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Abstract

This thesis focuses on the concept, analytical design, efficiency analysis, and implementation
of the multi-source inverter (MSI) for electrified vehicles (EVs).

The fundamentals of power electronics in EVs, including the main powertain architec-
tures and the characteristics of power electronic converters, are discussed. Vehicle-level
modeling methods and simulation tools for power electronics are also analyzed.

Located at the heart of the propulsion system, traction inverters play a major role in the
performance and competitiveness of a vehicle. Standard industry solutions are reviewed,
and a comparison of alternative candidates is presented. The main modulation strategies
are also reviewed. For any topology to be seriously considered by the automotive industry,
it must be able to compete on cost, reliability, efficiency, and power density. These driving
factors are discussed, and the design trade-offs are explained.

In view of the continuous power increase in modern EVs, current industry configurations
show some limitations. As an alternative solution, the MSI is suggested to be used as a
traction inverter. The fundamental purpose of this power converter is to connect two
independent DC sources to the same AC output using a single conversion stage. The
concept of the MSI is presented and two circuits are considered. The operating modes
during both DC/AC and AC/DC conversions are detailed and new control strategies are
proposed. Closed-loop control simulations are performed to verify the MSI operation in

each operating mode. A scale-down prototype is experimentally tested with an electric

v



machine and a load to validate the effectiveness of the proposed topology and concept.

A comprehensive analytical design analysis of the switch configuration is presented,
and analytical calculations of the capacitor requirements are suggested to select the proper
capacitor banks for the MSI. An efficiency model based on the average and RMS currents
of the switches is also proposed to evaluate the performance of the inverter. Experiments
with the prototypes of both MSI circuits and an R-L load are carried out to validate the
theoretical efficiency analysis. Design and efficiency comparisons of the MSI with the voltage
source inverter are conducted as well.

The control and simulation of a new power-split powertrain with the MSI is discussed.
As one of the most popular EVs on a sales-weighted basis, the Toyota Prius is analyzed
as a case study. The suggested powertrain with the MSI aims to reduce the use of the
DC/DC converter by offering an additional commutation path between the battery and
the MSI. Another advantage of the MSI is the possibility to extend the battery charging
opportunities. A vehicle-level simulation model of the traction drive system with the MSI
is developed to estimate the potential benefits of the proposed powertrain. Simulations of
the conventional and suggested powertrains are performed by applying the same voltage
command of the DC/DC converter and power distribution between the battery and the
electric machines.

Besides the hybrid power-split powertrains, the MSI can also be integrated into an active
hybrid energy storage system. This new configuration aims to interconnect a battery and
an ultracapacitor, without the use of any additional power electronic converters. A new
control strategy is developed to manage the current distribution between the two sources
and aims to take advantage of the high energy density of the batteries and the large specific
power of the ultracapacitors, while minimizing battery degradation. Closed-loop control
simulations are carried out to verify the operating principle of this novel configuration. The
influence of the additional control parameters on the source currents is further investigated

through simulations and validated with experiments on an R-L load.
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Chapter 1

Introduction

1.1 Motivation

Internal combustion engine (ICE) vehicles propelled by fossil fuels largely dominate the
automotive market with more than 86.1 million vehicles sold worldwide in 2017. This
mature technology offers high power along with fast refueling capability, which makes fuel-
based vehicles cost-effective, robust, and functional for the consumers. However, major
concerns have been raised regarding the sustainability of the non-renewable energies and
their adverse impact on the environment and human health.

Over the past decades, the energy demand substantially increased due to the global
population growth, the emergence of developing countries, and the high availability of new
powered technologies. In 2016, the world devoured more than 13.3 trillion tonnes of energy
of which the oil consumption accounted for 33%, as shown in Fig. 1.1a [1]. The transport
sector consumed about 20% of the total energy demand and oil is its primary fuel source
with 94% (Fig. 1.1b). Assuming than government policies and technologies evolve in a
similar manner as the recent years, energy forecasting shows that the world oil consumption
in transportation will rise by 28.7% by 2040. In addition, the growing scarcity of fuel-

based resources leads to political and economic conflicts all over the world. Hence, energy
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diversification is essential to reduce fossil fuel usage and avoid dependence on a sole energy

source.

Renewable 4% Non-combusted
Hydrogen 7% 6%

Nuclear 4%
Transport

20%
Buildings
29%

Industry

Natural gas 45%

24%

(a) By fuel type. (b) By sector.

Figure 1.1: World energy consumption in 2016.

Fuel consumption has also been put in the spotlight for environmental and health rea-
sons. Indeed, oil combustion generates harmful gas emissions and atmospheric pollution
that heavily contribute to global warming and impact on human health [2]. Governments
have established multiple long-term plans for the automotive industry to promote the devel-
opment and uptake of low carbon technologies [3,4]. However, although automobile man-
ufacturers reduced the average COq9 emissions and oil consumption of fuel-based vehicles,
improving the ICE technology might not be sufficient to meet the challenging regulations
[5]. In view to further reduce the oil consumption, several countries announced their plan
to ban fuel-based vehicles in the near future [6]. Therefore, transportation is more than
ever challenged to offer alternative solutions relying on clean and renewable energy sources
that can compete with ICE vehicles.

For the past few decades, electrified transportation gradually gain acceptance as they
achieve promising performance [7]. A record volume of 1.1 million electrified vehicles (EVs)

sold worldwide has been recently reached in 2017, which represents a sale increase of more
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than 50% from the previous year [4]. Depending on their degree of electrification, EVs can
reduce or eliminate the oil dependency by using other energy sources. Moreover, electrified
powertrains achieve more than 90% efficiency, compared to only 30% for fuel-based vehicles,
which allows for better fuel economy even in the presence of an ICE. Extensive research
is undertaken by laboratories, suppliers, and original equipment manufacturers (OEMSs) to
develop cutting-edge technologies that address the barriers of every powertrain component.
Governments have also set up new policies and objectives to further accelerate the market
integration of EVs. For example, the U.S. Department of Energy (DOE) defined aggressive
targets to develop powertrains at low cost, high efficiency, and high power density [8].
Located at the heart of the propulsion system, traction inverters draw attention to
improve the vehicle performance since they ensure the power transfer between the energy
sources and the electric machines (EMs). Most commercialized vehicles use traditional
voltage source inverters (VSI) as traction inverters as they feature low cost, high power
density, and simple control. Nevertheless, this topology shows some limitations due to the
wide operating range of EMs and the high power requirements. Indeed, the VSI achieves
low efficiency at light load and the EM performance is limited by the constant battery
voltage. As an alternative solution, some OEMs integrate a DC/DC converter to provide a
variable input voltage to the VSI. By doing so, the performance of the EMs can be improved
along with the efficiency of both the inverter and the EM. However, this configuration also
shows some drawbacks in terms of cost and power density. Moreover, the DC/DC converter
power rating should be equal to that of the battery pack as they are connected in series.
Hence, extending the electric driving range by increasing the power rating of the battery
pack requires more trade-offs compared to the simple architecture. Numerous innovative
inverter circuits for high voltage applications have been suggested in the literature and will
be further discussed in Chapter 3. However, their competitiveness is adversely affected by
either larger volume of the passive components or higher part counts compared to the VSI,

while achieving similar performance. Thus, the complexity of their control and their cost



Ph.D. Thesis — Lea Dorn-Gomba McMaster University — Electrical Engineering

hold them back from commercialization in traction drive systems.

For the past few years, performance requirements for powertrain components in EVs,
including traction inverters, have substantially increased in respond to the consumer de-
mand, whereas cost reductions and power density improvement must be achieved. Overall,
there is a need for innovative solutions that keep the advantages of current industry con-
figurations while limiting the downsides. In view of exploring an alternative approach to
address the challenges that traction inverters are facing, this thesis focuses on an inverter
topology named the multi-source inverter (MSI) [9]. Its fundamental purpose is to connect
two constant DC sources to the same AC output using a single conversion stage. Applied
in conjunction with a DC/DC converter in a hybrid electrified powertrain, the MSI can
provide a flexible voltage to the EM thanks to its dual DC input and aims to dissociate
the DC/DC converter from the traction system in some driving conditions. By doing so,
using the MSI as a traction inverter intends to enable high efficiency operation for both the
inverter and the EM and aims extending the EM performance, while reducing the power
rating of the DC/DC converter to improve the cost and power density of the overall electric
traction system. On the other hand, when two distinct DC energy sources are available
in the EV, such as in a hybrid energy storage system (HESS), the MSI can drive an EM
with a flexible voltage without the use of an additional DC/DC converter. As a result, the
MSI aims to keep the advantages of an active HESS while improving the cost and power
density of the powertrain. As the MSI is a topology recently developed, very little work has
been done so far. Therefore, the objective of this thesis is to validate the concept, assess
its performance and design requirements, and estimate the potential benefits of its use as a

traction inverter in an electrified powertrain.
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1.2 Contributions

The author has contributed to several technical advances in analytical design, efficiency
analysis, and implementation of the MSI for EVs. These contributions are briefly described

below.

e Review of the main powertrain architectures in EVs and analysis of the modeling
methods and simulation tools for power electronic converters at vehicle-level; pub-

lished in [10] and to be submitted in [11].

e Review of the current traction inverter status in the automotive industry and practical

design considerations; accepted for publication with minor revisions in [12].

e Introduction to the concept of the multi-source inverter for hybrid electric powertrains;

published in [13,14].

e Comprehensive design analysis and efficiency comparison of the multi-source inverter

and the voltage source inverter; to be submitted in [15].
e Multi-source inverter for power-split hybrid electric powertrains; submitted in [16].

e Active hybrid energy storage system using the multi-source inverter; published in

[17,18].

1.3 Thesis outline

This thesis is organized into eight chapters. It focuses on the concept of the MSI for EVs,
analytical design, efficiency analysis, and implementation.
Chapter 1 has given the motivation for inverter research applied to EVs, as well as the

thesis contributions.
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Chapter 2 presents the fundamentals of power electronics in EVs. The main powertain
architectures, sorted by degree of electrification, are first outlined. Then, the power elec-
tronic converters and their current characteristics are discussed. The Toyota Prius is also
reviewed as a case study. Finally, modeling methods and simulation tools for power electron-
ics at vehicle-level are analyzed, as they gain interest to assess the impact of the powertrain
architectures, the component sizing, and the control strategies on the performance of the
vehicle.

Chapter 3 presents the standard traction inverters implemented in the automotive indus-
try. Alternative solutions, suggested to outweigh the downsides of the traditional inverters,
are also reviewed. The main modulation techniques are compared and practical design
considerations including cost, reliability, efficiency, and packaging are discussed.

Chapter 4 introduces the concept of the MSI. The converter topology can be modeled by
two different circuits by replacing ideal switches with power semiconductors. The theoretical
behavior of the MSI is analyzed during both DC/AC and AC/DC operations. Due to the
uniqueness of the circuits, standard pulse width modulation (PWM) methods cannot be
applied. Hence, new adapted PWM techniques are suggested and the operating modes of
the MSI are verified through simulations. Finally, a scale-down prototype has been built
and tested on an experimental setup composed of an induction motor and a load. Closed-
loop control experiments with several speed and torque references have been carried out to
validate the concept of the proposed topology.

Chapter 5 analyzes the design and the efficiency of the MSI. The switch configuration
is first discussed based on voltage and current requirements. The VA ratings of both MSI
circuits and the VSI are compared. Due to the two DC sources and the multiple operating
modes, new analytical equations of the RMS capacitor ripple current and capacitance are
suggested to select the proper capacitor banks of the MSI. The requirements and the overall
volume of the capacitor bank in the MSI and the VSI are compared. At last, an analytical

efficiency model based on the average and RMS currents in the switches is developed for
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both MSI topologies. By considering a constant R-L load and under the same power re-
quirements, the efficiency varies regarding the mode in which the MSI operates. As a result,
depending on the operating conditions, the most efficient mode can be selected, ensuring
the MSI to operate at high efficiency over a wide output voltage range. Experiments were
performed with the prototypes of both MSI circuits and an R-L load to validate the analyt-
ical efficiency models. An efficiency comparison between both MSI topologies and the VSI
is also conducted.

Chapter 6 discusses the implementation of the MSI in a power-split powertrain. Control
strategies of a conventional power-split architecture, similar to the Toyota Prius, are first
analyzed. The powertrain operating modes are classified by analyzing the status of the ICE,
the charge or discharge of the battery, and the motoring or generating operations of the
EMs. Vehicle-level simulation models of the battery and the electric traction drive system,
developed in Autonomie, are also detailed. Then, control strategies of the new powertrain
with the MSI are proposed by combining the operating modes of the inverter with the power
distribution applied in the conventional architecture. Due to the DC dual input of the MSI,
simulations in Autonomie raises several barriers. As an alternative solution, a vehicle-level
simulation model is developed in Matlab/Simulink. Finally, several drive cycles are tested,
and the performance of the conventional and suggested powertrains are compared. By doing
so, the potential benefits of using the MSI in a power-split architecture are highlighted.

Chapter 7 introduces a new active HESS topology that directly pairs Li-ion batteries
with ultracapacitors through the MSI to drive an EM without the use of any additional
power electronic converters. Because of the specific current distribution in the MSI, an
innovative control scheme has been developed to regain current sharing between the sources.
Two variables can be adjusted to smooth the input source currents and bias the use of one
energy storage device over another, which allows controlling the discharge rate of the two
sources. Closed-loop control simulations for a drive cycle have been performed to verify the

operating principle of this novel HESS topology. The influence of the additional control
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parameters on the input currents and states of charge of the sources has been further
investigated through simulations. Furthermore, experiments with an R-L load have been
carried out and validated the theoretical influence of the new control on the input DC
currents.

Chapter 8 is dedicated to conclusions and future work.



Chapter 2

Fundamentals of power electronics

in electrified vehicles

For the past decades, EVs are continuing to show promise as more manufacturers announce
plans to develop hybrid (HEVs), plug-in hybrid (PHEVSs) and all electric vehicles (AEVs).
In 2012, the U.S DOE initiated a long-term project called the ‘EV Everywhere Grand Chal-
lenge’ with the goal of developing cost-effective, powerful and reliable EVs that can compete
with conventional fuel-based technologies [19]. At the heart of all electrified powertrains is
one or more EMs which operate either in conjunction with an ICE or replace it entirely. To
drive them, a traction inverter is required to convert the DC power available from the bat-
tery pack to variable frequency AC power. Additional power electronics are used to ensure
the proper operations of the vehicle, such as providing power to the accessory loads and
charging the battery. Even though multiple powertrain configurations are available, most of
them are composed of the same power electronics whose power rating varies depending on
the OEM strategy. Vehicle-level modeling and simulation tools gain interest as EVs become
more complex. These methods aim to assess the impact of the powertrain architectures,

the component sizing, and the control strategies on the performance of the vehicle.
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In this chapter, fundamentals of power electronics in EVs are discussed. First, the main
powertrain architectures, sorted by degree of electrification, are summarized. Then, the
characteristics of the power electronics are reviewed, and the Toyota Prius is taken as a
case study. At last, modeling methods and simulation tools for power electronic converters

at vehicle-level are discussed.

2.1 Main powertrain architectures

In a conventional fuel-based powertrain, the wheels are driven by an ICE and the electrical
accessories are powered by a low voltage (LV) 12V battery. The control is moderately simple
since the mechanical, thermal, and electrical systems have limited interactions between each
other. On the other hand, EVs reduce the exhaust emissions and the fuel consumption
by using energy storage systems either in combination with the ICE or by themselves
to propel the vehicle [7,20]. Several powertrain architectures are currently implemented
in commercialized EVs and their performance differ regarding the strategy of the OEMs.
They can be sorted in three groups based on their degree of electrification, namely Micro

and Mild HEV, HEVs and PHEVs, and AEVs.

2.1.1 Micro and Mild HEVs

Micro HEVs are the first levels of electrification as they require simple and cheap engineering
adjustments of the conventional ICE powertrain. Indeed, the architecture is slightly modi-
fied by integrating a small EM of about 5 kW to perform the start-stop function when the
ICE idles [21]. The powertrain can achieve up to 5-10% fuel consumption reduction in urban
driving while keeping the usual 12V battery [22]. However, improvement opportunities are
quite limited due to the modest enhancements.

In Mild HEVs, an EM of usually 5-20 kW is used as a starter/generator. Various

means of coupling with the ICE have been developed such as the well-known configurations
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belt starter/generator and integrated starter/generator (BSG and ISG) [23,24]. Due to
the increasing power demand from the accessory loads, several OEMs add a larger battery
pack to the powertrain with a voltage up to 130V. The 48V BSG/ISG architectures draw
particular attention as they do not require extra safety protections due to a voltage below
60V [25,26]. In the meanwhile, increasing the battery voltage to about 100V allows the
EM to further assist the ICE during accelerations, which leads to 15-20% fuel economy
improvement. General Motors upgraded its eAssist system with a 86V Li-ion battery pack
in the third generation and Honda used a 130V battery in the Accord and Compact Sedan
models [27-29]. In Mild HEVs, the additional battery is only charged through regenerative
braking; thus, no battery charger is required. Hence, this architecture remains simple while
ensuring the stop-start function, assisting in vehicle propulsion, and supplying the accessory
loads in combination with the 12V battery. However, regardless the voltage level of the
additional battery, this configuration requires an auxiliary power module (APM) consisting
of a DC/DC buck converter connected between the 12V battery and the additional one.
Hence, even though Mild HEVs achieve higher fuel economy compared to Micro HEVs, they

are also more expensive.

2.1.2 HEVs and PHEVs

HEV and PHEV powertrains further reduce the gas emissions and fuel consumption by
integrating a larger battery pack with a high voltage (HV) varying from 200V to 400V [30].
One or more EMs are used to assist the propulsion or run the vehicle in electric-only mode
when the ICE is turned off. Similar powertrain architectures can be used in both HEVs and
PHEVs and the differences between these two types of EVs are due to the battery power
rating. Averaged HEVs integrate 20-60 kW EMs powered by a 1-2 kWh battery pack that
can be charged through regenerative braking when the vehicle is coasting [31]. Up to 40%
fuel economy is achievable but the ICE remains the main source of power, as the battery

can only drive the vehicle by itself for less than 10 km. On the other hand, PHEVs have
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Figure 2.1: HEV and PHEV powertrain architectures.

enlarged the battery pack from 5 kWh, for the mass market PEHVs, to 15-20 kWh for
the high performance vehicles [31-33]. Hence, the EM power rating is increased to 60-150
kW and the battery can propel the vehicle without the ICE for an electric driving range
of 20-60 km. Even though regenerative braking is also available to charge the battery, it is
not sufficient to ensure the full charge. Thus, an additional on-board charger is required in
PHEVs to charge the battery with the grid.

A wide array of HEVs and PHEVs is currently available on the market and they can
be categorized in three main architectures, namely the series, parallel, and power-split
configurations, as shown in Fig. 2.1 [34]. All of them include an APM for a 12V battery and
the accessory loads. An on-board charger is only integrated in PHEVs. The architectures
mainly differ from each other regarding the mechanical and electrical connections between

the ICE and the EMs.
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Series architecture

In a series powertrain configuration, the ICE is decoupled from the wheels and its mechanical
power is converted into electricity through a generator EM; (Fig. 2.1a). As a result, only
E Mo is connected to the final drive and the speed of the ICE is independent from the vehicle
speed. This enables the ICE to operate at its optimum torque and speed to maximize its
efficiency. The HV battery can be charged at any time with regenerative braking or by
the ICE even when the vehicle idles. Finally, the powertrain is powered by either the
HYV battery, the ICE or the combination of both sources depending on the optimal power
distribution that would achieve the highest fuel economy. Overall, this configuration is
mechanically simple and offers a good control flexibility.

The series architecture shows some demerits regarding the power density. Each system
needs to be sized according to either the HV battery or the ICE power ratings to fully take
advantage of the power available by the sources. Hence, this architecture is more popular for
vehicles where the volume of the components is not the most critical factor. Furthermore,
although the ICE can operate efficiently over a wide range of operating points, the overall
efficiency of the powertrain drops due to the multiple power conversion steps from the
ICE to the wheels. Indeed, the mechanical power from the ICE is first converted into
electricity through EMj, then transferred by the inverters, and finally converted back into
mechanical power with EMs,. A few PHEVSs uses the series configuration, such as the BMW
i3 REx and the Honda Accord where a two-motor series powertrain achieve almost 60% fuel

consumption reduction [33, 35].

Parallel architecture

Unlike the series configuration, a parallel architecture enables the ICE to directly drive
the wheels by mechanically coupling it to the reduction gear (Fig. 2.1b). Only EM; is

necessary and can provide power to the wheels either alone or in conjunction with the ICE.
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This control flexibility allows for power sharing at full load, so the ICE and the EM only
need to be sized to transfer half of the maximum load demand. Thus, significant power
density improvement can be achieved while accomplishing similar performances compared
to the series powertrain. Moreover, the efficiency of the powertrain is improved when the
ICE is used since its power does not need to be converted multiple times, as it is the case in
a series architecture. On the other hand, the efficiency of the ICE itself cannot be optimized
due to its mechanical coupling with the wheels.

In conclusion, a parallel architecture is an attractive solution for light-duty vehicles due
to its simplicity, cost-effectiveness, and power density. This configuration is widely used in
HEVs and PHEVs by most European manufacturers such as the Volkswagen group, BMW,
and Mercedes but also by other OEMs like Hyundai and Honda [23, 36].

Power-split architectures

Power-split architectures combine the advantages of the series and the parallel configura-
tions while minimizing their drawbacks. Although the control is more complex, and the
powertrains are more expensive than the two previous architectures, they achieve better
performance and are the most common configurations on a sales-weighted basis.

The Prius was the first mass-production HEV introduced to the market and Toyota still
uses this architecture in its latest models [36,37]. Fig. 2.1c shows the architecture of the
Toyota Prius MY2010 where both EMs are mechanically coupled with the ICE through a
planetary gear system and a reduction gear. When the ICE is used, its power can be shared
between EM; and the wheels. By doing so, the ICE speed and torque are controlled so that
the efficiency is optimized under several driving conditions. In case of high power demands,
E M, assists the ICE in the propulsion. Hence, the ICE and the EMs can be downsized
accordingly based on the gear ratio since they do not have to carry the peak power of
the powertrain. An additional DC/DC boost converter is used to step up the HV battery,

which improves the efficiency of the inverters and the EMs and extends the torque-speed
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characteristic. Other OEMs do not necessarily use this optional DC/DC converter as it
increases the cost and volume of the powertrain.

General Motors developed an alternative power-split configuration, called the Voltec,
that combines two EMs and the ICE though a planetary gear and three clutches in the
first generation [38]. The vehicle can run either in electric-only mode with one EM, or in
electric-only mode with two EMs, or as a series architecture, or finally in power-split mode
like the Toyota Prius. Lately, General Motors introduced the second generation composed
of two planetary gears and three clutches [39,40]. By doing so, the powertrain can operate in
more operating modes, which increases the all-electric driving range and the fuel economy,

while reducing the volume and weight of the traction drive components.

2.1.3 AEVs

In view of the aggressive targets regarding fuel consumption and gas emission reductions,
AEVs are very good solutions since the ICE is removed from the powertrain and they
exclusively use energy sources to propel the vehicle [8]. Hence, they achieve high efficiency,
zero gas emissions, and are independent from oil. The power is provided by either one
type of energy source or a combination of several sources to form a commonly called HESS
[41,42]. For example, a HESS technology can combine the high energy density of a battery
pack with the high power density of an ultracapacitor (UC) to extend the vehicle driving
range while improving its dynamic performance. Numerous HESS configurations including
one or more power electronics converters have been investigated in the literature and will
be reviewed in Chapter 7. In the following, two principal AEV architectures are discussed
due to their superior performance and integration in the automotive market.

Battery EVs (BEVs) are the most popular AEVs today where General Motors, Nissan,
and Tesla currently dominate the market [43]. This is mainly due to the enhancements
of the electric driving range and the vehicle performance. Indeed, the power rating of the

battery varies from 20 kWh to 40 kWh for most BEVs which enables driving the vehicle
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for 100-150 km in one charge [33,44]. The high-performance Tesla Model S integrates a
massive battery pack of 60-100 kWh and pushes the boundaries with an impressive 300-400
km driving range. The BEV powertrain is simple compared to HEVs and PHEVs since
it uses a single battery pack that supplies one or more EMs mechanically coupled to the
differential of the vehicle through diverse gears and clutches [34]. However, BEVs still
face several challenges that prevent them from being fully adopted by the consumers. One
can cite the limited charging station availability, the charging time that remains relatively
inconvenient and the higher cost compared to fuel-based vehicles.

Fuel cells are open systems that generate electricity from the electrochemical reaction
between hydrogen gas, stored in an external tank, and oxygen, delivered to the fuel cell stack
from outside [45]. Hence, instead of using petroleum like ICE vehicles, fuel cell vehicles are
refilled with hydrogen and simply exhaust water since no combustion is involved. Three
vehicle models are available on the U.S. market today, namely Honda Clarity, Hyundai
Tucson, and Toyota Mirai [46-49]. They all have the same architecture composed of a
fuel cell stack and a single EM of about 100 kW. The powertrain also integrates a small
battery pack of less than 1 kWh to assist the propulsion during high power demands. No
on-board charger is required since it is charged through regenerative braking. The battery
voltage varies between 250V to 350V and an additional DC/DC boost converter is used
in the Toyota Mirai to step up the voltage level to 650V, similarly to the Toyota Prius
previously mentioned. In theory, the fuel cell technology is a good solution in respond to
the restricted driving range of BEVs and their slow charging time. Indeed, commercialized
fuel cell vehicles offer 480-580 km cruising range and refueling the tank takes less than five
minutes. Nevertheless, the limited availability of refueling infrastructures and the cost slow

down the market penetration of fuel cell vehicles [50].
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2.2 Power electronics in electrified powertrains

Depending on the powertrain architecture, various power electronics are used to control and
transfer the power between the battery, the EMs, and the rest of the electrical components.
The electric traction drive system (ETDS) includes the EMs, the traction inverters, that
can also operate as rectifiers, and an optional DC-DC boost converter to step up the bat-
tery voltage. Although they are not part of the propulsion system, other power electronic
converters are integrated in the powertrain to ensure the proper operation of the vehicle.
An APM, consisting of a DC-DC buck converter, is connected between the HV and LV
batteries to run the accessory loads. Moreover, BEVs and PHEVs integrate large battery
packs that cannot be solely charged with regenerative braking. Hence, an on-board charger
is added to the powertrain to charge the battery with the grid.

Although the market has been dominated by HEVs since the last decade, the current sale
status tends to move towards PHEVs and BEVs. In response to the high power demand,
on-going research works on new technologies to achieve higher performance, longer electric
driving range, and improved fuel economy. The U.S DOE also set up new objectives for
2025 where the peak power of the propulsion system has been raised from 55 kW to 100
kW [8]. Indeed, development of cost-effective and powerful electrified powertrains is the key
to compete with ICE vehicles and accelerate the market penetration of EVs. Hence, every
powertrain component is submitted to aggressive targets and the power electronics are no
exception.

In the following, the main characteristics of power electronics in EVs, except for Micro

and Mild HEVs, are briefly reviewed.

2.2.1 Power electronics in the ETDS

In the new targets defined by the U.S DOE for 2025, the power electronics in the ETDS

refer to a single 100 kW inverter and a DC/DC boost converter if applicable. Currently,
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the average on-road converters achieve 18 kW /L at a cost of 10 $/kW, while it is expected
to reach 100 kW /L at 2.7 $§/kW for 2025 [8]. Hence, substantial improvements regarding

the cost and the power density are necessary.

DC/AC converter

Most modern electrified powertrains use EM requiring AC power while the energy source
provides DC power [51]. As a result, DC/AC converters, also known as inverters, are
necessary to transfer power in the ETDS. When the EM is generating, the inverter operates
as a rectifier and returns the power back to the battery to charge it. Detailed analysis
of standard traction inverters and alternative candidates are provided in Chapter 3. The
modulation techniques and the practical design considerations are also discussed. The VSI
is currently used in commercialized EVs and can be either directly connected between the

battery and the EM or it can be used in combination with a DC/DC boost converter.

DC/DC boost converter

One solution applied in some HEVs and PHEVs consists of using a DC-DC boost converter
between the battery and the DC-link of the traction inverter. By doing so, the voltage of the
battery is stepped up according to the driving conditions, which enables the operation of the
inverter and the EM at high efficiency [52]. This configuration presents several additional
advantages such as extending the constant torque characteristic, reducing the current rating
on the switches, and having a higher inverter power supply voltage without increasing the
battery voltage. However, a high power DC/DC converter has also some demerits since its
power rating must match that of the battery pack to avoid derating the battery system.
Indeed, as the battery and the DC/DC converter are in series, the power rating of the two is
limited by the lowest one. As a result, a high power battery pack and, hence, a high power
DC/DC converter, will adversely impact on the power density and cost of the powertrain

due to the inductor which is usually bulky and expensive. Furthermore, this configuration
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directly affects the overall efficiency of the powertrain during both traction and regenerative

braking mode due to the additional conversion stage.

2.2.2 Other power electronic systems

In addition to the ETDS, the on-board charger and APM are subjected to their own targets

for 2025 and face different barriers.

On-board charger

Chargers play a crucial role in the mass adoption of PHEVs and BEVs due to their impact
on the charging time and the battery life [53]. Three levels of charging speed are commonly
reported depending on the power delivered. The first level is considered slow and the power
is limited to 2 kW. The second level is more popular and can be implemented in private
or public infrastructures. The charging speed is twice faster than the previous level and a
power of 4-20 kW is expected. Finally, facilities operating in the third level are also known
as superchargers and can charge a vehicle in less than one hour by delivering 50-100 kW.
Unlike off-board systems, on-board chargers are limited in power due to size, weight, and
cost constraints. As a result, they only operate in the first two levels and are rated at 3-10
kW in most commercialized vehicles.

Various on-board topologies have been developed over the years. Commercialized vehi-
cles have unidirectional chargers that only allow the grid to transfer power to the battery.
On the other hand, bidirectional systems are emerging concepts and under extensive inves-
tigation. They aim for a flexible power transfer with both grid-to-vehicle and vehicle-to-grid
operations [54]. Although they seem to offer interesting features such as grid stabilization
and optimized energy distribution, their practical application raises some safety concerns
and require tremendous changes of the actual infrastructures. Hence, they are not ready for
mass production yet due to their high cost and complex integration. Integrated chargers are

innovative solutions to optimize the power density of the powertrain. By using the motor
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windings and the power electronics, integrated systems achieve good performance despite
their complexity. Several configurations have been developed with one or more EMs and
are reviewed in [53]. Besides the well-known conductive technique that consists of plug in
a cord to the vehicle, inductive charging, also known as wireless, gains interest due to its
potential convenience for the consumers. Indeed, they magnetically transfer power so that

no physical connection is needed between the vehicle and the charging infrastructure.

APM

Apart from Micro and Mild HEVs, electrified powertrains use the HV battery pack to power
the LV accessory loads such as air conditioning, wipers, lighting, and radio. Thus, an APM
consisting of a DC/DC buck converter, is necessary to step down the nominal 325V battery
voltage to 12V [22]. Due to safety reasons, galvanic isolation is required to protect the
passengers and the rest of the vehicle in case of failure from either the HV or LV side.
Although the APM is not part of the propulsion system, its design and control have a
major impact on the vehicle performance. Indeed, high efficiency is crucial to maximize
the use of the HV battery for the propulsion system while optimizing the power draw for
the accessory loads. The 2025 targets require the APM to provide 5 kW at 98% efficiency
with a power density of 4.6kW /L [8]. Several isolated converters have been deeply studied
in the literature such as flyback, forward, push-pull, half-bridge, and full-bridge. However,
alternative solutions should be considered due to the high power requirements [55].
Multifunctional converters are single systems that serve several purposes. For example,
a bidirectional APM can be used in buck mode to transfer power to the loads and in boost
mode to pre-charge the capacitor bank of the traction inverter [10]. Indeed, the sizable ca-
pacitor bank connected to the DC-link needs to be pre-charged to avoid the damage caused
by initial inrush currents. One conventional method is the use of a pre-charge circuit com-
posed of a bypass relay and a resistor. This circuit can be eliminated by using a bidirectional

APM, which also enables the control of the pre-charging time. Integrated systems have also
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been investigated to further reduce the cost while achieving high performance. In [56], an
APM integrates an active filter to reduce the second-order harmonics generated during the
charge of the battery. By doing so, the conventional bulk DC-link capacitor connected to

the battery is replaced by the integrated system, which allows for 70% cost reduction.

2.2.3 Case study: HEV Toyota Prius

Since the introduction of the Prius in 1997, Toyota has continued to lead the HEV market
and still implements the power-split architecture in most of its vehicles. In 2004, the OEM
introduced the second generation with a power control unit (PCU) composed of a dual
inverter, a DC/DC boost converter, and an APM [57]. All components are integrated into
a single enclosure and share the same cooling system to optimize the packaging. Since 2004,
Toyota has improved its transmission system to achieve higher performance while keeping
the same PCU composition. The third generation, developed in 2010, used a high speed
reduction gear in series with a planetary gear to drive the differential, as shown in Fig.
2.1c [37]. In 2016, the fourth generation was introduced, and the planetary gear has been
replaced by parallel gears, which reduces the mechanical losses by 20% [23].

Although the latest generation is composed of the same PCU components than the Prius
MY2004, significant improvements can be noticed. In Table 2.1, the specifications of the
propulsion system in the Toyota Prius MY2010 and MY2016 are compared [36,58]. The
volume and weight have been decreased by 33% and 12% respectively by using half-bridge
semiconductor modules with double-sided cooling and integrated packaging for the DC-link
capacitors. The double sided cooling technique is an emerging concept that has also been
implemented in the high performance inverters from Hitachi and General Motors [59, 60].
This method removes heat from both the top and bottom sides of the module, which reduces
the footprint up to 45% compared to the conventional single-sided cooling technology [61].
Hence, thermal management is improved along with the power density by extending the heat

dissipation area of the module. Instead of using single semiconductors, Toyota developed
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Table 2.1: Propulsion system specifications of the Toyota Prius MY2010 and MY2016.

Components Specifications MY2010 MY2016
ICE 73 kW 73 kW
EM; Peak power rating 42 kW 22 kW
E M, 60 kW 53 kW
DC/DC converter ~ Output voltage ~ 200V-650V  200V-600V
Weight 13.5 kg 11.9 kg
PCU Volume 11.2 L 6.8 L

its own half-bridge modules for the dual inverter and the DC/DC boost converter. By
doing so, the footprint has been reduced by 22% and the stray inductance decreased by
55% due to the shorter distance between the chips. Besides the power semiconductors,
the DC-link capacitors are also under the spotlight as they are the heaviest and most
voluminous components in a traction inverter. A better integration of the capacitor with
the DC side bus bar enables power density and efficiency improvements [62-64]. Indeed, by
minimizing the series inductance in the DC side, the voltage overshoot across the switches
can be reduced. Hence, the power modules do not need to be over designed to ensure
a voltage safety margin and the inverter power density can be optimized. Increasing the
operating voltage that is traditionally lowered due to the safety requirements also improves
the efficiency of the inverter. Toyota applied this technique for its PCU and reported a
series inductance reduction of 58%. Furthermore, the snubber circuits, usually added to
reduce the surge voltages across the switches, have been removed.

Overall, the Toyota Prius is a competitive HEV even if the PCU is composed of more
power electronics than other powertrains. However, increasing the power rating in respond
to the high power demand raises new challenges, specifically for the DC/DC converter, in

terms of power density and cost.
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2.3 Vehicle-level modeling and simulations tools

2.3.1 Motivation

While device- and system-level models provide detailed analysis of the chip and converter
operations, vehicle-level modeling offers a global overview of the powertrain and its control
by considering the interactions between the power electronic converters and the other com-
ponents in the vehicle, such as the ICE, the battery, and the EMs. Hence, this method aims
to assess the impact of the powertrain architectures, the component sizing, and the control
strategies on the performance of the vehicle. Furthermore, simulation tools are suitable
solutions since they offer accurate results for distinct configurations, while keeping a low
cost and short computational time despite multiple iterations, unlike building hardware.

It has been seen in Section 2.1 that several powertrain architectures are available and
are composed of many power electronic converters whose requirements vary depending on
the configuration selected by the OEM. In view of the large array of possible technologies,
optimization design problems based on vehicle-level models can be defined to select the most
suitable size of the systems regarding the vehicle performance targets. Although the plant
and the control used to be optimized separately, there is a trend to couple them into multi-
objective functions [65-67]. For example in [68], a convex algorithm is used to minimize the
cost of the powertrain while considering the component size, the energy management, and
the charge of the battery from the grid. As a result, powerful and cost-effective systems
are selected, which leads to further improvements regarding the efficiency of the vehicle,
the fuel consumption, the cost, and the exhaust emissions. Operational boundaries with
voltage, current, and temperature ratings also need to be considered [69]. By simulating the
powertrain with the safety considerations and fault diagnosis of the converters, the proper
operation of the systems and the vehicle are verified [70, 71].

Advanced control strategies can be tested at vehicle-level where local controls of the
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components are combined with a global supervisory control of the vehicle [72,73]. Depend-
ing on the drive cycle, the power demand is regulated and shared between the systems to
ensure satisfactory driving conditions for the driver while maximizing the performance of
the vehicle. Optimization algorithms aim to further improve the power energy manage-
ment between the components [74-76]. Offline methods, such as dynamic programing, are
simple to implement in real-time controllers due to their short computational time [77,78].
However, the optimal solutions are limited to the tested operating points, leading to lower
performance for unpredictable drive patterns. Although online algorithms generate optimal
solutions in real-time and are, thus, more flexible to various driving conditions, they require
higher computational performance and are more challenging to implement. One solution
commonly used to optimize the energy management with fast computational time is to
combine the complementary characteristics of the offline and online methods [79,80].
Overall, vehicle-level modeling is a powerful tool that offers comprehensive results to an-
alyze the performance and the control of the vehicle under several driving conditions. Thus,
it is crucial to develop accurate models for the power electronics converters as they stand

at the heart of the ETDS and ensure the power transfer between the electrical components.

2.3.2 Modeling methods

Power electronic converters are often overlooked in vehicle-level models at the expense of
other systems, such as the vehicle dynamics, the EMs, the battery, and the ICE [81-83].
However, there is a recent growing interest for modeling these components due to the ag-
gressive power requirements under which electrified powertrains are subjected [8]. Indeed,
breakthrough technologies are intensively researched in view of expanding the market adop-
tion of EVs and these advances need to be accurately captured to evaluate their potential
impact on the vehicle performance, control, efficiency, and cost.

One major concern in vehicle-level simulations is the need for extensive computing
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power. In device- and system-level simulations, dynamic models are widely used to ac-
quire the transient behavior of the converters and the time-step is usually chosen in the
range of nanoseconds to microseconds. Hence, short-term analyses are preferred to provide
accurate results in an acceptable time. On the other hand, vehicle-level modeling assesses
the powertrain performance over a large timeframe of several minutes due to the slow dy-
namics of components such as the battery and the mechanical systems. Thus, simulating
the fast behavior of power electronics converters raises challenges as the computational time
needs to be limited with simplification assumptions while ensuring satisfactory accuracy.
In the following, two modeling methods for power electronic converters integrated in

large-scale systems such as electrified powertrains are presented [84].

Averaged models

As previously mentioned, dynamic models are not suitable for vehicle-level simulations
since they would require highly computational performance and long simulation time. As
alternative solutions, averaged models extract the essential low-frequency behavior of the
converters while neglecting the high-frequency transients. As a result, the time-step can
be enlarged which improves the simulation capability. Several averaging methods can be
found in the literature [85]. The state-space averaged model is based on mathematical
equations derived from the instantaneous model where the state variables are replaced by
their averaged values [86-88]. By doing so, the model becomes time-invariant while the non-
linearities are preserved, which sustains the converter dynamics. This model is particularly
efficient for transients lower than one-tenth the switching frequency and is widely used in
the control design. Instead of using equations, circuit averaged models approximate the
waveforms of the components by replacing the non-linear devices, such as the switches, by
controlled voltage or current sources [89,90]. In [91], general methods to develop state-space
and circuit averaged models for DC/DC and DC/AC converters are presented. The averaged

models of the VST and the DC/DC boost converter for hybrid powertrain applications are
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also expressed in [92]. Moreover, the simulation times of detailed dynamic models and
averaged models are compared, and the impact of the time-step is discussed. The power
losses in DC/DC converters can be derived from the averaged models, as shown in [93] for
hybrid powertrains composed of fuel cells, batteries, and ultracapacitors. In [94], the power

losses of an inverter are averaged from the state-space equations.

Steady-state modeling

Steady-state modeling for power electronic converters is the most straightforward method
since it fully neglects the transients and is based on look-up tables or maps filled with
empirical data. For example, Oak Ridge National Laboratory experimentally measured
the power losses of the inverters and DC/DC converters in several vehicles at different
operating points [37,57,95,96]. The efficiency maps can be implemented in the vehicle-level
models of the power electronic converters, which reduces the computational time and power
compared to averaged models. Steady-state models are preferred for slow dynamic analysis
such as supervisory control strategies, powertrain efficiency, fuel economy, and exhaust
emissions. However, this method shows some limitations in optimization problems since
the data are not based on dynamic equations. Indeed, the spikes and overshoots generated
during transient events are overlooked in steady-state models, which makes the design of
local control and component sizing often inadequate.

In conclusion, averaged methods are more suitable to model the fast behavior of power
electronic converters and optimized their control, while steady-state models achieve satis-

factory results for slow dynamic analysis in high-level simulations.

2.3.3 Simulation tools

Vehicle-level simulation tools are becoming increasingly accessible as computing capability
improves. They tend to include every component of the powertrain at different levels of

modeling details with a view of design comparison, performance assessment, and control
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optimization. As previously mentioned, either averaged methods or steady-state look-up
tables are commonly used to model power electronic converters in large-scale systems. The
main simulations tools are reviewed in the following.

Mathworks tools are popular solutions to model electrified powertrains from the battery
to the wheels [97,98]. Matlab, Simulink, and Stateflow are commonly used since they allow
for modeling at vehicle- and at system-levels, which simplifies the transition between these
two analyses. Optimization tools are also widely available and can be easily parametrized.
Overall, the flexibility of this framework is particularly interesting as the modeling methods
are directly chosen by the user. For example, power electronics can be partly implemented
with averaged models to emphasize the dynamic behavior and the control, while other con-
verter characteristics, such as the efficiency, can be modeled with look-up tables. By doing
so, the simulation offers accurate results in an acceptable computational time. Moreover,
the integration of innovative power electronics and the development of new control strate-
gies are not limited to commercialized vehicles. On the other hand, using Mathworks raises
some challenges. Indeed, prior knowledge in electrified powertrain is necessary to ensure
the proper operation of the vehicle model. Hence, setting up a simulation model is a time-
consuming task and requires substantial expertise. Moreover, as each model is unique, an
unified worldwide nomenclature is essential to improve the exchange of the models in the
industry and accelerate the time-to-market process.

Driven by the need for a common platform gathering a large array of EVs, many vehicle-
level software programs have emerged. Among the most popular tools, one can cite AD-
VISOR developed by National Renewable Energy Laboratory [99]. This vehicle simulator
was composed of steady-state models and allowed for fuel economy and performance as-
sessments. Since 2004, ADVISOR has been phased out and other simulation tools are used
to characterize the effects of new technologies on the vehicle operation and cost [100]. An-
other famous vehicle model, called PSAT, was developed in Matlab/Simulink by Argonne

National Laboratory and offered more accurate results than ADVISOR by modeling the
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powertrain components as combinations of averaged models and look-up tables [99]. In
2010, PSAT is replaced by a state-of-the-art simulation tool called Autonomie, which is
today considered as the primary reference by the U.S DOE [101,102]. This Matlab-based
environment features standard architectures on a plug-and-play basis where components
can be quickly integrated and replaced [103]. Vehicle models are developed with extensive
test validation realized on several commercialized vehicles with different degree of electri-
fication. Thus, Autonomie enables performance analysis and vehicle energy consumption
with a large database of components, powertrain configurations and drive cycles. Although
this simulation tool allows for customizable plant and controllers, its predefined graphical
user interface makes the integration of new power converters challenging. Indeed, every
subsystem needs to have the same number of inputs and outputs to ensure the proper oper-
ation of the software. Hence, simulating new components or powertrain configurations that
have not been commercialized yet is rather limited.

In conclusion, numerous simulation tools have been developed over the past few years
and there is a clear trend for flexible, accurate, and automated platforms to evaluate the
component performance in electrified powertrains. Mathworks tools offer detailed analysis
for a specific powertrain where new technologies and controls can also be implemented in the
model. However, in-depth expertise is required due to the restricted support for modeling
the whole powertrain. On the other hand, Autonomie enables rapid architecture compar-
isons and high-level performance assessment such as supervisory control, fuel economy, and
cost. Detailed models and control can also be integrated if they follow the same format
than the one defined in the graphical interface. However, this simulation tool shows some
limitations regarding the customization of powertrains with unconventional architectures

and components.
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Chapter 3

Traction inverters in electrified

vehicles

National laboratories, OEMs, and suppliers have been working together to improve the
ETDS including the traction inverter. Regarding the previous inverter objectives defined
by the U.S DOE for 2020, a 30 kW continuous (55 kW peak) design is expected to achieve
a power density of 13.4 kW /L and a specific density of 14.1 kW /kg at a cost of $3.3/kW
for 100,000 units. Several OEMs and Tier 1 suppliers have already overcome some of the
barriers. For example, Delphi disclosed a 55 kW peak traction inverter with 15 kW /L and
17 kW /kg [104]. However, the cost remains the biggest challenge as the inverter reached
$5/kW. As previously mentioned, the U.S DOE recently updated the objectives to accelerate
the market integration of EVs and suggested new targets for 2025 [8]. For the inverter power
module composed of an inverter and, if applicable, a DC/DC boost converter, a 100 kW
integrated design with 100 kW /L at $2.7/kW is expected. This represents respectively 18%
and 87% cost and volume reductions compared to the 2020 goals.

In the following, the standard traction inverters implemented in commercialized vehicles

are reviewed and alternative candidates are discussed. Then, typical control strategies are
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compared. Finally, practical inverter design considerations including a review of the inverter

components and the design driving factors are presented.

3.1 Standard industry solutions

Due to their high efficiency and low cost, the clear majority of production EVs today utilize
three phase VSI based on insulated gate bipolar transistors (IGBTs). As shown in Fig. 3.1,
the battery pack can be either directly connected to the inverter DC input (Fig. 3.1a), or a
DC/DC boost converter can be used to step up the battery voltage and supply the inverter
with a controlled DC voltage (Fig. 3.1b). In both circuits, a large DC-link capacitor Cy.
smooths the ripple current and voltage generated by the switching action of the active
devices. This ensures that the DC-link voltage is nearly constant and reduces the high
frequency current harmonics. The VSI topology requires six switches which are modulated

to generate a three-phase sinusoidal output current to the EM [105].

(b) VSI combined with a DC/DC boost converter.

Figure 3.1: Standard inverter topologies used in the automotive industry.
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Thanks to its single conversion stage, the architecture shown in Fig. 3.1a is cheap, easy
to manufacture, and requires simple control of the switching devices. Moreover, the VSI
has been intensively studied and widely used in the industry over the past decades, which
makes this topology mature, robust, and reliable. In motor drive applications, the phase
currents are nearly sinusoidal since they are filtered by the leakage inductance of the EM,
minimizing the machine losses. The output voltage harmonics can be reduced by selecting
the appropriate modulation technique and will be further discussed in Section 3.3.

On the other hand, the VSI does have some drawbacks when applied to electrified
powertrains. Primarily, the VSI acts as a buck type topology which means that the peak
line-to-line AC output voltage is always lower than the DC bus voltage. As a result, the
torque-speed characteristic of the EM is limited by the battery voltage which would need
to be increased in order to improve the EM performance, particularly at high speeds. To
do so, a larger battery pack is required, increasing the weight, size, and cost of the overall
powertrain. One can also note that both the VSI and the EM achieve low efficiency in the
low speed and light load area because of the fixed DC voltage imposed by the battery pack.
Due to the switching actions of the devices, a large DC-link capacitor is necessary to filter
the voltage on the DC side and protect the battery, adding significant cost and size to the
inverter [106]. Additional considerations must be taken to prevent a short-circuit condition
from occurring in the VSI, in which the top and bottom switches in a phase leg are both
turned on simultaneously. This is achieved through adding a dead-time between turning
off one switch and the turning on of the next. However, this dead-time adds a nonlinearity
to the modulation resulting in distortion of the AC output current which translates to
harmonics in the torque output of the EM and generates additional losses.

By stepping up the battery voltage with a DC/DC converter as shown in Fig. 3.1b, the
torque-speed characteristic of the EM can be extended. The current rating of the switching
devices is also reduced while keeping a battery pack voltage fairly low. Another advantage

of using a DC/DC converter is the capability to supply the inverter with an adaptable DC
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voltage that varies regarding the driving requirements. By doing so, the high efficiency
areas of the inverter and EM can be enlarged, and the inverter output voltage distortions
can be reduced [52,107]. While the combination of the VSI with a DC/DC boost converter
overcomes many gaps of the VSI, adding a power converter also shows some demerits. Due
to the series connection between the battery pack and the DC/DC converter, they both
need to have similar power ratings in order to fully utilize the battery power. Hence, a
large battery pack implies a sizable DC/DC converter where the inductor Ly,es is usually
heavy and expensive. Additional control is also necessary to adjust the variable voltage
accordingly which increases the complexity of the system.

Overall, either used by itself or in combination with an additional DC/DC boost con-
verter, the VSI is still the most widely used topology as it offers a good trade-off between

performance, control complexity, cost, and size of the electrified powertrain.

3.2 Alternative candidates

Many alternative topologies have been proposed including soft switching inverters and multi-
level inverters. Most circuits require additional power switches and passive elements beyond
the standard VSI, which increases not only the cost, but also the control complexity, volume,
and weight of the system. For any topology to be seriously considered by the automotive
industry, it must be able to compete on cost regardless of what other benefits it may present.
In the following, three inverter topologies with potential value for the industry, namely the
current source inverter, the Z-source inverter, and three-level inverters, are reviewed and

their competitiveness for electrified powertrains is analyzed.

3.2.1 Current source inverter

The current source inverter is a traditional inverter that converts power from a DC current

source to an AC output [105]. A DC voltage source, such as a battery pack, can also be
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Figure 3.2: Current source inverter circuit with IGBTs in series with diodes.

used if it is connected in series with a large inductor Lg., as shown in Fig. 3.2. Unlike
the VSI, the output AC voltages are almost sinusoidal, which makes this topology suitable
for applications where high-voltage quality is a major concern. The circuit is composed of
six switching devices that need to withstand bidirectional voltage and ensure unidirectional
current flow. Symmetric thyristors or IGBTs in series with diodes are common solutions
implemented in the industry. For motor drive applications, capacitor banks Cy are required
on the AC output due to the high distortion of the phase currents caused by the switching
action.

Among the advantages of using the current source inverter, one can cite its capability of
boosting the input voltage to produce an AC output peak voltage higher than the DC input
voltage. This eliminates the need for a separate DC/DC boost converter and extends the
constant power range of the EM by providing sufficient output voltage [108]. Regarding the
control of the switching devices, it can be noted that only one top switch and one bottom
switch must be turned on at the same time since the capacitors on the AC side should not
be short-circuited and the current source cannot be opened. As a result, a short circuit
through the switches in the same phase leg is not an issue in the current source inverter,
unlike in the VSI as previously mentioned.

Nevertheless, the current source inverter has downsides that restrain its use in electrified

powertrain. In order to avoid an open circuit on the DC side that would destroy the
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devices, an overlap time should be implemented in the control of the switches, which also
causes current and voltage distortions. Furthermore, while the significant reduction of the
capacitive filter can improve the power density of the inverter, there is still a need for a
DC-link inductor that is usually bulky and heavy in high power applications. Practically,
the lower efficiency and higher cost compared to the VSI have prevented the adoption of

the current source inverter in automotive traction applications [109].

3.2.2 Z-source inverter

The Z-source inverter combines some characteristics of the VSI and current source inverter
where either a voltage or current source can be directly connected to its input terminals
[110]. For example in Fig. 3.3, a battery pack supplies power to the AC load and the circuit
uses six semiconductor devices that require unidirectional voltage blocking capability and
bidirectional current flow. The uniqueness of the topology lies in its DC-link filters that are
composed of two capacitor banks, C7 and C5, connected in X shape and two inductors L
and Ls. With an appropriate control of the switches, the Z-source inverter can operate as
a buck-boost inverter since it is capable of producing an AC output voltage either higher
or lower than the DC input source. When a buck operation is required by the load, similar
modulation strategies as for the VSI are applied. If boost operation is necessary, an adapted

control that uses the shoot-through zero states is implemented to step up the voltage.
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Figure 3.3: Z-source inverter circuit.

The Z-source inverter could be a suitable alternative solution for electrified powertrains
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due to its buck-boost feature since DC sources, such as batteries, have a wide voltage range
[111,112]. Moreover, unlike VSI and current source inverter topologies, shoot-through and
open circuit are not destructive status for the switches in the Z-source inverter, enhancing
the reliability of the inverter. Compared to the standard topologies mentioned in Sec-
tion 3.1, this inverter provides higher or similar efficiency than respectively the VSI and
the combination of the VSI with a DC/DC boost converter [113]. However, even though
the number of active devices is low, the passive component requirements are higher in
the Z-source inverter. Hence, the cost and volume still held this topology back from the

automotive industry.

3.2.3 Three-level inverters

Over the past few years, three-level inverters have gained interest in the industry as alterna-
tive solutions to the standard VSI. Among the many topologies that have been developed,
the Neutral Point Clamped (NPC) and the T-type NPC (TNPC) are the most competi-
tive solutions for medium to high voltage applications [114-117]. Fig. 3.4a and Fig. 3.4b
show the power circuits of the NPC and TNPC inverters respectively. The NPC topology
consists of four power semiconductors and two clamping diodes per phase leg, while the
TNPC topology is similar to the VSI with an additional center leg composed of a bidirec-
tional switch for each phase leg. In both circuits, the input capacitor bank is split into two
capacitors Cy. that have a voltage rating equal to half the DC-link voltage.

Advanced studies have highlighted several benefits of three-level inverters [118,119]. An
efficiency analysis for a wide range of switching frequencies has been conducted to compare
the VSI, the NPC, and the TNPC inverters. Results show that the efficiency of the VSI is
higher only for low frequencies and drops significantly above 10 kHz. On the other hand, the
TNPC is more efficient for medium frequencies between 10 kHz to 30 kHz, while the NPC
becomes slightly more efficient for frequencies above 30 kHz. Thanks to the neutral point

(N) connected between the two capacitors in Fig. 3.4, three-level inverters provide output
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Figure 3.4: Three-level inverter configurations.

voltages with lower harmonic distortion than the VSI, reducing the filter requirements and
improving the efficiency of the motor. Nevertheless, the volume of the capacitor banks for
three-level inverters is twice that of the VSI and additional control is required to ensure
DC-link voltage balancing. Moreover, both topologies suffer from high cost and increased

control complexity due to a high part count.

3.3 Modulation techniques

The AC output voltages produced by the inverter and feeding the EM are generated thanks

to the use of PWM techniques that switch the power semiconductors in a desired pattern.
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Figure 3.5: Closed loop control scheme of an EM.

Fig. 3.5 shows the speed-torque control scheme of an EM. Closed-loop control is achieved
by the inverter through phase current and rotor position feedback, thus requiring at least
two phase current sensors in the inverter and a suitable interface for a resolver or encoder
from the EM.

It has been shown in the previous sections that, despite the many topologies suggested
in the literature, only the VSI and its combination with a DC/DC boost converter are used
in electrified powertrains today. Hence, this section focuses on the modulation strategies
for the standard VSI and will discuss the most popular techniques, namely the sinusoidal
PWM (SPWM) and space vector PWM (SVPWM). Due to the switching action of the
devices, the AC output voltages and currents are not purely sinusoidal but a combination
of a sinusoidal fundamental component with several harmonics. This is an issue since
the current harmonics contribute to the copper losses in the motor windings and have an
impact on the torque ripple. Indeed, the harmonic losses in the load are proportional to the
RMS value of the ripple current [120]. The harmonic spectrum also influences the acoustic
noise emissions in motor drives [121,122]. Hence, the proper PWM technique must be
selected based on the trade-off between control complexity, efficiency, acoustic quality, and

electromagnetic interference emissions.
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3.3.1 SPWM

The SPWM is one of the most classic techniques used in the industry due to its simplicity
[120]. It was first developed with analog circuits, but digital implementation is now a stan-
dard procedure. The switching pattern is obtained by comparing a triangular carrier signal
operating at a desired switching frequency, with three modular sinusoidal waveforms out-
of-phase by 120° and operating at a fundamental frequency much lower than the switching
frequency. The fundamental output voltage amplitude is linearly controlled by the modu-
lation index which varies between 0 to 1. One drawback of this modulation scheme is its
limited use of the DC-link voltage V. since the maximum amplitude of the fundamental
output phase voltage is Vj./2. Moreover, this method generates relatively high total har-
monic distortion in the line voltages compared to other techniques, causing higher harmonic

losses.

3.3.2 SVPWM

Despite its intensive computational requirements, SVPWM has gained popularity as the
widespread adoption of digital signal processors and microcontrollers enabled low cost im-
plementations [120,123]. Its fundamental purpose is to synthesize the output line voltage by
applying three switching state vectors during a specific switching time. Since two switches
of the same phase leg cannot be simultaneously turned-on, the VSI can operate in eight
switching states defined by space vectors. Two of them are called zero vectors since they
produce zero AC line voltage, as their name suggest. As a result, the AC line voltage is
defined as a combination of the two adjacent state vectors and one zero vector.

Although the SVPWM technique is more complex than the SPWM, it achieves better
performance by generating output voltages and currents with reduced harmonic distortion,
improving the efficiency of the inverter as well as the EM. Furthermore, the maximum

fundamental amplitude of the phase voltage is equal to Vz./v/3, which is about 15% higher
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than the SPWM method in linear region [124,125]. Hence, the SVPWM enables a better
DC link utilization, which can be even further extended through six-step operation in the
over modulation region.

Though it is challenging to confirm which modulation strategy is used for the traction
inverters in every electrified vehicle, it is believed that the SVPWM is preferred due to
its performance superiority. For example, it has been reported in [126,127] that General

Motors employs the SVPWM for the linear region.

3.4 Practical inverter design considerations

As one of the essential systems of the powertrain, traction inverters play a major role in
the performance and competitiveness of the vehicle. At mass production scale, there are
many design considerations which can ultimately be traced back to four primary objectives:
cost, reliability, efficiency, and power density. Each inverter component affects these param-
eters, requiring trade-offs in order to provide the most suitable product given the vehicle

requirements.

3.4.1 Inverter components

Power semiconductor sales continue to grow as the EV market expands. IGBTs have always
been the predominant choice for inverters compared to other switching devices due to the
maturity of the technology, its wide availability, low cost, and sufficient power capability.
IGBTs with a blocking voltage of 650V to 1200V can easily handle today’s battery pack
voltages which vary from 200V to 450V in most EVs. Furthermore, power modules with
high current capability or discrete devices connected in parallel have emerged as solutions
in response to high power demands.

Gate drivers are greatly responsible for the efficiency of the inverter as they influence

the dynamic behavior of the IGBTs and the freewheeling diodes. They are composed
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of integrated circuits that transmit isolated control signals to switch the device and pro-
vide protective feedback. For high voltage applications, such as traction inverters, most
integrated circuits use optocouplers or pulse transformers due to their high isolation capa-
bilities [128]. The gate driver design needs to consider the factors influencing the switching
performance. Several approaches have been developed, from passive circuits using external
gate-emitter capacitors and gate resistors to closed-loop control that adjust the signal based
on the IGBT operation [129].

The DC-link capacitor is a crucial component of the inverter as it protects both the
input source and the power devices from hazardous current and voltage spikes. The proper
selection is based on the ripple current and the capacitance calculated from ripple voltage
requirements [130, 131]. Compared to electrolytic capacitors, film capacitors have shown
many benefits for inverter applications where high current ripple capability is a concern
while high capacitance is less a priority. Indeed, a more power-dense, efficient, and low-cost
design can be achieved with film capacitors, as shown in [106]. Moreover, while temperature
variations affect both technologies, electrolytic capacitors are particularly sensitive, with
every 10 °C rise reducing the lifetime of the capacitor by approximately half [132].

Due to the continuous power requirement increase, heat dissipation has become a critical
concern in inverter design. In fact, high temperatures have been identified as the primary
sources of failure and overheating dramatically reduces the reliability of the power converters
and shortens their lifetime [133,134]. Hence, thermal management systems, such as heat
sinks, have become staple components and optimizing their design is a challenging task as
they require advanced loss and thermal models [135-138]. Many cooling techniques have
been studied over the years [139]. Liquid cooling is commonly preferred in high power
inverters since they efficiently dissipate more heat in a limited space compared to forced air
cooling. They also operate better regardless of the ambient environmental conditions.

Bus bars are commonly used in high power inverters due to their superior current ca-

pability compared to printed circuit boards (PCBs) and higher power density compared to

40



Ph.D. Thesis — Lea Dorn-Gomba McMaster University — Electrical Engineering

wires. Their design is a complex procedure that requires many considerations such as the
shapes of the DC-link capacitor and power devices, the thermal management system, the
current density, and the operating environment [140]. Particular attention must be paid to
minimize any parasitic inductance introduced by the bus bar connections which can have a

significant effect on surge voltages during switching.

3.4.2 Cost

For true mass market adoption of EVs to occur, there must be a compelling economic case
in addition to the environmental one. The traction inverter in a production BEV today can
make up approximately 5% of the powertrain cost [141]. Cost reductions from all aspects
of the electrified powertrain must be achieved to reach parity with ICE counterparts and
the inverter is no exception.

Even though the power rating and, thus, the cost of an inverter varies with the vehicle
requirements, the component cost share stays roughly similar. For example, Fig. 3.6 shows
the cost breakdown of the 75 kW inverter module of the Audi A3 e-Tron 2016 [36]. In order
to maximize the packaging, the enclosure integrates a single traction inverter, an APM, a
control board, and a liquid cooling system shared by the converters. The control board
enables interfacing with the vehicle supervisory system and ensures the communication be-
tween both power converters. The inverter accounts for 46.3 % of the total cost. Regarding
the component cost breakdown of the inverter itself, the power semiconductors and their
control are significant contributors with respectively 25.3% and 36%. The DC-link capacitor
banks also highly effect the cost with 18.9%.

Multiple approaches are undertaken to lower the cost of power electronics systems. For
the 55 kW inverter project, Delphi focused on developing new ‘Viper’ IGBT modules and
high temperature capacitors [104,142]. The cost breakdowns of this inverter and the po-
tential future inverter meeting the 2025 targets are provided in [8]. Integrated technologies

combining mechanical, electrical, and thermal properties seem to be the key to optimize
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Figure 3.6: Component cost shares of the inverter module in the Audi A3 e-Tron.

system designs for volume production and provide affordable products.

3.4.3 Reliability

Reliability is of critical interest due to the extreme sensitivity to fault occurrences in the au-
tomotive market. Methods to detect failures at an early stage and estimate the component
failure rate have greatly improved [143,144]. System transients, heavy loads, and environ-
mental conditions, such as extreme temperatures, mechanical vibrations, and humidity, are
the most common causes of failure regardless of the application sector. In Fig. 3.7, the fault
distribution in power converters is presented. Capacitors, power devices, and PCBs are the
most vulnerable components with 30%, 26%, and 21% failure rate respectively [145].
Semiconductor devices are particularly sensitive to short- and open-circuit events de-
pending on the converter. When a fault occurs, wire bond connections and solder joints
are the weakest points of the modules. Advanced models have been developed by taking
into account the thermal, electrical and mechanical stresses [146-148]. By doing so, a life-
time prediction can be achieved considering the application of the devices. Moreover, such
models can be used to improve fault detection methods [149]. Analysis of failures modes
in DC-link capacitors and lifetime models can be found in [150]. Ceramic, aluminum, and

film capacitors are compared, and a reliability-oriented design procedure is suggested based
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Figure 3.7: Fault distribution in power converters.

on the application.

Since traction inverters are mainly composed of switching devices and DC-link capaci-
tors, they are particularly subjected to failure events. Based on the failure rate of each
component, the global reliability, and the lifetime can be estimated [151,152]. In the
VSI topology, short-circuit of the devices is the most destructive event and special con-
trol methods, such as the implementation of a dead-time and device desaturation detection
are required to improve the reliability of the converter. Fault tolerant inverter topologies
have also been studied to replace the traditional VSI [153]. For example, switch-redundant
topologies and cascaded inverters have shown significant reliability improvement, at the
expense of cost increase. Reducing the thermal stress with larger heat sinks and better
coolant is another solution to improve the reliability, which can adversely impact on the
power density of the system. Overall, reliability is a driving factor in inverter design as it

requires many trade-offs to provide a cheap but safe product.

3.4.4 Efficiency

Operating at high efficiency reduces fuel consumption and extends the vehicle driving range

by saving energy from the battery pack. It also allows for smaller thermal management
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systems, which enables lower cost, higher power density, and improved reliability.

As previously mentioned, the combination of the VSI with a DC/DC converter achieves
higher efficiency compared to the simple use of the VSI under several operating conditions
[52,107]. This is due to the variable input voltage that feeds the inverter. Indeed, adapt-
ing the voltage regarding the power requirements enables the inverter to operate at high
modulation index which reduces the losses.

Regarding the loss breakdown in a VSI, most losses are generated by the power semicon-
ductors. The conduction losses vary quadratically with the load current and the switching
losses are linearly dependent on the switching frequency and the load current. As a result,
the conduction losses are dominant in case of heavy load and low switching frequencies.
On the other hand, the switching losses prevail at high switching frequencies, regardless of
the current load [109,118,136]. In [106], the power losses in aluminum and film capacitors
are calculated for different power factors, ambient temperatures, and modulation strategies.
They both generate negligible losses compared to the operating power of the inverter. The
other components such as the gate drivers, the bus bars, and the PCBs have also limited

impact on the efficiency of high power inverters. Thus, they will not be further discussed.

3.4.5 Power density and specific power

By convention, the power density refers to the power-to-volume ratio, measured in W/L,
while the specific power represents the power-to-weight ratio, expressed in W/kg. They
are both of interest since a compact design allows for easier integration in the powertrain
and larger passenger space in the car. Furthermore, light systems lead to lower energy
consumption to carry them in the vehicle.

As mentioned earlier, traction inverters are composed of multiple components and their
selection depends on the OEM strategy. Hence, the total volume and weight greatly varies
between the brands. In Table 3.1, the power density and specific power of the inverter

modules for different OEMs are compared. It should be kept in mind that these figures
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Table 3.1: Comparison of inverter modules in recent EVs.

DOE targets Toyota Prius Audi A3 e-Tron Nissan LEAF

Model EV (2025) HEV (2016) PHEV (2016)  BEV (2012)
8] [58] [36] [154]
“ Inverter
Components Inverter PCU and APM Inverter
Peak power rating (kW) 100 55 75 80
Power density (kW/L) 100 7.8 9.4 7.1
Specific power (kW /kg) b 4.5 7.4 4.8

@ including a DC/DC boost converter if applicable.
b value not reported.

do not refer to the traction inverter itself but to the integrated module. Indeed, most
modules are composed of the traction inverter and other converters such an APM, a DC/DC
boost converter, and the heat sink to maximize the packaging. More details regarding the

composition of the modules are given in [12].

IGBT

Enclosure & Control Electrical harness

0,
& Cooling 245% 2.0%

49.1% Inverter Capacitors Bus bars
34.0 % & Inductors 14.7 %
52.2%

Internal housing
6.6 %

Figure 3.8: Component weight breakdown of the inverter module in the Audi A3 e-Tron.

Calculating the volume breakdown of each component is challenging due to their complex
shape. However, the weight breakdown is more accessible, and Fig. 3.8 shows the weight
share of the inverter module in the Audi A3 e-Tron [36]. It can be seen that the enclosure
and the heat sink are the heaviest component of the module. This is due to the fact that

they are both plain die cast aluminum components. In the inverter, the weight share is
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dominated by the capacitor and inductors that account for 52.2%. As a result, the specific
power could be greatly increased by improving the packaging of the cooling system and the
passive components.

Some OEMs and Tier 1 suppliers achieved significant improvements by using IGBT
modules with double sided cooling. By improving the heat transfer from the semiconductors
to the cooling plate, the system can operate at high current ratings while keeping a DC
voltage between 400V to 700V. The 55 kW inverter from Delphi reached 15 kW /L and 17
kW /kg by using the Viper IGBT modules [155]. Hitachi also achieved an impressive power
density of 35 kW /L for its integrated inverter module composed of an inverter and an APM

[59].
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Chapter 4

On the concept of the multi-source

inverter

4.1 Introduction

Despite the wide array of inverter topologies, nearly all contemporary EVs integrate only
one kind of inverter: the renowned VSI. In a simple electrified powertrain architecture, this
converter directly connects the battery pack to the EM without the use of any additional
power electronics. Although this configuration is affordable and power-dense, it also achieves
low efficiency at light load due to the use of a fixed DC-link voltage. Furthermore, the EM
performance is limited by the constant battery voltage. Some electrified powertrains, such as
in the Toyota Prius presented in Section 2.2.3, use a DC/DC boost converter in conjunction
with the VSI, as shown in Fig. 4.1a. By doing so, the battery voltage can be stepped up
regarding the driving requirements. One major benefit of this adaptable voltage is the
extension of the high efficiency areas for both the inverters and the EMs. The constant
torque-speed characteristic of the EMs can also be enlarged without the need for a higher
battery voltage. However, the power density of DC/DC converters are mostly affected by

the sizable inductor. Due to the continuous increase of the power requirements in modern
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Figure 4.1: Hybrid powertrain comparison.

electrified powertrains, the volume and weight of the DC/DC converter might undermine
the benefits of using this configuration. Moreover, this converter limits the battery pack
power rating since they are connected in series. Hence, extending the electric driving
range requires more trade-offs between performance, cost, and power density, compared
to the simple architecture. Overall, there is a need for innovative solutions that keep the
advantages of current industry configurations while limiting the downsides.

This chapter presents an inverter topology named the multi-source inverter (MSI) [9].
Its fundamental purpose is to connect two distinct DC sources to the same AC output
using a single conversion stage. Due to its dual DC source, this power converter can be
implemented in power-split architectures, such as those used in the Toyota Prius. Compared
to the conventional configuration that integrates a DC/DC converter connected in series
with the battery pack, the suggested powertrain with the MSI connects the battery to one
DC input, while the other source is provided by the high DC-link voltage shared between
the two inverters, as displayed in Fig. 4.1b. By a simple control of the switches, it will be
shown in the following that either one source or a combination of both can drive the wheels,
depending on the power requested by the driver. This means that the MSI can operate in
three distinct operating modes during the DC/AC conversion and can supply power to the
EM with a variable DC voltage. In a specific mode, the battery directly provides power

to the EM without using the DC/DC converter. Thus, the high power DC/DC converter
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can be dissociated from the traction system in some driving conditions. The efficiency of
the electrified traction drive is also expected to improve due to the single conversion stage
between the battery and the EM. On the other hand, traction inverters applied in electrified
powertrains are bidirectional as they need to transfer power when the EM operates as a
motor and a generator. By using IGBT /diode modules, it will be shown that the MSI can
also act as a rectifier and two operating modes are available. In each rectifier mode, the
power generated by the EM is provided to one DC input, while no power is transferred to
the other. In other terms, one operating mode allows for the charge of the battery directly
by the EM and the DC/DC converter is bypassed. Overall, the use of the additional DC/DC
converter can be limited when the MSI operates as an inverter and a rectifier. This aims to
reduce the power rating of the DC/DC converter.

In the following sections, the MSI topology and the operating modes in both DC/AC
and AC/DC conversions are first presented. Due to the uniqueness of the circuit, the
conventional control strategies presented in Section 3.3 cannot be applied and new adapted
PWM techniques are suggested. Then, the theoretical operations and the control are verified
through simulations with Matlab/Simulink. Finally, a scale-down prototype has been built
and experimentally tested in closed-loop control with an induction motor (IM) and a load.

Experimental results validate the concept of the proposed topology.

4.2 Topologies

The MSI is a power converter which aims to connect several DC sources to the same AC
output using a single conversion stage. For instance, Fig. 4.2 depicts the topology with two
DC sources, namely Vy.; and Ve, connected between (P;) and (O), and (P») and (O).
By replacing the ideal switches Q1 %, @2k, and @31, where k=a, b or c is the cor-
responding phase leg, by IGBTs and diodes, the MSI can be modeled with two different

configurations as shown in Fig. 4.3. Fig. 4.3b shows the circuit of M SI; where each phase
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Figure 4.2: MSI topology with two DC sources.

leg is composed of four IGBTs and freewheeling diodes, namely T} /D  to Ty /D4, and
two clamping diodes D5 ) and Dg . On the other hand, Fig. 4.3c shows the MSI circuit
where Q1 and Q4 are replaced by simple IGBT /diode modules Ty /D1 j, and Ty 1,/ Da ,
while Q2 consists of two devices T ;,/Da i, and T3 1,/ D3 j, sharing a common emitter. This
enables the active control of the current flow in both directions in the middle phase leg.
Although the M SI; and M S, topologies seem similar to the NPC and TNPC circuits
introduced in Section 3.2.3, the connections on the DC side greatly differ from the three-
level inverters. Indeed, in conventional three-level inverters, a single input DC source is
connected between (P;) and (O) while the upper devices (formed by the switches between
(P1) and (P»)) and lower devices (composed of the switches between (P;) and (O)) are
connected to a neutral point (P»). By doing so, an additional DC voltage level equal to
zero is generated, reducing the harmonic distortion of the output voltages and currents.
Moreover, the voltage across the input series-connected capacitors is one half of the DC
input voltage. On the contrary, the MSI does not have a neutral point and the upper
and lower devices are not connected to each other by (P). As a result, two independent
DC sources can be applied with distinct input capacitor banks C; and Cs. This leads to
asymmetrical voltage ratings and current waveforms, impacting on the design requirements

and the efficiency. More details will be provided in Chapter 5. Furthermore, the control
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Figure 4.3: MSI topologies.

methods for the MSI clearly differ from those used for three-level inverters, which will be

further discussed in Section 4.4.

4.3 Operating modes

4.3.1 DC/AC conversion

Depending on the state of the switches in Fig. 4.2, it can be seen that the MSI is composed
of three standard VSI. Hence, during the DC/AC conversion, the MSI can operate in three
distinct operating modes where three different DC voltages are applied to the output line-

to-line voltages:

e Mode Iy: The source V.o supplies the load by using the switches (02, and Q3 5. The

upper switches ()1 are always turned off and V. is not used;

e Mode I3: The source Vy.; supplies the load while charging Vg.o. The switches Q1
and 2 are used and the voltage applied to the output is equal to Vg.1-Vge2. The

lower switches (3 are always turned off;

e Mode I3: Only Vj. supplies the load by using the switches Q1 and Q3. The

switches ()2 1 in the middle phase leg are always turned off and V.o is not used.
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The line-to-line voltages [Vap,Vic,Veoa] and phase voltages [Van,Ven,Von| are calcu-

lated with the well-known formulas as in (4.1) and (4.2).

Vap = Van —Van
Vee = Ven —Von (4.1)
Vea = Von —Van
Van 2 -1 -1 Vao
Van :% -1 2 —1| x| Vo (4.2)
Ven -1 -1 2 Veo

From Fig. 4.2, the voltages [Vao, Vo, Vool can be derived as functions of the gate

signal of the switches and the DC-bus voltages. They are expressed as in (4.3).

VAO = SQl,ancl + SQ2,an02 - Zaia
Vo = Sg1pVaer + Sq2,pVica — Zvip (4.3)
Veo = So1,cVae +5q2,Vaee — Zeie

where Zj, is the phase impedance of the load, and S 1 and S  are the switching functions
of Q1 and (2. By convention, it is considered that the switching function is equal to 0 if
the switch is turned off and is equal to 1 if the switch is turned on. To prevent the topology
from short-circuit events, the switches ()3 5, are complementary to Q2 ; in Mode Iy, Q)1 j are
complementary to @2 1 in Mode I, and (03 are complementary to () ; in Mode I3.

According to the state of the switches in (4.3), it can be seen that the combination of
the two DC sources enables supplying the load with seven different line-to-line voltages.
Table 4.1 summarizes the switching combinations with the ideal switches and neglects the
voltages produced by the impedance Zj in each phase shown in (4.3).

When the ideal switches are replaced by IGBT/diode modules, Sgi , and Sga  are not

applicable anymore and (4.3) needs to be updated. According to Fig. 4.3b, the voltages
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Table 4.1: Switching combinations of the MSI with ideal switches.
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[Vao, Veo, Vool in the M SI; topology are given by (4.4).

VAO = Fl,avdcl + Gl,anCQ - Zaia
Vo = FipVier + Gi1pVaco — Zyip (4.4)
VCO = Fl,cvdcl + Gl,chCQ — Zcie

where F7 i and G are defined by Fy ;, = S71x A Stk and G = St1.x ® St2.k, With 'A’
and '@’ the AND and XOR signs respectively in Boolean logic. Moreover, S71 5 and Sta 1
are the switching functions of the switches 71 j and T3 ;. It should also be noted that the
devices T3, and T} , are complementary to 17 ;, and T5 j respectively in the three operating
modes.

In the M STy presented in Fig. 4.3c, the voltages [Vao, Vo, Voo) are expressed as in
(4.5).

VAO = FQ,ancl + GQ,anCQ - Zaia
Vo = FopVier + GopVaeo — Zyip (4.5)
VCO = FQ,chcl + G2,chc2 — Zcie

where F . = S and Gop, = So1 AST3%- It can be noted that the switches T3, and T}y j,
are complementary to T4 ; and Ty j respectively in Modes I1 and I3. On the other hand,
the switches T} , are complementary to 77 in Mode I3.

Table 4.2 summarizes the device switching states and the input DC voltage applied to
the load regarding the different operating modes of the M SI; and M SI;. It can be noticed
that the same control is used for Modes I; and Iy, while Mode I3 is different.

One can also note that the DC source voltages should be selected as in (4.6). By doing

so, the voltage Vj.1 — V0 applied to the load in Mode I is positive and greater than V...

Vdcl >2x Vch (46)
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Table 4.2: Device switching states of the MSI during DC/AC conversion.

Inverter MSI Device switching states Input DC voltages
modes topologies Stik  Ster  St3kr  Star applied to the load
I MSI1, and MSIs 0 Oorl 1 lor0 Vieo
IQ MSIl and MSIQ Oor1l 1 lor0 0 Vdcl — Vdcg
MSIL Oorl Oorl lor0O 1lor0
I3 Vil
MSI, Oorl 0 0 lor0O

4.3.2 AC/DC conversion

Similarly to the VSI, both MSI topologies can ensure the AC/DC conversion due to the
use of IGBT /diode devices. The DC current can be controlled while keeping the DC-link
voltage constant [105,156]. However, the control strategies developed for the VSI need to
be adjusted since the M SI; and M S, have more switches and two DC voltages.

In rectifier mode, it can be seen from Fig. 4.3a that the MSI consists of two standard

VSI operating as rectifiers. Hence, two distinct operating modes can be considered:

e Mode R;: The power is supplied to Vg1 by using 1 and @3 ;. The switches Q2

are always turned off and no power is transferred to Viyeo;

e Mode Ry: The power is supplied to Vgeo by using Q2 and @3 ;. The switches Q4

are always turned off and no power is transferred to V..

Compared to the DC/AC operations of the MSI, one can note that Q2 and Q3 are
both used in Modes I; and Ry, while Q1 and @3 are controlled in Modes I3 and R;.
Hence, the switching combinations expressed in (4.4) and (4.5) are also applicable when
the M ST, and M S, operate as rectifiers. Table 4.3 describes the device switching states
during the rectifier operations of the MSI. It can be noted that the control differs between
the M STy and MSIs in Mode R; and is similar in Mode Ro. During Mode Ry, the switches

Ty i, and T3, in the M STy simultaneously receive the same gate signal while 75 j, and T} j, are
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complementary. By doing so, the current i4.; can be controlled to a reference value ¢}, and
the current 4. is equal to zero. On the other hand, the switches T3 and T3 are always
turned off in the M ST, during Mode Ri, and the devices T and Ty, are complementary.
Finally, Mode Rs is achieved by controlling the switches 15 and T}y, while T} j, and T3,
are always turned off and on respectively for both the M SI; and the M SI,. By doing so,

the current ig.o is controlled to 4}, and ¢4.1 is equal to zero.

Table 4.3: Device switching states of the MSI during AC/DC conversion.

Rectifier MSI Device switching states DC currents
modes topologies Stik Stek  Stak STak  ldet lde2
MSIL Oorl Oorl lor0 lor0O
Ry i 0
MSI, lor0 0 0 Oor1l

Ry MSI; and MSI, 0 Oor1l 1 lor0 O 0.

4.4 Adapted PWM strategies

Due to the uniqueness of the MSI topologies, conventional PWM strategies, discussed in
Section 3.3, cannot be used to control the converter. Thus, new control strategies have
been implemented and can be applied when the MSI operates either as an inverter or a
rectifier. In the following, two PWM strategies are presented, namely the adapted SPWM
and SVPWM.

4.4.1 Adapted SPWM

Similarly to the traditional SPWM technique for two-level inverters, the suggested control
strategy compares a sinusoidal reference function U;-ik (t) with a triangular carrier vegprier(t)
to generate the pulse gate signals for the switches. However, in the adapted SPWM, the
amplitude of vegrrier (t) varies along with the input voltage defined by the operating mode of

the MSI, unlike in the commonly used SPWM where it is equal to the fixed input DC voltage.
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Indeed, in the adapted SPWM, the operating mode is selected based on the amplitude of
v; 1 (t) which then defines the amplitude of vegrpier(t). As a result, the three-phase reference

functions, shown in Fig. 4.4a, can be expressed as in (4.7) and (4.8).

v, (t) = M;sin(wt)

Ja
vi(t) = Mjsin(wt + ) (4.7)
vi(t) = Mjsin(wt — )
M = 2Vino/Vie; (4.8)

where Mj is the modulation index lying between [0;1], j=1, 2 or 3 denotes the inverter mode
in which the MSI operates, Vi ~,0 is the amplitude of the fundamental harmonic of the phase
voltage and Vg, ; is the input voltage applied to the load in the corresponding operating
mode (i.e. Vi, Vier — Viaea or Vger). Due to the variability of Vyc ;, it can be seen in Fig.
4.4b that the range of VL N,0 is related to the operating mode. Indeed, for a fixed VLN,O and
with a constant load, a higher modulation index is necessary in Mode I; compared to Modes
Is or I3. This is particularly interesting in terms of efficiency since a high modulation index
leads to low currents and, hence, low conduction losses in the switches, when a constant

load and power are considered. This characteristic will be further discussed in Chapter 5.

4.4.2 Adapted SVPWM

The SVPWM technique is usually preferred in motor drive applications because it offers
better controllability at high speed in comparison to the SPWM technique. Also, it presents
better performance in terms of harmonic distortion in control of AC motor and DC bus
utilization. As previously mentioned, the phase legs in the MSI topologies are similar to
the NPC and TNPC inverter circuits. Thus, an adapted SVPWM strategy was developed

to control the switches in the MSI based on its similarities with these three-level inverters.
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Figure 4.5: Output voltage levels.

As the widely used SVPWM, the new strategy consists of applying the reference voltage
as a combination of the two nearest vectors and one zero vector in the alpha-beta reference
plane. The main difference between the adapted SVPWM and the typical one is related to
the voltage states. For three-level inverters, three voltage states -1, 0, and 1 represent the
achievable phase voltage levels of each phase leg (respectively -V./2, 0, Vy./2), as shown
in Fig. 4.5a. However, the DC source voltage in the MSI can be equal to either Vy. or
Vico. Hence, the output voltage in each operating mode is reachable by only two of the
three voltage states, as displayed in Fig. 4.5b. Table 4.4 summarizes the accessible voltage
states per operating mode for both the MSI; and M S, circuits.

In Fig. 4.6, the spatial vector representation in alpha-beta diagram of the new SVPWM

strategy is composed of three hexagons, whose size varies depending on the voltage applied
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Table 4.4: Voltage states of the M STy and M STs.

Operating modes Voltage states Output voltage

I -1 and 0 Vigeo or 0
I 0and 1 Vige1 or Vieo
I3 -land 1 Vige1 or 0

to the load. The radius of the inner circle of each hexagon represents the maximum voltage
Viim1, Viima or Viims achievable in Mode I, I5 or I3 and is equal to Vo /v/3, (Vager — Viae2) /V/3
or Vye1/+/3 respectively. Each hexagon is composed of six sectors. Compared to the control
for three-level inverters, only 21 vectors are used instead of 27 vectors and no region selection
is needed. As a result, the control of the MSI remains simple and easy to implement. After
the mode and sector identification, the switching duration of each vector is calculated in a
similar way as in a typical SVPWM control scheme. Finally, symmetric switching sequences
were chosen in order to reduce the harmonic distortion and the number of switching, allowing

power loss reductions.

Mode 11
== Mode I,
Mode I3

Figure 4.6: Space vector representation of the adapted SVPWM.
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Figure 4.7: New control scheme with the MSI.

4.5 Simulation results

A dedicated control strategy using a conventional field oriented control, also called vector
control, was implemented in simulations to verify the MSI operations [157]. The closed-loop

control scheme is presented in Fig. 4.7. Based on speed and current references (w) and

-k

Y msi)» Proportional integral (PI) controllers generate a reference voltage in alpha-beta axis

whose module |V,..f| is compared to the maximum voltages achievable in each operating
mode. If the adapted SPWM strategy is implemented, the voltage limits of Modes I, Io
and I3 are equal to respectively Vieo/2, (Vae1 — Vae2)/2 and Vgeq /2, as shown in Fig. 4.4b.
On the other hand, if the adapted SVPWM is chosen, |V;.f| is compared to Viim1, Viima,
and Vjj,3 from Fig. 4.6. Once the operating mode is selected, the gate signals are generated
as described in Section 4.4.

The closed-loop control model was developed in Matlab/Simulink with an IM and pa-
rameters are listed in Table 4.5. The MSI operates as an inverter and drives the IM as a
motor when the power is positive, which implies both speed and torque references in the
same direction. If the speed and torque have opposite signs, the IM generates power and
the MSI operates as a rectifier. Hence, the same simulation model presented in Fig. 4.7
can be used to simulate both DC/AC and AC/DC operations.

Simulations in inverter operations were performed at three different speed references, 250
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rpm, 500 rpm, and 900 rpm, a constant reference current i;‘l’msi of 15 A, and a constant load
torque Tjoqq of 14 N.m. These values were selected with a view to show the MSI operating
in the three modes I, Is, and I3. Moreover, the adapted SVPWM was implemented in this
simulation model.

Table 4.5: Parameters with an IM and a load.

Component Parameter Value
DC source voltages Vier 150 v
Viaeo 50 V
Multi-source inverter Switching frequency 10 kHz
Power 10 HP
Voltage 208 V to 230 V
Current 27.6 A to 244 A
Number of poles 2
Induction motor Stator res'istance 0.135 Q2
Rotor resistance 0.18 Q
Stator inductance 0.064 H
Rotor inductance 0.064 H
Inertia 0.1 kg.m?
Rated speed 3500 rpm
Energy 5.9 kWh
Battery pack Voltage (nominal) 50 V
Capacity 116 Ah

Simulation waveforms in inverter mode for the M SI; are displayed in Fig. 4.8. Similar
outcomes were obtained with the M ST, and will not be presented to avoid redundancy. As
shown in Fig. 4.8a, the rotor speed converges to the three reference values. From Figs. 4.8b
and 4.8c, it can be seen that the MSI switches between the operating modes as expected.
Indeed, when the reference voltage module |V,..¢| is lower than Vi, 1, the MSI operates in
Mode I;. On the other hand, if |V,..f| stays between Vi, 1 and Vi, 2, or between Vj;y,, 2 and

Viim 3, the MSI is in Mode I3 or I3 respectively. The input DC current waveforms, shown in
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Fig. 4.8d, are also in line with the theory. In Mode I, 749 is positive while the current 74,
remains null. This confirms that V. supplies the motor whereas Vy. is not being used.
In Mode I, the positive value of ig.; and negative value of i4.9 validates the charge of V.o
from Vy. while the motor is running. One can also note that i4. is equal to the negative
of ige1 (losses neglected). This is because, in Mode Io, the two input sources are in series
and the negative pole of V. is connected to the negative pole of V.. Hence, the current
driving the load is the same as the one charging Vj.o. In Mode I3, i4.0 is equal to zero,
which confirms that V.o is not being used. In this mode the motor is driven by Vg, as
verified by a positive i4.1. In Fig. 4.8e, the line voltage V4 p varies along with the operating
modes, as stated in Tables 4.1. From Fig. 4.8f, one can note that the amplitudes of the
stator currents i, 43, and 7. are constant even if the MSI operates in different modes. This
is due to the fact that the current iZ,msi and the load torque Tj,q4, which is proportional to
iq,msi, were kept constant. On the other hand, the frequency increases as the rotor speeds
faster, which is consistent with the theory. At last, one can note that the MSI operates in
Mode I3 for a very short period of time at ¢ = 2sec, during the step increase of the reference
speed. This is due to a voltage spike on the signal |V;.¢| that exceeds Vi, 3. To prevent this
effect, |V,cf| can be filtered in order to reduce the noise of the signal and the parameters
of the PI controllers can also be adjusted to limit the overshoot during the transition. For
real-time applications, a state machine with hysteresis control would be a better method to
manage the mode transition. Indeed, this would ensure a smooth transition and improve
the stability of the system since it prevents the MSI from switching between two modes at
high frequency.

Simulation in rectifier operations were carried out with the same Matlab/Simulink model
presented in Fig. 4.7 and the parameters shown in Table 4.5. Unlike in inverter operations,
a negative speed reference was given while 7j,,4 was kept positive. By doing so, the speed
and torque have opposite signs and the power is negative. This means that the IM acts as

a generator and the MSI becomes a rectifier. Two different speed references w,* = —1150
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Figure 4.8: Simulation waveforms with the M Sy in inverter modes Iy, I, and I3.
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Figure 4.9: Simulation results in Mode R; at w,” = —1150 rpm.

rpm and w,* = —500 rpm were chosen to simulate the two rectifier modes presented in
Section 4.3.2. The current i;,m o 1s fixed at 15A and Tj,4q is constant and equal to 14 N.m.
Results are shown in Figs. 4.9 and 4.10 for respectively Modes R; and Rs.

From Fig. 4.9, it can be seen that i4.; is negative while i4.0 is equal to zero. This
confirms that the power is only transferred to Vy.; in Mode R;. Fig. 4.10 shows the MSI
operating in Mode Ry, which is verified by the negative value of i4.o and 4. is null. In both
modes, one can note that the waveforms of V4p and the phase currents i,, 7, and 7. are
also consistent with the theory. Indeed, the amplitude of the line voltage matches with the
DC voltage receiving power. Moreover, the amplitudes of the phase currents stay constant
regardless the speed since Tj,,q Was kept constant and only the frequency changes.

In conclusion, the simulation results verify the theoretical operation principles of the

MSI in inverter and rectifier operations.
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Figure 4.10: Simulation results in Mode Rs at w,* = —500 rpm.

4.6 Experimental validation with an EM

A scaled-down prototype of the M SI; was built to validate the effectiveness of the in-
verter and is shown in Fig.4.11. The circuit is composed of three IGBT modules type
F3L50R06W1E3-B11. The DC source Vyeo is supplied by a battery pack and V. is pro-
vided by a power supply. The MSI drives a motor I M 4 with the closed-loop control scheme
presented in Fig. 4.7. A second machine I Mp is shafted connected to M4 and driven by
a standard VSI, as presented in Fig. 4.12. The torque load is controlled with the currents
of the VSI on the dg-axis, namely i4,s and iq,s. Several safety precautions have been
integrated to the experimental setup, including fuses, emergency-stop button, pre-charge
circuits and inrush current detection. Fig. 4.13 shows the complete experimental setup
where the protective enclosure has been removed for the picture. The control of the whole
setup including the gate signals of the MSI and the VSI, the safety features, the sensors, and
the speed encoder are managed by a real-time system MicroAutoBox II and the software

dSPACE. Experiments were performed with the parameters from Table 4.5 and both IMs
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have the same characteristics.

Figure 4.11: Prototype of the M S1;.

Experiments were carried out under the same driving conditions as in the simulations to
provide a one-to-one comparison. The MSI is controlled with iZ,m s = 15 A and Tjpqq = 14
N.m, corresponding to iz ,,; = 15 A and iy ,,; = 25 A for the control of the VSI. Results in
inverter modes are presented in Figs. 4.14 to 4.16 with a speed reference of 250 rpm, 500
rpm, and 900 rpm respectively. The phase current i,, the DC currents 4. and 4.2, and the
line voltage Vap are shown in each case. The magnified view of the simulated waveforms
of the DC currents, line voltage, and phase currents from Fig. 4.8 are also displayed along
with the experimental results in each operating mode.

In Fig. 4.14, the M SI; operates in Mode I; where only the battery supplies the load.
This is confirmed by the positive value of i4.0 while 74.; is almost null. The amplitude of the
line voltage Vap is equal to Ve, as expected from Table 4.2. Fig. 4.15 displays a positive
current i4.1 and the maximum amplitude of V4p is equal to 100 V. This is consistent with
the theory of Mode Iy where V.1 supplies the load, but the voltage is equal to Vg, — Vieo

because of the series connection of the two DC sources. One can also note that the battery

is charged with 74.9 almost equal to the negative of i4.1. The difference in magnitude is due
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Figure 4.12: Scheme of the experimental setup.

to the losses generated in the inverter. At last, Mode I3 is shown in Fig. 4.16. Although
the DC currents are noisier than expected in Fig. 4.16b, it is clear that the average value
of 4.1 is positive and the average value of i4. is equal to zero. This validates the theory
where V.1 supplies the load and the battery is not used.

Several hypotheses were investigated regarding the oscillations of ig.o in Mode I3. It
was found that they are caused by the clamping diodes D5 ;. and Dg ) that conduct a small
portion of the battery current. Indeed, when T} ; and T3 are turned on, Dg is reverse
biased by applying Kirchoff’s voltage law. Moreover, Ds ; is forward biased and a positive
value of i4.0 can flow. On the other hand, D5, is reverse biased when T3, and T, are
switched on, while Dgj conducts and 4.9 is negative. Experiments have been carried out
to verify this theory. Although it is challenging to measure the currents in the chips due to
the use of IGBT modules, the voltage across each device is accessible. Fig. 4.17 displays the
experimental waveforms of the voltage Vps across D5, Vpg across Dg 4, the current ¢4.0 and
the phase current i,. From Fig. 4.17a, the non-filtered voltages clearly vary between zero
to Vi1 — Viaea for D5 4 and zero to Vgeo for Dg ,, which is consistent with Kirchoff’s voltage
law. In Fig. 4.17b, the signals have been filtered and it can be seen that i4. is positive

when Dg, conducts, while it is negative when D5, is forward biased. This confirms the
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Figure 4.13: Experimental test setup with the M SI;.

assumption that both clamping diodes are responsible for the fluctuations of i4.5. Although
the relationship between the amplitude of the current ripple of i4.0 and the load is still
unsure, it can be noticed that the oscillations are negligible compared to i4.;. Hence, in the
following of the thesis, the clamping diodes will be assumed reverse biased in Mode 3.
The experimental setup presented in Fig. 4.13 can also be used to test the rectifier
modes of the M S1;. Indeed, by controlling the speed and torque with opposite signs, IMp
will act as a motor and I M4 becomes a generator. Experiments were performed with the
same parameters from Table 4.5. The MSI is controlled with ’L-:(l,msi =15 A and Tjpuq = 14
N.m, corresponding to i3, = 15 A and 4 ,,; = 25 A for the control of the VSI. Two
negative speed references of -500 rpm and -1150 rpm were tested and results are presented
in Figs. 4.18 and 4.19 respectively. These operating points have been chosen to show the
MSI operation in both Modes R; and Ro. The stator current i,, the DC currents i4. and

14c2, and the line voltage Vg are displayed in each case.

Fig. 4.18a shows the waveforms of the M SI; in Mode R; where the maximum amplitude
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Figure 4.14: Results in Mode I; at w,* = 250 rpm.
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Figure 4.15: Results in Mode I3 at w,™ = 500 rpm.
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Figure 4.16: Results in Mode I3 at w,” = 900 rpm.
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Figure 4.17: Experimental verification of the clamping diode conduction in Mode I3.
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Figure 4.18: Experimental waveforms in Mode R; at w; = —1150 rpm.
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Figure 4.19: Experimental waveforms in Mode Ry at w; = —500 rpm.
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of Vap is equal to Vg.1. Similarly to Mode I3, the DC currents in Mode R; are noisy due to
the clamping diodes D5y and Dgj, that alternatively conduct, as previously explained. In
Fig. 4.18b, the filtered signals clearly show that the current i4.; is negative and i4.9 is equal
to zero. This confirms that the power generated by I M4 is provided to V.1 while no power
is transferred to Vyeo. Fig. 4.19a shows a negative i4.0 and ig.1 is almost null. Furthermore,
the maximum amplitude of V4 g is equal to V.. This validates that the M SI; operates in
Mode Rs where the power is supplied to Vg5 and no power is transferred to V.

Overall, the experiments in both inverter and rectifier modes are consistent with the

theory and the simulation results.

4.7 Conclusion

In this chapter, the concept of the MSI was introduced. This inverter enables independent
DC sources to drive the propulsion EM while using a single conversion stage. Two circuits,
MSI; and MSIs, are considered and both can operate in three operating modes during
the DC/AC conversion, allowing for an adaptable voltage to supply the EM. In Mode I3,
the battery pack Vy.o directly provides power to the load. Mode I5 enables extending the
charging opportunities of the battery while the EM is running. The voltage applied to
the load is equal to V. — Vigeo. Finally, in Mode I3, the high DC voltage Vy.; supplies
the load and the battery is not used. New PWM control strategies, namely the adapted
SPWM and SVPWM, have been presented for both the M.S1; and M.S1s. By using IGBTs,
the MSI is bidirectional and can also ensure the AC/DC conversion. Both the MSI; and
M S5 can operate in Modes Ry and Ry where the power is supplied to one DC input or
another. Simulations were performed in closed-loop control with multiple speed references
and a constant torque to verify the MSI operation in inverter and rectifier modes. During
the DC/AC conversion, three positive speed references and a positive torque were given

to run the EM as a motor and verify the MSI in the three inverter modes. By providing
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a negative speed and positive torque, the EM generates power and the MSI operates as a
rectifier. Simulations results are consistent with the theory. A scale-down prototype of the
M S, was built and experimentally tested with an IM. The experimental setup includes a
second IM controlled as a load and several safety features. Experiments were carried out
under the same operating conditions as in simulations. By controlling the speed and torque,
both inverter and rectifier operations can be verified, and results validated the theoretical

operation principles of the MSI.

76



Chapter 5

Design and efficiency analysis

5.1 Introduction

As previously mentioned in Section 3.4, the competitiveness of a new topology is often eval-
uated in terms of cost, reliability, power density, and efficiency. In Fig. 3.6, it has been seen
that the power devices account for more than 20% of the total inverter cost. The VA rating,
that considers the peak current and voltage of the switches, is a criterion commonly used to
compare topologies [113]. Thus, applying this method to the MSI provides a comprehensive
understanding of the switch configuration. As one of the most sizable component, the input
DC-link capacitor bank plays a major role in the power density, weight, and cost of an
inverter. The appropriate selection requires the calculation of the RMS capacitor current
and voltage ripples to prevent the capacitor from overheating, while ensuring an acceptable
ripple voltage on the DC side. In the MSI, each source Vg.; and Vg needs its own ca-
pacitor bank. Various methods have been developed to design the most suitable capacitor
depending on the inverter topology and the modulation strategy [131,158-160]. However,
none of them have been applied to the MSI yet. As two-level and three-level inverters are
commonly used in the industry, numerous approaches have been suggested in the literature

to evaluate the efficiency [161-163]. Through the analysis of the current in the switches
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and the datasheet parameters, the power losses can be fairly estimated [164,165]. However,
the commutation paths in the MSI significantly differ from standard inverters. Thus, the
previously mentioned methods cannot be directly applied to the MSI and further analysis
needs to be carried out to estimate its efficiency.

In this chapter, a comprehensive design and efficiency analysis of the MSI is provided. As
the primary function of the MSI is to ensure the DC/AC conversion, the following analysis
will not consider the rectifier operations. The switch configuration is analyzed based on the
voltage and current requirements for both MSI topologies. Due to the uniqueness of the
circuits, the selection of the capacitor banks requires the analysis of the capacitor current
and voltage in each operating mode of the MSI. From these analytical equations, the size
of the capacitor bank can be then carefully selected in the worst-case scenario. At last,
the efficiency analysis, derived from analytical calculation of the currents in the switches,
is presented. By considering a constant R-L load and under the same power requirements,
the efficiency varies regarding the mode in which the MSI operates. As a result, depending
on the operating conditions, the most efficient mode can be selected, ensuring the MSI to
operate at high efficiency over a wide output voltage range.

In the following sections, the switch configuration is first discussed. Then, a compre-
hensive study of the RMS capacitor ripple current and capacitance is suggested to select
the proper capacitor banks of the MSI. Finally, an efficiency model based on the analytical
calculations of the average and RMS currents in the switches is developed. Experiments
with an R-L load have been carried out to validate the efficiency model. Furthermore,
comparisons of the M SI; and the M SI, with the VSI are provided along with the switch,

capacitor, and efficiency analyses.
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5.2 Switch configuration

The total VA rating is a factor commonly used to compare inverter topologies in terms of
switch configuration. The switch VA rating is defined as the product of the maximum peak
current flowing through the device with the maximum voltage across the terminals. Then,
the total VA rating is the sum of the VA ratings of all devices in the inverter. In Section
4.3, it has been seen that both MSI circuits can operate in the same operating modes where
a variable voltage is applied to the load. However, the control of the switches and, thus,
the commutation paths greatly differ. Hence, the VA ratings are expected to be different

and the current and voltage stresses in each MSI topology have to be considered in detail.

5.2.1 Maximum peak current

The three-phase output currents i,(t), i5(t) and i.(t) are assumed sinusoidal and phase-

shifted by 27/3 between each other. They can be expressed as in (5.1) and (5.2).

io(t) = Ipkjsin(wt —¢)
(t) = Iy sin(wt+Z — ¢) (5.1)
ic(t) = Ippjsin(wt — %ﬂ —¢)

Lkj = Vino/Zk (5.2)

where I, ; is the peak amplitude of the output phase current in the corresponding operating
mode and ¢ is the phase shift angle between the fundamental harmonics of the line voltage
and the phase current.

Substituting (4.8) into (5.2) and by considering a constant R-L load, one can note that
the peak current is proportional to the DC voltage V. ;, that varies depending on the
operating mode (i.e. Vgeo, Vier — Vie2 or Vgep). Moreover, the maximum value is obtained

for a modulation index M; equal to unity. Hence, I, 3 in Mode I3 is higher than in Modes
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I, and I since V. is higher than V.o and Ve — Viges.

From Table 4.2, the maximum current stress in each switch and for every operating
mode can be derived for both MSI topologies. The results are shown in Fig. 5.1. In Modes
I; and Io, the switches are controlled in a similar way in both the MSI; and MSI>. In
Mode Iy, the switches T} /Dy are always turned off while the other devices conduct.
Hence, the maximum current stress of every switch in the circuits is equal to I 1, except
for T} /D1, where it is equal to zero. In Mode Iy, the peak current of T /Dy is equal
to zero since they are always turned off and it is equal to I, o for the other switches. On
the other hand, the control in M SI; and M SI differs from each other in Mode I3. In the
M S1,, the switches are controlled by pair where T} /D , and T'9, k/ D3 j, receive the same
gate signal and T3 /D3, and Ty /D3 ) are complementary. It has been seen in Fig. 4.17
that a small portion of the phase current is conducted by the clamping diodes Ds; and
Deg j,. However, this current is negligible compared to the peak current and the clamping
diodes can be considered reverse biased. Hence, the M SI; topology is equivalent to a VSI
where each top and bottom switch per phase leg consists of two devices in series. As a
result, the maximum current stress in every device, except the clamping diodes, is equal to
L 3. In the MSI,, the switches Ty /Doy, and T3 /D3, are both always turned off and

the topology is similar to the VSI. Hence, the current flows only through T} ;/D; ; and

Tug/Day.

5.2.2 Maximum blocking voltage

The voltage stress across each switch can be determined from Table 4.2 and by applying
Kirchoff’s voltage law in each phase leg. The results are shown in Fig. 5.2 and depend on
the operating modes.

In the VA rating calculations, the maximum peak current and maximum voltage are
considered over the three operating modes. For the M S1;, it can be seen that the maximum

voltage of the inner switches T5 /Do), and T35,/ D3, is equal to Vgep. On the other hand,
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Figure 5.1: Maximum peak current in: (a) MSI;. (b) MSI.
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Figure 5.2: Maximum voltage stress in: (a) MSI; (b) MSIs.

a voltage of Vg1 — Vgeo has to be blocked by T /D1 j, and Ds j. Furthermore, the highest
voltage stress on the switches Ty /Dasy and Dgy is equal to Vyeo. In the MSIy, the
maximum voltage across the devices greatly differ from the M SI;. Indeed, T} /D ) and
Ty 1/ Da, have a blocking voltage of V.1 while the voltage stress of T3 ;,/Ds 1, and T5 /D2 i,

is equal to Vg, — Vo and V.o respectively.
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5.2.3 VA rating comparison

In the following, the VA ratings of the MSI;, MSI> and VSI are compared. In order to
provide a fair comparison, the VA rating of the VSI has been calculated for three DC source
levels, Vieo, Viaer — Viaeo, and Vyeq, corresponding to the DC voltage applied to the load in
each operating mode of the MSI. Due to the symmetry of the circuit, each switch conducts
the phase current alternatively and the voltage stress is equal to the DC-link voltage. Hence,
the maximum peak current in every switch of the VSI is equal to I,; 3 and the blocking
voltage is equal to Vy.1. In Fig. 5.3, the VA ratings of one phase leg in three topologies
have been normalized over the VA rating of the VSI and are compared. The parameters are
presented in Table 5.1 and the voltages were chosen in the same range than those used in
commercialized vehicles. As expected, the VSI has the lowest VA rating due to a lower part
count. However, even if the M S1, has twice more switches than the VSI, its VA rating only
increases by 27.8%. On the other hand, the M SI; suffers from the two additional switches

and clamping diodes per phase leg, which leads to a VA rating 55.6% higher than the VSI.

Table 5.1: Comparison parameters with an R-L load.

Parameters Values

Vdcl 600 V

Viea 200 V
Switching frequency 10 kHz
Fundamental frequency 10 Hz

Three-phase R-L load 5.1 2 and 256 uH

In conclusion, although the MSI topologies have twice or three times more devices than

the VSI, their competitiveness in terms of switch configuration is moderately impacted.
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Figure 5.3: Normalized VA rating of one phase leg in the VSI and both MSI topologies.

5.3 DC-link capacitor banks

The RMS value of the capacitor ripple currents Aic1 yms,j and Aigo rms; and the capaci-
tances C1 ; and Cy ; are the main factors to select the appropriate DC-link capacitor banks.
However, their values depend on the operating modes of the MSI, and the proper selection
of the capacitor banks needs to be considered in the worst-case scenario. In the following,

the capacitor analysis will be detailed for both the M SI; and the MSIs.

5.3.1 Commutation paths

From Fig. 5.4 and considering a Wye (Y) connection of the load, the input currents are

expressed as in (5.3) for the M SI; and in (5.4) for the M STs.

tini,msn (1) = Figia(t) + Fipip(t) + Ficic(t)

ting, s (1) = Giala(t) + Gipip(t) + Gicic(t)
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Figure 5.4: Capacitor banks of the MSI.
iin1,MSI, (1) = Faaia(t) + Fopip(t) + Focic(t) (5.4)
iin2,MSL, (1) = G24ia(t) + Gapip(t) + Gocic(t)

where the switching functions Fy ., Gik, Fa, and Gy were defined in Section 4.3. Al-
though i;n1 prsr (t) and 4in1 mrsr, (), as well as im2 amrsr, (t) and iim2 arsr, (t), are given by
different equations depending on the MSI topology, the same results can be found by re-
placing the switching functions. Hence, in the following, the input currents will be denoted
by iin1(t) and i;,2(t) for both the M SI; and M S1s.

From (5.3), (5.4) and Table 4.2, i;,1(¢t) and i;,2(¢t) can be found for each of the three
operating modes of both MSI topologies and the six intervals shown in Fig. 4.4a. For
example, Fig. 5.5 presents the simplified switching states St; ;, and St2 i, and the waveforms

of ij,1(t) and iz2(t) over one switching period during the interval [§; 5] of Fig. 4.4a for

3]
the three operating modes. One can note that v;f_ (1), expressed in (4.7), can be supposed
constant over one switching period Ty, as the switching frequency of vegrrier(t) is considered

much larger than the reference function frequency. Moreover, the switching waveforms of

St1,r are not shown in Fig. 5.5a since the devices T} are always turned off in Mode I7.
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In a similar manner, the switching patterns of S7o are not shown in Fig. 5.5b since Ty,
remain turned on in Mode I, as mentioned in Table 4.2. In Mode I3 the control differs for
the M SI; and MSI, and different switching pattern for Sy, and Spg are shown in Figs.
5.5¢ and 5.5d. One can note that the switching waveforms of St are not shown in Fig,
5.5d since T5 j, are always turned off in the M S5 operating in Mode I3.

From Fig. 5.5a, the input current i;,2(¢) can be divided into four operating areas,
namely I to IV during the time intervals T} to Ty respectively. The commutation paths are
detailed in Fig. 5.6 when the M S operate in Mode [; during the interval [F; 5] shown
in Fig. 4.4a. It is assumed that the phase currents i,(t) and i.(t) are positive while ()
is negative. In this operating mode, the DC-link voltage Vj.o is supplied through (P,) and
(O). From Fig. 5.6a, it can be seen that i,(t) and i.(t) flows through the freewheeling
diodes D3 /D44 and D3 /Dy . while i(t) flows over T3, and Ty, since T5 i, is switched off
during the operating area I. Hence, the current i;,2(¢) remains null. In Fig. 5.6b, Ty, is
switched on, i,(t) flows from (P») to the AC side and the commutation paths for i,(¢) and
ic(t) remains similar than previously. The current i;,2(¢) is now equal to i,(t) during the
operating area II. In Fig. 5.6¢, T . is switched on and 4;,2(t) is equal to the sum of i4(t)
and i.(t) during the operating area III. Finally, Fig. 5.6d shows the commutation paths
during the operating area IV, where the devices T3 j, in every phase leg are switched on and
their complementary 7}, are switched off. Hence, the phase currents i,(t) and i.(t) flow
respectively through T5 /D5, and Ts./Ds .. However, since 4,(t) is negative, the current
flows from the AC side to (F») through T3, and Dgy as Ty is switched off and the current
tin2(t) is equal to zero.

From Fig. 5.5b, it can be seen that 4;,1(t) and 4;,2(t) can also be divided into four
operating areas when the M SI; operates in Mode I3. Furthermore, i;,2(t) is equal to the
opposite of i;,1(t) since the sources are connected in series and the negative pole of Vo is
connected to the negative pole of Vj.;. When the M SI; and the MSIs is in Mode I3, as

shown in Figs. 5.5¢ and 5.5d, i;,2(t) is equal to zero and i;,1(t) follows the same pattern
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Figure 5.5: PWM waveforms over one switching period for the M SI; and M S1s.
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than in Mode I. The commutation paths of the operating areas during the interval [§; 5]
of Fig. 4.4a when the M SI; operates in Modes Iy or I3, and the commutation paths in

M S5 for the three operating modes are shown in the Appendices A.1 and A.2.

5.3.2 RMS capacitor ripple currents

From Fig. 4.2, both capacitor currents ic1(t) and ic2(t) can be calculated by (5.5) for the
MSIl and MSIQ

Z‘C’7s(t) = Z.alc,s<t) - Z‘in,s(t) (55)

where i4. 5(t) is the DC source current, i, s(t) is the input current of the MSI and s=1 or
2 denotes the number of the DC source.
Moreover, each current from (5.5) can be divided into the average I, representing the

DC component, and the ripple Ai corresponding to the AC component, as given in (5.6).

iC,s (t) = IC,s,avg + AiC’,s (t)
iin,s (t) — Iin,s,cwg + Aiin,s(t) (56)
idc,s (t) = Idc,s,avg + Aidc,s(t)

Substituting (5.6) into (5.5), the AC and DC parts can be separated and are expressed

in (5.7).

IC,s,avg = Idc,s,avg_Iin,s,avg
(5.7)

AiC,S(t) = AZ'dc,s(t) - Aiin,s(t)

Since the average current of a capacitor is equal to zero and assuming that the ripple

of the DC source current is negligible compared to the ripple of the input current of the
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Figure 5.6: Commutation paths of the M SI; operating in Mode I;.

88



Ph.D. Thesis — Lea Dorn-Gomba McMaster University — Electrical Engineering

inverter, (5.7) can be approximated to (5.8).

Aicys(t) = Iin,s,avg - iin,s(t) (58)
The RMS value of the capacitor current is defined as in (5.9).

]. TS'LU
Aic,s,rms = T Aic’s(t)th (5.9)
sw J(Q

where Ty, is the switching period.
By substituting (5.8) into (5.9), the RMS value of the capacitor ripple current Aic g rms

can be expressed as a function of i, s rms and Iip s g and is given in (5.10).

; _ 2 _ 72 5.10
AZC:&"“TTLS - \/Zin,s,rms Iin,s,avg ( )

3 g 1 Tsw )
Z?n,s,rms = 7_(/7 (T A iin,s(t) dt) dwt
% sw
3 g 1 Tsw
’iin,s,ayg = 7'['/ <T/ iin,s(t) dt) dwt
5 \Tw o

In (5.11), the currents zfn s and 7;,, , are first integrated over one switching period. Then,

(5.11)

they only need to be calculated over one of the six intervals presented in Fig. 4.4a. Indeed,
due to the symmetrical operation of the inverter under a balanced load, the result will be
the same for the five other intervals [130, 158].

From Fig. 5.5, the currents i;,1(f) and i;,2(¢) can be expressed as functions of the three-
phase output currents i,4(t), ip(t) and i.(¢) in each operating area. For example, when the

M SI; operates in Mode I; and t € [§; 5], the input currents are expressed as in (5.12) and
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(5.13).

imi(t) = 0 (5.12)
0 tel, 1,
Gin2(t) = { g (t) te (5.13)
io(t) Fict) teTy

By substituting (5.12) into (5.11), it is clear that iin1,rms and Iini qvg remain null. As a
result, the RMS capacitor ripple current Aicy rms is equal to zero in Mode I1. On the other
hand, by neglecting the deadtimes between the switches and the reverse recovery current in
the freewheeling diodes, , iin2 rms and Iin2 qvg can be calculated by substituting (5.13) and

(5.1) into (5.11) [131]. Finally, Aicgrms in Mode I; is given by (5.14).

Ipi 1

V2

AiCQ,Tms - Al(Mla(b)'
(5.14)

Aj(My.0) = Ygrt + (R — 402)cos?(9)

2 ™

The same procedure can be applied to calculate the analytical expressions of i;,1(¢) and
iin2(t) in Modes I and I3 from Figs. 5.5b and 5.5¢. The final expressions of Aicq pyms and
Aicrms in each operating mode are provided in Table 5.2.

Fig. 5.7 shows Aic1 yms and Aiga rms as functions of the modulation index M; and the
power factor cos(¢) in each operating mode of both MSI topologies. One can note that
Aictrms in Mode I1 and Aiggms in Mode I3 are not displayed since they are equal to
zero. Moreover, Aici rms and Aicg rms are equal in Mode I>. Indeed, as shown in Fig.
5.5b, the current i;,2(t) is equal to —i;,1(t), hence, the RMS values are equal. From Fig.

5.7a, it can be seen that Aicq rms reaches its maximum in Mode I3 while the highest value
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Table 5.2: Aici pms and Aiga s in every operating mode of both MSI topologies.

Operating modes Aic rms Aic2 rms
Ipia
I 0 A (M, 9). f/ﬁ
Lo Lk 2
IZ A2(M25¢)’ \/§ AQ(M27¢)' \/i
Ipk3
I3 A3(Ms3, ). f@ 0
20,
<15
£
510
R
< 5
0
1

(a) AZ'Cers in C. (b) AiCQ,Tms in Cs.

Figure 5.7: RMS capacitor ripple currents for every operating mode of the MSI topologies.

of Aico rms is achieved in Mode I (see Fig. 5.7b). This is due to the assumption that the
R-L load is constant in all three operating modes of the MSI. Thus, for a similar power
factor and modulation index, the output voltage and, hence, the peak current in Mode I3,
are greater than in Modes I1 and Is. As a result, the current capability of C and Cs should
be selected based on the maximum output current required by the load in each operating

mode to prevent the capacitor banks from overheating.

5.3.3 Capacitances

The capacitances C7 and C5 also depend on the mode in which the MSI operates and are

calculated from the RMS value of the capacitor ripple voltage AV rms and AV pms.
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These values only need to be calculated over one switching period in one of the six intervals

defined in Fig. 4.4a since the load is considered balanced. They can be defined by (5.15).

3 % 1 Tsw
3 = - o ()2 (5.15)
AVC,s,rms ﬂ_/r <Tswcs o AZC,s(t) dt) dwt

For example, when the MSI operates in Mode I;, Aic s(t) can be expressed as in (5.16)
and (5.17) from (5.8), (5.12) and (5.13).

Aici(t) = 0 (5.16)
Iin27avg t e T17 T4
Aico (t) = Imgﬂyg — ia(t) tely (5'17)
Iin2,avg - (ia(t) + Z.c(t)) tels

Finally, by substituting (5.16) into (5.15), it is clear that AV pms is equal to zero in
Mode I;. Furthermore, substituting (5.17) into (5.15) gives the final expressions of AV rms
in Mode I; as shown in (5.18) [131,158].

Tpg,1 My

)

AViorms = Bi(Mi,¢).—
“ 10 Tee

(5.18)

2

M. 9M 4 M.
Bi(Mj¢) = /(6 PMaVE | M) a(g) 1 BMLVE

where fs,, is the switching frequency of the MSI.

Similar calculations can be applied in Modes Is and I3 but will not be presented to avoid
redundancy. The RMS capacitor ripple voltages AV rms and AV s are commonly fixed
to 5% to 10% of the corresponding DC input source voltage and the appropriate capacitance

for each operating mode of the MSI are given in Table 5.3.
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Table 5.3: C7 and C in every operating mode of both MSI topologies.

Operating & C2
modes
Ipp1. My

I 0 B M , . p b

1 1M1, ¢) 16AVe rms-fswV2
I k2-M2 I kQ-MZ

I By(Msy, ¢). s Ba(Mz, ¢). p’

2 2( 2 (b) 16A‘/C1,1ﬂms-fsw\/§ 2( ? ¢) 16AVCQ,TmS'fS'w\/§
Ipy 3.Ms3

I3 B3(M3’d)) : 0

‘ 16AVC’l,rms-fsw\/§

047

(a) Cl .

Figure 5.8: Capacitances for every operating mode of the MSI.

In Fig. 5.8, the capacitances C] and Cs are shown for every operating mode as functions
of M; and cos(¢) for the same parameters presented in Table 5.1. Similarly to Fig. 5.7, the
capacitances C in Mode I; and (5 in Mode I3 are not presented. Moreover, from Fig. 5.8a
it is clear that the highest value of C] is reached in Mode I3 while the maximum value of Cs
is obtained in Mode I (see Fig. 5.8b). Hence, for the same reasons previously mentioned,
both capacitances should be selected based on the maximum output current required by

the load in each operating mode to ensure satisfying filtering of the DC input sources.
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5.3.4 Capacitor comparison

The total volume of the capacitor bank in the MSI is expected to be larger than that of
the VSI. Indeed, the MSI has two DC-link capacitors for its sources instead of one, as it
is the case in the VSI. In the following, the capacitor requirements for the MSI and VSI
are compared to estimate this volume increase. In order to provide a fair comparison, the
capacitance Cy, and the RMS capacitor ripple current Aic s of the VSI were calculated
for three DC source levels, Vge, Vier — Vieo and Ve, corresponding to the DC voltage
applied to the load in each operating mode of the MSI. The analytical equations are given
in [158,159]. It has been found that the maximum values of Cyg and Aic s are reached
for a DC voltage equal to Vg.;. As a result, the capacitor requirements for C in the MSI
are similar to those for Cy;. This means that the volume increase of the capacitor bank in
the MSI is only due to C2. Table 5.4 summarizes the capacitor specifications for the MSI
and the VSI considering the parameters listed in Table 5.1. One can note that the voltage

and current ratings for Cs are much lower than for C; and C,g;.

Table 5.4: Capacitor requirement comparison.

Inverter Capacitor Voltage Capacitance RMS current

topology bank breakdown (V) (uF) ripple (Arms)
VSI Chsi 650 7.73 21.50
ST Ch 650 7.73 21.50
Cy 250 15.46 14.33

From the specifications of Table 5.4, two industrial capacitor models have been selected
to compare the capacitor volume of the MSI and the VSI [166]. For example, the model
C4AEGBW5500A3JK from KEMET is chosen for Cy since it features a capacitance of
50uF’, a blocking voltage of 450V, and Aicg ,ms is equal to 16A. On the other hand, the
model C4AAEJBW5200A3JJ is selected for C7 and Cyg; due to a capacitance of 20uF, a

blocking voltage of 700V, and Aicq rms equal to 12.5A. However, in view of the low RMS
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Figure 5.9: Normalized capacitor volume of the VSI and both MSI topologies.

current capability compared to the requirements, two capacitors in parallel must be used
to filter Vy.1. From the datasheet, one can also note that both models have the same
dimensions and, thus, the same volume. As a result, C; has a total volume twice larger
than Cs. Fig. 5.9 displays the normalized capacitor volume in both MSI topologies and
the VSI. The values have been normalized by taking the VSI as the reference. It can be
seen that the total volume of the capacitor bank in the M SI; and M S, increases by 50%
compared to the VSI. In conclusion, although the MSI has twice more capacitors than the

VSI, its capacitor volume does not double but increases by one half.

5.4 Efficiency analysis

In this section, the efficiency of both MSI topologies is analyzed by estimating the conduc-
tion and the switching losses of the switches. To do so, the power losses are calculated from
the averaged and RMS currents in the switches and the datasheet parameters.

5.4.1 Average and RMS currents in the switches

Due to the discontinuity of the current in the devices, the average and RMS values are

approximated by applying the mid-ordinate rule [160]. This method consists of splitting
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the device current curve into rectangles with a width equal to the conduction time of the
switch and the height is assumed to be the value of the phase current at the instant t. As

a result, the average current Iu.,g device and RMS current I, device of each device are given

as in (5.19).
1 pa
Iavg,device = % ia(t)Fdem’ce,j (t) de ( )
o 5.19
2 1 o . 2
Irms,device = % Za(t) Fdevice,j (t) dt
al

where a1 and as are respectively the lower and upper limits of the interval during which the
device conducts over one fundamental period. The function Fyeyice,;(t) is the conduction
duty cycle function that varies over time and depends on the operating mode. It represents
the duration over a switching period during which the switch conducts the phase current
[167].

For the sake of brevity, only the calculations of the function Fieyice ;(t) in Mode I; will
be presented for both MSI; and MSI;. A similar procedure can be applied for Modes
I> and I3. Moreover, the analysis will only be detailed for the phase leg A as the load is

considered balanced, implying identical results for the switches in the two other phase legs.

Average and RMS currents in M S

Fig. 5.10 shows the phase current i, (), the fundamental harmonic of the line voltage
Van,o(t) and the current waveforms in the devices of leg A when the MSI; operates in
Mode I over one fundamental period. From a detailed analysis of the waveforms presented

in Fig. 5.10, the function Fgeyice,1(t) for each device can be developed as follows.

e The devices T4, D14 and Dj, never conduct. Hence, the functions Frpiq1(t),

Fpia,1(t) and Fpag1(t) are equal to zero over the fundamental period;

e In Mode I;, it has been seen that the switch T3, is always turned on, as seen in
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Figure 5.10: Waveforms of i4(t), Vano(t) and the current in the devices of the phase leg A

when the M SI; operates in Mode I7.
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Table 4.2. As a result, the switch conducts during the interval [0; ¢] U [1 + ¢; 27| and

Frsa1(t) is equal to 1;

e Both T, , and Ds , conduct during the interval [¢; m+ ¢] and T} , conducts during the
interval [0; ¢]U[m+¢; 27]. However, unlike T3 , that is always turned on, these three de-
vices periodically switch and their conduction duty cycle functions Firaq 1(t), Fpse,1(t)
and Fr4q,1(t) depend on the intersection between the carrier function vegprier(t) and
the reference voltage via(t). In Fig. 5.11a, the functions vegrrier(t) and via(t) have
been shifted up by one to simplify the calculations and Fig. 5.11b is a zoom of the
area surrounded by a red rectangle in Fig. 5.11a. For similar reasons announced in
Section 5.3.1, Uia(t) is considered constant over one carrier period. From Fig. 5.11b,

the equality given in (5.20) can be derived based on geometric considerations.

TstT2a,1(t) Uia(t) +1
Tow 2 (5.20)
1
Fraga(t) = 5(1 + M; sin(wt))

As aresult, Frog1(t), Fpsa(t) and Fry, 1(t) are expressed as in (5.20) and the average

and RMS currents are given by (5.21) and (5.22).

1 Micos¢ 21
Ia'u T: Ds /T, = Ik1(7+7) (5 )
9,(T2,a/Ds,a/T4,a) R 8
1 M;cos¢
- Y it (5.22)
rms,(T2,a/Ds,a/Ta,a) pralg 3

e Finally, D3, and Dy, complement T3, and Ds, during the interval [¢; 7 + ¢] while
Dg o complements Ty o during [0; ¢] U [m + ¢; 27]. Hence, their conduction duty cycle

functions are identical and can be expressed as in (5.23). The average and RMS
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Figure 5.11: Geometric considerations to calculate Fra, 1(t).

currents are given by (5.24) and (5.25).

FD3a,1(t) = FD4a,l(t) = FDGa,l(t)
FD3a71(t) = 1- FT2a,l(t) (523)
1
= 2(1 — M sin(wt))
1 M cos ¢
Lavg(Ds.a/Dsa/Dea) = Ipka(sz——F— 20
avg,(D3,a/D4,a/Dé,a) PR, 21 8
1 M;jcos¢
2 . _ Ikl(f—i (5.25)
rms,(D3,a/D4,a/Ds,a) PR, 8 3

From the aforementioned analysis, the conduction duty cycle function and the average
and RMS currents for each device are summarized in Table 5.5a when the M SI; operates

in Mode I;.
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Table 5.5: Average and RMS currents, and power losses of each device in Mode .

(a) In the M SI;.

Devices Fdevice,l(t) Iavg,device Izms,device Pcond,dem'ce Psw,dem‘ce
Ty x/D1/Doy 0 0 0 0 0
Ty1.)D
2/ Ds.i (5.20) (5.21) (5.22) (5.27) (5.29)
Ty
Ty 1 Ipke Ik (5.27) 0
Ds,/D
3’1’;/ K (5.23) (5.24) (5.25) (5.27) (5.29)
6.k

(b) In the M STs.

: 2
Devices Fdevice,l (t) Iavg,device Irms,device Pcond,device Psw,device

T1k/ D1k 0 0 0 0 0

Tok/Ds g (5.20) (5.21) (5.22) (5.27) (5.29)
Ty

Tsk/Dak (5 93) (5.24) (5.25) (5.27) (5.29)
Dy

Average and RMS currents in M S/

Fig. 5.12 shows the phase current i,(t), the fundamental harmonic of the line voltage
Van,o(t) and the current waveforms in the switches of phase leg A when the M Sy operates
in Mode I; over one fundamental period.

From a detailed analysis of the waveforms presented in Fig. 5.12, the function Fyeyice,1(t)

for each device can be developed as follows.

e The functions Fri4,1(t) and Fpia1(t) are equal to zero over the fundamental period

since the devices T1 , and Dj , never conduct;

e The devices Ty, and Ds, periodically switch during [¢;7 + ¢] and Ty, conducts

during the interval [0;¢] U [ + ¢;27]. Hence, their conduction duty cycle functions
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Figure 5.12: Waveforms of i,(t), Vano(t) and the current waveforms in the devices of the

phase leg A when the M SIs operates in Mode I;.
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are calculated as in (5.20) and the average and RMS currents are given by (5.21) and
(5.22).

e Finally, T3, and Dy, complement D3, and T, during the interval [¢; 7 + ¢] while
Dy o complements Ty o during [0; ¢] U [m + ¢; 27]. Hence, their conduction duty cycle
functions are identical and can be expressed as in (5.23). The average and RMS

currents are given by (5.24) and (5.25).

From the aforementioned analysis, the conduction duty cycle function and the average and
RMS currents for each device are summarized in Table 5.5b when the M SIs operates in

Mode Il.

5.4.2 Power loss calculation

The average conduction losses Prond,device for both IGBTs and diodes can be calculated as

in (5.26) [163,165).

1 po
Pcond,device = 27_‘_/ Vdevice (t)'ia (t)'Fdevice,j (t) dt (5 26)
a .

Vievice(t) = Vievice,0 + Rdevice-ia(t)
where Vieyice(t) is either Vog(t) or Vi(t) the voltage across the IGBTs or the diodes accord-
ing to the static characteristic, Vieyice,0(t) is either Vopgg or Vg the zero-current voltages
and Rgepice 18 either Rog or Rp the on-sate resistances from the datasheet of the IGBTs
or diodes respectively.
From (5.19) and (5.26), the average conduction losses are expressed as in (5.27) and are

summarized in Table 5.5 when both MSI topologies operate in Mode I;.

_ 2
Pcond,device = Vdevice,O-Iavg,device + Rdevice'Irm&device (5'27)

On the other hand, the average switching losses s, device can be estimated for both the
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IGBTs and diodes by (5.28).

1 rpe
Psw,dem’ce = fsw-z/ Esw,device(i(t))dt
B (5.28)
. Z(t) Vdc,j
Esw,device(z(t)) = Esw,nom-IiV
nom Vnom

where 81 and 32 are respectively the lower and upper limits of the switching interval over one
fundamental period. The energy dissipation Fgy nom is given in the datasheet at nominal
current Iy,oy, and nominal voltage Vyom. For IGBTSs, Egynom can be defined as the sum
of the turn-on Eyp nom and the turn-off E,tf,0m energies while it is equal to the reverse
recovery energy Ejccnom for diodes. The current i(t) represents the current flowing through
the device when it switches. For example, from Fig. 5.10 when the M S1; operates in Mode
I, it can be seen that every device switching during the interval [¢; 7 + ¢] conducts the
current i,(t) while a current —i,(t) flows through the devices switching during the interval
[0; ¢] U [T + ¢;27]. By integrating (5.28), the switching power losses are identical for both

switching intervals and can be expressed as in (5.29).

1 ka,l Vdc,l (5‘29)
Psw,device = fsw-*-Esw,nom-i
7T Inom Vaom

One can note that T3 , is always turned on in Mode I1 which means that it does not generate
switching losses. The switching losses for every device in Mode I; are summarized in Table
5.5.

Finally, from Table 5.5 and by considering the load balanced, the total losses P, of the
MSI can be directly calculated as the sum of the conduction and switching losses of every

device in the three legs of the inverter and are expressed as in (5.30).

P = 3 Z (Pcond,device + Psw,device) (530)

device
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Figure 5.13: Theoretical efficiencies of the MSI.

The theoretical efficiencies of the M SI; and the MSI; have been calculated with the
parameters presented in Table 5.1 and the IGBT modules type F3L50R0O6W1E3-B11 and
F3L100R12W2H3-B11 respectively. Results are shown in Fig. 5.13 for a power factor close
to unity. At low output voltage, both topologies can operate in the three modes and the
efficiency in Mode I; is higher than in Modes I and I3. Indeed, for the same amplitude
VLN,O, the modulation index in Mode I; is higher than for Modes Is and I3 since Vo is
smaller than Vy. — Ve and V. Similarly, the MSI achieves higher efficiency in Mode
Is compared to Mode I3. As a result, by actively controlling the mode in which the MSI
operates and keeping a high modulation index, high efficiency can be achieved over a wide
power range. One can also note that the peak efficiency obtained in Mode [; is lower than
those obtained in Modes I and I3. This is due to the DC input voltage applied to the
inverter that is equal to Vg, in Mode I; and is lower than the DC voltages applied in
Modes I and I3 (i.e. Vg — Ve and Ve respectively). This characteristic brings new
opportunities in terms of design optimization where the DC voltage levels could be selected

to maximize the efficiency of the inverter depending on its application.
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Table 5.6: Experimental parameters with an R-L load.

Parameters Values

Viel 150 V

Viea 50 V
Switching frequency 10 kHz
Fundamental frequency 10 Hz

Three-phase R-L load 5.1 2 and 256 uH

5.4.3 Experimental validation with the M S,

Experiments were performed with the prototype presented in Fig. 4.11 and the parameters
in Table 5.6 where a battery pack supplies Vy.0, and a power supply provides Vy.;. The
experimental setup is shown in Fig. 5.14 and the adapted SPWM technique was used to
control the switches. In every mode, the efficiency has been measured with a Yokogawa
WT1800 precision power analyzer and the modulation index was increased in steps by
varying the amplitude of the output voltage 1% ~,0 While the power factor was kept constant
and close to unity.

Fig. 5.15 shows the current waveforms of ige1 (), i402(t) and the three-phase load i4(t),
ip(t), ic(t) for a modulation index M; equal to 1 in each operating mode. The experimental
results with the adapted SPWM control are consistent with the analysis of the inverter
modes detailed Chapter 4. Indeed, in Mode Iy, Vg provides power to the load while V.
is not used. This can be seen from Fig. 5.15a where i4.2(t) is positive and i4.1(t) remains
null. Moreover, in Mode Is, V4.1 supplies the load and charges V.o at the same time, as
it is shown in Fig. 5.15b where i401(t) is positive and ig4.2(t) is the inverse. Finally in Fig.
5.15¢, Vye1 supplies the load in Mode I3 and V.o is not used. This results in a positive
idc1(t) while i4.9(t) is equal to zero.

In Fig. 5.16, the measured efficiencies are compared to the calculated values over the

output voltage range depending on the operating mode. It can be noticed that, when
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Figure 5.14: Experimental test setup of the M SI; with an R-L load.

the modulation index is low, the measured efficiency is slightly higher than the calculated
one in Modes I} and I,. These discrepancies are due to the datasheet parameters used
in the averaged equations (5.27) and (5.29). Indeed, these parameters where considered
constant and were extracted from the datasheet for a fixed temperature equal to T; =
125°C. However, during the experiments, the IGBT modules operate at a temperature
much lower than T; = 125°C which also implies lower values for the parameters. Hence, at
a low modulation index, the power losses were overestimated. On the other hand, as the
modulation index and, thus, the power increases, the devices heat up and the parameters
used in the averaged model are closer from the experimental values. As a result, the error
between the calculated and measured efficiencies at high modulation index is reduced. As
a future work, the accuracy of the model can be improved by considering the temperature
as a variable in the average equations and the temperature of the IGBT modules should be
experimentally measured.

Table 5.7 summarizes the maximum calculated and measured efficiencies achieved and
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Figure 5.15: Experimental current waveforms of the M SI; with the adapted SPWM.
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the error between them for each operating mode. It can be noticed that the maximum
calculated efficiency matches the measured one with an error of less than 2% in every
operating mode. Hence, these results validate the analytical efficiency analysis of the M STy

previously presented.
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Figure 5.16: Calculated and measured efficiencies of the M S1;.

5.4.4 Experimental validation with the M S/,

A scaled-down prototype of the M SI> was built and is shown in Fig.5.17. The circuit is
composed of three IGBT modules type F3L100R12W2H3-B11. Experiments were carried
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Table 5.7: Experimental efficiency comparison for the M S1;.

Operating modes 1 2 3
VLN %V 50V 75V

Maximum measured efficiency (%) 88.74 95.00 94.72
Corresponding calculated efficiency (%) 89.06 93.64 95.36
Error (%) -0.36 145 -0.67

out with an R-L load and the parameters are presented in Table 5.6. The DC source Ve
is supplied by a battery pack and V. is provided by a power supply. The experimental
waveforms of the phase current i,, the DC currents i4.; and 4.9, and the line voltage Vapg
are presented in Figs. 5.18 with the adapted SPWM control. The output voltage VLN,O
was set to 25V, 50V, and 75V to show the operation of the M SIs in respectively Modes
Iy, I5, and I5. It can be seen that each mode is in line with the theory detailed in Chapter
4. When the M SIs operates in Mode I3, one can also note in Fig. 5.18c that the current
ide2 18 equal to zero with no oscillations, unlike the waveforms shown in Fig. 4.16b for the
MS1I,. This is because the MSI5 does not have clamping diodes and the switches 75 and

T3, are turned off in Mode I3, which prevents the current ig.o from flowing.

(a) Model in Altium Designer. (b) Experimental prototype.

Figure 5.17: Prototype of the M S1s.

In every mode, the efficiency has been measured with a Yokogawa WT1800 precision

109



Ph.D. Thesis — Lea Dorn-Gomba McMaster University — Electrical Engineering

1800V 2 BO0AS 3 10.0AF 4 10087 0.0s 10.002/ Stop

idCZ ) (a) Mode I.
lde1 ' ' o '

(=1
=
=
-~
ra
(=1
=
=
~
(=1
=
=
~
S
(=1
=
=
~
=]
el
&

10002/ Stop

(b) Mode I5.
o
L U U L
| 100V 2 2004/ 3 10.0A/ 4 10.04/ 00s 10002 Step
A A A A A TA A A A | A
SEAVAVAVAVAVAVAVAVAYA
_ V.V Y ¥ W
ldc1
e 2 (c) Mode Is.

Figure 5.18: Experimental waveforms of the M SI; with an R-L load.
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Table 5.8: Experimental efficiency comparison for the M STs.

Operating modes 1 2 3
VN 25V 50V 75V

Maximum measured efficiency (%) 92.37 96.62 96.83
Corresponding calculated efficiency (%) 91.74 95.22 97.25
Error (%) 0.68 147  -0.43

power analyzer and the modulation index was increased in steps by varying the amplitude of
the output voltage Vi, ~,0 while the power factor was kept constant and close to unity. Results
are shown in Fig. 5.19. It can be noticed that the error between the measured efficiencies
and the calculated values is fairly small even at a low modulation index, unlike the results
for the M SI;. This is due to the experimental conditions where the IGBT modules were
operating at high temperatures even in Mode I; when the efficiency measurements were
taken. Hence, the parameters used in (5.27) and (5.29) for a temperature of T; = 125°C
were closed from the experimental conditions.

Table 5.8 summarizes the maximum calculated and measured efficiencies achieved and
the error between them for each operating mode. It can be noticed that the maximum
calculated efficiency matches the measured one with an error of less than 2% in every
operating mode. Hence, these results validate the analytical efficiency analysis of the M 515

previously presented.

5.4.5 Efficiency comparison

In this section, the efficiency of the M SIy, M SI, and VSI are compared. The efficiency
of the VSI has been calculated from equations detailed in [165] with three levels of DC
voltage corresponding to the DC voltage applied to the load V. ; in each inverter mode of
the MSI (i.e. Ve, Vaer — Viaeas Vier). The parameters are listed in Table 5.1. As previously
mentioned in Section 5.2, the current rating and the blocking voltage of the switches in

the MSI depend on the operating modes and the inverter topology. Due to the high DC
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Figure 5.19: Calculated and measured efficiencies of the M STs.

voltage requirements presented in Table 5.1, discrete IGBTs and diodes were selected with
a blocking voltage of either 600V or 1200V and the same current rating. From Fig. 5.2 and
Table 5.1, 1200V devices were chosen if the maximum voltage stress is equal to V.1, while
600V devices were selected for a maximum voltage stress of Vi.; — Vo and Vyeo. Table 5.9
summarizes the blocking voltage for each component in every inverter topology.

The analysis presented in Section 5.4 was applied with the parameters of Table 5.1 and
results are shown in Fig. 5.20. In Fig. 5.20a, Vg joaq is equal to Vye which means that

the MSI topologies operate in Mode I; and the DC voltage of the VSI is equal to Vgeo.
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Table 5.9: Blocking voltage comparison.

Devices VSI MSI MSIs

Tyx/Diy 1200V 1200V 1200 V
Tyy/Dax 1200V 600V 600 V

Tsx/Dsp - 600 V. 600 V
Tyx/Dax - 1200V 1200 V
Ds 1 - 600 V -

D 1 - 600 V -

The efficiency of the VSI is slightly higher than for the M SI; and the M SI, due to its
lower part number. Indeed, in the VSI, the current flows through either the top or bottom
switch in each phase leg. On the contrary, the current flows in one or two switches per
phase leg in the M S5 and always two switches in the M Sy, as shown in Figs. A.3 and
5.6. Hence more conduction and switching losses are generated in the MSI; and M S,
compared to the VSI, which is translated by lower efficiencies. Fig. 5.20b corresponds to
the case where both MSI topologies operate in Mode I> and a voltage V.1 — Ve is applied
to the DC side of the VSI. Similarly to the previous case, the VSI is more efficient due to
the current flowing through more switches during the commutation paths of the M SI; and
MSIs,, as displayed in Figs. A.1 and A.4. Finally, in Fig. 5.20c, the MSI circuits operate
in Mode I3 and Vy.; is applied to the VSI. One can note that the efficiency curves of the
VSI and the M ST, overlap. This is due to the fact that the switches 75 and T3, in the
M S5 are always turned off in Mode I3, as mentioned in Table 4.2. As a result, the current
flows either through the top switch T} /D ) or the bottom switch Ty /Dy, as shown in
Fig. A.5. Hence, this commutation path is similar to the one in the VSI, leading to equal
efficiencies. For the M S1y, its efficiency is still adversely impacted by the current flowing

through two switches, as displayed in Fig. A.2.
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Figure 5.20: Efficiency comparison between the M Sy, MSI5 and the VSIL

5.5 Conclusion

In this chapter, the switch configuration of the MSI was analyzed and the VA ratings of the

MSI, MSI5, and the VSI were compared. Although the M SI; and M SI, have respec-

tively three and two times more switches than the VSI, their VA ratings are moderately

impacted with an increase of 55.6% and 27.8% respectively. As the most sizable component

in an inverter, the capacitor requirements were discussed and comprehensive analytical cal-

culations of the RMS capacitor ripple current and capacitance were suggested to select the
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proper capacitor banks for the MSI. Due to the additional DC input source, the overall vol-
ume of the capacitors is increased by 50% compared to the VSI. Finally, analytical efficiency
analysis based on the average and RMS currents in the switches were developed for both
the M SI; and M SIs. Simulations showed that high efficiency can be achieved thanks to an
active control of the mode in which the MSI operates. Indeed, by choosing the operating
mode and, thus, the input DC voltage that provides power to the load, the MSI can enlarge
its high efficiency areas by performing at a high modulation index. Experiments with the
M S and M S, prototypes, a 50V battery pack, and a 150V power supply were performed
on an R-L load to validate the analytical efficiency models. A minimum error of less than
2% between the calculated and measured efficiencies in every operating mode of the M ST;
and M S5 is achieved. A comparison between the M SI;, the M SIs, and the VSI was also
carried out. The M SI; is less efficient than the M SIy due to the additional switches and
the clamping diodes, regardless the operating modes. Furthermore, the M SIs is slightly
less efficient than the VSI when a similar DC voltage of Ve or Vi — Vyeo is applied to the
load. If a high voltage of V. is applied, the M .S, operates in Mode I3 and is as efficient
as the VSI.
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Chapter 6

Multi-source inverter in hybrid

electric powertrains

6.1 Introduction

System- and device-level models of the MSI have been developed in the previous chapters
to provide a comprehensive analysis of the MSI; and M SI;. In Chapter 4, the MSI was
considered at system-level to validate the concept of the topology and its control through
the theoretical analysis of the operating modes, simulations, and experiments in closed-loop
control with an IM and a load. Chapter 5 discussed the design requirements and the ef-
ficiency of the MSI at device level. Throughout the analysis of the switch configuration,
the VA rating has been estimated. Analytical calculations for the DC-link capacitor re-
quirements have been developed based on detailed studies of the RMS capacitor current
and voltage ripples. Finally, power losses were also calculated by analyzing the current
waveforms in the switches and experiments were carried out to validate the theory. Over-
all, system- and device-level studies provided thorough results to validate the concept and
estimate the performance of the MSI.

In this chapter, the implementation of the MSI in a power-split powertrain is discussed
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and a vehicle-level simulation model is developed to estimate the potential benefits of the
new powertrain. Power-split architectures, such as those developed in the Toyota Prius,
integrate a DC/DC converter to provide a variable input voltage to the dual inverter. By
doing so, the performance of the EMs can be improved along with the efficiency of the
ETDS. For the past few years, OEMs tend to increase the power requirements of EVs in
respond to the consumer demand. As a result, integrating this additional DC/DC converter
adversely impacts on the power density and the cost due to the power inductor and the extra
switches. Moreover, this converter and the battery pack should have the same power rating
since they are connected in series. Hence, extending the electric driving range by increasing
the power rating of the battery pack requires more trade-offs between performance, cost,
and power density, compared to the simple architecture. With a view to overcome these
issues, a new powertrain is suggested where the principal traction inverter is replaced by
the MSI. When applied in power-split powertrains, the terminal inputs of the topology are
connected to the battery pack V.o and the high DC-link voltage V.1 shared with the other
inverter, as shown in Fig. 4.1b. Depending on the operating mode, the battery can be
either connected in series with the DC/DC converter or provides power separately. Indeed,
by applying the control previously presented in Chapter 4, the battery pack can directly
transfer power to the EM due to the additional connection on the DC side. Hence, the
DC/DC converter can be bypassed in some driving conditions and a reduction of its power
rating is expected without derating the battery system. Moreover, the overall efficiency of
the propulsion system can be improved due to the variable voltage and the single conversion
stage between the battery and the EM. When the DC/DC converter is connected in series
with the battery, the powertrain can operate in two distinct operating modes. One mode
enables extending the charging opportunities of the battery pack and the other mode allows
for high power demands. In total, three operating modes are achievable with the MSI when
a DC/AC conversion is required. On the other hand, the MSI can act as a rectifier in case

of regenerative braking or when the ICE provides extra power to charge the battery. Two
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operating modes are available, and the EM generates power to either Vg.; or Vy.o. Hence,
the power can be transferred to the battery either through the DC/DC converter or directly
to its terminals thanks to the additional DC connection. As a result, the DC/DC converter
can be bypassed during some battery charging events.

In the following sections, the control and simulation model of a conventional power-split
powertrain, similar to the MY2010 Toyota Prius, are first analyzed. Then, control strategies
of the new powertrain with the MSI are proposed by considering all operating modes of the
topology and a vehicle-level simulation model is developed in Matlab/Simulink. Finally,
simulations were performed for several drive cycles and the performance of the conventional

and suggested powertrains are compared.

6.2 Conventional powertrain control and model

The following analysis focuses on the MY2010 HEV Toyota Prius as a case study. Con-
trol strategies of this power-split powertrain have been substantially studied by multiple
laboratories, such as the Argonne National Laboratory and the Idaho National Laboratory.
Furthermore, a vehicle model was developed in the software Autonomie, presented in Section
2.3.3, and validated with intensive performance testing [168]. Hence, throughout extensive
literature review and simulations with Autonomie, the fundamentals of powertrain control
and simulation modeling for this specific architecture are analyzed.

In this section, the control strategies of the power split device composed of the ICE
and both EMs are first reviewed. Then, the powertrain operating modes are discussed.
Finally, the simulation model of the ETDS, developed in Autonomie and available in Mat-

lab/Simulink, is analyzed.
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6.2.1 Control strategies of the power split device

Control systems in contemporary HEVs are subject to continuous improvements to ensure
the operation of the powertrain at its best performance. They are not only influenced by
the vehicle speed but also by other factors such as accelerations, braking demands, and the
state of charge (SOC) of the battery. Hence, they use elaborated control strategies based on
optimization algorithms to manage the power distribution between the EMs, the ICE, and
the battery pack. The primary purpose of these multi-objective functions is to maximize
the efficiency of the ICE, while maintaining the battery SOC at an acceptable rate. By
doing so, the driving performance are optimized, which leads to further fuel consumption
reductions and gas emission minimization.

In the Toyota Prius powertrain, the ICE can be turned on or off and its power can
be shared between the EMs and the differential of the vehicle. Both EMs can operate as
motors or generators and the control of the speed and torque depends on the wheel power
requirements, the ICE operations, and the battery. In view of the numerous variables, the
control of this architecture is complex, and the model is summarized in Fig. 6.1. The battery
SOC is estimated by advanced algorithms and the driver power demand is calculated from
the vehicle speed and acceleration or braking requests. First, the controller decides to turn
on or off the ICE based on the power required by the driver and the SOC rate. Then, the
power demands for the ICE and the battery are calculated and two cases are achievable.
If the SOC is high and the battery can provide sufficient power to drive the wheels, the
ICE is turned off and the vehicle operates in electric-only mode. On the other hand, when
the SOC is low or the power demand is too high for the battery, the ICE is turned on.
Under these driving conditions, the battery assists the propulsion or is charged through
either regenerative braking or by the ICE that shares its power to drive the wheels while
regulating the battery SOC. The optimal speed and torque operating points of the ICE

are calculated from the power requirements to maximize its efficiency. Finally, the speeds
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Figure 6.1: Control model of the Toyota Prius power split device.
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Figure 6.2: Mechanical diagram of the Toyota Prius power split device.

and torques of the EMs are determined based on the mechanical coupling with the ICE
in a power split device. Fig. 6.2 shows the mechanical diagram of the Toyota Prius gear
system [37]. The power split device uses two planetary gears, namely PG and PGy, where
both ring gears share the same rotational shaft linked to the wheels. The carrier of PGy
is connected to the ICE that transmits mechanical power to EM; through the sun gear.
The rotational shaft of E My is linked with the sun gear of PG> and the speed and torque
are proportional to those of the wheels since the carrier gear is fixed. Thus, the speed and
torque of E M, are regulated based on the ICE optimal operation, as shown in Fig. 6.1.
Furthermore, the mechanical power of £ M5 is defined by the power demands of the driver,

the battery, and the torque of EM;.
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Figure 6.3: Power flow during the eletric-only mode.

6.2.2 Powertrain operating modes

The operating modes of power-split powertrains can be classified by analyzing the status of
the ICE, the charge or discharge of the battery, and the motoring or generating operations of
the EMs. In total, four modes can be distinguished, namely the electric-only, the combined

driving, the combined driving and charging, and the regenerative braking modes.

Electric-only mode

The vehicle operates in electric-only mode when the battery is the sole source to drive the
wheels. In this case, the HEV acts as a BEV since the ICE is turned off. Thus, it is the most
suitable operation for a vehicle as it enables zero fuel consumption and no exhaust emissions.
Fig. 6.3 shows the power flow in the powertrain. The battery power is transferred through
the DC/DC converter that can either step up the voltage or simply leave it at the battery
level. Then, the power is supplied to EM> to drive the wheels thanks to its mechanical
connection, as previously shown in Fig. 6.2. In the meantime, no power is provided to EM;
since the ICE is turned off.

The electric-only mode is achievable under specific driving conditions. Indeed, the ICE

is turned off if the power requested by the wheels is lower than the battery power rating
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Figure 6.4: Power flow during the combined mode.

and if the SOC is within an acceptable range. Hence, the powertrain is usually controlled
in electric-only mode during light accelerations and low to middle speeds. If the driver
power demand is above the maximum battery power or if the SOC rate is lower than the
limit allowed by the system, the battery is not sufficient anymore to drive the wheels. As a
result, within a short period of time, the battery provides power to both EMs, and EM; is

used to start the ICE.

Combined driving mode

When the power requested by the driver is beyond the battery capability, the ICE is turned
on. Hence, the combined driving mode corresponds to the case where the ICE is the principal
source of energy and the battery assists the propulsion. The power flow is shown in Fig.
6.4. The battery is discharging, and its power is transferred by the DC/DC converter to
the EMs. Both EMs can operate as motors or generators, depending on the operation of
the ICE. When one of the EMs operate in generating mode, the other EM necessarily acts
as a motor to ensure a proper power flow in the powertrain. For similar reasons, whereas
simultaneous motoring operation is allowed, both EMs cannot generate power at the same

time.
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As previously mentioned, the ICE operates at a specific speed and torque that maximize
its efficiency. By doing so, the fuel consumption of the vehicle is reduced. Due to the gear
connection between the ICE and E M, the power of EM; varies along with the ICE optimal
operating point. The speed and torque of £ M, is then adjusted considering the mechanical
power provided by the power split device and the power requested by the wheels.

During the combined driving mode, the powers supplied by the battery and the ICE are
added since the two sources are used in parallel. Hence, this mode is preferred for driving
conditions with high power requirements, such as high speeds, heavy loads, and sudden
accelerations. However, when the battery SOC drops below a specific threshold defined in
the control system, the battery needs to be charged and the powertrain exits the combined

driving mode.

Combined driving and charging mode

Battery packs in HEVs are not designed to be charged by the grid. Hence, if the SOC
is lower than an acceptable rate, the battery is charged by the components within the
powertrain. One charging technique uses the ICE to generate power back to the battery.
The ICE is the sole source that drives the vehicle and provides more power than required
by the wheels to charge the battery in the meantime. The powertrain is, thus, operating in
combined driving and charging mode. Fig. 6.5 displays the power flow in the powertrain.
Both EMs can act as motors or generators. Unlike in combined driving mode, they cannot
simultaneously operate in motoring mode, but they can operate in generating mode. In
other terms, if one EM acts as a motor, the other necessarily generates power back to the
battery to guarantee an appropriate power flow between the powertrain components.
During this mode, the controller still optimizes the efficiency of the ICE and the same
control described in Fig. 6.1 is applied. Compared to the other operating modes, the vehicle
can operate in combined driving and charging mode under a wild array of driving conditions.

Indeed, this mode mainly depends on the SOC rate, which is why it is reachable at high
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Figure 6.5: Power flow during the combined and charging mode.

or low speeds and for various load demands. However, the fuel consumption is higher than
in other cases since the ICE needs to provide power to drive the wheels, while charging the
battery at the same time. Thus, this operating mode is not suitable due to the extra fuel
used to charge the battery. Another charging method using regenerative braking is usually

preferred.

Regenerative braking

The regenerative braking technique is commonly used in contemporary EVs to charge the
battery. This system is popular as it recovers the kinetic energy, usually dissipated as heat,
during decelerations and braking events. Fig. 6.6 shows the power flow in the powertrain.
The mechanical power is provided by the wheels and converted into electricity by E M,
that acts as a generator. Then, the DC/DC converter transfers power to the battery while
adjusting the voltage level. Since no propulsion energy is required by the driver, the ICE
is turned off and no fuel is consumed. The controller regulates the speed and torque of
E M based on the power available from the regenerative braking system and the EM power

capability. No power is converted by EM; as it stands still while the ICE is turned off.
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Figure 6.6: Power flow during the regenerative braking mode.

6.2.3 Simulation model

In this section, the analysis is focused on modeling the battery and the ETDS, composed
of the DC/DC converter, both EMs, and the inverters. The APM, the mechanical dynamic
system, and the ICE models will not be detailed.

In Autonomie, powertrain simulations are developed based on forward-looking models
[168]. This simulation modeling technique is named after the direction of its calculations
that start from the driver power demand to the component controllers. It is a popular
method as it offers a close representation of actual controls implemented in commercialized
EVs. More specifically, forward-looking powertrain simulations work as follows [169]. For
a specific drive cycle, the wheel power demand, including propulsion and braking events, is
sent to a driver model that controls the power distribution between the ICE and the EMs, as
previously shown in Fig. 6.1. Then, the power profiles from the power split device are used
to calculate the power requirements for each component in the rest of the vehicle model.
Finally, the vehicle model calculates the actual speed of the vehicle and the driver model,
that acts as a PI controller, compares the desired and actual vehicle speeds to minimize
the error. Overall, a forward-looking model captures the component dynamics and enables

developing real-world control strategies.
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Figure 6.7: Conventional battery and ETDS models in the Toyota Prius.

Fig. 6.7a shows the simplified powertrain of the Toyota Prius with the variables used
in the simulation model of the battery and the ETDS, displayed in Fig. 6.7b. Vehicle-level
models vary depending on the objectives of the simulation, as discussed in Section 2.3. In
this section, the simulations aim to verify the powertrain operating mode theory previously
presented and extract the power profiles of the components in the vehicle model. Hence,
averaged and steady-state modeling methods can be used since they provide results with
an acceptable accuracy in a reasonable simulation time. Each component of Fig. 6.7b is

modeled as a combination of a local controller and the plant system.

126



Ph.D. Thesis — Lea Dorn-Gomba McMaster University — Electrical Engineering

ot S o 2
p estimation

Vbat,cell
calculations

A4

Figure 6.8: Simulation model of the battery.

Battery pack

In Fig. 6.7b, it can be seen that the battery model uses the battery current ¢,; as input
signal to generate the battery voltage Vj in the output. Several battery models have been
suggested in the literature [41]. For example, lumped parameters models use equations to
calculate the cell voltage Viut cen With parameters experimentally determined beforehand.
Fig. 6.8 shows the battery model used in the simulation.

The cell current ipq¢ cepr is calculated by dividing i44¢ by the number of cells in parallel

N,

parallel i the battery pack. It is then used for SOC estimation and to calculate the cell

voltage Vit cen- Numerous algorithms have been developed to estimate the SOC but will
not be further discussed as it is out of the scope of this thesis. The calculations of Viut ceir,
given by (6.1), are based on the open circuit voltage (OCV) and the charge or discharge
resistance Rpq:. These parameters depend on the cell chemistry and are experimentally
obtained. Finally, Vjq is the product of Vigs cenn and the number of cells in series Ngepies in

the pack.

%at,cell = OCV—Rbat-ibat,cell (61)

DC/DC boost converter

An averaged model based on equations is used to represent the DC/DC boost converter.
Depending on the speed of the vehicle and the power required by the wheels, the local

controller sends a voltage command V,,,4 to step up the battery voltage or not. The output
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voltage Vpoost varies between three values, namely Vy.o, Vi1, and a voltage level close to
Vicr — Vigeo. The output signal of the model represents the battery current iy, converted
by the DC/DC converter. It is expressed as in (6.2) when the converter transfers power
from the battery to the inverters, or as in (6.3) when the power is converted in the opposite

direction.

. 1 Vooost (ide, M1 + de, EM2) (6.2)
Yoat =
n V;)at
' Vooost (tdc, EM1 + tdc, EM2) (6.3)
pat = M Viat
a

where 7 is the efficiency of the converter considered constant, and i4. par1 and i4c par2 are

the DC currents of the inverters for EM; and EMs respectively.

VSI and EMs

The VSI and the corresponding EM are combined into the same model where the inverter
is considered as a simple DC voltage. The EM is modeled by a lookup table providing
the electric power P, required by the speed and torque demands from the mechanical
power Pgjs, as shown in Fig. 6.9. These torque and speed signals are sent by the controller
previously described in Fig. 6.1. Then, P... is divided by the input DC voltage of the
inverter, corresponding to the output voltage Vj,st of the DC/DC boost converter. This
gives the input DC current i4. pas that needs to be supplied by the DC/DC converter.
Although EM; and EM> do not have similar power ratings and characteristics, their
inverters are both connected to the DC-link voltage Vjoost- Hence, the same model in
Fig. 6.9 can be used for both EMs and the lookup tables are adjusted based on each EM

performance.
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6.3 Suggested powertrain with the MSI

Due to the uniqueness of the topology, the control methods and simulation models previ-
ously presented in Section 6.2 cannot be directly applied to the new powertrain with the
MSI. Indeed, the additional DC-link connection between the battery and the inverter leads
to significant changes regarding the power flow between the powertrain components. Fur-
thermore, the MSI can operate in several operating modes, as presented in Chapter 4, that
differ from those applied to a traditional VSI.

In this section, the control strategies of the suggested powertrain with the MSI are
discussed. A vehicle-level simulation model of the battery and the ETDS has been developed

in Matlab/Simulink and is also detailed.

6.3.1 Powertrain control

In the previous section, it has been shown that the powertrain driving modes of the Toyota
Prius are characterized based on the status of the ICE, the battery, and the EMs. The
output voltage of the DC/DC converter Vjoos i not considered in the analysis since it does
not impact on these powertrain control strategies. Indeed, it only affects the local control
of the inverters and the DC/DC converter. For the suggested powertrain with the MSI,
the control needs to consider the variable voltage capability of the MSI and the additional
DC-link connection between the battery and the inverter. In other terms, the new control
depends on the DC voltage applied to the EMs, and the status of the battery and EMa.

In order to provide a fair comparison between the conventional power-split architecture of
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Figure 6.10: Torque-speed characteristic of £ Ms with the operating modes of the MSI.

the Toyota Prius and the suggested powertrain with the MSI, new control strategies are
developed from the analysis of the DC voltage applied to EMs, named Vg, , and the power
profiles of the battery and the EMs. By doing so, the proposed control system aims to apply
the same power distribution described in Section 6.2 between the ICE and the EMs, while
considering the MSI features.

A combination of the torque-speed characteristic of EMs with the operating modes of
the MSI is presented in Fig. 6.10. Five distinct regions can be identified, corresponding to
the three inverter modes and two rectifier modes of the MSI. One can notice that different
torque-speed envelopes are reached. This is due to the voltage applied to the EM. Indeed,
a high DC voltage applied to the load enlarges the maximum torque and power contours.
Furthermore, when the MSI operates in Modes I; and Rs, the load is supplied with a voltage
Vieo. On the other hand, a voltage V.1 — Vg is applied in Mode I, while a voltage equal
to Vg1 is provided in Modes Is and R;. Hence, the envelop in Modes R; and I3 is larger
than that of Modes I, Is, and R».

The control modes of the suggested power-split powertrain are sorted based on the
MSI operating modes. Fig. 6.11 shows the three operations when the MSI operates as

an inverter and E M, acts as a motor. When EMs operates as a generator, two rectifier
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Figure 6.11: Power flow during the inverter modes of the MSI in the suggested powertrain.

modes are achieved by the MSI, as displayed in Fig. 6.12. The purpose of these sketches

is to illustrate the power flow in each operating mode. One can notice that the ICE is not

displayed in the figures since its status does not interfere with the MSI operating modes.

Indeed, the ICE follows the same control as described in Fig. 6.1 and can be either turned

on or off.

Fig. 6.11a shows the power flow in the suggested powertrain when the MSI operates in

Mode I;. The battery provides power to the wheels and both EMs operate as motors. By
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analogy with the driving modes previously presented, the suggested powertrain operates
either in electric-only mode if the ICE is turned off, or in combined driving mode when the
ICE is turned on to assist the propulsion. Unlike in the conventional powertrain, it can be
seen that the battery power is not entirely transferred by the DC/DC converter. Indeed,
it is shared between the DC/DC converter and the MSI, due to the inverter operation in
Mode I;. Hence, this mode enables the battery to directly provide the power requested
by EMs thanks to the additional DC connection, and the DC/DC converter only transfers
the power required by EM;. This feature is particularly interesting since only a portion
of the battery power is converted by the DC/DC converter, which allows for power rating
reductions of the converter. Furthermore, the voltage provided to EMs is equal to Vyes.
Thus, a variable voltage is still supplied to the EM, as it is the case in the Toyota Prius.

In Fig. 6.11b, the MSI operates in Mode Is where the power from Vj. is used to
drive EMs and to charge the battery in the meantime. By analyzing the status of the
EMs, one can note that the ICE is necessarily turned on and the powertrain operates in
combined driving and charging mode. This is due to the fact that the battery is charging
and FMs is in motoring mode, which prevents the system from operating in regenerative
braking mode or any other driving operations. As a result, the ICE supplies EM; and its
power is then shared between the DC/DC converter and the terminals V. of the MSI. This
powertrain control mode also differs from the conventional operation since the additional
DC connection between the battery and the MSI is used to charge the battery. By doing
so, the charging opportunities are extended, while similar power is transferred through the
DC/DC converter, compared to the conventional operation.

When the MSI operates in Mode I3, V.o is not used and V. provides power to EMs, as
shown in Fig. 6.11c. The battery is discharging and the DC/DC converter transfers entirely
the battery power to both inverters. The power flow during this driving mode is similar to
the one in the conventional power-split powertrain since the additional DC-link between the

battery and the MSI is not used. Overall, this powertrain control mode does not differ from
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Figure 6.12: Power flow during the rectifier modes of the MSI in the suggested powertrain.

the conventional control and similar power rating of the DC/DC converter is requested. If
the ICE is turned on, the powertrain operates in combined driving mode. Depending on
the optimal operation of the ICE, EM; operates in either motoring or generating mode.
On the other hand, electric-only mode is reached if the ICE is turned off and EM; does not
convert any power.

In Fig. 6.12a, the MSI operates in Mode R; and the power generated by F M, is solely
supplied to Vy.1. By analogy with the driving modes from Section 6.2.2, several cases
can be considered due to the status of the battery, the ICE, and EM;. If the battery is
charged, the vehicle operates either in regenerative braking mode or in combined driving
and charging mode. When the battery is discharging, the powertrain can only operate
in combined driving mode since E M2 must work as a generator in Mode R;. Moreover,
E M, acts as a motor or a generator, depending on the ICE control. Despite the numerous

driving mode possibilities, the DC connection between the battery and the MSI is not used.
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Hence, similar operation of the DC/DC converter is expected compared to the conventional
powertrain, and the powertrain control remains similar.

Finally, Fig. 6.12b shows the MSI operating in Mode Ry. The battery is charged by the
ICE, if it is turned on, or by the regenerative braking system when the ICE is turned off.
Hence, the suggested powertrain can operate either in combined driving and charging mode
or in regenerative braking mode respectively. Unlike in the conventional powertrain, the
DC/DC converter does not entirely transfer the power from the EMs. Indeed, the power
from E M, is directly transferred to the battery thanks to the additional DC connection
with the MSI. As a result, only the power from EM; goes through a double conversion
stage due to the DC/DC converter. Overall, this mode enables new charging possibilities
and the power rating of the DC/DC converter can be reduced compared to the conventional
powertrain.

In conclusion, the above-mentioned analysis showed that three out of five control modes
of the suggested powertrain with the MSI bring new opportunities in terms of battery
charging or allows for power rating reduction of the DC/DC converter. In order to quantify
the benefits of the proposed powertrain, a vehicle-level simulation model has been developed

and tested with several drive cycles.

6.3.2 Vehicle-level simulation model

Simulating the suggested powertrain in Autonomie raises several barriers due to the dual
DC input in the MSI circuit. Indeed, although the software enables updating the component
models, a specific format is required and the additional DC connection between the MSI and
the battery is challenging to model in the predefined interface of the software. Moreover,
each component control of the ETDS, presented in Fig. 6.7b, needs to be updated to take
into account the operating modes of the MSI. To overcome these limitations, the ETDS of
the suggested powertrain with the MSI has been developed in Matlab/Simulink. Fig. 6.13a

shows the proposed powertrain with the variables used in the simulation model displayed
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Figure 6.13: Battery and ETDS models with the MSI.

in Fig. 6.13b. One can notice that the current i4. a2 does not appear in Fig. 6.13a. This
is due to the fact that three cases can be distinguished depending on the operating mode.
Indeed, 4.1 is equal to igc pa2 in Modes I3 and Ry, while i4.0 is null. In Mode I, ige1 is
equal to ige. pare and igeo is equal to —ige1. Finally, i4e0 is equal to ige a2 in Modes I and

Ry and ig4.; is null.

MSI

Unlike the traditional VSI, the plant is modeled as a DC voltage that varies along with
the operating modes and reaches three values (i.e. Vyea, Vier — Vigea, or Vger). On the
other hand, the local controller needs to determine in which mode the MSI operates by

applying the same voltage command of the DC/DC converter V,,,4*, and the same power
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Figure 6.14: Flowchart for the operating mode determination.

profiles of the EMs and the battery that were applied in the Toyota Prius to ensure a fair
comparison between the suggested and conventional powertrains. To do so, a flowchart is
used to characterize the operating modes along with the powertrain driving conditions, as
shown in Fig. 6.14. The variables denoted by * are the reference signals extracted from the
simulations of the Toyota Prius powertrain. By convention, it is considered that an EM is
motoring if its power is positive, and is generating when its power is negative. Furthermore,
the battery is charging when Pp,,;* is negative and it discharges when P,,;* is positive.
The flowchart is composed of several conditions to sort the operating modes and define
the driving requirements of the suggested traction drive system. First, the operation of
EMs is identified to determine if the MSI operates as an inverter or a rectifier. If Pgpso* is
positive, the MSI ensures a DC/AC conversion and three operating modes are available. On

*

the contrary, the MSI acts as a rectifier if Pgpso™® is negative and two operating modes are

reachable. In both cases, the voltage command V4" is then observed. In the conventional
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powertrain model, the local controller of the DC/DC converter decides to step up the battery
voltage in case of high power requirements from the EMs. By doing so, the current in the
switches is reduced and the torque-speed envelope of the EM is enlarged. In order to keep a
similar control in the suggested model, the MSI must operate in a mode that supplies £ M»
with a high voltage V. if the same driving conditions as in the conventional powertrain
are met. Hence, V,,,,4* provides a second requirement in the operating mode determination
since it specifies whether the DC/DC converter is used or not. Finally, supplementary
conditions are required in each operating mode to ensure the proper power flow in the
suggested powertrain. For example, the status of £ M needs to be observed when the MSI
operates as an inverter and V. is equal to Vgeo. Indeed, the MSI can operate in Mode I
only if EMj is in motoring mode, as shown in Fig. 6.11a. If EM; acts as a generator, the

*

controller disregards V,,¢* and forces the MSI to operate in Mode I3 or I3, depending on
the status of the battery. This enables Pgj/1* to be transferred back to £ Ms, which is not
possible if the MSI operates in Mode I;. During the AC/DC conversion and if V) . is equal
to Vgea, Mode Ry is reachable only if two additional conditions are satisfied. Due to the DC
connection between the battery and the MSI, the controller needs to verify that Py,;* and
Pgani* are both negative to ensure the charge of the battery, while the DC/DC converter

only transferred Pgps1*. In other circumstances, the controller overlooks V. and forces

the MSI to operate in Mode R;.

Battery pack

Although the battery plant model, presented in Fig. 6.8, can remain similar in the suggested

powertrain, the local controller needs to be updated. The battery current i, is calculated
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by applying the control rules described in (6.4).

Temd if mode € I3 or Ry

Tbat = Lemd T tde, EM?2 if mode € I or Ro (6'4)

Temd — idC,EMQ if mode € I
\

By applying Kirchoff’s current law and considering the current direction defined as in
Fig. 6.13a, it can be seen that 444 is the sum of i.,q and i4.0. If Mode I3 or R, is applied,
the DC connection between the battery and the MSI is not used and i4. is equal to zero,
as shown in Figs. 6.11c and 6.12a. Hence, the battery power is entirely transferred by the
DC/DC converter and ipqs is equal to ieng. When the MSI operates in Mode I; or Rg, the
battery is connected to both the MSI and the DC/DC converter, and 4.2 that is equal to
ide,ae- Hence, ipq; is the sum of i¢pq and iq. pare. Finally, Fig. 6.11b shows the power flow
in Mode I, where the battery is charged by E M, thanks to the direct connection with the
MSI, and by i¢pg through the DC/DC converter. Due to the negative direction of ige pase

when it flows back to the battery, iy, is equal to the difference of icpmq by tac Enre-

DC-DC boost converter

In the suggested powertrain with the MSI, the output voltage of the DC/DC converter
Vioost 18 controlled differently compared to the conventional powertrain. In the Toyota
Prius, VEpro is equal to Vit and varies between three levels, namely Ve, Vi1, and a
voltage level close to V.1 — Viez [37]. On the other hand, it has been shown in Section 4.3
that the MSI can supply the load with three different voltages, while the DC input sources
are fixed to Vg1 and Vye.. Hence, in the suggested powertrain, Vj,os: should be equal to
Vie1 in Modes Is, I3, and Ry, while it should be equal to V.5 in Modes I; and Ry to ensure
that the same DC voltage is supplied to both EM; and EMos.

The output current ipy0s¢ of the DC/DC converter is expressed as in (6.5). In Modes I,
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I3, and R, the DC/DC converter transfers the current between the battery and both EMs.
Thus, it is expressed as the sum of iy par1 and igc gare. On the contrary, only the current
idge, e is converted during Modes I1 and Rp, since i4c pare is directly transferred through

the additional DC connection between the battery and the MSI.

. ide,EM1 + lde,pm2  if mode € Ia, I3, or Ry
Lboost = (65)
idc,EMl if mode € I or Ry
The input current i.;,q of the DC/DC converter, can be expressed as in (6.6) when

the power is converted from the battery to the inverters, or as in (6.7) when the converter

transfers power in the opposite direction.

. 1 V;)oostiboost (66)
lemd -
o n V;)at
) %oostiboost (67)
lemd = N
bat

where 7 is the efficiency of the converter considered constant.

VSI and EMs

In the suggested powertrain with the MSI, the models of both EMs and the inverter of FM;
are similar than those used in the conventional powertrain and were presented in Section

6.2.3.

6.4 Simulation results

The MY2010 Toyota Prius model was simulated in Autonomie with the same parameters
detailed in Table 2.1. The reference signals Vinq®™, Pepmi™, Peae®, and Pyg™ were extracted

for four standard drive cycles, namely the urban dynamometer driving schedule (UDDS),
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the highway fuel economy test cycle (HWFET), the US06, and the new European driving
cycle (NEDC). These reference waveforms were then used in the suggested powetrain model
with the MSI, as described in Section 6.3.1. For example, Fig. 6.15 shows the simulation
results of the suggested powertrain for an UDDS drive cycle. In Fig. 6.15a, the voltage

*

command V,,,q* is equal to 1 if the DC/DC converter steps up the battery voltage or is
equal to 0 if not. The power profiles of the EMs alternatively vary between positive and
negative values since both EM; and E M, can operate as motors or generators, as shown
in Figs. 6.15b and 6.15c. Similarly, the battery frequently charges or discharges, which is
translated by respectively negative or positive values of the battery power, as displayed in
Fig. 6.15d. Finally, Fig. 6.15e shows the MSI operating mode variation. Depending on the
reference signals, the MSI operates in one of its five modes by following the control strategies
previously presented in Fig. 6.14. The simulation model of the suggested powertrain has
also been tested for the other drive cycles previously mentioned, and the MSI operating

mode variation is consistent with the theory. Hence, the simulation model of the suggested

powertrain with the MSI operates as expected.

6.4.1 DC/DC converter power comparison

Compared to the conventional powertrain of the Toyota Prius, the suggested powertrain
with the MSI aims to reduce the use of the DC/DC converter in the traction system by
offering an alternative commutation path between the battery and the MSI. By doing so,
the battery is not always connected in series with the DC/DC converter, which allows for
power rating reduction of the converter, while keeping a variable voltage to supply the EMs.
Moreover, the power rating of the battery pack can be enlarged independently from that of
the DC/DC converter.

In the previous section, the theoretical analysis of the powertrain operations showed that
the power transferred by the DC/DC converter, named Ppy,st, can be reduced under several

driving conditions. Indeed, during Mode I, the battery pack can directly drive EMy
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Figure 6.15: Verification of the MSI operating mode variation during an UDDS cycle.

through the MSI thanks to the additional DC connection of the inverter. Furthermore,
in Mode Rz, the power generated by FEM> is transferred to the battery without using
the DC/DC converter. On the other hand, similar operation of the DC/DC converter is
expected in Modes Iy, I3 and R;, compared to the conventional powertrain. As a result,
further analysis of Ppyest is required to quantify the impact of the MSI on the DC/DC
converter design.

In this section, the power transferred through the DC/DC converter in the conventional

and suggested powertrains are compared. Simulations have been carried out to evaluate
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the power reduction of the DC/DC converter that can be achieved in each operating mode.
For example, Fig. 6.16 shows the waveforms of Pp, in the conventional and the suggested
powertrains for each operating mode during an UDDS drive cycle. It is clear from Figs.
6.16b and 6.16f that significant power reductions are achieved in Modes I; and Ry. In the
following, the average power transferred through the DC/DC converter and the peak power

are compared in each operating mode for the four drive cycles.

Average power

The average power Py, transferred by the DC/DC converter can be defined as the integral
of the instantaneous power Pp,os over the time period of the drive cycle T ce. It can be

expressed as in (6.8).

1 Tcycle
Pave = T / Pboost dt (68)
cycle JO

Fig. 6.17 shows the distribution of Py, between the control modes of the suggested
powertrain with the MSI during each drive cycle. In an UDDS cycle, about 17.65% of the
total power is transferred when the powertrain runs in Mode I, while 6.50% are converted
during Mode Ry. This means that 75.85% of the total power is transferred by the DC/DC
converter during either Modes Io, I3, or R;. This power distribution can be explained by
the fact that the control has been optimized for the Toyota Prius powertrain and frequently
uses the DC/DC converter to step up the battery voltage during fast accelerations and
middle speeds. During the drive cycle HWFET, the power is mainly transferred when
the powertrain operates in Mode I3 due to the high speeds requirements from the wheels.
However, short braking events and light accelerations occur, which gives a few opportunities
for the powertrain to operate in Modes I and Ry. Overall, 18.90% of the total power
is transferred during these two modes. An US06 cycle depicts an aggressive driver with

numerous high speed and fast acceleration events. Under these driving conditions, the
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Figure 6.16: Comparison of Pp,.s in each operating mode during an UDDS drive cycle.
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Figure 6.17: Py, distribution between the operating modes.

battery pack can barely provide enough power to drive the wheels by itself. This is confirmed
by the very low percentages of 0.44% in Mode I; and 0.47% in Mode Rs. Finally, results
for the NEDC cycle show that 25.45% of the power is transferred during Modes I; and
Ry. These results are similar to those obtained for an UDDS cycle since the NEDC also
represents an urban route with several stops and light accelerations.

Table 6.1 shows the percentage of P05t that is transferred through the additional con-
nection between the battery and the MSI in the proposed powertrain and does not need to
be converted by the DC/DC converter. For example, during Mode I; in an UDDS cycle,
97.53% of the power that usually goes through the DC/DC converter in the conventional
powertrain is bypassed thanks to the use of the MSI. Indeed, only Pgpsi is converted by
the DC/DC converter in the suggested powertrain, while Pgy/o is transferred between the
battery and the MSI thanks to the additional DC connection. Significant power is also
bypassed in the other drive cycles in both Modes I; and Ry. On the other hand, when the
MSI operates in Modes I, I3 and Rj, the additional connection between the battery and
the MSI is not used. This means that the power is fully converted by the DC/DC converter

and 0% is bypassed.
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Table 6.1: Bypassed power Pyt compared to the conventional powertrain (in %).

Drive cycles UDDS HWFET US06 NEDC
Modes

I 97.53 88.44 99.58 98.27
Rs 84.11 97.56 87.04  95.80
I, I and R, 0 0 0 0

The total average power reductions achievable in Modes I; and R, during each drive
cycle are calculated by multiplying the corresponding power ratio from Fig. 6.17 with
the percentage of bypassed power reached with the suggested powertrain from Table 6.1.
Results are displayed in Fig. 6.18. Among the four drive cycles studied, the NEDC and
the UDDS provide the largest power reductions where the overall average power transferred
through the DC/DC converter during each drive cycle is reduced by 24.93% and 22.68 %
respectively. On the contrary, the lowest reduction is achieved for the US06 with 0.85%.
This is consistent with the driving behaviors of these cycles since an urban track with low
speed events and frequent stops increases the opportunities for the powertrain to operate in
Modes I1 and Rs, unlike an aggressive route composed of numerous fast accelerations at high
speed. One can also note that 17.11 % reduction are accomplished for the HWFET cycle
due to the main operation of the powertrain in Mode I3. In conclusion, although the same
mechanical power distribution optimized for the Toyota Prius was used in the suggested
powertrain, up to 25% of the average power transferred though the DC/DC converter can
be reduced by using the MSI in Modes I1 and Ry. These are encouraging results since the
control has not been optimized for the suggested powertrain. More power reduction could
be potentially achieved by revising the powertrain control, including the mechanical power
distribution of the EMs, to take advantage of the additional DC connection between the

battery and the MSI.
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Peak power

The peak power should also be compared to evaluate the impact of the MSI on the DC/DC
converter design. The power rating is defined by the maximum peak power achieved by
the converter while considering every operating condition. In the previous paragraph, it
has been seen that Py, can be reduced in Modes I1 and Ry but not in the other modes.
Hence, the peak power in each operating mode for the four drive cycles has been analyzed
to determine if the power rating of the DC/DC converter can be reduced. Table 6.2 sum-
marizes the peak power reduction achieved with the suggested powertrain compared to the
conventional architecture. When the MSI operates in Modes I; and R, the peak power
significantly reduces in each drive cycle. For instance, the peak power in Mode I7 during
the HWFET cycle is reduced by 44.90% and by 96.42% in Mode Rs. However, the power
rating of the DC/DC converter can only be reduced if the maximum power is reached dur-
ing either one of these two modes, while considering the other modes. Unfortunately, the
maximum power is transferred in Mode I3, where no power reduction is achievable despite

the use of the MSI. Hence, using the MSI as a traction inverter, while keeping the same
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Table 6.2: Peak power reduction of Ppy,st per operating mode (in %).

Drive cycles UDDS HWFET US06 NEDC
Modes

I 70 44.90 95.34 65.17
Ry 10.25 96.42 51.07 45.26
IQ, 13 and Rl 0 0 0 0

control developed in the Toyota Prius with the reference signals V,,,s*, Peami™, Peye®, and
Pyat™, does not allow for power rating reduction of the DC/DC converter. Nevertheless, it
is believed that the power rating could be reduced if the control of the suggested power-
train, including the power distribution between the EMs, the ICE, and the battery pack,
was optimized so that it predominately operates in the modes that use the additional DC
connection between the battery and the MSI. By doing so, the maximum power over a drive
cycle would be transferred during Modes I; and Rp, allowing for power rating reduction of
the DC/DC converter.

In conclusion, the analysis of the average and peak powers showed the potential benefits
of using the MSI if an appropriate power distribution between the EMs and the battery was
applied to the suggested powertrain. Indeed, new powertrain control strategies should be
developed by considering the operating modes of the MSI. More specifically, the powertrain
should predominately operate in the modes that use the additional DC connection between
the battery and the MSI. By doing so, the maximum power over a drive cycle would be
transferred during Modes I; and Rg, allowing for power rating reduction of the DC/DC

converter.

6.4.2 SOC comparison

When the MSI operates in Mode I, the current iq4. garo is used to drive E'Ms while charging
the battery without being converted by the DC/DC converter. Fig. 6.19 shows the influence

of this unique feature on the battery SOC during an UDDS drive cycle. Due to higher values
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Figure 6.19: Charging opportunities during Mode 1.

of ipq flowing to the battery in the suggested powertrain, the final SOC rate is higher than
in the Toyota Prius by 4%. It should be noted that this result was obtained while the same
control, developed in the Toyota Prius with the reference signals V,,,s*, Peai™, Peae®, and
Pyot™, was applied to both powertrains. Thus, the ICE in the suggested powertrain with
the MSI does not produce more power to run the vehicle while charging the battery and
the fuel consumption is similar to that of the Toyota Prius. As a result, another advantage
of the MSI is the possibility to extend the battery charging opportunities. Moreover, it is
believed that further improvements could be achieved by developing an optimized control

for the suggested powertrain that mainly uses Mode Is to charge the battery.

6.5 Conclusion

In this chapter, the implementation of the MSI in a power-split powertrain was discussed.
First, the MY2010 HEV Toyota Prius was analyzed as a case study. Control strategies

of the power split device and powertrain operating modes were reviewed. The simulation

148



Ph.D. Thesis — Lea Dorn-Gomba McMaster University — Electrical Engineering

models of the battery and the ETDS have also been detailed and simulations were carried
out with Autonomie. Then, the control and model of the powertrain with the MSI have
been proposed. To provide a fair comparison between the conventional and the suggested
powertrains, the same power distribution between the EMs and the battery was applied in
the new control system, while considering the MSI operating modes. The control of the
output voltage of the DC/DC converter was also kept similar. From a detailed analysis of
the new powertrain control, it has been shown that three out of five driving conditions of the
suggested powertrain with the MSI bring new opportunities in terms of battery charging
and power rating reduction of the DC/DC converter. Finally, a vehicle-level simulation
model of the battery and the ETDS has been developed in Matlab/Simulink to quantify
the benefits of the proposed powertrain. Simulations were performed for four drive cycles
and the power profile of the DC/DC converter and the battery SOC of the conventional
and suggested powertrains are compared. Although the same control strategies developed
for the Toyota Prius were applied to the suggested powertrain with the MSI, up to 25% of
the power transferred by the DC/DC converter can be reduced in most drive cycles tested.
Furthermore, the MSI allows extending the battery charging opportunities thanks to Mode
I,. However, the power rating of the DC/DC converter cannot be reduced by applying the
same control of the Toyota Pius in the suggested powertrain. This is due to the fact that the
power distribution was optimized for the Toyota Prius and, hence, the optimal control does
not consider the additional connection between the battery and the MSI. Nonetheless, these
results are encouraging and showed the potential of the suggested powertrain. It is believed
that further power reduction of the DC/DC converter can be achieved by developing an

optimized control specifically for the suggested powertrain with the MSI.
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Chapter 7

Active hybrid energy storage
system topology using the

multi-source inverter

7.1 Introduction

Several contemporary BEVs utilize Li-ion batteries to meet the load demands of the EM.
These energy sources have a high energy density allowing for large electric-only driving
range, but they do not offer high power densities. Although their power rating might meet
the peak load requirements of a vehicle, higher C-rates exhibited by the battery are found to
reduce the battery lifetime [170]. As a result, requiring the battery to meet highly dynamic
load profiles increases the rate of unwanted side reactions which, in turn, results in further
plating of the solid-electrolyte interface [171-173]. This translates into an increase in the
internal resistance which reduces its lifespan or can even lead to premature failure. In
contrast to Li-ion batteries, ultracapacitors (UCs) offer larger power densities but at the

cost of lower energy densities.
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A HESS harnesses the benefits of both Li-ion batteries and UCs by pairing these two
energy sources together [22,174-176]. Indeed, integrating an UC as a second source into an
electric powertrain enables to alleviate the peak load demand which is otherwise requested
from the battery bank. By doing so, the battery is left to provide most of the constant load
demand while the power-dense UC bank supplies the peak power profile. In other terms,
the battery wear is minimized, and the battery lifetime can be extended [177-179].

Numerous HESS topologies have been suggested in the literature [41]. In a passive
parallel configuration, the battery and the UC are directly connected to the DC input of the
inverter, without the use of any additional power electronics. The DC current supplying the
load is the sum of the battery and the UC currents, and both source voltages are equal due
to the parallel connection. Although this configuration is competitive in terms of cost and
power density, its lack of control adversely affects the performance of the system. Indeed, the
current distribution between the sources mainly depends on the internal resistances. Since
the UC has an energy density much lower than that of the battery, it tends to discharge
faster. To prevent the UC voltage from dropping, the battery needs to charge the UC to
keep both voltages equal, while supplying the load. As a result, more energy is requested
from the battery, affecting its lifetime and the performance of the system. Another solution
is to connect a DC/DC converter between the battery pack and the UC, as shown in Fig.
7.1a. By doing so, the source currents can be controlled to use the battery for most of
the constant power, while the UC meets dynamic load profiles [180-182]. Moreover, this
additional power converter enables the control of the charge and discharge rates of the two
sources. As a result, the battery lifetime can be extended, and the efficiency of the system
is improved. However, even if active HESS topologies achieve promising performance and
are more controllable compared to passive HESS structures, they are still held back from
commercial applications. Indeed, their use in traction drive systems is mainly limited by
the high cost, extra weight, and large volume of the DC/DC converter.

The fundamental concept of the MSI was introduced in Chapter 4. This topology was
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Figure 7.1: HESS topology comparison.

first developed for HEVs and PHEVs with power-split powertrains where a battery pack
and the ICE provide power to the wheels. Depending on the operating mode, it has been
shown that the MSI can drive an EM with three DC voltage levels during the DC/AC
conversion. Hence, this power converter aims to generate a variable voltage from two DC
sources using a single conversion stage.

Besides hybrid power-split powertrains, the MSI can also be integrated in AEVs driven
by a HESS. Fig. 7.1b shows the new suggested active HESS topology with the MSI where one
DC-link voltage is provided by the battery while the other source is the UC. During DC/AC
operations, it has been previously shown in Chapter 4 that the MSI supplies power from
either one source or a series combination of both. Hence, the sources are never connected
in parallel, as it is the case in a parallel HESS configuration. Because of the specific current
distribution of the MSI, an innovative control scheme has been developed to regain current
sharing between the sources, as it is traditionally done with active parallel HESS topologies.
By doing so, an active control of the input sources and their current is achieved without
the use of a DC/DC converter. Therefore, the combination of a HESS topology with the
MSI intends to keep the advantages of an active parallel HESS without the drawbacks of a
DC/DC converter.

In this chapter, the active HESS topology with the MSI is first presented and the novel
control scheme managing the current distribution between the two sources is detailed. Then,
simulations in closed-loop control with an interior permanent magnet (IPM) synchronous

machine have been performed to verify the theoretical operations of the proposed topology.
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Finally, the impact of the new control strategy on the DC sources is further investigated

and validated through simulations and experiments.

7.2 Suggested topology using the MSI

Like every active HESS structure, the proposed topology with the MSI needs to efficiently
control the source currents to take advantage of the high energy density of batteries and
the large specific power and cycle life of UCs, while minimizing the battery degradation.

As previously mentioned in Chapter 4, the MSI has three distinct inverter modes that
can be employed. When a closed-loop speed-torque control strategy is applied, the PI con-
trollers generate a voltage reference that is used in the adapted PWM method to determine
the operating mode and decide which source drives the wheels. As a result, the two sources
never supply power to the motor simultaneously and the DC current provided to the load
is equal to either the battery current or the UC current. This prevents the use of a similar
control strategy than in a conventional parallel HESS where the DC input current of the in-
verter is equal to the sum of the currents from both sources. Thus, applying a speed-torque
control to the EM without any additional control of the sources is not sufficient to obtain
similar performance as with a conventional active HESS architecture.

A novel control scheme has been developed to manage the current distribution in the
proposed active HESS topology with the MSI. Simulations in closed-loop control over an

UDDS drive cycle will be presented in the following to verify its principle of operation.

7.2.1 System control

An active control of the operating modes can be combined with the speed-torque control
scheme to effectively manage the current distribution between the two sources. This addi-
tional mode control has two degrees of freedom, namely, the control frequency f. and the

discharge duty cycle d., representing the conduction time during which the battery supplies
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power to the load. The fundamental purpose of the mode control is to periodically switch
the operating mode between Modes I; and I3, regardless of the mode determined by the
speed-torque control strategy. By doing so, the load demand will be regularly met by either
the battery current or the UC current. Furthermore, with an appropriate choice of f., the
input capacitor banks will filter the source currents to prevent them from being discontin-
uous. Thereby, over one control period (1/f.), the average input current supplying the EM
will be the sum of the source currents just like with a typical parallel HESS. Furthermore,
since the discharge duty cycle biases the use of one energy source over another, it can control
the average source currents and, hence, the discharge rate of the sources. Over one control
period, the average battery current (ipq:) and the average UC current (i,.) can be expressed
as functions of the average input current (i;,) that supplies the load and the discharge duty

cycle d.. They are calculated as in (7.1).

<ibat> = dc<lzn>

(iu0> = (1_d0)-<iin>

(7.1)

The control scheme of the active HESS topology using the MSI is shown in Fig. 7.2.
The speed, torque and mode controls act simultaneously and aim to impact on the adapted
PWM technique without impeding the performance of the overall system. As a result,
this new control scheme regains current sharing between both sources and discharge rate
regulation, as it is traditionally done with active HESS topologies. Moreover, it intends to

achieve similar performance, with the additional benefit of not using a DC/DC converter.

7.2.2 Simulation results

The proposed active HESS topology with the MSI has been modeled in Matlab/Simulink.
The Li-ion battery model used in this work is a first-order equivalent circuit model. The

model has been parameterized using experimental cell test data for an SOC-OCV curve
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Figure 7.2: Control scheme of the active HESS topology using the MSI.

and a pulse discharge test for a Batterist lithium polymer battery cell (PF9744128). On
the other hand, UCs have a shorter time constant compared to Li-ion batteries due to a
lower internal resistance. The UC model used in this work includes leakage current and
equivalent series resistance [183]. The SOC-OCYV relationship is presumed to be linear as a
result of the lack of faradaic reactions occurring in UC [183,184]. The capacitance and the
two resistance values are based on the Maxwell BCAP3400 ultracapacitor [185]. The SOC
of the UC is found by utilizing the linear SOC-OCV relationship [186,187].

Closed-loop control simulations were performed for an UDDS drive cycle with torque
and speed references driving an IPM. The switching frequency of the MSI is chosen at 10
kHz. One can notice that the mode control needs to be slower than the PWM control of
the switches. Hence, the control frequency f. must be lower than fg,. On the other hand,
the discharge duty cycle d. varies between 0% and 100%. In this simulation, f. is selected
at 10 Hz and d. is equal to 50%. Table 7.1 summarizes the simulation parameters of the
DC sources in the HESS. As mentioned earlier, the first order equivalent circuit model and
parametrization were performed at the cell level. The number of cells in series and parallel
in the battery and UC packs are scaled according to the power requested at the DC bus.

Unlike in power-split hybrid powertrain applications, both DC source voltages are equal
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Table 7.1: Simulation parameters of the DC sources in the HESS.

Source Cells in DC Maximum power Energy
ur
series & parallel voltage (V) density (kW/kg) density (Wh/kg)
Battery 81 & 6 300 3.13 173.9
ucC 105 & 1 300 13.7 7.7

to ensure similar power capability and limit the DC-link voltage variation while the mode
control is applied.

Simulation results are shown in Figs. 7.3 and 7.4. From Figs. 7.3a and 7.3b , it can
be seen that the rotor speed and torque converge to the references. This verifies that the
additional mode control strategy does not hinder the performance of the system. Figs. 7.3c
and 7.3d show the voltages of the two sources and their SOC. Even if a discharge duty
cycle of 50% does not bias one source to another, the UC voltage and SOC drops are larger
compared to those of the battery pack. This can be explained by the fact that the UC
energy density is much lower than for the battery, which means that the UC will discharge
faster for a similar load current. Thus, an effective choice of the discharge duty cycle needs
to consider the energy density of the sources to avoid their full discharge in a short period
of time. Fig. 7.4a shows the current distribution according to the operating mode during
the DC/AC conversion. In Fig. 7.4b, the reference current corresponds to the input current
when the mode control is not applied and only one source drives the EM. The battery and
UC currents have been obtained when the mode control is used with a discharge duty cycle
of 50% and f. equal to 10 Hz. When one of the sources supplies power to the EM, its input
current is equal to the reference current while it remains null when the source is not used.
This leads to discontinuous currents with high ripples, which is not suitable for the battery
lifetime. This discontinuity is due to the choice of a low control frequency f. that prevents
the currents from being filtered by the input capacitors. Further details will be provided in

Section 7.3.
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Figure 7.3: Simulation results of the HESS with the MSI.

7.3 Influence of the mode control parameters

From the previous part, it has been shown that the additional mode control does not impede

the performance of the speed and torque controls. However, a low control frequency f. leads

to discontinuous currents, which is not suitable for the lifetime of the battery. Moreover,

choosing a discharge duty cycle of 50% pointed out the lower energy density of the UC.

This will affect the choice of the discharge duty cycle since it can impact on the discharge

rate of the sources. The influence of the control frequency f. and the discharge duty cycle
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Figure 7.4: Simulation of the mode control.

d. on the input currents and the SOC of the sources are discussed in the following section.

7.3.1 Influence of the control frequency f.

Input capacitor banks are used to protect the DC-link voltage from transient spikes and
minimize ripple currents caused by the switching actions of the semiconductors. They
act as low-pass filters and allow the low frequency signals while blocking those with high
frequencies. The new control scheme for the proposed active HESS topology with the MSI
aims to take advantage of these input filters to smooth the source currents. Indeed, by an
appropriate choice of f., high frequency source currents can be generated to be filtered by
the input capacitors. As a result, the source currents will be continuous, and their ripple
will be reduced.

Closed-loop control simulations for three different values of f. with a constant discharge
duty cycle of 50% were performed for a shorted time UDDS drive cycle with torque and speed

references driving an IPM. In the simulation model, input capacitor banks of 3 mF have
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Figure 7.5: Influence of f. on 44, and i,. with a constant d. = 50%.

been selected and a parasitic resistance of 0.1 2 is considered. Thus, the cut-off frequency of
these input filters is equal to 530 Hz. The battery and the UC current waveforms are shown
in Fig. 7.5. As expected, it can be seen that increasing f. smooths the input currents. Since
the cut-off frequency is equal to 530 Hz, input currents for f. equal to 10 Hz are not filtered
and thus discontinuous, as shown in Fig. 7.5a. Fig. 7.5b displays currents with a medium
frequency of 100 Hz. The signals start being filtered which is characterized by continuous
waveforms with large oscillations. Finally, Fig. 7.5¢ presents the current waveforms for f.
equal to 5 kHz. The high frequency signals are completely filtered by the input capacitors
which can be seen by the low current ripple.

From these simulation results, it can be concluded that choosing a high f. smooths the

input currents, which is particularly beneficial for the battery lifetime.

7.3.2 Influence of the discharge duty cycle d.

Since the discharge duty cycle biases one source to another, it is intuitively expected that

it will impact on the average currents and the SOC of the sources.
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Figure 7.6: Influence of d. on 44, and 4, with f. = bkHz.

Closed-loop control simulations for several discharge duty cycles with a constant control
frequency f. of 5 kHz were performed for a shorted time UDDS drive cycle with torque and
speed references driving an IPM. The influence of d. on the source currents is shown in Fig.
7.6. From Fig 7.6a, it can be seen that the average current and ripple of the battery become
smaller when the discharge duty cycle decreases. On the other hand, a low discharge duty
cycle increases the UC average current and its ripple, as shown in Fig. 7.6b. This is due to
the fact that decreasing the discharge duty cycle reduces the conduction time of the battery
while the UC is used for a longer time during one mode control period. Fig. 7.7 shows the
SOC of the battery and the UC for a control frequency f. of 5 kHz at different discharge
duty cycles. Increasing the discharge duty cycle leads to larger SOC drop for the battery
and lower SOC drop for the UC. Since the SOC is calculated as a function of the current,

these results are consistent with those from Fig. 7.6.
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Figure 7.7: Influence of d. on the SOC rates with f. = 5 kHz.

Table 7.2: Experimental parameters for the HESS with the MSI.

Parameters Value

Battery and UC voltages 150 V

Switching frequency 10 kHz
R-L load 5Q and 256 H

7.3.3 Experimental results

The influence of the new control parameters f. and d. on the input DC currents were
experimentally tested with the prototype of the M SI;, previously presented in Fig. 4.11.
Experiments with an R-L load were performed, and the battery and UC voltages were
provided by two power supplies. The parameters are presented in Table 7.2. In the following
results, the same operating point has been tested for different f. and d..

In Figs. 7.8 to 7.10, the currents ipqt, iye, and i, are shown for a discharged duty cycle
fixed at 50% and a control frequency f. of 10 Hz, 100 Hz and 5 kHz respectively. For
each figure, simulation and experimental waveforms are displayed to provide a one-to-one

comparison. It can be seen that, as the frequency increases, both input currents become
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continuous and their ripple is also reduced. Indeed, in Figs. 7.8 and Fig. 7.9, ipqr and iy,
are discontinuous and their ripple is high. On the other hand, smooth current sharing is
achieved for a high frequency f. of 5 kHz thanks to the input capacitor banks that act as
low-pass filters, as shown in Fig. 7.10.

In Figs. 7.11 and 7.12, the currents ipq, iye and i, are displayed for a constant control
frequency f. of 5 kHz and a discharge duty cycle of 20% and 80% respectively. By choosing
a discharge duty cycle lower than 50%, the UC provides more power than the battery which
can be seen by a higher average current in Fig. 7.11. On the contrary, the average battery
current will be greater than the average UC current if d. is greater than 50%, as shown in
Fig. 7.12.

Finally, one can note that the phase current 7, is sinusoidal with a constant amplitude
and frequency, regardless of the variation of f. or d.. This validates the fact that the
additional mode control does not interfere with the control of the load.

In conclusion, the experimental results are consistent with the theoretical operations of
the new control strategy of the active HESS with the MSI. Furthermore, the influence of

both parameters f. and d. on the source currents is validated.

7.3.4 Influence of the mode control parameters on the battery

One solution to extend the battery lifetime is to control its average current and reduce its
current ripple. The following graphs summarize the effects of the control mode parameters
on these two battery current variables.

The absolute value of the battery current has been averaged in order to consider positive
and negative currents since they both adversely affect the battery lifetime. A ratio of the

time-average value Ry is calculated as in (7.2).

i) (7.2)
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Figure 7.8: Waveforms of ipet, iye, and i, for d. = 50% and f. = 10H z.
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Figure 7.9: Waveforms of ip4¢, iye, and i, for d. = 50% and f. = 100H z.
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Figure 7.10: Waveforms of iy, ye, and i, for d. = 50% and f. = 5kHz.
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Figure 7.11: Waveforms of ipqy, ye, and i, for f. = 5kHz and d. = 20%.
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Figure 7.12: Waveforms of ipqy, ye, and i, for f. = 5kHz and d. = 80%.
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where (i.f) is the average reference current. The reference current has been previously
introduced in Fig. 7.4 and corresponds to the case where the mode control is not applied
and only one source drives the EM. Hence, the ratio R,,e points out the average battery
current reduction that can be achieved compared to the reference case for a specific control
frequency f. and discharge duty cycle d..

In Fig. 7.13, it can be seen that a low discharge duty cycle leads to a low ratio Rgye.
In other terms, decreasing the discharge duty cycle reduces the average battery current,
which is consistent since the battery is less used. Moreover, it can be seen that the control
frequency f. has a moderate impact on Rgye.

The current ripple can be calculated as the difference between the maximum and the

minimum current values. A ratio of the battery current ripple Ray is given by (7.3).

AZ‘bat
AV

Ra = (7.3)

where Aiyq; and A,y are the battery and reference current ripples, respectively.
The ratio Ray is also a function of f. and d. and indicates the battery current ripple

reduction that can be achieved compared to the reference case. It can be seen in Fig. 7.14
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that increasing the control frequency f. significantly reduces the battery current ripple. A
low discharge duty cycle also leads to larger reduction of the battery current ripple which
is due to the power sharing with the UC.

Finally, one can note that R,y and Ras reach the values 0.1 and 0.4 respectively for
a discharge duty cycle d. of 10% and a control frequency f. of 1 kHz. In other terms, the
average battery current and the battery current ripple can be reduced by up to 90% and
60% respectively, compared to traditional electrified powertrains that only uses a single
energy source. However, it should be kept in mind that, even if a low discharge duty cycle
and high control frequency seem more suitable to preserve the battery lifetime, it also leads
to a faster discharge of the UC. Therefore, a trade-off needs to be made to minimize the
ripple and average battery current, while ensuring sufficient SOC rates for both sources.

The optimization of the new control parameters has been investigated in [18].

7.4 Conclusion

In this chapter, a new active HESS topology which couples a battery to an UC through the

MSI was presented. An innovative control scheme has been developed to actively control the

169



Ph.D. Thesis — Lea Dorn-Gomba McMaster University — Electrical Engineering

operating mode of the inverter and aims to achieve similar performance than a typical HESS
architecture with the additional benefit of not using a DC/DC converter. Indeed, thanks to
the input capacitors that act as low-pass filters, smooth current sharing is accomplished by
periodically switching the operating mode at high frequency. Moreover, a duty cycle can
also be selected to bias the use of one energy storage device over another, which enables
controlling the discharge rate of the two sources. Closed-loop control simulations have
been performed to verify that the additional mode control strategy does not hinder the
performance of the system. Moreover, the influence of the mode control parameters has
been analyzed and validated through experiments with a scaled-down prototype and an
R-L load. Finally, the influence of the new control on the battery has been studied. The
average battery current and the battery current ripple can be reduced by up to 90% and
60% respectively, for a discharge duty cycle d. of 10% and a control frequency f. of 1 kHz,

compared to traditional electrified powertrains that only uses a single energy source.
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Chapter 8

Conclusions and future work

8.1 Conclusions

This thesis focused on the concept, analytical design, efficiency analysis, and implementation
of the MSI for EVs.

The fundamentals of power electronics in EVs and their characteristics were first in-
troduced. Vehicle-level modeling methods and simulation tools for power electronics were
reviewed. It has been found that Autonomie enables rapid architecture comparisons and
high-level performance assessment. However, this simulation tool shows some limitations
regarding the customization of powertrains with unconventional converters.

A review of traction inverters implemented in EVs was realized. Despite the wide array
of inverter topologies, nearly all contemporary EVs integrate the renowned VSI. Either used
by itself or in combination with an additional DC/DC boost converter, this topology offers
a good trade-off between performance, control complexity, cost, and size of the electrified
powertrain. Practical inverter design considerations, including a review of the inverter
components, were presented. For any topology to be seriously considered by the automotive

industry, it must be able to compete on cost, reliability, efficiency, and power density.
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The concept of the MSI was introduced, and two circuits, M SI; and M SIs, were pre-
sented. When two voltages Vj.; and V.o are applied on the DC side, both topologies can
operate in three operating modes during the DC/AC conversion. Indeed, the EM can be
driven by either one source or a series combination of both, allowing for three distinct
DC voltage levels, namely Vgeo, Vel — Vae2, and Vg.i. When it operates as a rectifier,
two operating modes are achievable where the power generated by the EM is supplied to
one DC voltage or another. Due to the uniqueness of the MSI; and M S, circuits, new
PWM control strategies were developed for both inverter and rectifier operations of the
MSI. Closed-loop control simulations and experiments with a scale-down prototype of the
M ST were performed with multiple speed and torque references. Results in both DC/AC
and AC/DC operations are consistent with the theory, which validate the effectiveness of
the proposed topology and concept.

A comprehensive design analysis and efficiency model for both the MSI; and MSI
were developed. The switch configuration of the MSI has been compared with that of the
VSI through the VA rating. Although the MSI; and the M Sy have respectively three
times and twice more switches than the VSI, their VA ratings relatively increase by 55.6%
and 27.8% respectively. Analytical calculations of the RMS capacitor ripple current and
capacitance were suggested to select the proper capacitor banks for the MSI. Whereas both
MSI topologies have a second DC input source V.o, the overall volume of their capacitor
banks is not doubled compared to the VSI but is enlarged by 50%. An analytical efficiency
model based on the average and RMS currents in the switches was developed. Experiments
with the M SI; and M S, prototypes validated the theoretical analysis with a error of less
than 2 % at maximum efficiency. An efficiency comparison between the M Sy, the MSI5,
and the VSI was also conducted. The MSI; is less efficient than the M SI; due to the
additional switches, regardless of the operating modes. Furthermore, the M S, is slightly
less efficient than the VSI when a DC voltage of V.o or Vi — Ve is applied to the load.

On the other hand, the M S, is as efficient as the VSI if a high voltage V.1 is applied.
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The control and simulation model of a new power-split hybrid electric powertrain with
the MSI were investigated. The Toyota Prius was taken as a case study and the control
strategies of the power split device composed of the ICE and both EMs were first reviewed.
The Prius powertrain was simulated in Autonomie and the simulation models of the battery
and the ETDS were examined. A vehicle-level simulation model of the battery and the
new ETDS with the MSI was developed in Matlab/Simulink to estimate the potential
benefits of the proposed powertrain. Due to the additional DC-link connection between
the battery and the MSI, new control strategies based on the operating modes of the MSI
were proposed. The power transferred through the DC/DC converter in the Prius and the
suggested powertrain was compared for four drive cycles. Although the power rating of this
converter cannot be decreased, up to 25% of the averaged power transferred by the DC/DC
converter can be reduced in most drive cycles tested. Furthermore, the MSI allows for more
battery charging opportunities. These are encouraging results since the control has not
been optimized for the suggested powertrain. It is believed that the power rating of the
DC/DC converter can be reduced by revising the powertrain control and taking advantage
of the additional DC connection between the battery and the MSI. Moreover, the SOC
balancing can be improved by developing an optimized control for the suggested powertrain
that mainly uses Mode Is to charge the battery.

A novel active HESS topology with the MSI that couples a battery and an UC directly to
the EM, without the use of any additional power electronic converters, was suggested. Like
every active HESS structure, the proposed topology with the MSI needs to efficiently control
the source currents to take advantage of the high energy density of the batteries and the
large specific power and cycle life of the UCs, while minimizing battery degradation. Hence,
a new control strategy has been developed to manage the current distribution between the
two sources. Closed-loop control simulations for a drive cycle have been performed to verify
the operating principle of this novel HESS topology. The influence of the additional control

parameters on the source currents and their SOC has been further investigated through

173



Ph.D. Thesis — Lea Dorn-Gomba McMaster University — Electrical Engineering

simulations. Moreover, experiments with the M.ST; prototype and an R-L load have been
carried out and validated the theoretical influence of the new control on the input DC
currents. By an appropriate choice of the new control parameters, the average battery
current and the battery current ripple can be reduced by up to 90% and 60% respectively

compared to traditional electrified powertrains that only uses a single energy source.

8.2 Future work

In regard to future work on the MSI, the following directions are suggested.

Numerous PWM techniques, besides SPWM and SVPWM, have been developed in the
literature and could be adapted for the MSI. For example, the selected harmonic elimination
PWM technique can be considered to reduce the harmonic distortion of the line voltage by
eliminating the low-order harmonics [120]. Furthermore, it has been reported in [126,127]
that General Motors employs the SVPWM for the linear modulation region, and then
applies the six-step modulation in the over modulation region. By doing so, the DC link
voltage utilization is maximized, and the EM performance is improved.

The analytical design of the DC-link capacitor in Chapter 5 has been developed for
the adapted SPWM technique, but other modulation strategies would lead to different
results. Moreover, the peak efficiency in each operating mode depends on the DC input
voltage applied to the MSI. Hence, a design optimization could be performed to maximize
the power density along with the efficiency while considering the switching frequency, the
modulation strategy, the DC voltage levels, and the switch configuration as variables.

The efficiency model can be further improved with advanced methods to estimate the
power losses. For instance, more accurate results would be obtained by using experimental
measurements of the switching energy losses instead of using the values from the datasheet.
The forward voltage drop of the switch can also be measured for several currents to improve

the conduction loss model. Finally, it has been shown that the temperature impacts the
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losses and should also be considered in the average models.

In a direct continuation of the work from Chapter 6, a new powertrain control developed
specifically for the suggested power-split powertrain with the MSI can be investigated.
First, every powertrain component, including the mechanical systems such as the power
split device and the ICE, needs to be incorporated in the vehicle-level simulation model. A
driver model is also required to supervise the overall control of the vehicle. Then, powertrain
control strategies should be optimized to take advantage of the additional DC connection
between the battery and the MSI, as well as the different operating modes. The optimization
problem could be defined based on multi-objective functions that minimize the use of the
DC/DC converter, while considering the ICE efficiency and SOC balancing. Finally, from
the optimal power distribution obtained with the control optimization, the whole powertrain
could be redesigned, and power rating reductions of the DC/DC converter are expected.
Furthermore, it would be interesting to compare the design of the suggested powertrain
with the MSI with other powertrains in terms of cost, power density, and efficiency. The
vehicle-level simulation model could also be used for several drive cycles to estimate the
fuel economy of the suggested architecture.

In Chapter 7, the HESS topology with the MSI has been simulated and the influence of
the mode control parameters were analyzed. In [18], an optimization problem using dynamic
programming and neural networks has been investigated to minimize the battery wear by
controlling the discharge duty cycle d.. As a next step, the optimal control should be
experimentally implemented in real-time for different drive cycles to validate the proposed
topology. The control frequency could also be added as a variable in the optimization
problem. Furthermore, the battery ripple and SOC of the sources could be compared with
those obtained in a conventional active HESS topology using a DC/DC converter. It is
expected that the suggested topology with the MSI will achieve similar performance, without
the use of any additional power converter. A design comparison of both architectures can

also be conducted regarding the cost and power density.
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Appendices

A.1 Commutation paths of the M ST,

The commutation paths of the operating areas during the interval [§; 5] of Fig. 4.4a are
detailed in Figs. A.1 and A.2 for Modes I» and I3 respectively. It is assumed that the phase
currents i,(t) and i.(t) are positive while 7;(¢) is negative. As expected from the theory, it
can be seen that the DC-link voltage V.1 — Vg is supplied through (P;) and (P) in Mode
I, while the DC-link voltage Vj; is supplied through (P;) and (O) when the MSI runs in
Mode I3.
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A.2 Commutation paths of the MSI,

The commutation paths of the operating areas during the interval [§; 5] of Fig. 4.4a are
detailed in Figs. A.3 to A.5 for the M SIy. It is assumed that the phase currents i,(t) and

ic(t) are positive while i5(t) is negative.
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