inverter is modelled

as an independent system, a switching model is used. This type of modelling allows

the internals for the inverter to be simulated and the switching frequency can be

controlled and adjusted as needed. Although switching models are not useful as part

of a larger vehicle model, the sampling time for the two systems would be independent

of each other, thus requiring a large amount of computational power. In this thesis,

the ReMSI is first discussed as a switching model and then is mapped into an efficiency

look-up table to be used in a larger vehicle level model.
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5.1 Inverter Modelling and Control

In the paper [15], ideal switches were used for the simulations; while this is enough

to show a proof of concept, it is not accurate for real-world modelling. In order to

achieve a more accurate simulation, the ideal switches were replaced with IGBT’s.

For this simulation, the Simulink SimPowerSystem toolbox was used to model the

required IGBTs and diodes. Figure 5.1 shows a block diagram of the closed-loop

control strategy used in this simulation to generate the SVPWM gating signals.
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Figure 5.1: Block Diagram of SVPWM Control Strategy for the ReMSI

The voltage for VDC1 = 450V , and VDC2 = 150V , and the switching frequency is

10 kHz. When the magnitude and rotational angle of Vref is sampled, the sector of

the αβ reference plane is determined as well as the operating mode of the inverter.

The controller selects the two vectors which encompass the sector, to synthesize the

AC waveforms. The dwell time is then given by T1, T2, and T0, to minimize the

number of switchings per sampling period TS.

T1 =

√
3TsVref

VDC

sin(
π

3
− θ) (5.1.1)

T2 =

√
3TsVref

VDC

sin θ (5.1.2)
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T0 = Ts − T1 − T2 (5.1.3)

Figure 5.2: Gating Signals for each Phase Output

Gate driver signals are then sent to switch on/off the required IGBTs, shown in

Figure 5.2, and the desired output voltage and current are achieved. The line-to-line

voltage is shown with the output phase current in Figure 5.3, and the 3phase currents

are highlighted in Figure 5.4.

The magnitude of the reference voltage vector was increased by a constant step

second to highlight the complete operating range of the ReMSI. The magnitude of the

Vref is increased from 0 V, and the control algorithm determines that the operation

of the ReMS should be limited to Mode 1 with a bus voltage of VDC2. Switch S2 is

turned on, and switching banks Q2 and Q3 are activated as the reference voltage vector

exceeds VDC2√
3

the controller switches into Mode 2 where a bus voltage of VDC1−VDC2

is applied across the DC bus. This mode is activated by using switching banks Q1 and

Q2, while Q3 is turned off. When Vref reaches VDC1−VDC2√
3

it switches into operational
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Figure 5.3: Line-to-Line Voltage and Output Phase Current

Figure 5.4: Output Phase Current

Mode 3, and switching bank Q2 is shut off and banks Q1 and Q3 are switched. The

load voltage across the input terminals is now VDC1. The final operational mode,

Mode 4, is achieved as the reference vector achieves a voltage of VDC1√
3

and S2 is

turned off and S1 is now closed, and the source voltage is now VDC1 + VDC2. These
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changes in voltage can be seen in Figure 5.5. Additionally, the commutation paths of

the operating areas during sector one are detailed in the Appendix.

Figure 5.5: Output Voltages

5.1.1 IGBT and Diode Loss Modelling

The Infineon IGBT modules F3L50R06W1E3-B11 were selected for use with each of

the phase legs. The parameters used for the loss calculations are based on the speci-

fications found within the manufacturer’s data sheets. Each IGBT has a co-packaged

anti-parallel diode to help with reverse conducting requirements. The IGBTs losses

calculated were the turn-on, turn-off and conduction losses. When the IGBT switches

on the load current flows through the diode of the complimentary switch. At turn-on

the IGBT sees the load current plus the reverse recovery current of the diode. Due to

this the reverse recovery of the diode turn-on losses are normally higher than turn-off

losses. The turn-on loss energy, Eon was calculated using a 2-D lookup table of the

pre-switching voltage across the device, post-switching current flowing into the device.
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The turn-off Eoff losses were calculated in a similar manner with the pre-switching

current and post-switching voltage. The conduction loss, Von values were found us-

ing the current and operating temperature to determine the saturation voltage across

the IGBT using a 2-D look-up table [22]. The diode’s loss energy was calculated

in a similar manner to achieve values for the reverse recovery losses as well as the

conduction losses. The reverse recovery losses were found using the pre-switching

current and the post switching voltage. Finally, the conduction energy for the diode

was computed with the diode forward current and junction temperature to determine

what the on-state voltage was across the diode using a 2-D look-up table [22]. The

losses for each diode and IGBT pair was calculated individually and then combined

to give a final result in the simulation.

5.2 Inverter Modelling with a HESS

The paper [23] presents a novel active HESS topology which consists of a battery and

a UC connected to a multi-source inverter. The work from this paper can be expanded

up to include the additional switches and operating mode of the ReMSI to achieve

an output voltage of VDC1+VDC2. This setup aims to achieve similar performance to

an active HESS architecture but without the additional DC/DC converter. By using

the UC’s on the main DC bus, they act as low-pass filters, which smooth the output

current. This new inverter control scheme was studied and the affects on the battery

showed that the average current ripple could be reduced by up to 60%, compared to

traditional battery only ESS.
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5.3 Vehicle Modelling

The first distinction that should be made when modelling vehicles is the type of mod-

elling to use, choosing between steady-state and dynamic vehicle models. Steady-state

models consider all transient states negligible and generally require less computational

time at the expense of real-life modelling accuracy [24]. Dynamic vehicle models, on

the other hand, factor in transient states and attempt to model with greater accuracy

using more general and sophisticated methods [24]. Furthermore, it is also benefi-

cial to define the differences between structural and functional models. Many of the

current software packages used for vehicle modelling and simulation are structural

systems, meaning that the system is composed of interconnected devices, each mod-

elling a real-life component [24]. These devices are typically organized into component

libraries, and users drag and drop graphical representation of physical components

to create a vehicle propulsion system model. Functional models, on the other hand,

are entirely mathematical; the system is represented through the interconnection of

functions, each representing a unique physical component. While system analysis can

be improved with a functional model system, the graphical simplicity and ease of

design are removed throughout the vehicle control system design process.

The final model method distinction that must be made is between forward and

backward based models. Forward and backward models refer to the direction in which

model calculations are performed [24]. In the forward or engine-to-wheel method,

calculations begin with the vehicle torque sources, were transmitted and reflected

torque values are applied to the remainder of the model towards the vehicle chassis or

other power consumers [24]. In the mechanical domain, vehicle speed and rotational

speed of the respective components are sent back to the torque sources. Similarly,
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in the electrical domain, current and voltages are used. In the case of a backwards,

or wheel-to-engine model approach, calculations begin with the required traction

effort at the wheels, and then send this information to the torque sources and other

propulsion system components [24]. Backwards model approaches require pre-defined

speed drive cycles in order to calculate the force acting on the wheels and therefore

calculate the required propulsion system power command. This approach can be used

for dynamic programming applications.

Most vehicle models consist of three major components: the torque controller

model, a vehicle plant model, and the driver mode. The torque controller model is a

time-based design of the simulation that forces the controller inputs from the driver

plant model and the vehicle plant model. The controller takes in the acceleration and

deceleration pedal position commands, propulsion system component information,

and resulting vehicle speed. The vehicle plant model is where the vehicle and power-

train specific details come are added. This where the ESS, ICE, EM’s, inverters, and

other components efficiency and outputs are calculated.

The driver model is used to simulate a human driver operating the modelled vehicle

over a real-world drive cycle. It also allows the model to be evaluated for its accel-

eration and deceleration capabilities, fuel efficiency, and battery usage and recharge.

By running the driver model in simulations, the user can adjust the implementation

of its controllers to iteratively improve and optimize the design and performance of

the system. The driver model works by taking the desired input and current vehicle

velocity and outputting speed, positive and negative torque values. The desired ve-

locity is the speed that the driver would like to achieve, given the current surrounding

environment. The current velocity is the speed the vehicle is currently travelling at
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and is fed to the driver system through a feedback loop in the model. The positive

and negative torques values are representative acceleration and braking within the

vehicle.

5.4 ReMSI in an Electrified Powertrain

The following simulation was run to get baseline results for the experimental test

setup planned in Chapter 6. Two DC sources were used, with VDC1 = 450V acting

as a generator and VDC2 = 150V acting as a battery pack. The battery was modelled

using an equivalent circuit R-RC model and was initialized to 70% State-of Charge

(SOC). The model was parameterized using experimental cell data from a 5.4 Ah

Lithium polymer cell [14], and this data was used to generate a function of the state

of charge using the open circuit voltage. Figure 5.6 shows the affects on the inverter

on the batteries voltage as it sweeps through its’ various operating modes.

Figure 5.6: SOC of VDC2 Throughout the Different Operating Modes

Mode 1 uses just VDC2 and As a result the battery SOC is decreasing. This mode
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is most effective a lower EM speeds where a smaller bus voltage can reduce switching

losses. As the inverter enters Mode 2 the SOC of VDC2 begins to increase again

as the bus voltage reaches VDC1 − VDC2. The higher voltage generator to recharges

the battery while simultaneously supplying the load. In Mode 3 the inverter is only

supplied by VDC1 therefore the SOC of the battery remains unchanged throughout

this operation mode. Finally, in Mode 4, the generator and the battery are connected

in series to achieve VDC1+VDC2. This is of significance as it would allow an OEM the

freedom to significantly undersize the battery without sacrificing performance. Due

to the series connection of the sources battery’s voltage no longer needs to be sized to

the traction motor. This is shown at the end of the graph where the SOC begins to

decrease faster than in Mode 1 because the reference voltage in Mode 4 is larger than

in Mode 1. Therefore much more energy is discharged in this final mode of operation.

These results validate the theoretical principle operation of the ReMSI discussed in

Chapter 4.
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Chapter 6

Power Circuitry and Plans for

Experimentation of the ReMSI

6.1 Existing Experimental Setup

A scaled-down prototype of an MSI was already built and available for use at the

McMaster Automotive Resource Centre. This setup was built to validate the ef-

fectiveness of the inverter and is composed of three Infineon IGBT modules of type

F3L50R06W1E3-B11. These were selected for their compact nature, as well as higher

power ratings which would allow for use with other experimental setups. Experiments

were performed with a 5.9 kWh battery pack of 50 V and a HV DC-link of 150 V

provided by a power supply. An induction motor was then connected back-to-back

with an induction generator, which can be used as a load for testing and validation

purposes. The control of the gate signals and signals for current, voltage, and speed,

is done using a real-time system called a MicroAutoBox II from dSPACE [25]. A new

circuit board was designed for use with this setup, which allowed for the addition of S1
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and S2, this new board would interface with the existing setup. The Printed Circuit

Board (PCB) was designed using Altium, an industry-grade PCB routing tool. The

schematics for this PCB can be found in the appendix. Additionally, this setup is to

be modified to include an updated version of the control scheme to account for the

additional operating mode of the ReMSI.

Figure 6.1: Experimental Test Setup

Various safety precautions were integrated into the experimental setup by the

previous user, including fuses, an emergency stop button, pre-charge circuits, and

inrush current detection. The Figure 6.1 shows the complete experimental setup.
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6.2 IGBT Setup

The power conduction stage of both the MSI and ReMSI has been designed to make

use of IGBT’s. Among the many switching topologies that have been developed for

IGBT’s, the Neutral Point Clamped (NPC) and the T-type NPC (TNPC) are the

most competitive solutions. The paper [8] compares the efficiencies for a wide range of

switching frequencies that have been conducted to compare the NPC and the TNPC

topologies for a VSI inverter. The results showed that the TNPC is more efficient for

medium band frequencies between 10 kHz to 30 kHz, while the NPC becomes slightly

more efficient for higher frequencies above 30 kHz [8]. These switching topologies

provide output voltages with lower harmonic distortion than the traditional VSI but

require additional control complexity due to a high part count.

(a) Phase Leg A with a NPC Setup (b) Phase Leg A with a TNPC Setup

Figure 6.2: NPC vs. TNPC IGBT Setup

A TNPC setup is often preferred over a traditional NPC configuration due to the

use of fewer components [17]. This helps reduce the overall cost of the setup. It also

helps improve the reliability and longevity of the phase leg as the reduced number of

components provides fewer points of failure for the device.
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Figure 6.3: TNPC Switch Topology for an ReMSI

With the TNPC setup, the voltages VAO, VBO, and VCO are expressed as the

following set of equations.

VAO = F2aVDC1 +G2aVDC2–Zaia (6.2.1)

VBO = F2bVDC1 +G2bVDC2–Zbib (6.2.2)

VCO = F2cVDC1 +G2cVDC2–Zcic (6.2.3)

Where Zk is the phase impedance of the load, and F2k = ST1k
and G2k = ST2k

∧ST3k

are the switching functions of their respective IGBTs. Additionally the switches T3

and T4 are complementary to T1 and T2 respectively in Modes 1 and 2. While

in Modes 3 and 4, the switches T4 are complementary to T1. Due to the nature

of Mode 2, care should be taken in choosing the DC source voltages ensuring that

VDC1 > 2VDC2 as the voltage VDC1−VDC2 should be positive and greater than VDC2.

Switches S1 and S2 were also planned to be discrete IGBT’s from Infineon as well.

53



M.A.Sc. Thesis – M. Wood McMaster University – Electrical Engineering

These semi-conductors and their accompanying anti-parallel diodes would need to be

selected with the dual voltage sources in mind. S1 would only need to be rated for

VDC1 but S2 would need to be rated for the voltage and current requirements seen

in mode 4, VDC1 + VDC2. Contactors are would not make a suitable choice for this

application due to the potential for rapid transitions between the different operating

modes. Contactors are prone to welding when switched under full load conditions

and therefore could cause damage to the internal circuitry of the inverter.

6.3 Challenges

Due to the 2020 COVID-19 global pandemic, all in-person work at McMaster Uni-

versity was stopped on March 13th 2020 [26]. To help stop the spread of COVID-19,

the province of Ontario then declared a state of emergency on March 17th, 2020 [27].

Due to the university shut down and provincial order to shelter-in-place the exper-

imental research planned for this thesis could not be completed as intended. As of

August 2020, McMaster University is still conducting online classes and has restricted

in-person work until 2021.
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Chapter 7

Conclusion

This thesis focused on the concept, design, simulation, and implementation of a

ReMSI for electrified vehicle applications.

Trends within both the Canadian and global automotive markets were reviewed

with emphasis on the growing environmental concerns associated with combustion

vehicles. Various vehicle configurations were presented and discussed with significance

placed on electrified vehicles such as hybrids. With a shift in public attitude, vehicles

are no longer being viewed as point-to-point fossil-fuel-burning transportation devices

but rather an efficient, connected, and intelligent technology.

The fundamental components of an electrified power were introduced and re-

viewed, with a specific focus on EM’s, traction inverters, power electronics and energy

storage systems. The energy conversion and transfer between the electric machine

and the ESS were discussed along with the use cases and applications. The different

hybrid vehicle architectures were introduced with their respective practical design

considerations. For any component to be seriously considered by the automotive

industry, it must be competitive on cost, reliability, and efficiency.
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By far, the most expensive aspect of an EV is the energy storage system, which is

comprised primarily of HV batteries. Typically, the cost of the battery pack is driven

by the output voltage and rated output power; therefore, there is a need within the

automotive industry designs that enable the use of a battery pack with lower output

voltages in order to minimize cost. The different methods to reduce costs are discussed

in this chapter, along with battery modelling and simulation methods.

The concept of the ReMSI was introduced, using ideal switches, which would

eventually be swapped out for IGBTs. With the addition of two switches, S1 and

S2, the inverter can make use of two DC sources and can operate in four distinct

modes during the DC/AC conversion. The ReMSI can be driven by either one or

both sources, allowing for four voltage levels, namely VDC1, VDC2, VDC1 − VDC2 and

VDC1 + VDC2. When operating as a rectifier for AC/DC conversion, two operating

modes are achievable where the power generated by the EM is supplied to one of the

two DC sources. Different inverter modulation techniques were investigated to be

used in the ReMSI simulation environment.

The SVPWM modulation technique was explored and used in the simulation to

achieve the desired IGBT gating patterns. The ReMSI was first modelled as an indi-

vidual component and then as a part of a more extensive vehicle simulation. Simula-

tion results are consistent with the proposed theory, which validated the effectiveness

of the proposed topology and concept. An experimental setup was then proposed

to validate the simulation results, but due to the COVID-19 pandemic could not be

realized.
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7.1 Future Work

Concerning future work on the ReMSI, many aspects could be expanded upon to

improve further the work achieved. Some suggestions have been included below of

potential next steps.

In chapter 4, the voltage balancing of the two input capacitors on the DC side of

the inverter could be further investigated, including the required sizing calculations.

Additionally other IGBT topologies could be researched, including further analysis

of the NPC topology.

In chapter 5, a more comprehensive model could be created to better capture the

losses throughout the model. For instance, more accurate results could be achieved by

using experimental measurements rather than values from the datasheet for the IGBT

switching parameters. Additionally, the forward voltage drop of the switch and diode

combination could be measured for several currents to improve the conduction loss

model. Finally, it could also be improved by the addition of thermal losses throughout

the system.

In chapter 6, the experiments that were planned could be performed to validate

the inverter topology further. The PCB that was designed would need to be manu-

factured and put together with the required components before being integrated into

the experimental test setup. Additionally, the bench could be modified to include

the HESS designed and built by the students of the EcoCAR 3 McMaster team to

highlight the benefits of both systems in combination with each other.

While many safety precautions were integrated into the experimental setup by

the previous user, including fuses, an emergency stop button, pre-charge circuits,

and inrush current detection. These were bulky additional components that were
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connected on the test bench externally. Further research could be done the decrease

the size and of these components as well as update the pre-charge circuitry to account

for mode 4. Additional analysis should also be completed to insure the pre-charge

circuity will respond to the switching time between the different operating modes of

the ReMSI.
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Appendix A

Commutation Paths

The commutation paths of the operating areas during the interval [π
6
; π
2
] are detailed

in Figure A.2, Figure A.3, Figure A.4, Figure A.5 for the TNPC ReMSI for Modes

1 through 4 respectively. It is assumed that the phase currents ia(t) and ic(t) are

positive and ib(t) is negative.

Figure A.1: Original TNPC ReMSI Circuit
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(a) Operating area I

(b) Operating area II

(c) Operating area III

(d) Operating area IV

Figure A.2: Commutation Paths in Operating Mode 1
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Figure A.3: Commutation Paths in Operating Mode 2
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Figure A.4: Commutation Paths in Operating Mode 3
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Figure A.5: Commutation Paths in Operating Mode 4
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Appendix B

Printed Circuit Board Schematics

The following schematics are from the first revision of the printed circuit board de-

signed for the ReMSI experimental setup. This circuit board does not include the

discrete IGBTs for S1 and S2.
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