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Abstract

In this thesis, a two-phase full-directional dc-dc converter is designed for the application
of plug-in electric vehicles. It is a universal dc-dc converter in which two power
electronic modules, the battery charger de-dc converter and the power management dc-dc
converter, are integrated in order to improve the power density, which is a crucial factor
in plug-in electric vehicles. The state-of-the-art wide band gap silicon carbide (SiC) and
gallium nitride (GaN) switching devices are used in the proposed converter. Especially
the GaN device has the lowest switching loss among the power electronic devices causes
higher efficiency and higher power density in the hard-switched applications. To cope the
power rating limitation of the GaN device and evade the complexity and infeasibility of
the multi-phase converters with excessive number of phases, a GaN phase is paralleled
with a SiC phase in a half-bridge configuration. An asymmetrical current sharing is
applied between the phases in such a way to maximize the utilization of the GaN device.
Mathematical model of the proposed converter is derived and verified. A comprehensive
power loss analysis investigates the superiority of the proposed converter. Dead-time loss
analysis is performed with a new method of power loss calculation. A cascade PI
controller is designed to provide satisfactory performance of the converter in the all
modes of operation. Finally, a gate-driver multi-objective parameterization method is also
presented to improve efficiency and EMI level of a GaN-based one inverter leg case

study.
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Chapter 1. Introduction

Conventional vehicles with their combustion engines consume co-products of petroleum
such as benzene and gasoline. There are two critical problems with these kinds of fuel.
First, petroleum and its co-products are nonrenewable resources and will be finished
sooner or later. As a result, the price of these types of fuel is increasing which is a
negative effect on the vehicle market. Second, combusting nonrenewable resources
produce toxic emission, which deteriorate the environmental pollution crisis such as
global warming.

Renewable energy resources such as solar, wind, marine, thermal, etc. are the alternative
of the nonrenewable resources to cope the critical problems of deficiency and pollution.
In general, these kinds of energy are being harvested in different way and converted to
electrical energy. The obtained electrical energy provides the demanded power for
deconstructed power electrical systems (distributed grids, smart grids, etc.) or is saved in
battery energy storage systems. In this way, in an updated transportation system with the
use of the alternative renewable energy resources, electric vehicles are being replaced
with the conventional ones with a growing demand in the market in the recent years.

An electric vehicle in precise words is a plug-in electric vehicle where the source of
energy is purely electric energy. The vehicle should be plugged in an electric outlet
facility to charge its battery (or its other energy storage system such as ultracapacitor,
flywheel, etc.) or to be discharged in the case of vehicle-to-grid (V2G).

Among the different challenge such as the battery technology, the electromechanical
compatibility, the reliability, etc., power electronics is a key factor to progress the
penetration of the electric vehicles in the market. In the application of electric vehicles,
from the power electronics point of view, the power density is a crucial factor. The power
density is related to the both volume/weight and efficiency of the power electronic
modules. Generally, there are four power electronic modules in an electric vehicle: ac-dc-
dc battery charger, dc-dc power management, dc-ac traction inverter, and dc-dc light
loads.

One innovative idea to compact the volume/weight of the power electronic modules in

the electric vehicles is to integrate the dc-dc converter of the battery charger with the dc-



dc converter of the power management into a fully directional universal dc-dc converter.
Such a universal converter is needed to work from the medium range of power in the
plug-in mode to the high range of power in the drive mode.

On the other hand, the state-of-the-art wide band gap (WBG) switching device
technologies such as gallium nitride (GaN) and silicon carbide (SiC) have superiority
over the settled technologies such as silicon (Si) power MOSFETs and Si IGBTs in the
switching converters. Especially the GaN devices have the lowest switching power loss
in hard-switched applications. The current commercial GaN devices have a lateral
structure with a limitation of power rating. Therefore, in the case of the electric vehicle
applications, the GaN devices are being studied for the low-to-medium power electronic
modules.

To have the advantage of the impact universal dc-dc converter and the efficient GaN
device at the same time, in this thesis a new topology is proposed. The novelty of the
proposed topology is to parallel the switching devices of different technologies in a
multi-phase configuration and share the demanded power in an asymmetrical way. While
in a conventional multiphase converter, all the switching devices are of the same
technology, the proposed converter is a two-phase dc-dc converter with one GaN-based
phase and one SiC-based phase. In the proposed converter, only the GaN phase conducts
the current to provide the demanded power up to its power rating. For the amount of
power higher than the power rating of the GaN device, the SiC phase will conduct as well
to provide the rest of the demanded power.

In the application of electric vehicles, the power rating of the universal dc-dc converter
can be even ten times more than that of the GaN device. To prevent the complexity and
infeasibility of a multi-phase converter with excessive number of phases, the idea of
paralleling the GaN device with the SiC device is proposed. While in a conventional
multi-phase converter, the current sharing is needed to be symmetrical because of the
safety problem resulted from the negative thermal coefficient of the diodes, in the
proposed converter where there is no diode, the asymmetrical current sharing is possible.
The next chapters are organized as follow:

In chapter two, different types of the electric vehicles, their sub-systems, the role of

power electronics in the electric vehicles, the universal de-dc converter in the electric



vehicle application, WBG devices, and state-of-the-art SiC-based and GaN-based dc-dc
converter are studied.

In chapter three, the proposed SiC-GaN-based universal dc-dc converter is studied. The
topology and the design of the power stage are presented. The average model of the
converter is derived and then verified through OrCAD simulations. A comprehensive
power loss analysis is performed to show the superiority of the proposed converter in the
term of the efficiency compared to a two-phase all-SiC dc-dc converter through OrCAD
simulations using precise Spice model of the components. In addition, a new dead-time
analysis method is presented to investigate dead-time loss. The effect of the OFF gate-
source voltage on the dead-time loss is studied as well.

In chapter four, a cascade PI controller is designed for the proposed converter to regulate
the dc bus voltage in the drive mode and the battery power in the plug-in mode as well as
sharing the current between two phases asymmetrically in a way to achieve the maximum
utilization of the GaN device, the minimum switching loss, and the maximum efficiency.
In chapter five, an innovative idea is proposed as gate driver multi-objective
parameterization. First, different issues of the gate driver design in general and for the
case of GaN devices in particular are discussed. Then, the application of optimization and
multi-objective optimization in power electronics in general and in the gate driver design
in particular is reviewed. Then, the proposed method is presented in which the high side
(HS) gate resistor, the low side (LS) gate resistor, and the HS ferrite bead are
parameterized in a multi-objective optimization problem with two objective functions of
the efficiency and the electromagnetic interference (EMI) level for a GaN-based one
inverter leg case study. The multi-variant regression functions and the multi-objective
optimization Pareto Front of the gate driver design problem are obtained using
MATLAB; based on OrCAD simulations data of the GaN-based one inverter leg case
study.



Chapter 2. State-of-the-art DC-DC Converters for EVs

2.1 Electric Vehicles

In a conventional vehicle, an internal combustion engine (ICE) consumes petrol, oil, or
other fossil fuel to provide propulsion for the mechanical motor. On the contrary, in an
electric vehicle (EV), the propulsion is provided by renewable energy resources such
rechargeable electrochemical batteries or fuel cells to drive an electric motor.

The main problems of the conventional vehicles are the environmental crisis such as
pollution and global warming caused by burning fossil fuels, the limitation on the non-
renewable fossil fuel resources, and consequently the rising prices of the fossil fuels. As a
result, there is an increasing trend in the recent years by the governments, the
organizations, the car manufacturers, and the costumers to replace the conventional
vehicles the EVs. Unlike the conventional vehicles, EVs are emission free using the
renewable energy resources. Beside the main advantages of EVs, there are two other
superiorities of EVs over the conventional vehicles: the simpler and the cheaper
maintenance issues and the ability of the regeneration power during the braking mode,
which makes the vehicle more efficient.

Depend on the type of the energy sources of the vehicle, there are three types of EVs:
pure electric vehicles or simply EVs, hybrid electric vehicles (HEVs), and fuel cell
vehicles (FCVs). Therefore, when we say EVs, it may refer to electric vehicles generally
or to pure electric vehicles particularly depends on the context.

The characteristics of all these energy storage systems (ESSs) are compared in fig. 2.1 on
the base of energy density and power density. Higher energy density provides a higher
driving range for a longer period of time while higher power density provides a high-
power for a shorter period of time such as a fast acceleration of the vehicle. As it can be
seen in fig 2.1, ultracapacitors and flywheels are high-power low-energy while fuel cells
are high-energy low-power, and batteries are mid-power mid-energy. Based on different
characteristics of the energy sources, a combination of different systems will provide a
better power management and performance for the vehicle. The main features of EVs,

HEVs, and FCVs are presented in table 2.1.



Table 2.1. The main features of EVs, HEVs, and FCVs

Type of EV EVs HEVs FCVs
Propulsion Electric motor drives Electric motor drives Electric motor
Internal combustion drives
engines
Energy Source Battery Battery Fuel cells
Ultracapacitor Ultracapacitor
Flywheel ICE generating unit
Energy Electric grid charging Gasoline stations Hydrogen
Infrastructure facilities Electric grid charging

facilities (for plug-in

hybrid)

Characteristics

Zero emission
High-energy
efficiency

Independence on

Low emission
Long driving range
Dependence on fossil

fuels

Zero or ultra low
emission
High-energy

efficiency

fossil fuels Higher cost as Independence on
Relatively short compared with ICE fossil fuels
driving range vehicles Satisfied driving
High initial cost Commercially range
Commercially available High cost
available Commercially
available

Major Issues Battery and battery Multiple energy Fuel cell cost,
management sources control, cycle life and
Charging facilities optimization, and reliability
Cost management Hydrogen

Battery sizing and Infrastructure

management
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Figure 2.1. Characteristics of various energy resources

2.1.1 Energy Storage Systems

Batteries: For EVs, batteries are more commercial regarding their relatively higher
energy density, compact size, and reliability. The different types of batteries are
discussed as follow:

a) Lead-Acid Batteries: The advantages of lead-acid batteries are the low cost price of
them and the maturity of their production technology. The disadvantages of lead-acid
batteries are limited life cycle and low-power low-energy density due to the weight of the
lead collectors.

b) Nickel Metal Hydride (NiMH) Batteries: The advantages of NiMH batteries are high
energy density (two times more than lead-acid batteries), environment friendly materials,
safe operation at high voltage, long life cycle, and wide operation temperature ranges. On
the other hand, if repeatedly discharged at high load currents, the life of NiMH is reduced
to about 200-300 cycles.

¢) Lithium-Ion Batteries: Lithium-ion batteries are dominant in portable electronics and
medical devices. They have high energy density of 100 Wh/kg, high power density of
300 W/kg, high temperature performance, and long battery life of 1000 cycles. Regarding



the advantages of lithium-ion batteries and the growing price of Nickel, they are the best
candidates to be replaced with NiMH as the new generation of batteries for the EVs.

d) Nickel-Zinc (Ni-Zi) Batteries: The advantages of Ni-Zi batteries are high power
density and high energy density, low cost materials, being environment friendly, and
having high range of temperature operation (-10 to 50 Celsius). However, because of
their poor life cycle, they are not developed for the EVs.

e) Nickel-Cadmium (Ni-Cd) Batteries: The advantages of Ni-Cd batteries are their long
lifetime. Their specific energy density is 55 Wh/kg. They are recyclable, however,
cadmium can be harmful for the environment if not be properly disposed of. They are
also costly such as 20000 $ to be installed in an EV.

The characteristics of commercial NiMH, Li-lon, and Lead-Acid batteries are presented

in table 2.2.

Table 2.2. Characteristics for commercial batteries [2]

Type of Capacity Voltage Resistance | Power Density
Battery (Ah) (V) (mQ) (W/kg)
NiHM
Panasonic 6.5 7.2 11.4 207
Ovonic 12 12 10 195
Saft 14 1.2 1.1 172
Li-lon
Saft 12 4 7 256
Shin-Kobe 4 4 34 745
Lead-Acid
Panasonic 25 12 8 77

In EVs, state of charge (SOC) of batteries (or ultracapacitors) is a quantity to measure the
amount of electrical energy stored in the battery. SOC in EVs is analogous to the fuel

gauge in the conventional vehicles with ICE. SOC of a battery define as:



Qo — [, In(x)dr
0 x100 (2-1)

where t is the initial time in which the battery is fully charged, I, (t) is the discharging

S(t) &

current, |, tto I, () dt is the charge delivered by the battery at the time t, and Q, is the total

charge the battery can deliver (hold). It is desirable for batteries to keep their SOC in a
limited range such as 20 % < S(t) < 95 %.

Ultracapacitors: Ultracapacitors do not have chemical variations on the electrodes and
for that reason have long cycle life but low energy density. On the contrary, the power
density of ultracapacitors is considerably higher than that of the batteries. Ultracapacitors
have low internal resistance. The advantage is to have high efficiency and the drawback
is the possibility of a large burst of the output current in the case of very low SOC.

The technologies of ultracapacitors are under developing: carbon/metal fiber composites,
foamed carbon, a carbon particulate with a binder, doped conducting polymer films on a
carbon cloth, and mixed metal oxide coatings on a metal foil. Among these five types of
technologies, a carbon composite electrode using an organic electrolyte has the highest
energy density.

Low energy density and high power density of ultracapacitors make them suitable to be
used at the EVs with batteries complementarily specially in urban drive where there are
too many stop-and-go driving conditions. In stop-and-go driving conditions, the total
required power is relatively low while the electricity should be regenerated very quickly
during the braking. Therefore, ultracapacitors are the best candidate to be energy source
of EVs in urban stop-and-go driving conditions to be used beside a battery energy source.
Table 2.3 compares the characteristics of a commercial battery with a commercial
ultracapacitors. The total usable energy and the energy density of the battery are much
higher than those of ultracapacitor while the maximum discharging current and the power
density of ultracapacitor are much higher than those of the battery. Life cycle of
ultracapacitor as well as its cost is considerably lower than those of the battery.

Fuel Cell: The main advantages of fuel cells are high conversion efficiency of fuel to
electrical energy, noise-free operation, zero or very low emission, waste heat

recoverability, fuel flexibility, durability, and reliability.



Table 2.3. Comparison of a commercial battery with a commercial ultracapacitor [2]

Parameter Zebra Battery Pack | Thunderpack Il Ultracapacitor pack
Usable Energy (kWh) 23.5 0.3

Max Discharge Current (A) 224 400

Specific Energy (Wh/kg) 113 4

Specific Power (W/kg) 174 1500

Life Cycle (year) 2.5-5 10-12

System Cost (S/kW) 400 100

Life Cycle Cost ($/kW) 1200 100

The ideal fuel for fuel cell is hydrogen since it is a clean fuel with a bi-product of water
and it has also the highest energy density respect to any other fuel. Energy density of
hydrogen (2.6 kWh/L) is lower than petrol (6 kWh/L). Also, unlike electrochemical
batteries, the reactants of fuel cells must be refilled before finishing. Therefore, in EV
applications, when a fuel cell is the source of energy, a relatively large fuel tank should
be installed on board. The efficiency of fuel cells is higher when they are used at lower
power. The main power loss contributor is related to the voltage drop on internal
resistances. Time response of fuel cells is relatively longer than those of batteries and
ultracapacitors. The cost of fuel cells is also five times more than ICEs. Table 2.4
compares typical characteristics of six different types of fuel cell: phosphoric acid fuel
cell (PAFC), molten carbonate fuel cell (MCFC), alkaline fuel cell (AFC), solid oxide
fuel cell (SOFC), direct methanol fuel cell (DMFC), and solid polymer fuel cell (SPFC).

Table 2.4. Typical characteristics of fuel cells [2]

Parameter PAFC MCFC AFC SOFC DMFC SPFC
Temp (°C) 150-210 | 600-700 | 60-10 | 900-1000 50-100 50-100
Density (W/cm?) | 0.2-0.25 | 0.1-0.2 | 0.2-0.3 | 0.24-0.3 0.04-0.23 | 0.35-0.6
Life (kh) 40 40 10 40 10 40
Cost (S/kW) 1000 1000 200 1500 200 200



Flywheel: A flywheel stores energy in the kinetic form using a rotating disk to be
transformed into electricity by the use of a motor/generator coupled with the rotating
disk. The role of the electric motor is to store energy to the rotating disk and the role of
the generator is to provide energy from the rotating disk to the electric load. To overcome
the mechanical power loss caused by the air resistance, flywheels need to be operated at a
partial vacuum. Magnetic contactless bearing also should be used to eliminate the
mechanical power loss of the friction. The power density of flywheels is very high and
limited only by the size of the electric machine. They have also virtually infinitive
number of charge-discharge cycles. Therefore, flywheels are very attractive to be an ESS

of EVs.

2.1.2 Propulsion Motor

There are three types of electric motors for EVs, HEVs, and FCVs: 1) induction motors,
2) permanent magnet (PM) synchronous or brushless motors, and 3) switched reluctance
motors. The required characteristics of motors for EV application are high torque density
and power density, wide speed range including constant torque and constant power
operations, high efficiency over wide speed range, high reliability, robustness, and
reasonable cost.

Induction machines are simple, robust, and they have wide speed range. Similar to dc
machines, induction machines are also field-oriented controlled. Because of the inherent
rotor loss, the efficiency of induction machines is generally lower than PM machines. For
the same reason, at a specified power and speed rating, the size of induction machines is
generally larger than PM machines.

The main advantages of PM machines are high efficiency, high torque, and high-power
density. Unlike induction machines that do not have back emf, the inverter must be able
to withstand the maximum back emf generated by the stator winding for high speed range
in the case of PM machines. In addition, if a stator-winding short circuit happens, the
machine may run into problems because of the existence of a rotor PM field.

Switched reluctance motors have simple structure and simple control, ability of extremely
high operation, and high reliability. The main drawback of switched reluctance machines

is relatively high cost of them.
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2.1.3 Configuration of HEVs and PHEVs

HEVs, as described before, have a combination of ICE and at least one electric source of
energy to increase the efficiency of the vehicle. HEVs can be categorized as series
configuration and parallel configuration. In a series configuration (fig. 2.2) the ICE is
coupled to a generator in order to charge the battery. Then, battery provides the
propulsion for the electric motor. In the series configuration, the vehicle has lower fuel
consumption in the city driving by making the ICE operate at the highest efficiency point
during the frequent stops/starts.
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Figure 2.2. Series HEV configuration

In a parallel configuration (fig. 2.3), the engine and the electric motor can be used
separately or together to propel the vehicle. A parallel HEV has lower fuel consumption
in highway driving by making the ICE operate at highest efficiency point when the
vehicle is running at a constant speed.

Plug-in hybrid electric vehicles (PHEVs) have a high energy density battery, which can
be charged directly by an ac outlet in an urban station or a domestic garage. Therefore,
PHEVs can drive on only electric power for a longer range than regular HEVs. Another
advantage of PHEVs is the improved utilization of power since the battery can be

charged during the nighttime when the demand for electric power and its cost are much
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lower. Fig. 2.4 presents a parallel configuration for PHEVs where an ac utility and an ac-

dc battery charger are considered in the configuration.
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Figure 2.3. Parallel HEV configuration
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In the next section, power electronic requirements of EVs are discussed.



2.2 Power Electronics in EVs

There are three types of power electronic modules in an EV generally. The first power
electronic module is a dc-dc converter in series with a dc-ac traction inverter. The input
of the dc-dc converter is a battery, an ultracapacitor, a fuel cell, or a combination of them.
The output of the dc-dc converter is a regulated dc bus, which is supposed to be the input
of the inverter. In the case of batteries and ultracapacitors, the dc-dc converter must be
bidirectional to be able to charge the ESS in regenerative braking mode. Since fuel cell
cannot be electrically charged, the dc-dc converter is unidirectional in FCVs. The roles of
the dc-dc converter are: 1) provide a regulated dc bus for the inverter, 2) discharge the
ESS and provide power for propulsion in driving mode, 3) charge the ESSs (battery
and/or ultracapacitor) in regenerative braking mode, and 4) power management between
ESSs in the case of a combination of ESSs.

The second power electronic module is an ac-dc rectifier in series with a dc-dc converter
as the battery charger of the EV. The EV in this case is called plug-in electric vehicle
(PEV) since it can be plugged in an ac outlet and be charged. If the battery charger is
installed in the EV, it is called ‘on-board’; otherwise, the battery charger is included in
the ac outlet facility and is called ‘off-board’. In a vehicle-to-grid (V2G), the EV can also
provide power to ac grid. In this case the dc-dc converter of the battery charger is
bidirectional. In a V2G, the ESS (battery and/or ultracapacitor) will be charged during the
nighttime when the demand for electric power (and its corresponding cost) is low. Then,
the ESS can also give back or in a precise word sell the electric power to the ac grid in
the peak electric power demand time of the electric network based on the EV owner’s
will.

The third electronic power module in an EV is a unidirectional dc-dc converter which
provides electric power from the ESS for the low voltage electronic loads of the vehicle
such as lights, accessories, heaters, control systems, etc.

The first main power electronic module in EVs is the dc-dc converter for drive and power
management purposes and it has these characteristics:

1) Buck, Boost, Buck-Boost: 1f the voltage level of the ESS (the input of the dc-dc
converter) is higher than the voltage level of the regulated dc bus (the output of the dc-dc

converter and the input of the inverter), the dc-dc converter needs to have a buck
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topology. If the voltage level of the ESS is lower than that of the regulated dc bus, the
topology should be boost. However, if the input voltage has the same level of the output
voltage, the topology should be buck-boost. Typically, the input voltage level of the
inverter is around 600-650 V. On the other hand, the voltage level of the battery pack is
not higher than 300 V. Therefore, a boost topology is needed for the dc-dc converter

2) Unidirectional and Bidirectional: In a unidirectional dc-dc converter, the power
direction is only from the input energy source to the output load. In this case, each leg
consists of one bidirectional transistor and one unidirectional diode, which is cheaper
than a bidirectional transistor. In a bidirectional dc-dc converter when there is also
regenerative power flow from the output load to the input energy source, such as the case
of battery/ultracapacitor in braking mode, the both switching devices are bidirectional
transistors.

3) Non-Isolated and Isolated: dc-dc converter isolation, provided usually by a
transformer, adds more cost and loss. The isolation is necessary when low voltage (LV)
and high voltage (HV) negative sides cannot be grounded together and the voltage ratio
between LV and HV is high enough where the converter cannot deal with high current
and high voltage at the same time.

4) Single-Phase and Multi-Phase: Single-phase dc-dc converter consists of one-leg
high-side low-side switching devices. However, in high-power applications when power
(current) rating of the switching device is not high enough to handle the high current,
paralleled switching devices should be used as a multi-phase configuration to share the
required load current.

5) Single-Input and Multi-Input: A single-input dc-dc converter has only one input
source of energy. In the case of the multi-input, there is a combination of ESSs.

In the following figures, different configurations of power management dc-dc converter
are presented. In fig. 2.5, the dc-dc converter is boost, bidirectional, non-isolated, single-
phase, and multi-input. The two inputs of the dc-dc converter, the battery and the
ultracapacitor, are paralleled directly without any additional power electronic modules.
Therefore, the controllability of the ESSs is low and the configuration is called passive
cascade. In fig. 2.6, the battery and the ultracapacitor are actively cascaded and have

different voltage levels. In this case, controllability is higher but the dec-dc converter in
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fact consists of two boost converters. One is unidirectional with the battery as the input

and the other is bidirectional with the ultracapacitor as the input. In this

regenerative braking mode, only the ultracapacitor can be charged.
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Figure 2.6. Active cascade battery/ultracapacitor (UC) configuration

In fig 2.7, a battery and a fuel cell are actively paralleled. Each of them has their own dc-

dc boost converter and the controllability of the system is high. Since the fuel cell cannot

be electrically recharged, its dc-dc converter is a unidirectional one. In all of these

examples, the topology of the dc-dc converter was ‘half-bridge’. The typical topologies

for the non-isolated dc-dc converters are: 1) half-bridge, 2) cascade buck-boost, 3) Cuk,

and 4) SEPIC/Luo.
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1) Half-Bridge: The topology of the half-bridge boost converter is shown in fig. 2.8. The
advantage of the half-bridge is simplicity where it needs only one inductor instead of two
in comparison with the Cuk and the SEPIC/Luo topologies. Beside, the size of the
inductor in the half-bridge is only half the size of that in the Cuk and the SEPIC/Luo.
Another advantage of half-bridge is its higher efficiency where the inductor conduction
loss and the active components switching loss are lower respect to those of the Cuk and
the SEPIC/Luo. The major disadvantage of the half-bridge converter is its discontinuous

output current when operating in boost mode. This impacts the size of the output

g

a
- ﬂ‘t} D2

capacitor.

Figure 2.8. Half-bridge topology
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2) Buck-Boost: The topology of the buck-boost (fig. 2.9) is similar to the half-bridge
with double number of active components. As it was explained before, the buck-boost is

needed when the input and the output of the dc-dc converter have the same voltage levels.
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Figure 2.9. Buck-boost topology
3) Cuk: The topology of the Cuk is presented in fig. 2.10. The advantage of the Cuk is
the lower input/output current ripple while its drawbacks are the large size of the
inductors and the high voltage stress (input voltage plus output voltage) on the transfer

capacitor (Cy).
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Figure 2.10. Cuk topology
4) SEPIC/Luo: The topology of the SEPIC/Luo is shown in fig. 2.11. The advantage of
the SEPIC/Luo, in comparison with Cuk, is the lower voltage stress (only input voltage)
on the transfer capacitor C; while its disadvantages are the large size of the inductors, the
same as the Cuk, the discontinuous output current, and the large size of the output

capacitor.
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The second important power electronic module in EVs is the battery charger. Fig. 2.12
depicts the configuration of a PEV with its all power electronic modules: bidirectional
power management dc-dc converter, ac-dc/PFC/dc-dc battery charger, dc-ac traction
drive inverter, and unidirectional dc-dc converter. The battery charger consists of an ac-
dc rectifier, a power factor correction (PFC), and a dc-dc converter. It can be on-board,
which means installed in the vehicle, or off-board, which means included in the ac outlet
facility. It can be also bidirectional in the case of V2G. In the configuration of fig 2.12,
the output of the battery charger is connected to the regulated dc bus. The other common

configuration is where the battery pack is directly connected to the battery charger.
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Figure 2.12. On/Off board charging system for PEV

There are three types of battery charger depends on power level, current rating, type of
voltage (ac/dc and one-phase/three-phase), charger location, ac outlet facility, interface,
and charging time. The characteristics of the three types of battery charging systems
(level I, II, and IIT) are presented in table 2.5.
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Table 2.5. Characteristics of level I, I, and 11l battery charging systems [9]

Type of Charger AC outlet Supply Power Charging Vehicle
Voltage Location facility Interfaces Levels Times Types
Level | On-board Home garage Convenience 1.9 kW 11-36 hours PHEVs
230 Vac One-phase or office outlet (20 A) (5-15 kWh)
Level Il On-board Private or Electric 4kW (17 A) 1-4 hours PHEVs
400 Vac Three-phase public outlet | vehicle supply (5-15 kWh)
equipment
Level 11l Off-board Public station Electric 50 kW 0.4-1 hour EVs
208-600 Vac | Three-phase vehicle supply 100 kW 0.2-0.5 hour | (20-50 kWh)
or Vdc equipment

2.3 Universal DC-DC Converter for PEVs

As it is mentioned in the previous section, there are different configurations in order to
connect the battery to the battery charger. In the cascade configuration of fig. 2.13, the ac
outlet is connected to the battery in series to the battery charger (included the rectifier, the
PFC, and the dc-dc converter #1). Then, the battery is in series with the dc-dc converter
#2 to transfer energy between the battery and the traction system.

The available space in a vehicle to be used for installing electrical and mechanical
systems is limited. The weight of the vehicle also is an important issue. Therefore, power
density (kW/l and kW/kg) is a crucial factor for power electronic modules in EVs. To
improve the power density, one idea is to integrate two dc-dc converters: the dc-dc
converter #1 of the battery charger and the dc-dc converter #2 of power management with
traction system.

Figures 2.14, 2.15, and 2.16 show three state-of-the-art dc-dc converters with four modes
of operation: charging/discharging the battery from/to the ac grid; power transfer between
the battery and the traction system. Such a multi operational fully directional dc-dc

converter in EVs can be named as ‘universal’ dc-dc converter (fig. 2.17).
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In fig. 2.15, the universal dc-dc converter is multi-input with two ESSs, a battery and an
ultracapacitor. It has also coupled inductors (L; and L,), which makes the converter more

compact.

2.4 Wide Band Gap Devices

In power electronic converters, the most important component is the switching device.
Most of the power losses are dissipated in the switching devices: switching loss and
conduction loss. In addition, the size of the passive component (inductors and capacitors)
is directly related to the characteristics of the switching devices such as switching speed
(switching frequency). Operating at a higher switching frequency results in lower current
and voltage ripples, which it makes the size of the passive components smaller. On the

other hand, the lower ripples cause lower heat, which leads to a smaller heat sink.
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Moreover, the operation temperature of the switching devices also defines the
requirement for the thermal design. As a result, the switching device has the key role to
determine the efficiency and the volume/weight of the converter, which both factors
determine the power density of the power electronic converter.

For the last decades, Silicon (Si) switching devices are well established in power
electronics. But, Si shows important limitations in blocking voltage capability, operation
temperature, and switching frequency. In such a situation, wide band gap (WBGQ)
semiconductors are an enabling technology for high frequency high efficiency power
electronics. Among the possible semiconductor materials candidates, Silicon Carbide
(SiC) and Gallium Nitride (GaN) represent the best tradeoff between theoretical
characteristics (high blocking voltage capability, high temperature operation, and high
switching frequency), real commercial availability of the initial material (wafers and
epitaxial layers), and maturity of their technology.

The higher breakdown field of WBG semiconductors makes the drift regions of the
device thinner, which it results in lower specific ON-resistance. The high mobility of
GaN further reduces the ON-resistance. This allows a smaller die size to achieve a given
current capability, and therefore lower input and output capacitances. Higher saturation
velocity and lower capacitances enable faster switching transients and consequently
lower switching loss. In short, the material properties of WBG semiconductors result in a
device with lower ON-resistance and switching losses than a Si device with comparable
voltage and current capabilities.

Fig. 2.18 compares the material characteristics of Si, SiC, and GaN devices. SiC excels in
high temperature applications, while the material characteristics of GaN are superior in
high efficiency and high frequency converters. Although GaN theoretically offers better
high frequency and high voltage performances, the lack of good-quality bulk substrates
needed for vertical devices and the lower thermal conductivity lend SiC the better
position for high voltage devices. In fact, some SiC devices, such as Schottky diodes, are
already competing with their Si counterparts.

In [15], a comprehensive study is done to investigate superiority of SiC over Si in
inverters and dc-dc converters (isolated and non-isolated) for low, medium, and high

voltage applications. Regarding to our application, the medium voltage non-isolated dc-
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dc converter is of our interest. To perform the comparison, the dc-dc converter of fig.

2.19 is implemented with four switches of both Si and SiC devices.

Electric Breakdown field = Si
(MV/cm) e o SiC
4 = e GaN
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Figure 2.18. Comparison of the material characteristics of Si, SiC, and GaN devices
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Figure 2.19. Bidirectional buck—boost converter with 150-450 V, 12 kW, and 100 kHz

The comparison of fig. 2.20 is based on chip area and not on current rating since chip

area is proportional to cost, and current rating dependents on the application, the

switching frequency, and the cooling condition.

For the SiC devices, both soft switching and hard switching are considered. In the case of
hard switching, different amounts of peak-to-peak ripple current in the inductor are

assumed. In all considered cases, the minimum efficiency is higher than 95%. In the
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upper graph, the required chip areas of the switches are shown, and in the lower graph,

the efficiency and the theoretical power density are shown.
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Figure 2.20. Calculation comparison for the non-isolated bidirectional buck—boost

converter with Si and SiC [15]

As a conclusion, in medium voltage dc—dc converter, SiC devices offer the possibility of
reducing the chip area for a desired efficiency especially for soft-switched applications. It
could help to increase the power density as the case of the non-isolated bidirectional
buck—boost converter, where the chip area approximately could be reduced to 50% for
achieving the same performance with SiC devices.

In the future, SiC devices could show a significant advantage compared with Si devices if
the output capacitance of the SiC switches could be reduced significantly, such as GaN

devices. This would reduce the switching losses in hard-switched applications resulting in

24



a better efficiency and/or a more compact design. For this reason, GaN devices have
superiority over SiC devices in hard-switched applications.

In [16], commercial GaN devices are studied. There are two structures for GaN devices:
vertical and lateral. Vertical GaN devices, using structures similar to their Si and SiC
counterparts, can take greatest advantage of the superior GaN material properties.
However, the lack of availability of high-quality low-cost GaN wafers has limited these
prospects. Vertical devices generally require homoepitaxial fabrication, meaning that the
substrate and epitaxial layers are fabricated with the same type of semiconductor (i.e.,
GaN-on-GaN). However, MIT has developed a method of vertical MOSFET and diode
fabrication using a heteroepitaxial GaN-on-Si structure. Because vertical GaN devices
have not yet been produced on a commercial level, most of the GaN devices available
today are lateral heterojunction field-effect transistors (HFETs), also known as high
electron mobility transistors (HEMTs). These devices are typically limited at 600—650 V,
and consequently have limitation on power rating unlike those with vertical structure.
Because of the lateral heterojunction structure, these devices are fundamentally different
from MOSFETs and have unique characteristics such as their reverse conduction
behavior and their dynamic drain-source ON-resistance.

There is a current path layer between the drain and the source of the GaN HEMT. This
layer, shown in the GaN HEMT structure of fig. 2.21, is called “two-dimensional
electron gas” (2DEG). Because of the native 2DEG channel, the HFET is depletion-
mode (normally-ON) device. This is not desirable for voltage-source converters, because
of the potential for shoot-through during startup or loss of control power. One method to
fabricate “enhancement mode” (e-mode) normally-OFF GaN HEMT is the cascode
structure (ex. manufactured by Transphorm). A normally-OFF GaN device can be made
using the cascode structure shown in fig. 2.22. Cascode device requires co-packaging of
the depletion-mode GaN HEMT with a low-voltage e-mode MOSFET, typically Si. The
two dies are connected in such a way that the output (drain-source) voltage of the
MOSFET determines the input (gate-source) voltage of the HEMT. In general,
controlling the ON/OFF state of the low voltage silicon MOSFET to control the ON/OFF
state of the high voltage GaN HEMT makes the cascode GaN HEMT behave as an e-

mode device that is compatible with the commercial driver.
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Figure 2.21. Basic structure of depletion-mode lateral GaN HEMT
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Figure 2.22. Basic structure of depletion-mode lateral GaN HEMT

Although the 2DEG makes the lateral GaN HEMT natively depletion-mode, the gate can
be modified to shift the threshold voltage positively and thereby make an e-mode device
There are e-mode GaN HEMT devices manufactured by EPC, GaNSystems, or
Panasonic. In [18], commercial GaN (fig. 2.23) and SiC (fig. 2.24) devices are listed.

Manufacturers  Voltage Ratings Current Ratings Conduction Resistance Configuration |
EPC 15 V~450 V 0.5 A~90 A 1.3 mQ~2800 mQ enhancement mode
T h 600 V 9 A~17 A 150 mQ~290 mQ cascaded
r(;':l‘“’.‘i’ts‘l’l;“‘ 600 V (module) 70 A 30 mQ cascaded (half bridge)
) 650 V 21 A~47 A 35 mQ~110 mQ cascaded
100 V
Infineon (IR) 600 V cascode
LG 600 V 10 A, 15 A 140 mQ, 54 mQ, 71 mQ enhancement mode
(Infineon)
TI 80V 10 A 18 mQ enhancement
600 V 12 A 70 mQ cascode
100 V 45A,80A,90 A 7 mQ, 15 mQ
GaN Systems 650 V 75 A<60 A 25 MO-200 MO enhancement mode

Figure 2.23. Commercial GaN devices

26



SiC Schottky diode 600V, 650V, 1200 V, 1700 V 1 A~50 A (100 °C)

SiC MOSFET 900V, 1200 V, 1700 V 2.6 A~71 A (100 °C)
SiC power module 1200 V, 1700 V 20 A~325 A
SiC Schottky diode 650V, 1200 V 5 A~40 A (150 °C)
SiC MOSFET 400 V, 650 V, 1200 V, 1700 V 2.6 A~49 A (100 °C)
SiC power module 1200 V 80 A~ 300 A (60 °C)
SiC Schottky diode 600 V, 650 V, 1200 V 2 A~40 A
SiC JFET 1200 V 18 A, 25 A (100 °C)
SiC module (IGBT or CoolMOS + SiC diode) 650 V, 1200 V, 1700 V 30 A~600 A
SiC MOSFET 1200 V
SiC module (SiC MOSFET) 1200 V
SiC Schottky diode 600 V, 650 V, 1200 V 4 A~20 A
SiC MOSFET 1200 V 16 A, 34 A, 85 A (100 °C)
SiC Schottky diode 1200 V 154, 2?1‘2;; ig;" 40A
SiC module (IGBT + SiC diode) 650 V 40 A, 50 A (80 °C)

Figure 2.24. Commercial SiC devices

2.5 SiC-Based and GaN-Based DC-DC Converters for EVs

While SiC and GaN devices are being in to the use of power electronic converters in
general, there are efforts at the same time to improve the EV industry using these new
technology devices. Especially for the case of dc-dc converters, we review some state-of-
the-art and prestigious literatures on SiC-based and GaN-based dc-dc converters in EV
application here.

In [19], a dc-dc converter for the aim of power management in EV application is set up
with all-silicon (conventional silicon IGBTs and silicon diodes), hybrid (silicon IGBTs
with SiC Schottky diodes), and all-SiC (SiC MOSFETs with SiC Schottky diodes) to
compare the power losses (switching loss, conduction loss, and inductor/capacitor loss).
The specifications of the half-bridge dc-dc converter are presented in table 2.6 and the
power loss experiment results are shown in fig. 2.25.

From fig. 2.25, it can be seen that the all-SiC converter has the lowest power losses
compared to the hybrid Si/SiC, and the all-Si converters. By increasing the switching
frequency from 20 to 200 kHz, the switching loss of the SiC device increases.

In [20], an on-board battery charger for EV application is introduced by APEI, Cree, and
Toyota companies. The battery charger consists of two stages: ac-dc bridgeless boost
converter and phased-shift full-bridge isolated dc-dc converter (fig. 2.26). In the battery
charger, the applied MOSFET is 1200-S080B and the applied diode is 1200-S020B both
by Cree with the voltage rating of 1200 V and the current rating of 20 A.
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Table 2.6. Specifications of the converter [19]

Specifications Value
Low side voltage 300 [V]
High side voltage 600 [V]
Power rating 20 [kW]
Switching frequency 20, 50, 100, 150, 200 [kHz]
Junction temperature 125 °C
Inductor 225.6 [uH]
High side capacitor 900 [uF]

Power Loss Breakdown Comparison at Full Load
as a Function of Switching Frequency

700 : ' I Svitching Loss
600 - [ Conduction Loss
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Figure 2.25. Power loss contributors for three type of converters with all-Si, hybrid

Si/SiC, and all-SiC devices in different range of switching frequencies [19]

The experiment results of the battery charger show the efficiency of 95% with high
volumetric power density of 5.0 kW/L and high gravimetric power density of 3.8 kW/kg
where the power electronic module works at the maximum power of 6.1 kW and the

switching frequency of 200 kHz.
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Bridgeless Boost AC-DC Converter Phase-Shifted Full-Bridge Isolated DC-DC Converter
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Figure 2.26. Two-stage battery charger

Power electronics research center of ETH Zurich is also working on SiC-based converter.
Particularly in the application of EVs, there are examples in which high power density is
reported such as a SiC-based power management converter [21] and a SiC-based battery
charger [22].

In the case of the GaN-based converter in the application of EVs, there are still less
efforts compared to the SiC-based converter. The main limitation is the low power rating
of the current commercial lateral GaN devices, which make them suitable for low-to-
medium power levels. On the other hand, vertical GaN devices don’t have this limitation,
however, they are not still commercialized. As a result, GaN devices normally can be
applied for the low-to-medium power battery chargers and low-power electronic loads in

EVs (fig. 2.27).

High-power module  Medium-power accessories

| | PHV
[ \ | EV

Air conditioner
Accessory plug socket CG:

Charging
‘ system
DC/AC m

DC/AC DC/DC =—e i  _____ E-cUClY
Inverter Converter (200-300V)

™ —— =
— DC/AC W DC/DC
Converter
Load

Figure 2.27. Power module categorizing in EVs based on the power level

To close this chapter and have a wider look on the present and the future of GaN devices

on EV market, we can review the summary of the report of ABB magazine as follow
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[24]. Large GaN power devices are currently at the introduction phase. Very rapid market
growth is expected within the next five years leading to sales exceeding $500 million by
2020. Light EV/HEVs constitute the dominant the potential market area for GaN power
switch devices. The EV/HEV penetration of the total automotive market is currently very
small. The battery cost is the primary factor that determines the EV/HEV manufacturing
cost. The growth potential for EV/HEV cars will be greatly improved as battery costs fall
below $400/kWh. The EV/HEV combined sales are forecast to reach 30 million units
annually by 2025.

Already SiC devices are expected to be introduced that are optimized for 900 V operation
and GaN devices will also follow this path. The potential competitive threat offered by
SiC is real because the SiC devices offer excellent thermal performance in terms the
variation of on-resistance with temperature. It is however the Device Value in terms of
performance versus system cost that is critical. The 6-inch starting wafer cost for a GaN-
on-Si device is $25-50 while a SiC wafer cost can be $5,000. Even under extremely
adverse thermal conditions, 175°C junction temperature, large area GaN devices can have
lower ON-resistance than a that of SiC devices, smaller chip area, and far smaller
switching losses. The lateral nature of current GaN devices allows for the inclusion of on-
chip drivers, very low capacitance, and lower gate charge. However, The automotive
market opportunity is possibly the largest that can be addressed by GaN devices. The
current market is being served by IGBTs, which are low cost and well understood
devices. Displacement of IGBTs will be achieved only when the efficiency improvements

and reliability of GaN are well established.
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Chapter 3. SiC-GaN-Based Universal DC-DC Converter

3.1 Problem Definition

In chapter 2, de-dc converter for EVs is discussed. In the case of PEVs, two important dc-
dc converters, the battery charger and the power management, are needed to be efficient
and compact in order to accelerate the penetration of PEVs in the market. Universal dc-dc
converters are a solution to increase the power density in which the two important dc-dc
converters are integrated as one module. Such a universal dc-dc converter is full
directional with four modes of operation. Here, the configuration of the universal dc-dc

converter (fig. 3.1) and its operation modes are reviewed as follow.

Electric Motor

DC Bus

Breaking
————— —————

_————— _—————
Acceleration DC-AC .
Inverter Drive

= & —
DC-DC == ==ay
Batter ————— ———
B —————  Converter | f~———- @'

arging AC-DC
Rectifier

Plug-In Utility

Figure 3.1. Universal DC-DC converter for PEVs

1) Generative/Acceleration Drive Mode: The battery provides the power for the electric
motor. The input of the converter is the battery and the output is the regulated dc bus.
Therefore, the converter works in boost mode.

2) Regenerative/Braking Drive Mode: The electric vehicle has a negative torque and
regenerates the power. This power charges the battery. The input of the converter is the
regulated dc bus and the output is the battery. Therefore, the converter works in buck
mode.

3) Vehicle-to-Grid (V2G) Plug-In Mode: The battery provides energy to the grid while
the electric vehicle is plugged in to the grid. The input of the converter is the battery and

the output is the regulated dc bus. Therefore, the converter works in boost mode.
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4) Battery Charging Plug-In Mode: The electric vehicle is plugged in to the grid. The
grid provides power for the battery. The battery is under charged. The input of the
converter is the regulated dc bus and the output is the battery. Therefore, the converter
works in buck mode.

A universal dc-de converter in the application of PEVs should be able to charge the
battery. The power rating of a battery charger depends on the ac utility. For an on-board
home/office 230 V¢ one-phase level I battery charger, the power rating is up to 1.9 kW.
For an on-board private/public outlet 400 Vac one- or three-phase level II battery
charger, the power rating is up to 19.2 kW. For an off-board filling station 208-600 V¢
or Vpc three-phase level III battery charger, the power rating is up to 100 kW.

Therefore, if the universal converter is supposed to work as a level I battery charger, it
should be able to work at low 1.9 kW power. On the other hand, the universal dc-dc
converter should provide the power for the regulated dc bus of the traction inverter. The
power rating for drive purpose is at least 30-40 kW for a small PEV. In the case of a large
sedan it could be around 150 kW. As a result, the universal converter should be able to
work in the range of 1-30 kW for the case of a small PEV and 1-150 kW in the case of a
large sedan.

Another solution to progress PEVs in the market is to apply WBG devices such as SiC
and GaN in power electronic modules in order to improve the efficiency and the power
density. WBG devices have superiority over Si devices in the term of the switching
frequency and the power losses.

The nominal voltage of the regulated dc bus in the application of PEVs is 600 V. Table
3.1, presents the main characteristics of two state-of-the-art GaN (GS66516T) and SiC
(SCT3017AL) devices. The GaN device has a very low gate charge (Qg(tor)) and
consequently a very lower switching power loss in hard-switched applications. However,
the available lateral structure GaN devices in the market have limitation on the rating
power (unlike the expected GaN devices with a vertical structure in the future). The drain
current (Ip) rating of the GaN GS66516T is 60 A. Consequently, GaN devices are
suitable only for low-to-medium power applications such as on-board battery charger for
PEVs (up to 15 kW). In fact, lateral GaN devices cannot be used for high power

applications such as dc-dc power management converter neither in the dc-dc universal
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converter; the both cases for PEV application. However, if we want to have the
advantages of the compact universal de-dc converter and the efficient lateral GaN devices
at the same time for PEVs, we need to find a way to use the lateral GaN in the universal

dc-dc converter.

Table 3.1. Characteristics of the GaN and the SiC devices

GaN GaNSystems SiC
Parameters (GS66516T) ROHM (SCT3017AL)
Vps [V] 650 650
Rpsion) [M2] 25 17
Ip [A] 60 118
Q¢ (tor) [MC] 12.1 172
Q. [nC] 0 206
Ciss [PF] 520 2884
Coss [DF] 130 148
Veseen [V] 1.1-13 2.7-5.6

In power electronics, when the switching devices have lower current rating than the
demanded load current, the solution is to use multi-phase topology in which the switching
devices are paralleled to share the demanded load current. For the case of a small PEV in
which the universal dc-dc converter needs to provide 1-30 kW range of power, using
multi-phase topology with GaN devices is practical. But, this is not the case for a large
sedan in which the universal dc-dc converter needs to provide 1-150 kW of power. In this
case, a multi-phase topology with ten legs of paralleled GaN devices are needed which is
not feasible because of the complexity.

The innovative idea of the thesis, to have the advantage of using the lateral GaN in the
universal dc-dc converter, is to parallel different devices in a multi-phase topology. The
example of this idea in the thesis is a universal two-phase SiC-GaN-based dc-dc
converter with a power rating of 40 kW in which one GaN-based leg (to provide up to 15
kW) is paralleled with one SiC-based leg (to provide up to 25 kW). The idea of

paralleling different devices can be modified for any specific application (not only PEVs)
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and any specific power rating. In this way, for another application and another power
rating, the designer can optimally find the best number of phases and the best
combination of different devices to reach the maximum efficiency and/or the maximum
power density.

Paralleling different devices has not been applied in the past. In a conventional multi-
phase converter, one of the objectives is to have the same current sharing for all the
phases. The main reason is about safe operation of the converter. Generally, the
resistance of the diodes has a negative temperature coefficient. It means the resistance of
the diodes becomes smaller with a higher temperature. Therefore, if the converter has a
mismatched current sharing, the diode with the higher current will face a higher
temperature and consequently a smaller resistance. The smaller resistance leads to even
higher current sharing. Finally, the feed-forward situation may cause instability for the
converter. Fortunately, in our case, there is no switching diode. Because, in a
bidirectional topology, both high side (HS) and low side (LS) switches are transistors and
there is no unidirectional diode. Moreover, in the proposed two-phased SiC-GaN-based
dc-dc converter, there is no anti-parallel diode. First, GaN transistors have no body
diodes and are naturally capable of reverse conduction. Therefore, they have no need for
anti-parallel diodes as an important advantage of this technology. Second, the SiC power
MOSFET used in the proposed converter (SiC SCT3017AL) has a body diode with a
very similar characteristic of a typical anti-parallel diode. Therefore, it is possible to
avoid the use of the anti-parallel diodes also for the SiC SCT3017AL. All together, the
safety operation issue related to unbalanced current sharing is not a matter in our case.

In the next section the configuration of the proposed converter and the power stage

design is discussed.

3.2 Configuration and Power Stage Design

Based on what is reviewed and discussed till now, we need a universal two-phase dc-dc
converter for the application of PEVs in which one phase is GaN-based and the other
phase is SiC-based. In our application of a PEV, the voltage of the battery is considered
to be 300 V and the voltage of the regulated dc bus is considered to be 600 V. When the

universal dc-dc converter works in generative/acceleration drive mode or in V2G plug-in
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mode, the input of the converter is the battery and the output is the regulated dc bus.
Therefore, for these two modes of operation, the converter needs to have a boost
topology. Considering a two-phase boost converter in which both HS and LS devices are
bidirectional transistors, the converter inherently is a buck converter when it works in
regenerative/braking drive mode and in battery charging plug-in mode as its input is the
high voltage regulated dc bus and its output is the low voltage battery. As a result, the
proposed dc-dc converter has a two-phase boost topology, while we are aware of its
bidirectional nature. Referring to the context of PEVs, we call the proposed converter as
“universal”. All together, the configuration of the proposed converter can be designed as

the presented converter in fig. 3.2.

SiC HS GaN Hs

Drive Mode:

[] RCHV + Invert.er and
DC ] Electric Motor

Bus [

Plug-In Mode:
== CHV Rectifier and Grid

Battery

—|— CLv

H=

SiC GaN
Gate Driver Gate Driver

Figure 3.2. Configuration of the SiC-GaN-based converter
Active devices (SiC SCT3017AL and GaN GS66516T) are already selected. Now, we

need to calculate passive components L;, L,, Cyy, and Cry. To design the inductances,
first, it should be decided if the converter is going to operate in continuous conduction
mode (CCM) or discontinuous current mode (DCM). In one of the main references of this
thesis on the universal dc-dc converters for PEVs, CCM is considered for all range of
power [11]. Here, we follow the same method of designing the inductances, so that the

minimum current is considered in the formula 3.1;
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Vi X (1 - %‘;) 8 (%11//)2 (3.1)

L =
AIL(P.U.)XIL(min) >(fsw

where V;, is the battery voltage, Vyy is the regulated dc bus voltage, f,, is the switching
frequency, and Al}p ) is the per unit current ripple of the inductors. In addition, I} nin)
is the minimum inductor currents and should be calculated considering the minimum
demanded power. As it is discussed in section 3.1, the minimum power for the converter
is 1 kW. For a demanded power up to 15 kW, only the GaN phase is supposed to provide
the power. Therefore, the minimum inductor current of the GaN phase (I (min)) Will be

obtained as:

ILZ(min) = VLV = 3.3 [A], P(min) =1 [kW], VLV = 300 [V] (32)

To calculate the minimum inductor current of the SiC phase (I 1(min)), We consider a
minimum power of 1 kW as well. Then, we will have I 1 (min) = IL1gminy = 3.3 [A]. As it
is described in section 3.1, it is the case when the demanded power is more than 15 kW
(the power rating of the GaN phase) and the SiC phase needs to provide the rest of the
demanded power.

All together, the inductances of the both phases and their corresponding parameters are

summarized in table 3.2.

Table 3.2. Inductor Design

Parameter Value
Viv 300 [V]
Vv 600 [V]

Al py) 0.3

P inin) 1[kW]

I (min) 3.3 [4]
fsw 10 [kHZz]

L,=1L, 7.5 [mH]

The capacitance of the high voltage capacitor can be calculated as follow:
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Iout(max)x ( - %‘;)

C =
v AVHV stw

(3.3)

where AVyy = AVyyp.yyXVyy and AVyy(p g is the per unit output voltage ripple which
considered as 0.05. In addition, I,y ¢(max) is the maximum current of the output in a boost
configuration. Therefore, to calculate lyy¢(max), We need to know the current at the high
voltage side of the converter at the rating power (40 kW):

P(rating)

= 66.7 [4] (3.4)

Iout(max) = %
HV

Replacing the parameters in formula 3.3 results in Cyy = 111 uF.
The capacitance of the low voltage capacitor can be calculated as follow [22]:
()
Vv

LV = BXLXAV,y X fory

(3.5)

where AV, = AVyy(p.yyXVyy and AVyyp yy is the per unit output voltage ripple which is
considered as 0.05.

Replacing the parameters in formula 3.5, it results in C;, = 27.7 uF.

3.3 Modeling

To obtain the mathematical model of the converter, first we need to investigate the time
intervals. Here, we analyze the boost mode where a voltage ratio equal to 2 is needed
(Vi = 300 [V] and V, = 600 [V]). The duty cycle of a boost converter and its voltage

ratio are formulated as follow:

D=1-=2xp (3.6)

o

where 7 is the efficiency of the converter. Since, efficiency is always less than 1, the duty
cycle of the converter in boost mode is always more than 50 percent.

On the other hand, a fixed frequency PWM modulation is considered for the proposed
converter. The PWM modulation of the phases is supposed to have a time shift of 180° to
realizes the interleaved inductor currents. In an interleaved two-phase converter, the
switching commands of the phases have a time shift of T, /2 where T, = 1/f;,, is the
time period.

Considering these two facts, the possible inductor currents are depicted as fig. 3.3:
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Figure 3.3. Investigation of the time intervals: inductor currents

As we can see in fig. 3.3, there are three time intervals for the converter:

1) The HS SiC is switched-ON and the HS GaN is switched-OFF (fig. 3.4) where the
inductor current of the SiC phase (1) is discharging through the HS SiC and the output
load; while the inductor current of the GaN phase (I;,) is charging through the LS GaN.

+
L1 . Vout
isic =
—
i Rcuv
L2 RL _ RDs-sic “ RLoad
1GaN
=
RL RDS-GaN = Chv

+ Rbat RCwv

Vin
. +
| CLv

Figure 3.4. The circuit topology of the first time interval

2) The HS SiC is switched-OFF and the HS GaN is switched-ON (fig. 3.5) where the
inductor current of the SiC phase (I;;) is charging through the LS SiC; while the inductor
current of the GaN phase (I;,) is discharging through the HS GaN and the output load.
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Figure 3.5. The circuit topology of the second time interval

3) The HS SiC and the HS GaN are both switched-OFF (fig. 3.6) where both the inductor

current of the SiC phase (I;;) and the inductor current of the GaN phase (I;,) are

charging through the LS SiC and the LS GaN respectively.
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Figure 3.6. The circuit topology of the third time interval

Based on the circuit analysis theory, the differential equations of the first time interval

can be obtained as (3.7) in which the time duration of Ty, X(1 — Dg;-) where Dg;. is the

duty cycle of the SiC phase:
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digic .
a)L —tl + isic(R, + Rps—sic) = Vin — Vout

d
digan . .
b) L dz + igan(RL + Rps—gan) = Vin
de Vbat — Vin
c)C = — (isic + igan)
LV dt Rbat SiC GaN
dv.
d) vin = vCLV + RCLVCLVTLV (37)
Veyy . Vout
€) Coy —L = g — 2L
HV dt SiC Rload
Veyy

f) Vour = Veyy + Reyy Cav T

where igic = i11, igay = 12, and Rps_gic is the drain-source ON-resistance of the SiC
device, and Rpg_¢,n 18 the drain-source ON-resistance of the GaN device.

The differential equations of the second time interval can be obtained in the same of
those of the first time interval analogously while SiC indicators should be replaced with
GaN indicators and vice versa. The time duration of the second time interval is
Tow X (1 — Dgqn) Where Dgqy is the duty cycle of the GaN phase.

The differential equations of the third time interval are obtained in (3.8) with a time

duration of Ty, X (Dg;c + Dgan — 1):

digic .
a)L d—tl + isic (R, + Rps—sic) = Vin
digan .
b) L dz + igan (R, + Rps—gan) = Vin
de vout
€) Cppy v _ _ (3.8)
v dt Rload

Vc
d) Vout = vCHV + RCHVCHVTHV

To simplify the equations, the series resistances of the battery (Rp,:), the low voltage
capacitor (R, ), and the high voltage capacitor (R,,,,) can be neglected. In this way, the
“state space equations” of the converter in the boost mode will be obtained as (3.9):

disic . (R, + Rps—sic) (1 — Dgic)
=be|~ |t I

A 5t

1
Vbat [Z] + Vout
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digan _ . (R, + Rps—gan) 1 (1 = Dgan)
¢y Yaw _ g (3.9)
dt
dvey, . [1—Dsic] | . 1—Dgan 1
] A v R o o

To linearize the state space equations of (3.9), “small signal method” is applied. Then,

the linear equations of the converter will be obtained as (3.10):

(1 = Ds;ic) 1
Ioic = —Voueo 2y ———
s YR+ Rps_sic "R, + Rps_sic
(1 - DGaN) 1

Ian = =V, +Vi (3.10)

YR, + Rps_can "R, + Rps_can

Vout = Isic- 1- DSiC)- Rioaa + Igan- 1- DGaN)- Rioaa

where Isic, Igan,> Vin, and V,,,; are the steady state values of the inductor current of the
SiC phase, the inductor current of the GaN phase, the input voltage, and the output
voltage respectively.

Replacing the steady state values of the voltages V;,, =V, =300 [V] and V, =V, =

600 [V] in (3.10), the duty cycles of the SiC phase (Ds;c) and the GaN phase (Dg,y) in
steady state will be obtained as (3.11):

1 1
Dsic = 0.5+ (R, + Rps—sic)- R R
load GaN-ratting

(R, + Rps—gan)
Rload

(R. + Rps—gan)
Dgan = 0.5 R v Rigaa > RGaN—ratting
GaN-ratting

Dgan = 0.5 + » Ripaa = RGaN—ratting (3.11)

where Rgan—ratting 15 the output load resistance at the GaN phase power rating and can

be calculated as (3.12):

PGaN-rattin
RGaN—ratting = % = 24 [-Q]; PGaN—ratting =15 [kW], V;; =600 [V] (3-12)

In the next section, a comprehensive power loss analysis will be performed with Spice-
based OrCAD simulations. In the simulations, steady state equations of (3.11) are applied
to obtain the amounts of the duty cycles for low to full load. As we will see, the

simulation results verify the accuracy of the modeling as well.
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3.4 Power Loss Analysis

In this section, we are going to investigate all the power loss contributors for the
proposed converter in different amounts of the demanded power. In addition, in order to
show the advantage of the proposed converter in the term of the power losses and the
efficiency, it should be compared with the possible alternative for the same application.
As it is discussed in the previous sections, the superiority of the SiC and the GaN
technologies over the Si technology has already been proved in the literatures. Besides,
the main idea of the thesis is to the GaN, although its low power rating, in the high power
universal dc-dc converter for PEVs, with an innovative two-phase SiC-GaN-based
topology. As a result, the possible alternative for the same application can be a two-phase
all-SiC topology where there is no GaN technology.

To this aim, Spice-based OrCAD simulations are performed for the both SiC-GaN-based
and all-SiC converters in which the Spice model of SiC SCT3017AL and GaN
GS66516T are used.

There are different methods for the power loss calculations:

1) Spice Circuit Simulation:

The most straightforward method is to use Spice software (such as OrCAD, PSpice and
LTSpice) to simulate the whole circuit and obtain the loss values directly from the
resulted waveforms with the computational functions embedded in the software.

Spice simulations are very convenient and accurate. The Spice device models take most
underlining physical parameters into account and build semiconductor devices with
accurate equations, rather than lumped linear circuit elements (L, R, and C). When Spice
simulations are conducted, all the losses are accounted for automatically, even the losses
associated with leakage currents and gate drives.

However, the accuracy of this kind of simulation largely depends on the accuracy of the
Spice model of the devices used. Those Spice models are typically created by the device
manufacturers where the models are fitted with the performance curves measured
experimentally, which may not be accurate for all operation points. In addition, many

devices do not even have a Spice model to use.
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2) PLECS Circuit Simulation with Datasheet Extrapolation:

Some simulation tools like PLECS and MATLAB/Simulink treat semiconductor devices
simply as combinations of linear circuit elements. For example, a diode is modeled as a
constant voltage drop in series with a resistance.

In this case, switching loss is handled separately. First, the parameters of the circuit
components needed for the simplified model, (such as the threshold voltage and the ON-
resistance), are obtained at a suitable operating point by referring to the performance
curves on datasheets. The parameters are put into simulation software, and operation
waveforms can be obtained with ideal switching transients. Hence, the conduction loss of
the switches as well as the losses from the inductor and capacitor will be obtained
directly from the simulation. The switching loss can then be accounted for by reading the
switching energy figures on the datasheet of the switches. The numbers may need to be
scaled by some factor to match the operating conditions assumed, and should be

multiplied by frequency to yield the switching loss.

3) Analytical Calculation Using Device Datasheets:
If discrete semiconductor devices are used and reliable Spice models of these devices do
not exist, it is better to calculate their losses with equations presented in the following

parts of this section by completely depending on the datasheet information.

In this thesis, the method of power loss calculation is a combination of the both Spice
circuit simulation method and the analytical calculation using device datasheets method.
For instance, for the switching loss calculation, the values of the turn-ON/turn-OFF
switching times are obtained from the simulations; while for the conduction loss
calculation, the reverse recovery loss calculation, and the gate loss calculation, the values
of the drain-source ON-resistance (Rps(on)), the reverse recovery charge (Q,r), and the
total gate charge (Qgtor)) are obtained from the device datasheets.

Here, the power losses contributors are formulated as follow:

1) Switching Loss:

Py, = VDS(max)XID(max) stwx% (3.13)
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Referring to table 3.1, the amount Qg +or) and consequently the amounts of T;,,, and T,z f

are smaller for the GaN device in comparison with those of the SiC device. For this
reason, the GaN device has a smaller switching loss.

2) Conduction Loss:

Peona = RDS(on)XID(rms)ZXD (3.14)

where D is the duty cycle of the corresponding device. Referring to table 3.1, Rpgon) 18
smaller for the SiC device in comparison to the GaN device. For this reason, the SiC
device has a smaller switching loss. As we will see later, the efficiency of the proposed
SiC-GAN-based converter is still higher than the all-SiC converter since the main
contributor of the power losses is the switching loss.

3) Reverse Recovery Loss:

Porr = Vpsimax) X fsw X Qrr (3.15)

where Q.- is the reverse recovery charge of the corresponding device. Referring to table
3.1, Q, is zero for the GaN device, however, as we will see later, it is not a big
advantage for the proposed converter, as this contributor of the power losses is a very

small portion of the total power loss.

4) Gate Loss:

P = Vs X fowX Qg (tor) (3.16)

where Vis and Qg o) are the gate-source voltage, and the total gate charge of the
corresponding device respectively. This term of the power loss contributors is neglected
in this study after the power loss calculations because of its too small portion of the total
power loss.

5) Inductor Loss:

There are three terms of the inductor loss: the dc resistive loss, the ac resistive loss, and
the core loss. In this study, we only take the dc resistive loss into account. This term of
power losses can be calculated as:

P, = Ryae)XIp(ac)” (3.17)

where Ry qc) (or simply R;) and I 4. are the dc resistance and the dc current of the

inductors respectively.
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6) Capacitor Loss:

P = RC(ESR)XIC(rms)2 (3.18)

where Regsgy and I¢(-ms) are the equivalent series resistance and the rms current of the
capacitor respectively. As we will see later, this contributor of the power losses has
roughly the same value in the both converters.

To verify the steady state model of the proposed converter (3.10) in boost mode, the
circuit of fig. 3.2 is simulated in OrCAD using Spice model of SiC SCT3017AL and GaN
GS66516T. The duty cycles are obtained from the equations 3.11 at rating power of 40
kW. Fig. 3.7 (with two different Y axes) and fig. 3.8 present the inductor currents (i,

and i;,) and the HS SiC and the HS GaN drain currents (is;c_p and i;,y_p) respectively.
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Figure 3.7. Inductor currents for the proposed converter in Py, = 40 [kW]

Based on the simulation results, the average amounts of the HS drain currents are 39.45
A and 26.34 A for the SiC and the GaN devices respectively. In an ideal current sharing
for the proposed converter, the GaN device provides 25 A (15 kW); and the SiC device
provides 41.67 A (25 kW) in the rating power of 40 kW. Comparing the simulation
results with the ideal current sharing, the model has an error of 5 % approximately.
However, as long as the current ratings of the devices are not violated, non ideal current

sharing resulted by the modeling error is not a problematic issue in our application.
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Figure 3.8. The HS drain currents for the proposed converter in Py, = 40 [kKW]

Referring to table 3.1, the drain current ratings of the SiC and the GaN devices are 118 A
and 60 A respectively. As it can be seen in fig. 3.8, the drain current ratings of the
devices are respected.

In fig. 3.9, the power loss contributors are compared for the proposed SiC-GaN-based
converter and the two-phase all-SiC converter at the rating power of 40 kW. As it can be
seen, the main contributor of the power losses is the switching loss (F;,,). The conduction
loss is lower for the case of all-SiC converter because of the smaller drain-source ON-

resistance of the SiC device in comparison with that of the GaN device.
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Figure 3.9. Power loss contributors for the both converter in Py, = 40 [kW]
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Reverse recovery loss is a very small portion of the total power loss for the both SiC-
GaN-based and the all-SiC converters. Inductor and capacitor losses have roughly the
same amounts for the both converters. The gate loss (P;) is not shown in fig. 3.9 because
its portion of the total power loss is too small to be accounted.

Finally, in fig 3.10, the efficiency of the both converters is compared in different amounts
of the output power. In Py, = 40, 30, 15, 5 kW, the GaN device provides 37.5, 50, 100,
and 100 percent of the total output power respectively. The higher percentage of the GaN
usage in light loads results in lower switching power loss. Consequently, the difference in
the efficiency is higher in light loads between the proposed SiC-GaN-based converter and
the all-SiC converter.
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Figure 3.10. Efficiency investigation for the proposed SiC-GaN-based converter and
the all-SiC converter in Py = 40, 30, 15, 5 [kKW]

3.5 Dead-Time Analysis

In the recent years, parallel to the growth of the GaN devices in power electronics, some
studies are performed specially on the analysis and the optimization of the dead-time in
the GaN-based converters [32-41]. In [32], the dead-time optimization is studied for a
flyback converter using GaN EPC 1009 with voltage and current rating of 60 V and 6 A
respectively. In [35], the dead-time optimization is studied for a 600 W full-bridge dc-dc
converter using a 650 V, 15 A, GaN device by RFMD Company. In [36], the effect of the
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dead-time on the switching behavior and the power losses of a boost converter, using a
GaN device, is presented. This work is followed and completed in [37] by deriving a
dead-time optimization model for the GaN device in order to select the optimum value of
the dead-time. In [38], an analog dead-time generator circuit is presented for a GaN-
based synchronous boost converter. This work is followed and completed in [39], where
the analog circuit is enabled to predict the switching behavior of the GaN device during
the dead-time interval to dynamically control the value of dead-time in order to minimize
the dead-time power loss. In [40-41], the effect of the negative OFF gate-source voltage
(Ves—orr < 0) on the dead-time power loss is investigated. A negative OFF gate-source
voltage increases the drain-source forward voltage (Vps—forwara) and consequently
increases the dead-time power loss.

Expect [19] and [22], in all other mentioned literatures, GaN EPC 2001 (100 V and 25 A)
is the switching device of the converter. In addition, the reported output power is always
less than 200 W. On the contrary, in this thesis, the power rating of the converter is 40
kW and the state-of-the-art GaN device (GS66516T by GaNSystems) with
voltage/current ratings of 650 V and 60 A is used. Therefore, it is important to investigate
the effect of the dead-time power loss in the SiC-GaN-based proposed converter, with its
new GaN and SiC devices, in the high power application of universal dc-dc converter for
PEVs. To this aim, in the section, a new Spice circuit simulation method is introduced to
calculate the dead-time power loss in a more precise way. To compare the dead-time
power loss of the GaN and the SiC devices, the simulations are performed with equal
power sharing (15 kW for each phase). The effect of the negative Vis_,5f on the dead-
time power loss is also investigated.

In a dc-de converter with bridge topology, the dead-time is defined as a switching time
interval in which the gate-source voltages (V) of the both HS and LS devices are in the
OFF situation. Such a time interval is considered by the designer to prevent the
possibility of short-circuit caused by the simultaneous switched-ON situation of both the
HS and LS devices. During this time interval, in the boost mode, the HS device still
conducts the inductor current while its resistance or its drain-source forward voltage is

different from the drain-source ON-resistance during the conduction time interval. As a

48



result, the power loss during the dead-time interval is different from that of the
conduction time interval.

In fig. 3.11, the switching loss, the conduction loss, and the dead-time loss are defined
graphically with their corresponding time intervals. The curves of fig. 3.11, are obtained
from OrCAD simulation of the proposed SiC-GaN-based converter at P,,; = 30 kW
using Spice model of the devices. The curves present the drain-source voltage (V) and
the drain current (Ip) of the HS GaN device. As it can be seen, during the dead-time
interval, the negative drain-source forward voltage (Vps_ forwara) 1 not constant and the
resistance of the device is not equal to that constant Rpgon) of the steady-state

conduction time interval.

20 w w 60
Switching
/Power Loss —Vpg(GaN) 50
10 Dead-Time —Ip(GaN) |
40
E / Power Loss .
« ‘ ) > an &
8 0 - 4 30 _D
>
120
-10 -
10

0.0191505 0.01915054 0.01915058 0.01915062 0.01915066

Time [s]
Figure 3.11. Power Loss Definition (P, = 30 kW)

In the literatures, such as [42-44], the formula (3.19) is used to calculate the dead-time
loss (Pgeaa—time)- In this formulation, Vps_forwara 18 the negative forward drain-source
voltage and I, is the output current respectively. To calculate Pyeqq—time» Vps—forwara 18
obtained from the datasheet of the device and I, is equal to the steady state Ip,
practically, during the conduction time interval.

Paead—time = Vps—rorwaraX loX fswXTgead—time  (3.19)

In (3.19), Tyeaa-time = Taead—time—on + Taead—time-orr Where in the ON dead-time

interval, the HS device is going to be switched-OFF and the LS device is going to be
switched-ON, and in the OFF dead-time interval, the HS device is going to be switched-
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ON and the LS device is going to be switched-OFF. Based on this definition, fig. 3.10
presents an OFF dead-time interval.

The problems of the dead-time loss calculation method of (3.19) are: a) Vps_rorwara 18
not a constant value (obtained from the datasheet) during the dead-time interval b)
Vps—forwara during the dead-time interval has not the same transient trajectory for
different values of the dead-time, and c) I,, the corresponding current t0 Pjoqq—time> 15
not a constant value during the dead-time interval, equal to the steady-state I, of the
conduction time interval.

To modify the formulation of (3.19), another formulation is proposed where the term

Vbs—forwaraX Io 1s changed as:

1 to—ontTdead—time—on
Pavg—on = f
t

[Vps()-Ip(£)| dt (3.20)

Taeaa-time-on Je,_,,
In this formulation, average power loss of the device during one ON dead-time interval
(Pavg-on) is calculated by considering the instantaneous absolute values of Vp(t) and
Ip(t). Absolute value is used since Vps_forwara Of the device is negative during the
dead-time interval for the HS device in the boost mode of bridge topology. Average
power loss during OFF dead-time (Pgy4-0rf) can be also calculated easily by considering
the corresponding time interval and replacing ON with OFF in the indexes of the formula
(3.20).

Now, the formula (3.19) can be rewritten as:

Pacaa-time = fswX(Pavg-onXTaead—time-on + Pavg—off X Tacad—time—ofr) (3.21)
The values of V5 (t) and I, (t) will be obtained from OrCAD simulations in this method.

Since the simulation results are discrete, (3.20) should be rewritten as:

Pavg-on = = Zi=1lVps (D). I ()| (3.22)

where n is the number of the available samples during the dead-time interval, obtained
from the simulations.

Fig. 3.12 compares P,pqq—time Of the both GaN and SiC devices in the proposed
converter for different values of the dead-time in the range of 0 to 100 nanoseconds. The
simulations are performed at P, = 30 kW. In this case, the both SiC and GaN phases

share equal amount of power (15 kW for each phase) and conduct the same amount of
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current (I, = 50 A). Therefore, the resulted Py.qq_¢ime Of the SiC and the GaN devices, a

function of I, are comparable.
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Figure 3.12. Dead-time loss of the GaN and the SiC devices

It should be noticed that, in fig. 3.11, I, = 55 A at the steady state. This value is in fact
the maximum current of the inductor (I,_max = I —gverage + l-rippie = 50 +5 =
55 A) at the beginning of the conduction time interval. Considering the time scale of fig.
3.10 which is something around 100 ns, the visible steady state I, corresponding to
Piead—time 1S €qual to 55 A.

At Tgead—time = 0 ns, the Pyeqq_time 1S €ven higher than Tyo04-time = 10, 20, and 40 ns.
This higher amount of power loss is resulted from the high current spikes of the device.
Therefore, a very low value of the dead-time not only increases the possibility of shoot-
through problems, but also increases P;.q4—time and for these reasons should be avoided.
In our case, the minimum Py,q4_¢ime happened at Tyegq—time = 10 ns for the GaN device
and at Tyeqq—time = 20 ns for the SiC device. However, in [45], a minimum value of
Tiead—time = 30 ns is recommended for the GaN device due to the propagation delay of
the gate driver. A zero value of T.q4—time 1S NOt applicable to calculate P;.q4_time USING
the formula (3.21). In fact, the settling time of Vps(t) is considered for the case

Tiead—time = 0 ns. The settling time in the simulations is the time in which V¢ (t)
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reaches its steady state value of the conduction time interval. In other words, in the
settling time, the drain-source resistance of the device reaches its constant value of
Rpson)-

In the dead-time range of 10-100 ns for the in the GaN device and 20-100 ns for the SiC
device, Pjpqq-time increases. The rate of the increase is higher in the case of the GaN
device. For both devices, the rate of the increase is not linear and approximately reaches a
saturation level for the very high values of the dead-time. It means that the settling time
of Vps(t) does not increase linearly with the increase of Tyeqq—time- This behavior can be

observed also in the calculated Py, o, of the GaN device shown in fig. 3.13.
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Figure 3.13. Average ON dead-time loss of the GaN device
As it is explained before, using Vps_forwara values obtained from the datasheet is not a
precise method. For example, Vps_rorwara is €qual to 4.3 V for the GaN device at
Ip =55A and Vgs_orp = 0V. Therefore, the term Vps_rorwaraX o in (3.19) is
calculated as Vps_forwaraX Io = 4.3X55 = 236.5 W. This is the value of Fy,,5_,p of the

GaN device at Tyegq—time around 100 ns. But, this value is not valid for other values of

dead-time as we can see in fig. 3.13. In fact, the datasheet does not provide Vps_ rorwara
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for different values of dead-time. In some datasheets, Vps_forwara 18 not provided even
for different amounts of current.

Here, the effect of Vis_orr ON Pyeqa—time 18 analyzed as well. In [45], Vis_opr 18
modeled as a drop voltage added to Vps_frorwara- A negative value of Vgs_orf, results in
higher amount of P;.,4_time @S We can see in fig. 3.14 (simulated at P, = 30 kW and
Tiead—time = 40 ns) for the case of the GaN device. Therefore, such a negative gate-
source voltage applied during the switched-OFF interval is unpleasant. However, because
of the low threshold voltage of the GaN device (Vgg(eny = 1.1 — 1.3 V), there is the risk
of unwanted switched-ON of the device during the switched-OFF interval with a zero
gate-source voltage command. In [45], Vios_orr = —3 V is recommended.
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Figure 3.14. Dead time loss of the GaN device for different negative values of Vss_orr
(Pout = 30 kW and Tyeqq—time = 40 ns)
As a conclusion, considering the output power of 30 kW and the total power loss of 300
W (efficiency of the converter is around 99 % at P, = 30 kW refers to fig. 3.9), the dead
time 10ss (Pgeqa—time < 1W) has a very low amount and does not influence the

efficiency effectively.
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Chapter 4. Controller Design

In this section a cascade controller is designed for the proposed converter to achieve the
active asymmetrical power sharing between the SiC and the GaN phases. The aim of
active asymmetrical power sharing is the maximum utilization of the GaN device to
minimize the power losses and reach the maximum possible efficiency.

The proposed converter is a universal fully directional one as it is shown in fig. 3.1 and
its four modes of operation are explained in section 3.1:

1. Generative/Acceleration Drive Mode

2. Regenerative/Braking Drive Mode

3. Vehicle-to-Grid (V2G) Plug-In Mode

4. Battery Charging Plug-In Mode

Such a dc-dc converter with multi-mode of operation has different control objectives. In
drive modes (modes 1 and 2); the first goal is to regulate the dc bus voltage with a
reference of 600 V. In addition, in order to minimize the switching power loss by the
maximum utilization of the GaN device, it is needed to have different inductor current
references. It is also very important to respect the current rating of the both SiC and GaN
devices and avoid high overshoots. Therefore, inductor current control is also necessary
in our case. All these considerations lead to a cascade controller in which the inner loop
controls the inductor currents of the both SiC and GaN phases and shares the current
asymmetrically and the outer loop controls the voltage of the dc bus.

In plug-in modes (modes 3 and 4), the first goal is to control the power conversion of the
battery. However, because of the aforementioned needs for the inductor current control in
the proposed converters, also in plug-in mode a cascade structure is applied. Like the
drive mode, the inner loop consists of the inductor current controller. The difference is
the outer loop where the battery power is the reference of the controller instead of the
voltage of the dc bus.

Using PI controllers is very common in dc-dc converters. We also use PI controllers for
all controller blocks. The control scheme of the converter is shown in fig. 4.1. As it can
be seen in the figure, in drive mode, where the control objective is to regulate the bus

voltage, the outer loop reference parameter is Vj,;". Moreover, in plug-in mode, where
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the control objective is to regulate the battery power, the outer loop reference parameter
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Figure 4.1. Cascade control scheme for the universal SiC-GaN-based converter

To obtain an active asymmetrical current sharing in order to maximize the utilization of
the GaN device, the output of the outer loop PI controller is multiplied by the coefficients
Ksic and K4y to produce current references for the both SiC and GaN phases. Based on

the power rating of the GaN device (15 kW), the coefficients should be calculated as:

1 for P* < Pean—ratting
Kgan = PGaN;”*atting for P* > PGaN—ratting
0 for P* < Pean—ratting
Ksic =4 P _PGaPIZ—Tatting for P* > PGaN_mtting (3.23)

where P* is the demanded power (output load power in boost mode and battery power in
buck mode) and Pgqp—ratting 1S the maximum power which GaN transistors can provide.
In our case, Pgan—ratting = 15 kW.

In fig. 4.1, the inductor current references and the duty cycle references are limited using
the saturation blocks. For the inductor currents, the current ratings of the SiC and the
GaN devices are considered as the limits of the saturation blocks. In the boost mode, the
saturation limits are [0,118] and [0,60] for the current references, igi;” and igqy’,
respectively. In the buck mode, the saturation limits are [-118,0] and [-60,0] for ig;c* and
ican Tespectively. For the duty cycles, a saturation limit of [0.1,0.8] is considered. In a
dc-dc converter, the voltage ratio is proportional to the duty cycle, however, there is a
saturation limit for the duty cycle depends on the power loss of the converter. For the
amount of the duty cycle higher than the saturation limit, the voltage ratio decreases. That

is what we are going to avoid because it leads to a feed-forward instability in the control
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system. Based on the open-loop simulations, the value of 0.8 is considered for the upper
limit of the duty cycle.

To manually regulate PI parameters, the close-loop converter (power stage with control
blocks) is simulated in MATLAB Simulink. Then, two steps are performed as follow.

a) Inner Loop Regulation:

In the cascade controllers, first, the parameters of the inner loop should be regulated. The
inner loop response should be much faster than that of the outer loop. In this way, the
inner loop can be approximated as a unit block from the outer loop’s point of view. To
perform such an idea, the inner loop is separated from the outer loop; a deliberate
sinusoidal input is applied to the inner loop; and the PI parameters are regulated manually
to observe a fast tracking of the sinusoidal input by the inductor currents.

b) Outer Loop Regulation:

Once the inner loop PI parameters are regulated, we connect the outer loop as the input of
the inner loop. To regulate the PI parameters of the outer loop, we can use PID Tuner
App of MATLAB. PID Tuner App needs a linear model of the system. PID Tuner App
performs the linearization of the system automatically, however, in the case of the
switching converter, the app is not able to perform the linearization. In this case, first, a
linear model is estimated for the system using System Identification Toolbox. Then, the
estimated linear model is used by PID Tuner App to regulate the PI parameters of the
outer loop.

In fact, we have more than one system in the simulations and the PI parameter regulation
steps. In the generative/acceleration drive mode and the V2G plug-in mode, when the
converter works in the boost mode, a resistive load is connected to the dc bus while in the
regenerative/braking drive mode and battery charging plug-in mode, when the converter
works in buck mode, a dc voltage source is connected to the dc bus. Practically, the
simulations and the regulation steps are performed only in the boost modes. For the buck
mode, we take the advantage of the intrinsic robustness of the PI controllers to still have
satisfactory results.

To examine the performance of the controller, the proposed converter is simulated in the
both drive mode and plug-in mode. Each simulation has three phases, which are

described as follow:
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1) Start-Up Low Power Boost:

The converter is supposed to work in the boost mode, where Pyy; = Pgan—ratting =

15 kW. Since, the output power is equal to the power rating of the GaN device, only the
GaN phase conducts the current. However, in the start-up phase, where the initial state of
the dc bus voltage is zero, if only the GaN phase conducts the current, there will be
current overshoot. This overshoot (around 5 percent of the rating current) may harm the
devices. To avoid the current overshoot, the both SiC and GaN phases conduct the
current to allow the dc bus voltage reaches its nominal value. Then, the SiC phase will be
switched-OFF smoothly and only the GaN phase conducts the current to provide the
demanded output power.

2) High Power Boost:

The converter is working in the first phase when Py, = Prgring = 40 kKW is applied to
the converter. The SiC phase switched-ON to impose more current to the output load and
provide the rest of the demanded power. In this phase of operation, the outer control loop
tries to keep the dc bus voltage regulated.

3) High Power Buck:

The converter is working in the boost mood at the rating power when the output load is
replaced with a voltage source to evaluate the converter in a transition of boost-to-buck.
In this phase, the demanded power of the battery is equal to the rating power of the
converter.

In figures 4.2, 4.3, and 4.4, the drive mode results are presented. In t = [0 0.03] s, the
start-up low power boost phase of operation is simulated. The dc bus reaches the
regulated voltage of 600 V properly. The SiC phase conducts current in t = [0 0.01] s to
contribute with the GaN phase and avoid i;,y to face an overshoot. For t =
[0.01 0.03] s, where V},, is close to the regulated voltage, only the GaN phase conducts
to provide Pyyr = Pgan—ratting Without violating the current rating of the GaN device
which is 60 A. The battery is discharging to provide the demanded power to the load so
that its voltage is decreasing.

Int = [0.03 0.07] s, the second phase of operation, high power boost, is simulated where
the output demanded power is changed from 15 kW to 40 kW. It takes around 0.03 s for

the dc bus to pass the oscillations and reach the regulated voltage again. The steady state
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ripple is higher respect to the first phase but still below the allowable ripple (AVyy =
AVyyp.uyXVuy = 0.05x600 = 30 V). The inductor current of the GaN phase (igqn)
remains at the rating current of the GaN device (60 A). On the contrary, the inductor
current of the SiC phase (ig;c) starts to increase and reach the rating current of the SiC
device (118 A) without any overshoot. In the steady state, the current sharing is perfectly
divided respect to the formula (3.23). Like the first phase, the battery voltage is

decreasing in this phase of operation as well.
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Figure 4.2. Drive mode: the dc bus voltage V¢

In t = [0.07 0.1] s, the third phase of operation, high power buck, is simulated where a
voltage source is applied to the dc bus. Within 0.015 s, the dc bus passes the oscillations
and reached its regulated voltage again. Inductor currents of the both SiC and GaN
phases reach their rating currents, in the opposite direction of the first and the second
phases of operation, to charge the battery at the rating power of the converter (40 kW).
The battery is charged in this phase and its voltage is increasing.

In figures 4.5, 4.6, and 4.7, the plug-in mode results are presented. In t = [0 0.025] s, the
start-up low power boost phase of operation is simulated. The battery power reaches the
power reference of 15 kW properly. The inductor currents have the same shape of the
drive mode, however, the steady state of i;,, is lower. Since the battery power reference
(Ppate ) is 15 kW, due to the power losses of the converter, the output power is lower

than 15 kW. As a result, the GaN phase can provide the demanded output power at a
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lower rate of current (around 50 A). The battery is discharging to provide the demanded

power to the load and its voltage is decreasing as well.
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Figure 4.3. Drive mode: the inductor currents Ig;- and I,y
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Figure 4.4. Drive mode: The battery voltage Vpq¢+

In t = [0.025 0.05] s, the second phase of operation, high power boost, is simulated
where the reference battery power is changed from 15 kW to 40 kW. It takes around 0.01
second for the battery to pass the oscillations and reach the new power reference. The
inductor currents have no overshoot and the current sharing follows the formula (3.23).

The battery voltage is decreasing in this phase of operation as well.
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Figure 4.6. Plug-in mode: inductor currents Ig;- and I,y

In t =[0.05 0.1] s, the third phase of operation, high power buck, is simulated where a
voltage source is applied to the bus voltage. The battery power is supposed to reach its
reference of -40 kW. At the beginning of this simulation, there is a large error between
the measured power (Phq:r = 40 kW) and the reference power (Ppg: = —40 kW). It
leads to a very large output of the first PI controller. This large amount, as the reference
current, forces both ig;c and i,y to reach their saturation levels (-118 A and -60 A

respectively) immediately. It causes an overshoot in the battery power. Within around
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0.023 s (roughly for t = 0.063 s to t = 0.086 s), the output of the first PI controller
decreases to such a level in which also inductor currents start to decrease. Then, the
battery power reach the reference power very soon and the inductor currents reach their

steady states. The battery is charged in this phase and its voltage is increasing as well.
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Figure 4.7. Plug-in mode: The battery voltage V ;¢

As a conclusion, in both drive mode and plug-in mode, the performance of the controller
is very well where there is no overshoot for the inductor currents, the settling time is

quite fast, there are no steady state errors, and the current sharing follows the formula

(3.23).
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Chapter 5. Gate Driver Multi-Objective Parameterization

5.1 Gate Driver Design

To achieve higher performance of the switching devices, there are many considerations.
In [46] the effect of the anti-parallel diodes, the current capability of the driver IC, the
source inductance, the gate driver circuit topology, the packaging and the PCB layout on
the performance of the switching devices have been addressed. In [47], the gate resistor
and the bootstrap resistor design, optimized design of the PCB layout, applying the RC
snubber, and using of the common source inductance are described as the methods to
reduce the ringing.

In the case of the GaN devices, there are some different considerations rather than those
of the Si MOSFETs and the Si IGBTs. For instance, the gate driver must comply with the
component voltage/current ratings, the ON/OFF gate-source voltage, and the threshold
voltage to operate properly and with high performance and reliability. In [48], low gate-
source maximum voltage (Vgsmax) of 6 V for the GaN FET in comparison to 20 V for
the Si MOSFET) and ultra low threshold voltage (Vi of 1.2 V for GaN FET in
comparison to 2-4 V for Si MOSFET) are addressed as characteristics of the e-mode GaN
FET respect to the gate driver issues. Then, practical solutions are considered: a)
applying a regulated gate driver bias voltage of 5 V to achieve the minimum Rpg(on); b)
separating the sourcing (turn-ON transition) and the sinking (turn-OFF transition) paths
to avoid the unintended turn-ON related to the parasitic ringing that induce the device
with an ultra low V;; ¢) The use of the high-side bootstrap voltage clamp to provide a
safety margin related to Vggimax)- As it is described in section 2.4, rather than e-mode
GaN device, there is another type of GaN FET named “cascode” in which the drain-
source of a low voltage normally-OFF Si MOSFET is connected in series to the gain-
source of the high voltage normally-ON GaN FET to ensure the safe operation. The e-
mode GaN has a simple structure but needs integrated driver to take care about the ultra
low V;;, and very low safety margin (only 1 V) between the drive Vg (5 V) and the

Ves(max) (6 V). The cascode GaN is more complicated than e-mode GaN, however, it has

higher V;; and higher safety margin of the gate-source voltage [49].
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One of the figure of merits (FOM) of the switching devices is Rpgion)XQg. Lower
Rpscony leads to lower conduction losses and lower g allows faster switching transient

and consequently lower switching losses. Lower power losses, conduction and switching,
results in higher efficiency. However, sharp transient in voltage and current causes high
frequency noises and deteriorate electromagnetic compatibility (EMC) performance of
the converter. Regarding performance of the switching devices, some efforts improve
both efficiency and electromagnetic interference (EMI) level, such as PCB/layout
optimal design or offering an innovative gate driver circuit design. Some other efforts
such as parameterization of the gate resistor (R;) have conflictive effect on the design
objectives (efficiency, EMI level, etc.): higher/lower R results in higher/lower switching
losses and lower/higher oscillations. In addition, there is also another term of losses:
“ringing losses”. During the switching transition of the device, the resonance among
parasitics lead to high overshoot voltage that worsens the cross talk, leading to large
shoot-through current and excessive switching losses [50]. Therefore, a lower amount of
R decreases switching losses while increases ringing losses. There is a critical amount of
R; in which lowering R increases total losses (sum of both switching and ringing loss).
Moreover, there might be a special amount for the gate drive circuit parameters such as
R; in which an increase/decrease of the amount leads to a small improvement in one
objective but a high degradation in the other objective. Make all of these into the account;
it seems attractive to determine the gate circuit parameters with a multi-objective
optimization approach. It has no additional cost for the converter, and it needs only
mathematical calculations while it can provides a Pareto Front for the designer in order to
achieve the best possible efficiency and EMI level.

Another gate parameter of the gate driver circuit is the gate inductance (L), which is
called also “ferrite bead”. A ferrite bead is often used on MOSFET gate to provide stable
operation by suppressing parasitic oscillation, while minimizing switching losses. In fact,
adding a ferrite bead is more effective than using the gate resistance alone because the
impedance of the ferrite bead is dependent of the value of the frequency. In [51] a ferrite
bead is selected for a half-bridge configuration by measuring the ringing frequency to
achieve the highest resistance at the ringing frequency. A resonant (refers to using of a

ferrite bead) gate driver circuit is also proposed in [52]. In this circuit there are two

63



different paths for turn-ON and turn-OFF transitions. It is a very useful way to lower
power losses since there are different required driver Vg for the transitions. Also, the
voltage and the current transients are much faster during turn-ON, as they need higher
gate resistor to be damped. Therefore, having only one path for both transitions let more
power loss during turn-OFF to dissipate unsatisfactorily. The design procedure in [52] is
based on the circuit analysis and solving the differential equations where the objective is
to satisfy the demanded peak voltage for the external gate-source capacitor. Circuit
analysis is interesting, however, because of the high nonlinearity of the device equations,
those are totally neglected. Since there is an external gate-source capacitor in the circuit
topology with a value much larger than the GaN FET parasitic capacitor, such an
approximation is considered. On the contrary, in this section, an OrCAD simulation
method is investigated in which nonlinearity of the device equations are practically

considered in the Spice model of the device.

5.2 Multi-Objective Optimization

In power electronic design, the number of the variables is more than that of the
constraints. Therefore, there are infinite sets of design solutions, which make the design
an optimization problem with one or more objectives. In [53], the application of the
optimization algorithms to design the power converters is introduced for the first time by
F. C. Lee in which all the non-optimized/optimized/practical design methods are
discussed. To make the optimization practical and simplify its complexity, usually
different parts of the system, such as the gate driver, the power stage, the filters and the
transformers, and the controller are designed separately. The main reason to such a
separated design method is that some of the power converter objectives, such as the
efficiency, the power density, and the EMI level are related to the circuitry; some of them
such as the stability and the load tracking are related to the controller, and some other
such as THD are related to the power quality of the system. Moreover, the separated
design method is reasonable since the capability of the computer-aided design (CAD)
optimization is limited to find too many optimum numerical solutions. Such an
optimization design is followed in [54] to design the power stage and the transformer of

an isolated half-bridge dc-dc converter separately. In [55] and [56] the gate driver circuit
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optimization is studied using the analytical power loss modeling where the only objective
is the efficiency. In [55], the HS ON/OFF gate resistors are considered as the variables
while in [56], the gate driver supply voltage and the load current are also considered as
the design variables. Both literatures consider a symmetrical design for the HS and the

LS switching devices of the bridge configuration.

minimize F(x) = (fi(x),f2(x)),
with x € D C R?.

f(x)
I

X Decisio%

a. Mapping the feasible region to the performance region
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\ 4
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b. Knee point

Figure 5.1. Pareto Front

Unlike the optimization problem with only one objective, in a multi-objective
optimization, a Pareto Front will be provided. Pareto Front is a trade-off curve of optimal
designs for the objectives. In fact, Pareto Front (or Pareto-Optimal) is the performance
space mapped from the feasible region of the design variables in which an improvement

of each objective comes at the detriment of the others resulting in a trade-off. In [57-58],
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J. W. Kolar et al. have been designed the power stage of a power converter by multi-
objective optimization with the efficiency and the power density as the objectives. Most
of the time, there is a “knee” point at the Pareto Front curve in which a movement in any
direction causes a small improvement in one of the objectives while leads to a large
detriment in the others. Therefore, the knee point is a natural choice for the design
problem. The mapping and the knee point concepts of the Pareto Front optimization is

shown in fig. 5.1.

5.3 Gate Driver Optimization

In an optimization problem, the objectives are mathematical functions of the variables
and the constants. In the case of the power electronic optimization, such functions are
obtained by the circuit analysis or directly from the data sheets of the components. For
instance, to maximize the efficiency, the total loss of the converter can be modeled as the
sum of the winding loss, the magnetic loss, the capacitor ESR loss, and the device power
loss (the both conduction and switching losses). Then, the total loss can be minimized
where the mathematical model of each power losses is obtained from datasheet as a
function of the circuit parameters and the constants.

In this section, the objectives of the gate driver optimization are the efficiency and the
EMI level while the decision variables are the HS/LS gate resistors. Regarding the EMI
level, cutting off the EMI paths to mitigate its influence on other parts of the converter
needs bulky and costly filters. Therefore, it is better to attenuate the EMI by attending the
source of it: the high dv/dt and the high di/dt of the switching device. That is why in
the gate driver optimization; it is very interesting to consider the EMI level as one of the
objectives. The EMI level is defined as the peak of the ground common mode (CM)
current in uAdB scale in the frequency range of 150 kHz to 30 MHz in the thesis.
Regarding the decision variables, R; and L are discussed in section 5.1 as the candidate
of the decision variables. In the bridge configuration (fig. 5.2), to lessen the losses of the
turn-OFF intervals, OFF-path, preferably with no gate resistor, should be separated from
ON-paths. Moreover, the CM current path of the HS device has different parasitics from
that of the LS device. Consequently, the high dv/dt (and the high di/dt) of the HS

device imposes different EMI level to the circuit from that of the LS device. As a result,
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an asymmetrical design of the HS and the LS gate resistors is more effective than a
conventional symmetrical method. To perform an asymmetrical design, the both HS and
LS turn-ON gate resistors (R;y and R;;) are selected as the decision variables.
Moreover, the ferrite bead normally added in series with the HS gate resistor since in a
half-bridge configuration, the HS switch is the main contributor in the term of the

oscillations rather than the LS switch. Therefore, the other decision variable is L.
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Figure 5.2. GaN FET bridge configuration gate driver circuit

Another issue in the optimization problem is the modeling. Since the EMI level is related
not only to the component characteristics but also to the circuitry, the layout, and the heat
sink, there is no mathematical expression of the EMI level as a function of the variables
in the datasheet of the components. To obtain the mathematical expression analytically,
the switching devices should be modeled as current/voltage sources and then a circuit
analysis should be performed. In such a modeling method, the nonlinearity of the devices
is not considered. To obtain a more precise mathematical expression of the EMI level, an
OrCAD simulation approach is suggested in the thesis in which the nonlinearity of the
devices is considered in Spice model of the devices. The idea of the suggested method is
to perform a numbers of OrCAD simulations in the feasible region of the decision
variables, collect all the input (R;y and R;;) - output (EMI level and efficiency) pairs,
post-process data and obtain the regression functions for the objectives. Since there are

two decision variables, the data regression is a multi-variable one. The post-processing
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multi-variable regression is done using Statistics and Machine Learning Toolbox of
MATLAB. The sufficient number of inputs-output pairs to achieve the regression
functions with acceptable modeling error rises radically with the increase in the number
of variables. That is why only R;y and R, are considered as the variables in the first
phase and then the HS ferrite bead (L;y) is added in series with R;y to improve the

objectives in the second phase of the design.
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Figure 5.3. Flow chart of the proposed design approach
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Once the regression models of the EMI level and the efficiency as functions of Ry and
R, are obtained, a multi-objective optimization can be performed to obtain Pareto Front
of the design problem. Pareto Front can be obtained using non-linear multi-objective
optimization solvers such as fgoalattain and fminmanx in Optimization Toolbox of
MATLAB or using heuristic multi-objective optimization solver gamultiobj in Global
Optimization Toolbox of MATLAB. In this study, we used the later one.

After first phase of the parameterization of R;y and R, to improve the objectives,
Leywill be added in series with R;y. In the second phase of the proposed approach,
OrCAD simulations should be performed for L;y as the input of the optimization
problem in the feasible region and the corresponding outputs (the EMI level and the
efficiency) should be calculated from the simulation results. Then, a regression function
is fitted to data using fit solver of Curve Fitting Toolbox of MATLAB. The two-phase

proposed approach of the gate driver optimization is shown in the flowchart of fig. 5.3.

5.4 Case Study

a) Simulation Set-up

To design the gate driver circuit parameters based on the explained approach; a number
of OrCAD simulations are performed for a one-inverter leg set-up. For this purpose,
reference has been made to [65], where a one inverter leg circuit is studied in which the
parasitics are experimentally measured, as represented in fig. 5.4. The parasitic elements
L, — L, are inductances of the dc bus cable and foil, C; — C5 are the coupled capacitances
of the switching devices and the heat sink, Cp-; — Cpcp represents the film capacitors
connected to the dc bus, Lp-; — Lpc, are the self-equivalent series inductances of the film
capacitors, and R;r and L.y are the resistance and the inductance of the ground path
respectively. The circuit is modified by replacing the switching device and its
corresponding gate driver IC. The power switch is Transphorm 600 V Cascode GaN
HEMT FET (TPH3206PD). A half bridge gate driver for GaN FETs by Texas
Instruments (LM5113) is selected as well. Duty cycle of the switching devices is related
to the steady state operation of the circuit and should are determined to provide the
reference in the output. Since the aim of this work is to optimally design those parameters

that affect the transient behaviors of the switching devices, the duty cycle is not
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considered as the variables in the design approach and is remained constant for all the
simulations. In this case, the duty cycle is set to 0.6 for the HS switch and 0.3 for the LS
switch, while 0.1 of the period is considered as the dead time to provide 500 W as the
output power for a RL load equal to R = 300 Q2 and L = 100 pH.
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Figure 5.4. One leg inverter with extracted circuit parasitics [65]

b) Results

In the first phase of the proposed design approach, the one inverter leg set-up is simulated
25 times for different values of R;y and R, in the range of 10 Q — 300 Q, as the lower
and upper bands. Particularly, the lower band is selected regarding to the gate current
rating of the device, while for the upper band there is no practical constraint. However,
efficiency is quite low and impractical for the range of hundreds of Ohms. Therefore,
there is no need to consider a wider range of resistance. At the end of each simulation,
efficiency is calculated in OrCAD considering the total input and output power of the one

inverter leg. In addition, CM current spectrum is calculated by Fast Fourier Transform
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(FFT) analysis of CM ground current in OrCAD as well. Then, EMI level is defined as
the peak of the spectrum, in uAdB scale, in the frequency range of 150 kHz — 30 MHz.
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Figure 5.5. OrCAD simulation results (red points) and their corresponding regression

functions (mesh grid surfs)

As it is shown in fig. 5.5, for the both efficiency and EMI level, a regression function is
fitted using Statistic and Machine Learning Toolbox of MATLAB, to be the objective

functions of the multi-objective optimization problem in the next phase of the design
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approach. They may not be very accurately fitted to the input-output pairs, but linear and
polynomial of the second order to be successfully converged in the optimization problem.
The solver fitlm is used to obtain the quadratic regression functions as it is presented in
formula (5.1), whose corresponding coefficients are presented in table 5.1.

fo (X1, %) = ag + a1x; + apx, + azx;x; + agx;® + asx,?

femi (1, %) = by + byxy + byxy + byx;x, + byxy? + bsx,? (5.1)
X1 = Rg, X2 = Rgy

Table 5.1. Fitted objective function coefficients

i a; b;

0 91.622 123

1 —3.835%1072 8.8362x1073
2 0.15262 —-0.53186

3 2.0793x107* —2.6687x107°
4 —1.8997x107* —4.7908x107°
5 —4.9047x107* 1.0733x1073

In the second step of the first phase of design approach, the Pareto Front of the
optimization problem is obtained as depicted in fig. 5.6 using the solver gamultiobj,
which is a metaheuristic multi-objective optimization solver from Optimization Toolbox
of MATLAB. Regarding to fig. 5.6, since the solver minimizes both objective functions,
while the maximum of the efficiency is needed, f;, is considered with the minus sign. It
means the negative amount of f, should be minimized in order to maximize the
efficiency.

There are some optimal design points in the Pareto Front with efficiency higher than
100%. For instance, at the optimal design point in the Pareto Front with the maximum
efficiency of 103.4%, the corresponding values of R;y and R, are 157.7 Q and 10 Q
respectively. Selecting these values for the gate resistors in the one inverter leg set-up, the
maximum efficiency are still obtained in spice-based simulation, however, the resulted

amount of efficiency is 98.47%. It means in the Pareto Front, the amount of the objective
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functions are obtained with a shift error from the spice-based simulation results, however,
it doesn’t affect the proper optimal points of the design variables.
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Figure 5.6. Parcto Front of the first phase of the multi-objective optimization process

As discussed before, the knee point (KP) is chosen as a reference for the optimal design.
In this way, the corresponding design variables of the knee point are R;y = 199.8 Q1 and
R, = 36.3 Q. Since the HS device is the main contributor in the term of the oscillations
and the HS CM current path is more critical because of the higher values of the parasitic
coupled capacitances compared to the LS one, an asymmetrical design points are
obtained with a higher value for Ry as it is expected.

The aim of the second phase of the design approach is to improve the objective functions
by optimally design of the HS gate inductance. Ly is added in series with Ry and then
OrCAD simulations are carried out for ten different values of Lsy in the range of
[0.1,100] uH. The same as the first phase, for each simulation, input-output pairs are
collected, as shown in fig. 5.7. In our case, even without performing the regression and
the optimization steps, it can be observed that the both objective functions reach their
optimal points in L;yz = 10 uH. Therefore, this value is selected for the second phase of
the design approach.

In order to evaluate the effectiveness of the proposed design approach, a simulation study
is performed. The GaN-based one inverter leg with three different gate driver circuits is

simulated: a conventional symmetrical gate driver circuit with a gate resistor of 10 Q
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(case a), the optimal designed gate driver circuit without the ferrite bead (case b), and the

optimal designed gate driver circuit with the ferrite bead (case c).
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Figure 5.7. OrCAD simulation results (red points) of the converter at the knee point of

the gate resistors for different amounts of Ly

Time-domain simulation results are shown in figures 5.8, 5.9, and 5.10 where HS drain-
source voltage (Vps) and CM ground current (Igr) of the three cases are compared. As it
is discussed before, the high transients dv/dt and di/dt occurred during turn-ON and
turn-OFF switching intervals. These high frequency voltage/current interact between
parasitics and result in CM ground current Igr. It can be seen in fig. 5.9 that the high
frequency ripples of Vps and Igr are significantly reduced in comparison with those of
fig. 5.8 as it is expected because of the optimal design of the gate resistors. Adding the

optimal gate inductance Ly, further reduction of the ripples obtained during the turn-ON
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switching interval of the HS device compared to case a and case b (fig. 5.10). For each of
the three cases, the frequency spectrum of Igr is depicted in fig. 5.10. It can be observed
that the maximum amplitude of Igr decreases from case a to case c. The corresponding
frequency of the peak amplitude is equal to 20.4 MHz for the both case a and case b
while it is equal to 20.1 MHz in the case c. It is because Lgy adds a phase change in the

gate driver circuit impedances as well as Igg.
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Figure 5.8. CM current and HS drain-source voltage (Vps) evolutions: case a
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Figure 5.9. CM current and HS drain-source voltage (Vps) evolutions: case b

Simulation results are summarized in table 5.2 in which a slight increase of the efficiency
and a considerable reduction of EMI level are obtained for case a, case b, and case c,

highlighting the effectiveness of the proposed design approach.
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Figure 5.10. CM current and HS drain-source voltage (VDS) evolutions: case ¢
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Figure 5.11. Frequency spectrum of I;: case a (blue), case b (red), case c (green)

Table 5.2. Performance investigation of the converter with different gate driver

Case Ry [1Q] Riy [1Q] Ly [uH] n Igr [dBpA]
a 10 10 - 97.72 % 115
b 36.3 199.8 - 98.40 % 61.7
c 36.3 199.8 10 98.44 % 51.8
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Conclusion and Future Works

In this thesis, the main goal was the improvement of the power density of the power
electronic modules in the application of plug-in electric vehicle. The motivations were
the benefit of electric vehicles because of their renewable and clean source of energy,
prospective growth of electric vehicles in the future market, and the paradigm shift in
power electronics from Silicon devices to the sate-of-the-art wide band gap devices such
as Gallium Nitride and Silicon Carbide devices. In chapter two, the different types of the
electric vehicles, their sub-systems, the role of power electronics in the electric vehicles,
the wide band gap devices, and the both GaN-based and SiC-based dc-dc converters were
studied.

To follow the goal of power density improvement in PEVs, first the universal dc-dc
converter was acknowledged as an innovative solution of designing compact power
electronic modules for PEVs. In the universal dc-dc converter, the dc-dc battery charger
converter is integrated with the dc-dc power management converter. The universal dc-dc
converter has four modes of operation: 1) Generative/acceleration drive mode (boost); 2)
Regenerative/braking drive mode (buck); 3) Vehicle-to-Grid (V2G) plug-in mode
(boost); and 4) Battery charging plug-In mode (buck). Such a universal converter should
work from medium to high range of power. Second, the usage of the wide band gap
devices for universal dc-dc converters was followed. The GaN device was found more
attractive respect to its low switching power losses, however, its power rating is limited
to the medium range of power.

Where in a multi-phase dc-dc converter, switching devices of the same technology are
paralleled to share the current symmetrically between phases and provide the demanded
power; in this thesis a two-phase SiC-GaN-based dc-dc converter was proposed. In the
proposed converter, to evade the complexity and infeasibility of the multi-phase dc-dc
converter with excessive number of phases, a SiC phase was paralleled with a GaN phase
in a half-bridge boost topology. In the proposed converter, unlike a conventional multi-
phase converter, switching devices of different technologies were paralleled and the
current was shared between the phases asymmetrically in order to maximize the

utilization of the GaN device, minimize the switching loss, and maximize the efficiency.
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In chapter three, the topology, the power stage design, and the modeling of the proposed
converter were studied. Then, a comprehensive power loss analysis was performed
through OrCAD simulations using precise Spice model of the components to show the
superiority of the proposed converter in comparison with a two-phase all-SiC dc-dc
converter with a conventional topology of a multi-phase converter. In addition, a dead-
time analysis of the GaN devices was studied in which a new method for dead-time loss
calculation was suggested.

In the proposed converter, the current sharing between the phases are asymmetrical in a
way to maximize the utilization of the GaN device based on the amount of the demanded
power. Moreover, in the drive mode, the voltage of the dc bus should be regulated while
in the plug-in mode; the power of the battery should be controlled. As a result, a cascade
PI controller with an inner loop current control and an outer loop voltage control was
designed in chapter four. The simulation results showed the satisfactory performance of
the controller in the all modes of operation.

Finally, in chapter five, a gate driver multi-objective parameterization method was
presented and applied for a GaN-based one inverter leg case study in which efficiency
and EMI level of the circuit were the objectives to be optimized. The high side gate
resistor, the low side gate resistor, and the high side ferrite bead (inductor) were
parameterized through two phases design approach. The simulation results proved the
effectiveness of the method to reach the optimized values of efficiency and EMI level for
the circuit at the same time.

The proposed SiC-GaN-based dc-dc converter is currently under prototyping. The plan of
the future work is to complete the hardware and verify the simulation results of the thesis
(the comprehensive power loss contributors investigation and the dead-time power loss
analysis method) in an experimental way. Once the hardware is prototyped and tested, the
parasitics of the circuit can be extracted. Then, the gate driver multi-objective

parameterization method can be applied for the proposed converter as well.

78



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

C. C. Chan, “The State of the Art of Electric, Hybrid, and Fuel Cell Vehicles”, in
Proceedings of the IEEE, vol. 95, no. 4, pp. 704-718, April 2007.

A. Khaligh, and Z. Li, “Battery, Ultracapacitor, Fuel Cell, and Hybrid Energy
Storage Systems for Electric, Hybrid Electric, Fuel Cell, and Plug-In Hybrid
Electric Vehicles: State of the Art”, in IEEE Trans. Vehicular Tech., vol. 59, no. 6,
pp. 2806-2814, July 2010.

J. Chiasson, and B. Vairamohan, “Estimating the State of Charge of a Battery”, in
IEEE Trans. Control Systems and Tech, vol. 13, no. 3, pp. 465-470, May 2005.

S. Vasquez, S. M. Lukic, E. Galvan, L. G. Franquelo, and J. M. Carrasco, “Energy
Storage Systems for Transport and Grid Applications”, in IEEE Trans. Industrial
Electronics, vol. 57, no. 12, pp. 3881-3895, Dec. 2010.

S. M. Lukic, J. Cao, R. C. Bansal, and F. Rodriguez, and A. Emadi, “Energy
Storage Systems for Automotive Applications”, in [EEE Trans. Industrial
Electronics, vol. 55, no. 6, pp. 2258-2267, June. 2008.

A. Emadi, Y. J. Lee, and K. Rajashekara, “Power Electronics and Motor Drives in
Electric, Hybrid Electric, and Plug-In Hybrid Electric Vehicles”, in IEEE Trans.
Industrial Electronics, vol. 55, no. 6, pp. 2237-2245, June. 2008.

B. Lai, and D. J. Nelson, “Energy Management Power Converters in Hybrid
Electric and Fuel Cell Vehicles”, Proceedings of the IEEE, vol. 95, no. 4, pp. 766—
777, April 2007.

Z. Amjadi, and S. S. Williamson, “Power-Electronics-Based Solutions for Plug-in
Hybrid Electric Vehicle Energy Storage and Management Systems”, in [EEE
Trans. Industrial Electronics, vol. 57, no. 2, pp. 608—616, Feb. 2010.

M. Yilmaz, and P. T. Krein, “Review of Battery Charger Topologies, Charging
Power Levels, and Infrastructure for Plug-In Electric and Hybrid Vehicles”, in
IEEE Trans. Power Electronics, vol. 28, no. 5, pp. 2151-2169, May 2013.

Y. J. Lee, A. Khaligh, and A. Emadi, “Advanced Integrated Bidirectional AC/DC
and DC/DC Converter for Plug-In Hybrid Electric Vehicles”, in IEEE Trans.
Vehicular Tech., vol. 58, no. 8, pp. 3970-3980, Oct. 2009.

79



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

O. C. Onar, and A. Khaligh, “A Novel Integrated Magnetic Structure Based DC/DC
Converter for Hybrid Battery/Ultracapacitor Energy Storage Systems”, in IEEE
Trans. Smart Grid, vol. 3, no. 1, pp. 296-307, March 2012.

O. C. Onar, J. Kobayashi, and A. Khaligh, “A Fully Directional Universal Power
Electronic Interface for EV, HEV, and PHEV Applications”, in IEEE Trans. Power
Electronics, vol. 28, no. 12, pp. 5489-5498, Dec. 2013.

A. S. Abdelrahman, Z. Erdem, Y. Attia, and M. Z. Youssef, “Wide Bandgap
Devices in Electric Vehicle Converters: A Performance Survey”, in IEEE Canadian
Journal of Electrical and Computer Engineering, vol. 41, no. 1, pp. 45-54, Winter
2018.

J. Millan, P. Godignon, X. Perpifia, A. Pérez-Tomas, and J. Rebollo, “A Survey of
Wide Bandgap Power Semiconductor Devices”, in Proc. IEEE Trans. Power
Electronics, vol. 29, no. 5, pp. 2155-2163, May 2014.

J. Biela, M. Schweizer, S. Waffler, and J. W. Kolar, “SiC versus Si - Evaluation of
Potentials for Performance Improvement of Inverter and DC-DC Converter
Systems by SiC Power Semiconductors", in IEEE Trans. Ind. Electronics, vol. 58,
no. 7, pp. 2872-2882, July 2011.

E. A. Jones, F. Wang, and D. Costinett, “Review of Commercial GaN Power
Devices and GaN-Based Converter Design Challenges”, in IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 4, no. 3, pp. 707-719,
Sept. 2016.

X. Huang, Z. Liu, Q. Li, and F. C. Lee, “Evaluation and Application of 600 V GaN
HEMT in Cascode Structure”, in IEEE Trans. Power Electronics, vol. 29, no. 5, pp.
2453-2461, May 2014.

H. Zhang, B. Ge, Y. Liu, S. Bayhan, R. S. Balog, and H. Abu-Rub, “Comparison of
GaN and SiC Power Devices in Application to MW-scale Quasi-Z-Source
Cascaded Multilevel Inverters”, in IEEE FEnergy Conversion Congress and
Exposition (ECCE), pp. 1-7, Sept. 2016.

D. Han, J. Noppakunkajorn, and B. Sarlioglu, “Comprehensive Efficiency, Weight,
and Volume Comparison of SiC- and Si-Based Bidirectional DC-DC Converters

80



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

for Hybrid Electric Vehicles”, in IEEE Trans Vehicular Tech., vol. 63, no. 7, pp.
3001-3010, Sept. 2014.

B. Whitaker, A. Barkley, Z. Cole, B. Passmore, D. Martin, T. R. McNutt, A. B.
Lostetter, J. S. Lee, and K. Shiozaki, “A High-Density, High-Efficiency, Isolated
On-Board Vehicle Battery Charger Utilizing Silicon Carbide Power Devices”, in
IEEE Trans Power Electronics, vol. 29, no. 5, pp. 2606-2617, May 2014.

B. Wrzecionko, J. Biela, and J. W. Kolar, “SiC power semiconductors in HEVs:
Influence of junction temperature on power density, chip utilization and
efficiency”, in 35th Annual Conference of IEEE Industrial Electronics, Nov. 2009.
R. Bosshard, J. and J. W. Kolar, “All-SiC 9.5 kW/dm3 On-Board Power
Electronics for 50 kW/85 kHz Automotive IPT System”, in IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 5, no. 1, pp. 419431,
March 2017.

T. Kachi, “Recent progress of GaN power devices for automotive applications”, in
Japanese Journal of Applied Physics, vol. 53, no. 10, Sept. 2014.

“Power Electronics Europe, Power Modules”, ABB Magazine, issue 4, pp. 20-23,
July 2015.

M. T. Zhang, “Electrical, Thermal, and EMI Designs of High-Density, Low-Profile
Power Supplies”, Dissertation of PhD Degree in Electrical and Computer
Engineering, Virginia Polytechnic Institute, chapter 3, 1997.

“SiC Power Devices and Modules”, Application Note, ROHM Semiconductor,
14103EBY01, Aug. 2014.

J. Betten, “Selecting Your Boost Converter Inductance”, Application Note, Texas
Instruments, Jan. 2014.

“Basic Calculation of a Boost Converter's Power Stage”, Application Report, Texas
Instruments, SLVA372C, Jan. 2014.

R. M. Schupbach, and J. C. Balda, “35 Kw Ultracapacitor Unit for Power
Management of Hybrid Electric Vehicles Bi-Directional DC-DC Converter
Design”, in IEEE 35th Annual Power Electronics Specialists Conference, vol. 3,

pp. 2157-2163, June 2004.

81



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

D. Han, J. Noppakunkajorn, and B. Sarlioglu, “Efficiency Comparison of SiC and
Si-Based Bidirectional DC-DC Converters”, IEEE Transportation Electrification
Conference and Expo (ITEC), pp. 1-7, June 2013.

W. Martinez, et al., “Efficiency optimization of a single-phase boost DC-DC
converter for electric vehicle applications”, Annual Conference of the IEEE
Industrial Electronics Society (IECON), pp. 4279 — 4285, Oct. 2014.

T. LaBella, B. York, C. Hutchens, and J. Lai “Dead Time Optimization through
Loss Analysis of an Active-Clamp Flyback Converter Utilizing GaN Devices”,
IEEE Energy Conversion Congress and Exposition (ECCE), pp. 3882—-3889, Sept.
2012.

J. Lautner, and B. Piepenbreier, “Analysis of GaN HEMT Switching Behavior”,
IEEE 9th International Conference on Power Electronics and ECCE Asia (ICPE-
ECCE Asia), pp. 567-574, June 2015.

H. Zhang, and R. S. Balog, “Loss Analysis During Dead Time and Thermal Study
of Gallium Nitride Devices”, IEEE Applied Power Electronics Conference and
Exposition (APEC), pp. 737-744, March 2015.

D. M. Joo, B. K. Lee, and J. S. Kim, “Dead-time optimisation for a phase-shifted
dc—dc full bridge converter with GaN HEMT”, in IEEE Electronics Letters, vol. 52,
no. 9, pp. 769—770, April 2016.

D. Han, and B. Sarlioglu, “Understanding the Influence of Dead-time on GaN
Based Synchronous Boost Converter”, IEEE Workshop on Wide Bandgap Power
Devices and Applications, pp. 70-74, Oct. 2014.

D. Han, and B. Sarlioglu, “Deadtime Effect on GaN-Based Synchronous Boost
Converter and Analytical Model for Optimal Deadtime Selection”, in IEEE
Transactions on Power Electronics, vol. 31, no. 1, pp. 601-612, Feb. 2015.

M. Macellari, F. Celani, and L. Schirone, “Dead time generator for synchronous
boost converters with GaN transistors”, IEEE International Electric Vehicle
Conference (IEVC), pp. 1-6, Dec. 2014.

L. Schirone, M. Macellari, and F. Pellitteri, “Predictive dead time controller for
GaN-based boost converters”, in IET Power Electronics, vol. 10, no. 4, pp. 421—
428, April 2017.

82



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

P. M. Roschatt, R. A. McMahon, and S. Pickering, “Investigation of dead-time
behaviour in GaN DC-DC buck converter with a negative gate voltage”, IEEE 9th
International Conference on Power Electronics and ECCE Asia (ICPE-ECCE
Asia), pp. 1047-1052, June 2015.

P. M. Roschatt, R. A. McMahon, and S. Pickering, “Bootstrap Voltage and Dead
Time Behavior in GaN DC-DC Buck Converter With a Negative”, in IET Power
Electronics, vol. 31, no. 10, pp. 7161-47170, Oct. 2016.

N. Mehta, “GaN FET module performance advantage over silicon”, Application
Note, Texas Instruments, March 2015.

“Calculation of Power Loss (Synchronous)”, Application Note, ROHM
Semiconductor, AEK59-D1-0065-2, Oct. 2016.

N. Schemm, “Optimizing Efficiency Through Dead Time Control With the
LMGI1210 GaN Driver”, Application Note, Texas Instruments, SNVAS&15, Feb.
2018.

“Design with GaN Enhancement mode HEMT”, Application Note, GaNSystems,
GNOO1, April 2018.

W. Choi, D. Son, and M. Hallenberger, “Driving and Layout Design for Fast
Switching Super-Junction MOSFETs”, Application Note, Fairchild Semiconductor
Corporation, AN-9005, 2013.

“Ringing Reduction Techniques for NexFETTM High Performance MOSFETs”,
Texas Instruments, Application Report, SLPA010, Nov. 2011.

Y. Xi, M. Chen, K. Nielson, and R. Bell, “Optimization of the Drive Circuit for
Enhancement Mode Power GaN FETs in DC-DC Converters”, IEEE Applied
Power Electronics Conference and Exposition (APEC), March 2012.

J. Roberts, H. Lafontaine, and C. McKnight, “Advanced SPICE Models Applied to
High Power GaN Devices and Integrated GaN Drive Circuits”, IEEE Applied
Power Electronics Conference and Exposition (APEC), March 2014.

Z. Zhang, B. Guo, F. Wang, L. M. Tolbert, and B. J. Blalock, “Impact of Ringing
on Switching Losses of Wide Band-gap Devices in a Phase-leg Configuration”,

IEEE Applied Power Electronics Conference and Exposition (APEC), March 2014.

&3



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

C. Richardson, and R. Bramanpalli, “Selecting and Using Ferrite Beads for Ringing
Control in Switching Converters”, Wiirth Elektronik, 2015.

Y. Yan, A. Martinez-Perez, and A. Castellazzi, “High-Frequency Resonant Gate
Driver for GaN HEMTs”, IEEE Workshop on Control and Modeling for Power
Electronics (COMPEL), July 2015.

Y. YU, F. C. Lee, and J. E. Triner, “Power Converter Design Optimization”, in
IEEFE Trans. Aerospace and Electronic Systems, vol. AES-15, no. 3, May 1979.

R. B. Ridley, C. Zhou, and F. C. Lee, “Application of nonlinear design optimization
for power converter components”, in I[EEE Trans. Aerospace and Electronic
Systems, vol. 5, no. 1, Jan. 1990.

H. Kragh, F. Blaabjerg, and J. K. Pedersen, “An Advanced Tool for Optimized
Design of Power Electronic Circuits”, IEEE Industry Applications Conference, Oct.
1998.

F. Blaabjerg, and J. K. Pedersen, “Optimized Design of a Complete Three-Phase
PWM-VS Inverter”, in IEEE Trans. Power Electronics, vol. 12, no. 3, pp. 567-577,
May 1997.

J. W. Kolar, J. Biela, and J. Minibock, “Exploring the Pareto Front of Multi-
Objective Single-Phase PFC Rectifier Design Optimization - 99.2 % Efficiency vs.
7 kW/dm3 Power Density”, IEEE Power Electronics and Motion Control
Conference (IPEMC), May 2009.

S. Waffler, M. Preindl, and J.W. Kolar, “Multi-objective Optimization and
Comparative Evaluation of Si Soft-switched and SiC Hard-switched Automotive
DC-DC Converters”, IEEE Industrial Electronics Conference (IECON), Nov. 2009.
A. T. Bryant, D. M. Jaeggi, G. T. Parks, and P. R. Palmer, “The Influence of
Operating Conditions on Multi-Objective Optimization of Power Electronic
Devices and Circuits”, IEEE Industry Applications Conference (IAS), Oct. 2005.

T. C. Neugebauer, and David J. Perreault, “Computer-Aided Optimization of
DC/DC Converters for Automotive Applications”, in [EEE Trans. Power
Electronics, vol. 18, no. 3, pp. 775-783, May 2003.

84



[61]

[62]

[63]

[64]

[65]

N. D. Benavides, and P. L. Chapman, “Mass-Optimal Design Methodology for DC-
DC Converters in Low-Power Portable Fuel Cell Applications”, in IEEE Trans.
Power Electronics, vol. 23, no. 3, pp. 1545-1555, May 2008.

R. Yu, G. K. Y. Ho, B. M. H. Pong, B. W. Ling, and J. Lam, “Computer-Aided
Design and Optimization of High-Efficiency LLC Series Resonant Converter”, in
IEEE Trans. Power Electronics, vol. 27, no. 7, pp. 3243-3256, July 2012.

R. Yu, B. M. H. Pong, B. W. Ling, and J. Lam, “Two-Stage Optimization Method
for Efficient Power Converter Design Including Light Load Operation”, in IEEE
Trans. Power Electronics, vol. 27, no. 3, pp. 1327-1337, March 2012.

X. Wang, Y. Sun, T. Li, and J. Shi, “Active closed-loop gate voltage control
method to mitigate metal-oxide semiconductor field-effect transistor turn-off
voltage overshoot and ring”, in IET Power Electronics, vol. 6, no. 8, pp. 1715—
1722, Sept. 2013.

X. Gong and J. A. Ferreira, “Investigation of Conducted EMI in SiC JFET Inverters
Using Separated Heat Sinks”, in IEEE Trans. Industrial Electronics, vol. 61, no. 1,
pp. 115-125, Jan. 2014.

85



Publications

[1]

[2]

[3]

[4]

M. Moradpour, A. Lai, A. Serpi, and G. Gatto, “Multi-objective optimization of
gate driver circuit for GaN HEMT in electric vehicles”, Annual Conference of the
IEEE Industrial Electronics Society (IECON), Oct. 2017.

M. Moradpour, and G. Gatto, “A New SiC-GaN-Based Two-Phase Interleaved
Bidirectional DC-DC Converter for Plug-In Electric Vehicles”, IEEE International
Symposium on Power Electronics, Electrical Drives, Automation and Motion
(SPEEDAM), June 2018.

M. Moradpour, and G. Gatto, “Controller Design of a New Universal Two- Phase
SiC-GaN-Based DC-DC Converter for Plug-In Electric Vehicles”, IEEE
International Conference on Power Electronics and Motion Control (PEMC), Aug.
2018.

M. Moradpour, A. Serpi, G. Gatto, “Dead-Time Analysis of a Universal SiC-GaN-
Based DC-DC Converter for Plug-In Electric Vehicles”, Annual Conference of the
IEEE Industrial Electronics Society (IECON), Oct. 2018.

86



Vita

Milad Moradpour received the B.S. and M.S. degree in electrical engineering from K. N.
Toosi University of Technology, Tehran, Iran in 2007 and 2010 respectively. He
presented the thesis “SiC-GaN-Based Universal DC-DC Converter for Plug-In Electric
Vehicles” to receive the PhD degree at University of Cagliari, Italy in October 2018. His
research interest includes power electronic switching converters, wide band gap devices,

electric vehicles, and renewable energy resources.

87



