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Abstract: This article reviews the design and evaluation of different DC-DC converter topologies
for Battery Electric Vehicles (BEVs) and Plug-in Hybrid Electric Vehicles (PHEVs). The design
and evaluation of these converter topologies are presented, analyzed and compared in terms of
output power, component count, switching frequency, electromagnetic interference (EMI), losses,
effectiveness, reliability and cost. This paper also evaluates the architecture, merits and demerits of
converter topologies (AC-DC and DC-DC) for Fast Charging Stations (FCHARs). On the basis of
this analysis, it has found that the Multidevice Interleaved DC-DC Bidirectional Converter (MDIBC)
is the most suitable topology for high-power BEVs and PHEVs (>10 kW), thanks to its low input
current ripples, low output voltage ripples, low electromagnetic interference, bidirectionality, high
efficiency and high reliability. In contrast, for low-power electric vehicles (<10 kW), it is tough
to recommend a single candidate that is the best in all possible aspects. However, the Sinusoidal
Amplitude Converter, the Z-Source DC-DC converter and the boost DC-DC converter with resonant
circuit are more suitable for low-power BEVs and PHEVs because of their soft switching, noise-free
operation, low switching loss and high efficiency. Finally, this paper explores the opportunity of using
wide band gap semiconductors (WBGSs) in DC-DC converters for BEVs, PHEVs and converters for
FCHARSs. Specifically, the future roadmap of research for WBGSs, modeling of emerging topologies
and design techniques of the control system for BEV and PHEV powertrains are also presented in
detail, which will certainly help researchers and solution engineers of automotive industries to select
the suitable converter topology to achieve the growth of projected power density.

Keywords: battery electric vehicles; DC-DC converter; efficiency; fast charging stations; plug-in
hybrid electric vehicles; power losses; WBGSs

1. Introduction

Vehicles have been shaping human civilization for centuries and expanding their horizons beyond
a few localized communities and automobiles are the most modern form of this vehicle transportation.
The increasing usage of conventional automobiles is causing harm to the environment and human
life, as these automobiles burn petrol, diesel or natural gas and produce carbon dioxide (CO,), sulfur
dioxide (SO;) and oxides of nitrogen as harmful exhaust components. In the EU, the transportation
sector is accountable for approximately a quarter of greenhouse gas (GHG) emissions as illustrated in
Figure 1 [1]. While GHG emissions from other sources were decreasing by 15% from 1990 to 2010, GHG
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emissions in the transportation sector increased up to 36% in the same period [2], [3]. To combat this
situation and to maintain regulation of the signed “Doha Amendment to the Kyoto protocol (2012)”,
the replacement of conventional vehicles are gaining the most priority and for this reason, Electric

Vehicles (EVs) have been proposed as a better alternative [1-6].
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Figure 1. 2017 Greenhouse gas emissions by sector according to the Intergovernmental Panel on
Climate Change [1].

Cutting-edge research on EVs tends towards zero carbon electric vehicles, which is one of the
major pillars of “3Z” concept: (a) Zero poverty; (b) Zero unemployment; and (c) Zero net-carbon
emissions [7]. In general, the EVs are divided into three basic categories: Battery Electric Vehicles
(BEVs), Plug-in Hybrid Electric Vehicles (PHEVs) and Fuel Cell Electric Vehicles (FCEVs); Table 1
presents the fundamental comparison between these three categories of EVs.

Table 1. Comparison between BEVs and PHEVs.

Characteristics Fuel Cell EVs

GHG Emissions [8,9]

Battery EVs Plug-in Hybrid EVs

Ultra-low emissions
Fuel cells and battery or
supercapacitor for starting

Zero emissions Less emissions

Energy System [10] Battery and supercapacitor

Between USD 125 to USD 215/kWh
30 kWh batteries give an average
of 0.15 kWh/km.

High cost
Typically from 125 to 150 km

Battery, supercapacitor and fuel

Approximately USD 100/kWh
8 kWh batteries provide an
average of 0.2 kWh/km.
Lower than BEV and FCEVs
Similar to ICE only for cars
Multiple sources control, energy
management and optimization

Battery cost [11]
Battery capacity [12]

Initial Cost [9,11,13]
Driving range [14]

NA

High cost
Satisfied driving range
Fuel cells, reliability, lifetime

Major challenges [10] and infrastructure

Battery management and lifetime

The mass consumption of EVs, which rely on low GHG emission, has excellent potential to
significantly reduce the use of GHG-emitting transportation fuels [15-18]. Therefore, the vehicle
industries have had little option but to shift towards EV powertrains. Moreover, as shown in Figure 2,
EV trading is forecast to increase by a further 75% within the next two years. According to the
2017 International Energy Agency (IEA) report, research needs to be conducted focusing on the
BEV and PHEV powertrains to meet the demand slope in coming years [19], whereas FCEVs are an
underdeveloped area to date due to the high cost of fuel cells, production, transportation and storage
of hydrogen, and the life cycle and reliability of the fuel cells [10,11].
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Figure 2. Estimated global shipments of EVs and PHEVs (2017 International Energy Agency (IEA) report [19]).

In the BEV and PHEV powertrains, electric sources (i.e., battery and/or supercapacitors) are
connected to the inverter through a high voltage (HV) DC bus to drive an HV three-phase electric motor
(EM) as shown in Figure 3 [20-23], which depicts a representative architecture of an EV powertrain
with charging systems.

iVa..(V)
T(Sec)

Figure 3. Block diagram of an electric vehicle powertrain.

The electric sources of BEV and PHEV powertrains are unregulated and have some specific
problems, notably batteries and supercapacitors (SCs) face voltage drops during operation, and in case
of the fuel cells (FCs), the dynamic response during the transient process is relatively slow and causes a
high voltage drop in a short span of time after transition [18,24-31]. Furthermore, FCs encounter many
problems compared to batteries and SCs due to the limited supporting infrastructure such as very few
refueling stations, and high initial cost due to limited production and reliability of the fuel cells [14,32].
Therefore, the scope of utilizing FCs in EVs is limited and also out of the scope of this paper [18,26,33].
Moreover, SCs are suitable for capturing electricity during regenerative braking and delivering power
instantaneously for acceleration due to their fast charging and discharging potential. In contrast, a
battery is appropriate for providing long-term energy with a relatively high energy density, mature
reliability and compact size. Merging batteries with SCs as a hybrid energy storage system reduces
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stress over the batteries and ensures a fast dynamic response as well as a long lifespan while increasing
the cost of the system [34]. A comparative analysis of electric sources is outlined in Table 2.

Table 2. Comparison of batteries, supercapacitors and fuel cells.

Characteristics Battery Supercapacitor Fuel Cell
Power density (W/Kg) [18,35] 100-3500 >4000 ~1600
Energy density (Wh/kg) [18,35] High, 8-200 Low, 1-5 Very high, 400
Operation Temperature (°C) [18,35] 0to45 —40 to 65 -35 to 40
Cost per kWh [26,36] $125-$215 (large system) $10,000 (typical) $17,000 (typical)
Dynamic response [37-39] Medium Very Fast Slow
Life time (cycles) [26,35] 150-500 >100k 2000-4000
- 90% at low loads and 50% at o . o
Efficiency [33,38] high loads 95% at high loads 50% at rated power
. Low, batteries only need to be . The reservoir needs a
Maintenance [35] replaced in vehicle lifetime Not required routine check-up
Failure chance [35,40] Unpredictable Predictable Predictable

As shown in Figure 3, each energy source might require a specific DC-DC converter to be integrated
into the high voltage (HV) DC link of the powertrain. For bidirectional electric sources like SCs and
batteries, bidirectional DC-DC converters are essential to absorb the regenerative braking energy,
which maximizes the overall efficiency of the system. However, these bidirectional sources also have
different requirements for the connected DC-DC converters. For example, due to the fast charging and
discharging capability of SCs, a fast-dynamic controlled converter is required to avoid incompatible
operations [41,42]. A DC-DC converter with a small number of passive components is preferable
when the energy source is an SC, to lessen transition intervals between the charging mode and the
discharging mode, which is generally around a few microseconds [34,38,41]. In the case of batteries,
fast dynamic control is not necessary because a charging profile roughly lasts from 30 min to a few
hours [18,32], although it is essential to reduce the ripples from the input current to prolong the lifespan
of the batteries [39,43]. Despite having different characteristics, there are some common characteristics
in the DC-DC converter topologies. These characteristics are a DC-DC converter with high voltage
gain and having the capability of delivering power over a wide range of voltage. Moreover, the output
voltage of batteries and SCs are unregulated and low; therefore, an HV DC-DC converter is required to
increase the low unregulated electric source voltage to a highly regulated level by transitorily storing
the source energy. This energy is stored either in electric field storage elements (capacitors) or in
magnetic field storage elements (single inductor/multiport inductor/coupled inductor/interleaved
inductor) using active switching components (IGBTs/ MOSFETs) and diodes [21,44-51].

An argument could be made for using a transformer to step-up the output AC voltage level
instead of using a DC-DC converter. However, the advantages of using the DC-DC converter is that it
is lightweight, compact in size, low-priced, highly efficient and reliable [52]. Moreover, an HV battery
can be used instead of an HV DC-DC converter with a complex battery management system (BMS).
Hence, an HV DC-DC converter will reduce the number of series of battery cells and the complexity of
the BMS. Achieving a high DC link voltage is required to enhance the inverter performances. Moreover,
an HV DC-DC converter can afford higher DC link voltage than HV battery, which also increases the
efficiency of the power electronics components and the EM [45]. According to the requirements of
a dedicated drivetrain, the output of the DC-DC converter can be regulated spontaneously during
a rush driving period, which adds another degree of freedom (DoF) in the system. Despite all the
benefits listed, an HV DC-DC converter has several drawbacks: very flat voltage gain with moderate
gate pulse switching, inefficiency to attain high power density, low efficiency due to hard-switching
technique, hard to design robust high bandwidth control loop due to presence of Right Half Plane
Zero (RHPZ) in the transfer function and losses generating from the HV DC-DC converter unit
itself [21,44,51]. To overcome these impediments of conventional DC-DC converters, researchers are
exploring emerging WBGSs (i.e., silicon carbide, gallium nitride), modeling new converter topologies
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and designing novel control concepts for high-voltage gain and high-power application to ensure high
power density and high efficiency while attaining desire reliability. Different viable topologies of the
DC-DC converter can be opted for BEV and PHEV powertrains. However, a small-sized, reliable,
parameterized, lightweight, controllable, scalable, and efficient DC-DC converter has a higher demand
in automotive industries. Some of these characteristics can be attained by using the interleaving
technique of boost converter [49,53-56]. Full-bridge boost converters can also be selected for BEVs and
PHEVs if galvanic isolation is required between the source and the load [57-59]. To overcome the hard
switching characteristics of the DC-DC converter, Zero-Voltage Switching (ZVS) and Zero-Current
Switching (ZCS) source converters are employed in BEVs and PHEVs [60-64]. This paper illustrates
multiphase, multiport or multidevice boost converter topologies which connect multiple electric
sources using the parallel connection of switching converters with interleaved control technique.
Isolated and non-isolated multi-phase interleaved converters are selected for vehicular applications
due to their capability of improving the performance of the electric sources and demand for low
ripples with tight tolerance. These converter topologies can minimize input current ripples and output
voltage ripples without increasing the passive components’ size (inductor and capacitor size), attain
high bandwidth control, improve the overall efficiency, integrated thermal distribution, and reliability
of the system [65-74]. However, these topologies have sensitivity and stability problems due to the
duty cycle at load changes, and scalability problems as multiple numbers of components are used.
Each topology has its own benefits and drawbacks and should be selected based on the requirements,
overall cost, device size, efficiency, and reliability.

Nowadays, charging time and the number of available charging stations are the most significant
concerns for BEV and PHEV customers. These two factors have a vital influence on the purchase rate
of EVs according to a survey conducted of over 5000 customers by Nissan Motor Co. as shown in
Figure 4 [75-77].

B Very Important W Important Slighty Important Not important at all

FAST CHARGING

OPTION 13 2

AVAILABILITY OF
CHARGING OPTION

Figure 4. Influence of charging option on customer purchase of EVs [75].

To achieve widespread penetration of EVs in the future, building highly efficient FCHARs and
deploying many FCHARs are mandatory tasks. Generally, charging stations can be categorized into
three types. Type I uses standard 120 VAC (US) and 230 VAC (EU) and is recommended for residential
charging. Type Il is specified for a public solution and uses 240 VAC (US) and 400 VAC (EU), whereas
Type Il is used for commercial and municipal applications like petrol refueling stations and it is served
by a 480 VDC and are also known as FCHARs. The utilization of a high-power converter with fast
charging compatibility is a promising solution to reduce the charging duration. Recently developed, an
FCHAR can recharge up to 80% of a standard 25 kWh BEV within 30 min [78]. Currently, the converter
topologies for FCHAR are in the development stage where the prime issue is minimizing the price
of FCHAR power modules and infrastructures. Existing price of a dual-plug 50 kWh fast charging
system is $35,000/unit, whereas the expense is only $5,000/unit for a Type II charger [79,80]. Therefore,
research conducted on fast charging converters should aim to reduce the component count, component
cost and overloading of transformers while confirming better reliability [81-83]. FCHARSs’ electric
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infrastructure is typically categorized into two designs, the first one is a common AC bus architecture
and the other one is a common DC bus architecture. Converter topologies for both architectures are
reviewed in detail in term of component count, control, isolation and efficiency. Moreover, standard
guidelines and codes need to be developed to define the baseline for FCHARs to ensure their safe and
sustainable energy utilization in a city [84]. Finally, for FCHARSs a compact size, lower cost and highly
efficient converter with high power density and high reliability are essential.

Presently, the DC-DC converters utilized in BEV and PHEV powertrains primarily use Si-based
semiconductors which limits their efficiency to 92-93%, allows a maximum switching frequency up to
30 kHz and attains only 3-12 W/in® power density [78,85-88]. However, the performance of Si-based
semiconductors is limited due to their physical properties and characteristics and further development
of Si-based semiconductors is not thought possible [§9-91]. On the other hand, use of WBGSs have
brought about drastic improvements in the power density (~50 W/in®) as well as efficiency while
ensuring better manufacturability at minimal cost. Contemporary research into WBGSs [85,90,92-95]
have found that silicon carbide (5iC) semiconductors are highly suitable for designing high powered
DC-DC converters due to its capability for handling vast power ranges up to 100 kW, lower cost, better
packaging, high thermal conductivity, and availability on the market. On the other hand, gallium
nitride (GaN) semiconductors are at a mature level for commercial use with breakdown voltages
(BDVs) of less than 600 V and power ratings of less than of 5 kW [88,96]. However, more research
needs to be conducted on GaN-based semiconductors to advance adaptation in the converters of
BEVs, PHEVs and FCHARs. Qualification, packaging and reliability are significant challenges that are
holding back GaN-based device production for high power applications. However, recently a high
power density and high-efficiency enhancement-mode GaN high-electron-mobility transistor-based
onboard charger has been implemented for 7.2 kW rated power having 40 W/in® power density [97],
which indicates high prospects for GaN in automotive industries in the near future. Furthermore, the
automotive industries are looking forward to a mature WBGSs technology 2~3 times cheaper than Si
devices, particularly after 2020 as EVs will have an approximately 21% compound annual growth rate
by this time [98].

This paper presents a comprehensive review of different DC-DC converter topologies used in
BEVs and PHEVs: Boost DC-DC converter (BC), Interleaved 4-Phase Boost DC-DC converter (IBC),
Boost DC-DC Converter with Resonant circuit (BCRC), Full bridge Boost DC-DC converter (FBC),
Isolated ZVS DC-DC converters (ZVSC), Sinusoidal Amplitude HV DC bus converter (SAHVC),
Multiport isolated DC-DC converter (MPC), and Multi-device Interleaved Bidirectional DC-DC
converter (MDIBC). This paper investigates best possible DC-DC converter entrants for interfacing
between the electric sources and the motor drive circuit. Moreover, the paper also studies different
converter topologies for FCHARs, for both AC-DC stage and DC-DC stage, including 3-level 3-phase
Neutral Point Clamped converter, 3-phase Bridgeless Boost converter, 3-phase Vienna rectifier, Multiple
Interleaved Buck converters, Full-Bridge LLC resonant converter and Phase-shifted Full-Bridge
converter. The advantages and disadvantages of each converter topology regarding power capacity,
control aspects and components count are presented in detail.

This review paper is structured into nine different sections. After this brief introduction, Section 2
presents a classification of DC-DC converter topologies used in vehicular applications. In Section 3,
an overview of DC-DC converter topologies for BEVs and PHEVs is portrayed. In Section 4, design
parameters are identified based on the requirement of BEV and PHEV powertrains. Section 5
demonstrates an overview of converter topologies for FCHARs. Section 6 investigates the performance
of DC-DC converters using Si and WBGSs. Section 7 provides a broad comparison between different
DC-DC converter topologies for both EVs and FCHARs. In Section 8, future trends of research are
presented in detail. Finally, Section 9 concludes commenting over suitable DC-DC converter topologies
for BEV and PHEV powertrains and converter topology for FCHARs.
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2. Categories of DC-DC Converter for EVs’ Powertrain

Figure 5 depicts a general classification of DC-DC converter topologies for BEV and PHEV
powertrains. In this section, extensive details about each topology with their characteristic functions
is discussed.

Selected for BEVs and PHEVs

Not Selected for BEVs and PHEVs E
DC/DC Converter for i
BEVs & PHEVs

r 1
T T T T T T 1
Cnt];zx_l[t;cz‘nal Iu]t:([;lf;?d l Degfcuelﬁli’o t | Bridge l Z-Source | SAHVC Push-pull Forward Flyback | Multiport I

| Boost I Egzl:{ Cuk SEPIC Bﬂz‘gfe

Figure 5. Classification of DC-DC converter topologies.

2.1. Non-Isolated DC-DC Conuverters for BEVs and PHEV's

Non-isolated DC-DC converters are frequently used in medium and high-power vehicular
applications [99-101]. Among them, conventional boost DC-DC converters and interleaved Boost
DC-DC converters are commonly used for BEV and PHEV powertrains due to their simple architecture,
cost-effectiveness and accessible control strategy. These two converters are used at low and medium
DC link voltage applications. For example, in [51], a boost DC-DC converter is employed where
low DC voltage gain is required (<4%). For a low level of DC voltage gain, there are four types
of converter available: boost converter [49], buck-boost converter [44], Cuk converter [102] and
SEPIC converter [103]. Among all these the boost converter topology is selected for BEVs and
PHEVs because only a positive voltage gain (>1) is required for motor action; whereas buck-boost
converters, Cuk converters, and SEPIC converters can be used for both voltage step-up and step-down
operation. Moreover, Cuk and SEPIC are current-voltage-current converters, which are only suitable
for energy storage systems (ESSs), whereas the inputs can be a battery and/or a SC in vehicular
applications [102-104]. The high inrush output current and use of a large volume filter capacitor make
the buck-boost topology inconvenient in automotive applications [105].

Again, when a high gain DC Bus voltage is required (>4%), the interleaved 4-Phase interleaved
boost converter is employed. Interleaved Boost Converters (IBCs) can step up the voltage more than a
4:1 ratio with minimum input current ripples and output voltage ripples, and this makes IBCs a more
lucrative non-isolated converter topology [35-38]. Moreover, a non-isolated Multidevice/port Interleaved
Bidirectional Converter (MDIBC) has been proposed for high power automotive applications [54]. All other
non-isolated DC-DC converters transfer energy between two ports, an input port and an output port,
while multidevice converters can transfer energy from two or three different input ports to a single output
port as multi-input single output (MISO) system [70-72].

2.2. Isolated DC-DC Converters for BEVs and PHEVs

Isolated DC-DC converters are often used in low and medium-power vehicular applications [106,107].
Among them, the full-bridge isolated DC-DC converter is the most popular topology for BEV and PHEV
powertrains [57-59]. Five different types of isolated DC-DC converter topologies are frequently used:
half-bridge converter [60], full-bridge converter [57], push-pull converter [108], forward converter [109]
and flyback converter [110]. Isolated DC-DC converter operation has three primary stages DC/AC/DC.
The intermediate AC stage surges up the input voltage to a higher level using a high-frequency transformer
(HET). The HFT provides galvanic isolation and high voltage gain which are significant issues in BEV's
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and PHEVs. Full-bridge is the most suitable converter topology among these five types because it reduces
voltage and current stresses over switches and diodes which is absent in all other isolated topologies.
Moreover, full-bridge design architecture is simple and it improves overall system efficiency with minimal
cost [44,49,50,57].

Z-source converters as single boosting stage (DC/AC) become popular in BEV and PHEV
powertrains due to their smooth starting operation, low voltage stress on switching gates and low
current ripples [59-63], but they have a limited boosting capability due to the limited voltage gain during
the zero vectors. Moreover, a Sinusoidal Amplitude High Voltage bus converter (SAHVC) suppresses
the EMI from the circuity which results in low dv/dt and di/dt rates in switch on mode and switch
off mode [60]. Due to this feature, the SAHVC can function properly at high switching frequencies
with minimal switching losses while maintaining a high-power density. Moreover, isolated-MPC is
the best-suited candidate in BEVs and PHEVs because it reduces input current ripples and output
voltage ripples, minimizes the size of passive components, improves efficiency and having high power
handling capability [47-53].

3. Overview of DC-DC Converter Topologies

This section presents the advantages and disadvantages of different competitive DC-DC converter
topologies suitable for BEV and PHEV powertrains, which are highlighted in green in Figure 5.
The converters are switched using power transistors and are categorized based on working principle,
operation mode, power level and power flow direction. Generally, in the automotive sector, the voltage
level of the battery storage system is ~250-360 V and the voltage level of SC is ~150-400 V, which are
lower than the required voltage of ~400-750 V for the load (EM) [51]. Therefore, step up HV DC-DC
converter topologies are used in BEV and PHEV powertrains and the topologies reviewed in this
section are step-up converters.

3.1. Boost DC-DC Conuverter (BC)

The boost DC-DC converter is a power converter that steps-up the input voltage while stepping
down the input current. It is a class of switched-mode power supply (SMPS) having at least one energy
storage element (a capacitor, an inductor, or the two in combination) and at least two semiconductors
(a diode and a switch) as shown in Figure 6 [111,112]. In BC, a series connected inductor with the
input DC source helps to reduce input current ripples and a capacitor-based filter is used at the
output side to eliminate the output voltage ripples. Boost DC-DC converters have various advantages.
A moderate output voltage gain can be obtained (<4%), the switch can be easily driven concerning
ground, the input current is continuous and filtering and meeting EMI requirements are simple for this
converter [49,51,111]. For the design shown in Figure 6, a moderate efficiency can be achieved (83~85%
at full load) [49]. The output voltage is single polarity and circuitry is rather simple, thus the cost is
lower, which makes it a suitable option for BEV and PHEV powertrains.

[550)
LT b
+
Cf P "Ny .

~ > —t— s — (s
Sy o} =< |Fe- @
B - Inverter
attery DCUAC | Electric motor

Figure 6. DC-DC Boost Converter.

However, the boost DC-DC converter also has some drawbacks. As the requirement of a large
capacitor to reduce the ripple at the output voltage, which makes the volume quite large and weight
moderately heavy, high voltage gain (>4%) is not suitable for this converter, parallel arrangement of
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the power-switching devices are required to handle high-power and it requires extra stages to make it
short-circuit proof [113].

3.2. Interleaved 4-Phase Boost DC-DC Converter (IBC)

The Interleaved 4-Phase boost DC-DC converter (IBC) topology allows minimizing the input
current ripples and output voltage ripples; it steps up voltage ratio approximately above four times [49].
In this converter, four identical levels are introduced with four inductances (L1, L2, L3, and L4); all
these inductors have a separate magnetic core as shown in Figure 7. Successive phase shifting of the
power switching devices is fixed by the ratio of switching period (T) and the number of Phases (N).

*DI *Dz %D3 D,
L

o L £.8

T, m 8
. o . Inverter
= J J J t} J DboAC Electric motor
Battery O [0)) Os] O

J

n

Figure 7. Interleaved 4-Phase DC-DC Boost converter.

Each of the step-up converter levels shares the equal amount of current which is delivered by
the electric source, and T/N ratio is present as the period ripple content. Thus, the interleaving
technique allows the input inductor size and output capacitor size to be reduced. The frequency
of the input current ripples is N times higher than the switching frequency fs,, because the control
signals are interleaved and have a phase angle of 360°/N [52-55]. As a result, input current ripple and
output voltage ripples lessen which is the best reason to choose this converter topology for BEV and
PHEV powertrains.

In [49], IBC has an efficiency of 92% at 30 kW load. Around an 8% drop in the efficiency is
caused by alternating from discontinuous current mode (DCM) to continuous current mode (CCM).
This converter is sensitive to duty cycle ratio change. Moreover, magnetic core influence due to load
change is notable and the component count is also high [44,72].

3.3. Boost DC-DC Converter with Resonant Circuit (BCRC)

In BEV and PHEV powertrains, conventional DC-DC boost converters face switching loss problems.
To overcome that, soft switching DC-DC converter topologies are utilized. In general, boost converter
losses occur due to hard switching, but in soft switching configuration, switching losses are eliminated
by forcing voltage (Vps) or current (Ipg) to zero during the switching transition. During the turn ON
or turn OFF transition time, either voltage Vpg is zero, or current Ipg becomes zero. As a result, the
product of the voltage and current is zero. Thus switching losses can be reduced so that the device can
be operated at the high switching frequency, which has a huge impact over the volume and heatsink of
the converter.

The soft switching converter configuration consists of two switches, a main Switch Q1 and
auxiliary Switch Q2, as shown in Figure 8. The duty cycle of the main switch Q1 is higher than that of
auxiliary switch Q2 and determines the average output voltage of the converter. The auxiliary switch
Q2, on the other hand, enables the main switch to operate in soft switching mode. Because of the
presence of the resonance, the auxiliary switch can work at ZCS mode. Moreover, the ZVS mode is
assured by turning on the main switch.
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Figure 8. Boost converter with the resonant circuit.

The soft switching characteristics of BCRC assure the reduction of the size and weight of the
converter as a large heat sink is not required [44]. Safety regulations are met easily in the converter as
the availability of power to load would remain unhampered. During abnormal conditions such as
over-voltage or under voltage the converter will still be under protection. However, this converter is
only suitable for <5 kW system, substantial output voltage gain is not possible and bidirectionality
cannot be achieved [62,113,114].

3.4. Full Bridge Boost DC-DC Converter (FBC)

This converter has three functional stages, namely the inverter (conversion from DC to AC),
followed by a high-frequency transformer (HFT) (step up the AC voltage), and followed by a rectifier
(conversion the AC back to DC). Utilization of the negative portion of the hysteresis loop reduces
the core saturation as the current flows in the opposite direction during alternate half cycles, thus
making the flux in the core swing from negative to positive. The duty cycle of the PWM signal can be
increased or decreased promptly so that the output voltage is held constant even with a varying input
source voltage. However, the duty ratio needs to be kept above 50% to protect semiconductor switches.
Hence, identical control signals are used in two legs, which alternate with half period duration. As an
HFT is used, a high step-up voltage is possible. Moreover, it provides galvanic isolation between the
input side and the load side. At 30 kW load, the efficiency of the converter is approximately 91.5% [49].
A current fed FBC is shown in Figure 9.
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Figure 9. Full-bridge Boost DC-DC Converter.

By using the ZVS technique and phase shifted pulse width modulation (PWM) control, the
efficiency can be increased even further. As this is a current fed topology, EMI filter suppression is
needed to meet the IEEE regulations standard-519 [115]. Although this converter has moderately high
efficiency, the effect of the HFT leakage inductance is crucial because of the high electrical stress in the
switching circuit. Thus, a clamping circuit (passive/active) is required to resolve the peak voltage issue
in the switching circuit [44,57,58].

3.5. Isolated ZV'S DC-DC Converter (ZVSC)

An Isolated Zero-Voltage Switching (ZVS) DC-DC converter is required for cold starting,
soft switching and isolation [61,116]. Compared to the conventional full-bridge step-up DC-DC
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converters [49], this topology has less circuitry, no total device rating (TDR) consequences, easy control
technique, soft switching without additional circuity, and higher efficiency. This isolated ZVS converter
is based on a dual half-bridge topology placed on each side of the main transformer as shown in
Figure 10. Each switching device has a small parallel capacitor for soft switching. In ZVSC; unified
ZVS is attained in either direction of power flow without any additional components [61].
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Figure 10. Isolated ZVS DC-DC Converter.

The ZVSC topology can be selected for both the BEV and PHEV powertrains as various components
size are reduced. As a result, the power density of the converter is very high. The design has less
control and accessory power needs than its full-bridge competitors [61]. All these new features allow
efficient power conversion, easy control, lightweight and compact packaging. Hence, ZVSC topology
is a suitable replacement for the FBC topology. However, in the high-power applications, there is high
voltage stress remaining across the power switches. Hence, the full load current needs to be handled by
splitting DC capacitors (C;—Cy) across the four switches (Q;—Q4). Moreover, a large filter capacitance
(Co) is required for ripple free output voltage. As fault tolerance operation is absent, ZVSCs are not
applicable to high power (>10 kW) automotive applications [61,63,117-119].

3.6. Sinusoidal Amplitude High Voltage Bus Converter (SAHVC)

The Sinusoidal Amplitude High Voltage bus converter (SAHVC) is one of the fixed ratio voltage
converters that performs the HV bus conversion efficiently. This isolated SAHVC combines a full-bridge
converter with a half-bridge, and which are placed on each side of the high-frequency multi-windings
transformer as shown in Figure 11.
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Figure 11. Sinusoidal Amplitude high Voltage bus Converter (T1=Power Transformer and T2= Drive Transformer).

Operation of this converter is based on Symmetrical Continuous Current Conduction mode
(SCCC), which reduces voltage stress over the switching circuit [60]. The noise-free operation is
ensured in this converter because of common-mode symmetry and high spectral purity. Operating
frequency is locked to the powertrain resonant frequency; thus, optimum efficiency is achieved with
minimization of the output impedance. Moreover, cancellation of the reactance makes the output
impedance lower and resonant tank current is purely sinusoid in form. SAHVC is a noise-free topology,
which ensures linear voltage or current conversion with flat output impedance up to 1IMHz. Therefore,
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SAHVC is considered a suitable topology for BEV and PHEV powertrains. However, this converter
is not suitable for high power application (>3.5kW) because complex sinusoidal amplitude control
(SAQC) is required, parameterization is difficult to achieve and due to resonance, a large filter capacitor
is needed to compensate the output voltage ripples [60,120,121].

3.7. Multiport isolated DC-DC Converter (MPC)

The Multiport isolated DC-DC converter brings a solution if multiple input sources are required
and galvanic isolation is also required between source and load as mentioned in Section 1. In BEVs
and PHEVs multiple sources are combined to capture the advantages of an individual source.
Furthermore, all the input ports are interconnected by an isolated multi-winding transformer as shown
in Figure 12 [51,52]; therefore, all input ports are also entirely isolated from each other. Each input
source is connected using an interleaving technique, and this technique can limit the output voltage
ripples and input current ripples.
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Figure 12. Multiport DC-DC Converter.

The interleaving control technique of multiport converter highly improves the performance of
the DC-DC converter by paralleling and shifting communication of different phases. This controller
controls the PWM switching pulses of all switches. In MPC high power density is present. As MPC
allows bidirectional power flow, power recovered during regenerative braking can charge the input
sources, which improves effectiveness and functionality of the converter. A large switch count in the
MPC topology makes synchronization difficult and leads to high component count. Moreover, the
presence of the transformer increases the weight of the converter in high power automotive application,
the converter is sensitive to duty cycle ratio change at load step and it is difficult to analyze the
converter at steady state and transient conditions [69,70,122,123].

3.8. Multidevice Interleaved DC-DC Bidirectional Converter (MDIBC)

As a transformer increases the weight of the converter in high power automotive applications,
the non-isolated multiphase multidevice interleaved bidirectional converter is proposed for BEV and
PHEV powertrains. A non-isolated multidevice interleaved bidirectional DC-DC converter (MDIBC),
shown in Figure 13, which utilizes a battery as the principal power source and a SC as an auxiliary
power source for supporting the propulsion of the vehicle during the transient time. MDIBC is a
multiport multiphase interleaved converter using two high-frequency switches per phase in parallel
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with two more switches, and phase interleaving technique is utilized [70]. By increasing the number
of phases, the number of the parallel device per phase can be reduced [71]. Conventional dual loop,
feedback linearization and state-feedback controllers are mostly used in MDIBC to maintain a regulated
output in the converter [71]. The main design challenges in automotive power electronics interfaces
(PEI) are minimizing volume, weight, current ripples, efficiency and cost. The high-power inductors,
filter capacitor and heat sink are the main heavyweight components in the MDIBC that are expected to
be downsized using high switching frequency and interleaving technique to meet design targets.
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Figure 13. Multidevice Interleaved DC-DC Bidirectional Converter.

The main feature of MDIBC is sharing of current between multiple phases; as the gate signals are
operated in the interleaving technique, it enables a reduction in the input current ripples. The MDIBC
combines the power of multiple input sources to a constant output voltage level. Moreover, MDIBC
maintains the desired level of input current ripples and output voltage ripples without increasing the
value of passive components (capacitor, inductor filter circuit). In MDIBC, both ports mutually share a
common DC link capacitor, common control technique and a common heat sink. Hence, the chances of
an electrical breakdown are less which improves the reliability of MDIBC compared to conventional
topologies. MDIBC can also utilize the regenerative braking power using its bidirectional power flow
capability, which increases overall system efficiency and effectiveness. Another feature of this converter
topology is that it can be used in high power and high voltage single port application such as connecting
only an HV battery (i.e., lithium-nickel-manganese-cobalt-oxide, lithium iron phosphate oxide or
lithium titanate) directly to the DC link of the inverter while efficiency and reliability will remain
same as one-port MDIBC. Currently, a standard 3-phase interleaved bidirectional DC/DC has become
popular in automotive industries due to flexible control, compact size, multifunctional capabilities,
high efficiency and better reliability for BEVs [51,124]. In contrast, in MDIBC, the component count is
high, the converter has sensitivity and stability problem due to change at load current profile, and it is
challenging to analyze characteristics at steady state and transient condition [72,74,125-128].

4. Design of DC-DC Converter Topologies for BEV and PHEV Powertrains

In this section, design methods of DC-DC converter topologies are presented for BEV and
PHEV powertrains. On the basis of Table 3, classical design equations are used to determine
passive components (i.e., capacitor and inductor) and duty cycle value of DC-DC converters. All the
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specification parameters are taken from both simulation models and hardware models discussed in the
literature above. These design values are the most sophisticated key for parameterization, calibration
and validation of a DC-DC converter model. Based on specification parameters and design values, the
prototype test is designed, and the performance map of the DC-DC converter is investigated. These
design values are also used to map the linear compensator specifications such as bandwidth, cut-off
frequency, natural frequency and gain.

Table 3. Specification values for passive components of DC-DC converters.

Symbols Actual Meaning BC IBC BCRC FBC ZVvSC SAHVC WMPC MDIBC
Vin
\ZT Output Voltage (V) 400 380 400 300 200 400 400

f sw
Iimax Inductor Current (A) 250 7.5 75 100

AILma.\'

Output Voltage Ripple

AVout (1°/o of Vout) (V)

N
n Turns ratio
P o
D Maximum Duty Cycle

L

c Capacitor (1F)

4.1. Boost DC-DC Conuverter

There are two working modes in the boost converter: (1) switch ON mode, and (2) switch OFF
mode. When the switch is ON, the gate is in active mode; current mainly flows through the inductor
and the inductor stores some energy by generating a magnetic field. When the switch is OFF, the gate
is inactive, and the current flows through the inductor, diode, capacitor, and load, resulting in a release
of the magnetic field of the inductor to maintain current flow towards the load.

Equation when switch Q1 is ON:

Vie-VL =0 (1)
Equation when switch Q1 is OFF:
Vin—=Vour = Vi (2)
1 [ ton
Ve = L f iodt + Vo(t = o) @)
CJo

where, V] = Lt%—f? for Equation (1) and Vi, = —L% for Equation (2). Substituting V in Equations (1)
and (2) and considering average capacitor current during on time is I,, the final equation for estimating
L and C can be derived:

fsw X AIlmax
Similarly:
- D X Ioyt
€= fsw X AVout (5)
and the duty cycle of this converter is calculated as:
D= 1-Yin (6)

Vout
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Table 3 shows the specifications of the DC-DC boost converters for BEVs and PHEVs as discussed
in [49,113,129-131]. This table also shows the passive component values and duty cycle of the boost
DC-DC converter.

4.2. Interleaved 4-Phase Boost DC-DC Conuverter

In this converter, four-phase interleaves using four switches (Q1-Q4) and four diodes (D1-D4).
All switches and diodes are connected in parallel per phase. Generally, in interleaved converters, the
phase-shift control strategy is used to reduce the size of the inductors and filter capacitor. The gate
sequences are changed by 360°/ (Nph x S) where Nph is the number of phases and S is the number of
parallel switches connected per phase. The phase interleaving technique enables to reduce the input
current ripples by sharing the source current between each boost level. If more phases are added to the
interleaved converter, the amplitude of the input current ripple is reduced more by the number of
additional phases, but the frequency of the current ripples increases proportionally.

Interleaved 4-Phase DC-DC boost converter’s design equations are the same as for a boost
converter. The duty cycle equation of this converter is:

V.
D=1--= 7
Vout ( )
The design equations for interleaved inductor L and filter capacitor C are [35-37]:
Vout
L =
4 X fou X N X Alpmax ®
AlLmax
C = 9
4 X fsw X N X AV oy ©)

Table 3 shows the specification values for interleaved 4-Phase DC-DC boost converter as [49,53-55],
where passive components values and duty cycle of interleaved 4-Phase DC-DC boost converter are
also presented.

4.3. Boost DC-DC Converter with Resonant Circuit

There are two working modes in the BCRC converter: (1) ZCS mode and (2) ZVS mode. BCRC
converter works in ZCS mode when the main switch is in OFF mode and the auxiliary switch is in ON
mode. At that period, the current through the main switch is zero and the voltage is non-zero as the
auxiliary switch is ON [62].

In ZVS mode, the main switch is ON and the current starts rising after the voltage is zero as the
current gets some time delay while the voltage becomes zero. During that period, the current loop is
completed through the resonant inductor (Lr) and resonant capacitor (Cr) loop.

In this converter, the anti-parallel diode of the main switch is turned on before the main switch is
ON mode, so the voltage rises after the current becomes zero and functions as a general boost converter
circuit as shown in Figure 8. Due to the resonance, the converter operates at ZCS when the auxiliary
switch is ON. The duty cycle, resonant inductance and capacitance equations for the BCRC converter
design are [62,132-134]:

Vz'n
D =1- 10
Vout ( )
Lr _ Vin X (Vout - Vin) (11)
AILmax X fsw X Vout
C, D x I, (12)

B fsw X Avout
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Table 3 shows the specifications and passive components values for DC-DC boost converter
with the resonant circuit for BEVs and PHEVs powertrain [62]. The other passive components are
identical to boost converter values. ZVS mode in BCRC is achieved without an additional device
to reduce inrush voltage stresses and switching losses which makes this mode better for BEV and
PHEV powertrains.

4.4. Full Bridge Boost DC-DC Converter

This topology consists of a high-frequency inverter, a diode rectifier, and an output filter circuit
as shown in Figure 9. The working principle of this converter can be categorized into three parts:
(a) continuous conduction mode (CCM) (b) discontinuous conduction mode (DCM) (c) zero inductor
current mode. By changing the duty cycle of switching pulses of the inverter, the output voltage can be
kept constant for a varying range of input source.

The filter circuit L and C are used to eliminate current ripples and voltage ripples respectively.
The equations for calculating L and C are based on maximum current ripple and voltage ripple
magnitudes. All the equations of passive components and the duty cycle of this converter are designed
for CCM mode [49-51,57]:

Vout
D = 13
2n X Vi, ( )
nXD XV

[ = ——— 9% 14
2 X fsw X AILmax ( )

AILmax
CH = ———% 15
© 8 X fow X AVyut (15)

Table 3 shows the specifications and passive components value of the full-bridge DC-DC boost
converter for BEVs and PHEVs [56].

4.5. Isolated ZVS DC-DC Converter

The bidirectional isolated ZVS DC-DC converter consists of an inductor on the battery side,
half-bridge switches placed on each side of the HFT and an output filter capacitor. All the switches are
in parallel with a small capacitor for soft switching. This converter works in two modes: (1) boost mode
(2) buck mode. If power flows from low winding side (LWS) to high winding side (HWS) the converter
works in boost mode. Moreover, for the opposite direction of power flow, the converter operates
in buck mode. The boost function obtains by the leakage inductance L and the LWS half-bridge.
The LWS boost converter draws much smoother current from the load voltage source than full bridge
voltage source inverter. The transformer ratio is selecting based on the voltage ratio of the output side
over the input side. Moreover, the equations for estimating the duty cycle and input inductance L
are [61,116,135]:

(1-D)xD = = ;VV"“ (16)
m

Py X fxm
where, @1 = phase shifting angle = 60°.
Table 3 shows the specification values for ZVS DC-DC converter for BEVs and PHEVs powertrain
where passive components and duty cycle values are also presented.

4.6. Sinusoidal Amplitude High Voltage Bus Converter (SAHVC)

The SAHV constructs on the zero-current/zero-voltage switching technique. The Sinusoidal
amplitude high voltage bus converter contains full-bridge switches placed on the primary side of the
transformer; the secondary side switches are in tapped configuration with an output filter capacitor
and a SAC control circuit. The switching frequency of the converter is the same as the natural
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redundant frequency of the primary side tank circuit. The leakage inductance in the primary side of
the transformer has been minimized as it is not the prime energy storage element in SAHVC. Therefore,
SAHVC can operate at a very high switching frequency in order to reduce the transformer size and
maximize efficiency and power density. If the output load is increased the Sinusoidal amplitude of the
tank circuit also increases to balance the energy in the secondary side. The output voltage equation of
this converter is [60]:

Vour = Gx Vin (18)

Here, G is the value of the DC-DC conversion. The converter specification and passive component
values for SAHVC are illustrated in Table 3 [60,63].

4.7. Multiport DC-DC Converter (MPC)

The multiport DC-DC converter can be categorized into (a) single-input multi-output converter
(SIMO), (b) Multi-input-single-output (MISO) converter and (c) multi-input-multi-output (MIMO)
converter. In BEVs and PHEVs, MISO MPC converter is used. This MPC acts as a bidirectional
converter which combines energy sources of different power and voltage level (supercapacitor and
battery) as shown in Figure 12. This topology consists of a parallel connection of two boost DC-DC
converters with bidirectional power flow and is suitable for BEVs powertrains. The mathematical
equation of each energy port for exchanging active power is given below [51-53]:

VB X Vuc

P, = 19
ab o X Lub ab ( )
Vuc X Vout
P = —-————-- 2
be o X Lbc Pbe ( 0)
Vout X VB
p, = — - 21
ca X Lo, ©Pca (21)

Here, V = input battery voltage, Vsc = input SC voltage, ¢, = shifting angle between SC port and
battery port, @y = shifting angle between SC port and output, ¢, = shifting angle between battery port
and output, P, = output power. Moreover, the value of L is determined from the formula below [73]:

_ Vout X VB

wxDP, Pca (22)

Table 3 shows the specifications, the passive components and duty cycle value for isolated-MPC
for BEVs and PHEVs powertrains.

4.8. Multidevice Interleaved DC-DC Bidirectional Converter (MDIBC)

The MDIBC circuit consists of parallel switches/phase and these switches are connected using an
interleaving control strategy as shown in Figure 13. As this is an interleaved bidirectional converter,
switching signals are shifted 360°/(pxs) per phase, where p=number of phases and s=number of
parallel switches/phases. So, both the input current ripples and output voltage ripples are pXs times of
switching frequency ripples. Hence, the passive components” size (i.e., inductor and capacitor) and
heat sink size are reduced by s times than conventional DC-DC converter. In MDIBC all the switches
have the same duty cycle as D; = D, = D. Moreover, all the inductors are identical to Lg = Lg = L.
The duty cycle, the inductor for battery port and SC port and the common output capacitor can be
calculated from the equations below [70,72,136-138]:

1 V;
Dpax = —(1- —’”) 23
max m( Vgut ( )
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_ Voux(1-mD)xD

L 24
NXfSWXAILmux ( )
VoxD
= 2
¢ N X fow X Rx AV, (25)

where, m = no of parallel switches per phase = 2.

Table 3 shows the specification values as well as passive components value of the MDIBC for BEV
and PHEV powertrains. Table 3 presents the specification values of the DC-DC converter topologies
for calculating passive components based on mathematical expressions mentioned in the literature
above. A set of design variables are kept fix for all topologies as; ~1% ripple in output voltage and ~5%
ripple in inductor current.

5. Review of Converter Topologies for FCHARs

Generally, FCHARs' architectures are characterized into two types [139,140]. The first one is the
common AC-bus architecture, composed of fast chargers each having dedicated AC-DC conversion
stages and high-frequency transformers, as shown in Figure 14. The second one is the common
DC-bus architecture, which only requires one central AC-DC conversion stage and one low-frequency
transformer, as shown in Figure 15. Regarding the possibility of integrating renewable energy sources
into the charging stations, the latter architecture exhibits significant advantages due to the absence
of synchronization issues of the integrated renewable energy sources. According to the SAE J1772
standard, an FCHARs has DC-bus voltage up to 600 V and DC current up to 550 A to charge EVs in
less than ten minutes and the fast charger should be placed outside the EVs [75,76].

Grid .\ / AnAC-DC \‘l _/ An Isolated DC-DC Converter with High Frequency
i | Converter ; [ Transformer

Charging
Port 1

Charging
Port 2

Charging
Port N

sng DV uowwo))

Figure 14. Charging station with common AC bus.

There are two types of common DC-bus architecture. One is the unipolar DC-bus, which is
compatible with two-level voltage source converters such as three-phase bridgeless boost converter [139],
voltage source inverter (VSI) [141], and three-phase Vienna rectifier [142]. The other one is the
bipolar DC-bus, which is compatible with a three-level neutral-point clamped (NPC) converter [140].
The common DC-bus architecture of a fast charger consists of three stages, namely an AC-DC rectifier,
an input filter and a DC-DC converter. The AC-DC rectifier stage is used to regulate the power factor
and create a constant DC voltage for the DC-DC converter. The input filter stage is employed to
reduce harmonic currents caused by the AC-DC rectifier stage. The last stage controls the DC charging
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current for the better response of the DC-DC converter. Several types of AC-DC converter and DC-DC
converter for the fast charging application are analyzed in the following sections.

Grid

Charging Polrt N
|

Low Frequency Central Converter Charging Port 2
Transformer [ 1
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Charging Port 1 Charging Port 3

Figure 15. Charging station with common DC bus.
5.1. AC-DC Stage

5.1.1. Three-Level Three-Phase NPC Converter

The three-level three-phase NPC converter as shown in Figure 16, offers high-power capacity
and flexible ways for connecting the input sources [140]. It is also able to produce a five-level output
voltage in comparison to the VSI converter. This results in a lower dv/dt rating, a smaller filtering
requirement, and a better current performance. However, the NPC converter has an inherent issue,
which is the imbalanced power between the positive and negative DC-bus; this imbalanced power can
lead to producing an inferior grid-side current that can create instability regarding the grid.
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Figure 16. Three-level three-phase NPC converter.
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5.1.2. Three-Phase Bridgeless Boost Converter

The three-phase bridgeless boost converter, as shown in Figure 17, takes advantages of the boost
Power factor correction (PFC) converter. Numerous control schemes of this topology are discussed in
literatures such as sliding mode control (SMC) [143], sinusoidal pulse-width modulation (SPWM) [144],
hysteresis current control (HCC) [145], space vector modulation (SVM) [146].
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Figure 17. Three-phase bridgeless boost converter.

Most of these papers favor minimizing the filter size, whereas some focus on reducing the stresses
on active devices. Due to the nature of the boost inductor, high power stress is reported for all these
control schemes.

5.1.3. Three-Phase Vienna Rectifier

The three-phase Vienna rectifier as shown in Figure 18, has operating principles similar to the
three-phase bridgeless boost converter but it uses fewer active switches [147]. The reduction in the
number of switches helps to minimize the losses of reverse recovery currents, making it suitable for
fast charging. Vienna rectifier is controlled based on regulations of the high-frequency PWM. A critical
advantage of this topology is that it exhibits a neutral-connection free. Also, the dead-time problem
of the switches can be removed thanks to the diodes taking commutation as soon as the switches
turn-off. However, this converter requires a high voltage on the output side. Since one of the three
main switches (Q1, Q» and Q3) remains turned off at all times, this results in the minimum voltage
over each filter capacitor (Cy or Cy) being the peak input line-to-line voltage. Thus, the minimum boost
voltage required for this converter is twice the line-to-line voltage.
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Figure 18. Three-phase Vienna rectifier.

5.2. DC-DC Stage

5.2.1. Multiple Interleaved Buck Converters

The voltage of a common DC-bus structure is normally up to 600 V and higher than the battery
voltage which is from 200 V to 450 V. For charging the batteries, a single-phase buck converter can
be used. However, in high-current applications, the single-phase buck converter requires a large
inductor to keep the inductor current ripples small. The large inductor increases the cost and size
of the converter. Instead of using the large inductor, a multi-phase interleaved buck converter as
shown in Figure 19, is proposed [148-150]. The separate inductors of the multi-phase interleaved buck
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converter are used to enhance the efficiency of the converter. This converter shares currents between
the multi-phase modules. If the number of phases is increased, the size of the inductor decreases as
the number of phases is multiplied by the fundamental frequency of each inductor. Despite many
advantages, this converter has not become mainstream since it is only compatible with systems that
include a front isolated-low-frequency transformer and contains high THD in phase current.
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Figure 19. Three-phase interleaved Buck converter.

5.2.2. Full-Bridge LLC Resonant Converter

Another potential converter to be used in the DC-DC stage of a fast charger is the Full-Bridge
LLC resonant converter (FBLLC) as shown in Figure 20 [151-154]. The FBLLC resonant converter can
achieve high efficiency at high-voltage operations and a full range of ZVS for the primary switches.
In addition, since the sinusoidal current waveform is shaped, there is no oscillation voltage on the
rectifier diodes and no reverse recovery current.

+ +
ol .
— T~

Vdc-bus T Co VO

Figure 20. Full-bridge LLC resonant converter.

Despite providing many advantages, the major drawback of this topology is that a wide range of
the switching frequency has to be applied to control the output voltage of the battery. This makes the
filter and transformer designs much more complicated and the operation of the converter becomes less
efficient once the battery voltage is low.

5.2.3. Phase-Shift Full-Bridge Converter

The Phase-shift full-bridge (PSFB) converter is the most popular converter used in high-power
applications as shown in Figure 21 [155-159]. PSFB converters have several desirable features such as
soft-switching for the primary switches, simple control method, and low current stress on devices.
However, PSFB converters have some drawbacks such as high-circulating current in the freewheeling
interval and high voltage stress on the rectifier bridge.
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Figure 21. Phase-shifted full-bridge converter.

6. Evaluation of Emerging Switch Technology for Converters

Presently, switching circuits of DC-DC converter topologies for BEV and PHEV powertrains
and fast charger converters are supported by Si-based semiconductors (Si-MOSFETs and Si-IGBTs).
In the near future, WBGSs (i.e., SiC and GaN) will replace Si-based semiconductors in automotive
industries [160]. From a technical point of view, WBGSs are more suitable for EVs and FCHARs power
electronics (PE) converters due to the higher bandgap, larger critical break-down electrical field, higher
thermal conductivity (only in SiC), larger electron velocity and lower dielectric constant as illustrated
in Figure 22 [95,161-166]. These characteristics of WBGSs allow PE converters to operate at a higher
frequency (up to 5 GHz), handle much higher voltages (>600 V), and withstand higher temperatures
(~300 °C) in comparison to Si [19]. Thus, switches built using WBGSs have reduced switching
power losses and are more compact in size since smaller-sized heat sinks are required, in addition to
which, the higher frequencies also allow for a reduction in size in the passive components. Therefore,
designs based on WBGSs are less costly and more compact. Currently, there are limitations such as a
higher price, less maturity, less reliable compared to Si-based semiconductors, lack of packaging and
qualification that also limits the potential performance and progress of WBGSs [161,167-169].
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Figure 22. Parameter comparison of Si with respect to SiC and GaN.

The performance of PE converter topologies relies highly on switching losses and conduction
losses of semiconductor switches, as low power losses in the switching circuit ensure maximum
efficiency, high power density, and downsizing the heat sink and coolant circuit size [170-172]. In a PE
converter, the inductor is the bulkiest component having the largest volume and weight, especially in
high power applications. Therefore, downsizing the inductor is the prime target while designing a
converter. Inductor size is inversely proportional to switching frequency while switching frequency is
directly proportional to switching losses [169,173-175]. Therefore, there is a trade-off relation between
inductor size and switching losses. However, WBGSs allow the designer to maintain high-switching
frequency while keeping lower switching losses and conduction losses and hence, achieving smaller
inductor size without a corresponding increase in the switching losses [162,167,169,170,172].
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To evaluate the superiority of the SiC-based semiconductors over Si-based semiconductors, two
DC-DC converter topologies, including BC and MDIBC, are assessed to measure the converters losses
and efficiency. SKM 100GB125DN is used as Si-IGBT and SKM200GB12T4SiC2 is used as SiC for the
switching circuit of BC and MDIBC [176,177]. Metglas® Amorphous 2605SA1 is selected as the core
material of the inductor to maximize its power density as shown in Figure 23a. This core is suitable for
high-frequency and high-power applications due to its low skin effect losses and proximity effect [178].
These inductors are modeled for achieving high power density and reducing weight while obtaining
minimal core losses for automotive applications. The core loss response of Metglas® core is improved
~50% with respect to conventional silicon steel as shown in Figure 23b [178].

Core loss (W/kg)

0.05mm Silicon steel
Metglas 2605SA1

0.05 0.1 0.15 0.2 0.25
Magnetic flux density (T)

(a) (b)

Figure 23. (a) Geometry parameters of the AMCC50 core and (b) Core loss curve of conventional steel
and Metglas 26055A1 at 20kHz current [178].

The specifications of the DC-DC converter remain the same for both converters and are shown in
Table 4. The power losses in a DC-DC converter are due to the switching and conduction losses of the
active devices, and the conduction and air-gap losses of the passive devices (inductor and capacitor).

Table 4. DC-DC converter parameters for performance testing.

Symbols Actual Meaning Value
Ving Battery Input Voltage 200V
Vinsc UC Input Voltage 250V
Vout Output Voltage 400V
Ny Number of phases 3
Pyt Output Power 30 kW
fow Switching frequency span 20-80 kHz

Table 5 shows the equations used for the loss calculation of DC-DC converters. Here the IGBT
and diode characteristics (rcg, Ve, Ve, Ic, Eoﬁc, Eon, s V,, Ir and E,;) are selected from the SKM
100GB125DN and SKM200GB12T4SiC2 datasheets [176,177]. During the loss model design of DC-DC
converters, several factors are assumed to simplify the loss calculation [179]. They are:

(a) The temperature effect on semiconductor devices is not considered.
(b) The loss due to the skin effect of the inductor is also neglected.
(c) The parasitic capacitance loss and loss in PCB are also neglected.
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Table 5. Equation for loss estimation of DC-DC converters.
Equations Meaning of Losses Equ. No
1.2 .
Pr = IérmsrCE + Veels + (VLCUC) [Eo ff(ls'l’c’”s ) —+ Eon(lsfl’c"‘s )] fow Semiconductor loss (26)
06 Layms 0.6 i
Pp = I rs+Velp+ (“//_:c) Err(d'T) few Diode loss 27)
Pr = RpIZ  + RCI%,rms Conduction loss (28)
Pc = Wi(6.5fL5 B%Z‘l) Core loss (29)
Peony = Npy(Pr + Pp + Pr + Pc) Total loss of converter (30)
n = % x 100 Converter efficiency (31)

Figure 24 depicts the comparative performance map of BC and MDIBC using Si and SiC
semiconductor. As mentioned in the previous section MDIBC efficiency is higher than BC for the same
specification at 20 kHz, which is respectively 89.92% and 86.69% while using a Si-based semiconductor,
and 96.82% and 93.88% while using SiC-based semiconductor. That’s an improvement of 6.9% and
7.2% in the efficiency of SiC over Si at the 20 kHz switching frequency for both BC and MDIBC.
Furthermore, as can be seen from the figure, the reduction in efficiency is less significant when the
switching frequency is increased for SiC as compared to Si, where Si losses more than 5%-10% efficiency

as the switching frequency is increased from 20 kHz to 80 kHz, while SiC losses are between 1% and
3% respectively.
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Figure 24. Comparative efficiency measurement of BC and MDIBC using Si and SiC technology.

Figure 25 illustrates the distribution of power losses for both Si and SiC-based BC and MDIBC.
It has been found that the switching and conduction losses are higher in Si-based converter whereas
these losses are highly reduced in the SiC-based converter. Not only that, the switching losses in
Si-based converters increases significantly with switching frequency, quickly eclipsing all other losses.
As switching losses are very high for 60 kHz and 80 kHz frequency, it demonstrates that the Si-based
converters cannot tolerate such high thermal stresses. However, as a share of the losses, the core and
conduction losses are more significant in the SiC-based converter, as an increase in the AC loss is
expected in the windings and the core due to higher switching frequency. From these results, it is
proved that the low turn-on and turn-off characteristics of the SiC-IGBTs and the low recovery-loss

characteristics in the SiC-Diode helps to improve the overall efficiency of the converters for BEV and
PHEYV powertrains.
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Figure 25. Distribution of power losses of Si and SiC-based BC and MDIBC.
7. Comparative Analysis and Discussion

Table 6 presents a qualitative features comparison of the discussed converters. A total of seven
features are evaluated for eight different converters. Single polarity output voltage can be found in
BC, IBC and BCRC. The complexity of designing the control system remains simple for BC and IBC,
moderate for BCRC and FBC, whereas for all the other converters it becomes complex. High power
conversion is not appropriate for BCRC, ZVSC and SAHVC. The input current ripple and output
voltage ripple is low for IBC, MPC and MDIBC, moderate/medium for ZVSC and SAHVC, and for all
the other cases it is low. The EMI suppression is decreased for IBC, BCRC, ZVSC, SAHVC, and MDIBC,
while it is required for FBC and MPC. The rest of them are easily identified. Switching frequency is
high only for SAHVC and moderate for FBC. Multiple input port feature is only present in MDIBC and
MPC, for the rest of the converters, it is absent.

Table 6. Features comparison of DC-DC converter topologies.

Features BC IBC BCRC FBC ZVSC SAHVC MPC MDIBC
Single polarity output voltage Present Present Present Not Not Not Not Not
present present present present present
Complexity of control circuit Simplest Simple  Moderate Moderate Complex Complex Complex Complex
. . . . Not . Not Not . .
High power conversion Suitable  Suitable suitable Suitable Suitable  Suitable Suitable  Suitable
Current/Voltage ripple High High High High Moderate Moderate Low Low
EMI suppression Easy Decreased Decreased Required Decreased Decreased Required Decreased
Switching frequency Low Low Low Moderate Low High Low Low
Multiple input port Absent Absent Absent Absent Absent Absent Present Present

Table 7 shows a modest component comparison between these eight converters topologies
reviewed in this paper. The expected cost of the DC-DC converters for BEVs and PHEVs are also a vital
issue for designing a system. A relative cost can be projected based on the component count as number
of switches, diodes, capacitors, transformers and inductors used in the different DC-DC converter
topologies. According to that, the estimated cost is low for BC and BCRC as in both topologies a
lower number of components is used. The price is moderate for IBC, FBC, ZVSC and MDIBC as
the component counts are high, and HFT or multiple inductors are used in those converters. In the
estimation, the converter topologies using complex control and switching circuit are considered as
a high-cost category, such as MPC and SAHVC. FBC, ZVSC and SAHVC provide galvanic isolation.
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According to the data, voltage gain is low for SAHVC and approximately the same for the rest of
all topologies.

Table 7. Comparison of the specifications of converter topologies.

Components No. Specification
. . Expected
Configuration . v P
FigNo. L ¢ D mFr 3% VYo Vi Gin Isolaion  Cost
No v v
(dB)

BC 3 1 1 1 0 1 400 200 6.02 No Low
IBC 4 4 1 4 0 4 400 200 6.02 No Moderate

BCRC 5 2 3 2 0 2 280 150 5.42 No Low
FBC 6 1 1 4 1 4 400 200 6.02 No Moderate
ZVSC 7 1 4 0 1 4 300 200 3.52 Yes Moderate

SAHVC 8 0 3 0 1* 6 650 ~650 - Yes High

MPC 9 0 1 0 1 12 400 i?)% 6.02 Yes High
MDIBC 10 6 1 12 0 6 400 2(5)% 6.02 No Moderate

Fig. No.= figure number, L = inductor, C = capacitor, D = diode, HFT = High frequency transformer, * = centre
tap transformer, Sw No = number of switches (MOSFETs/ IGBTs), Vo = output voltage, Vin = input voltage,
Vol. = volume, Wgt. = weight, VGain = Voltage gain in dB.

Table 8 provides a qualitative analysis of the discussed DC-DC converters for BEVs and PHEVs.
BC’s specialty is that it requires a simple control system. The EMI requirement is also simple. As the
overall circuitry is simple, it has a feature of cost-effectiveness, but the use of larger capacitor increases
volume and it is not appropriate for high power conversion. Both IBC and FBC display the possibility of
the high efficiency of about 92% at full load condition [49]. Current ripples are negligible, but switching
losses are present in IBC, and FBC’s volume increases because of the usage of the high-frequency
transformer with the inductor. The need for EMI suppression is present for both the converters. For the
BCRC, its size and weight are reduced since large heat sink is not required; however, it is only capable
of handling low power. In isolated ZVSC, switching losses are negligible as high frequency and power
processing is provided, and EMI factor is decreased, thus power density increases; however, these
gates have high current ratings and flow of low power is not suitable. SAHVC provides noise-free
operation by the high spectral purity of mode symmetry, minimized output impedance helps increase
efficiency, has control technique of critical nature, and the switches can endure high voltage stress; it is
suitable for low power BEVs. MPC has minimum voltage & current ripples, an efficiency of 97% at
30kW load, but EMI suppression is needed, reliability is low, and it requires a robust synchronization
process. The MDIBC topology differs from the other DC-DC converters as high output voltage level
can be maintained without increasing the volume of passive components. Moreover, at MDIBC the
interleaving technique makes it possible to share current between switching gates, so there is less
stress on the switches. Therefore, the current rating of switches is low, and it increases the reliability of
the system. However, this topology is sensitive to duty cycle change at load step, and the number of
components is high.
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Table 8. Summary of DC-DC converter topology for BEV and PHEV powertrains.

Topology  Advantages Disadvantages Components List
BC e Meeting EMI requirements is easy e  Large capacitor is required -1 Inductor
e  Simple circuitry e  Highripple rate -1 Diode
e  Low cost e  Parallel devices require at a high -11IGBT
e  Simple control circuity power level -1 Capacitor
e  Voltage gain <4:1
IBC e Reduce input current ripples e  High switching losses -4 Inductors
e  High voltage gain e  Sensitive to the duty cycle change -4 Diodes
e Reduce the passive components size e  High components count -4 IGBTs
e Simple control -1 Capacitor
BCRC e The heat sink size is reduced e  Low voltage gain -2 Inductors
e  Compactsize e Not suitable for the high -2 Diodes
e  Soft switching power conversion -2 1GBTs
e LowEMI -3 Capacitors
FBC e  High voltage step-up is possible e Due to HFT additional clamping circuit -1 Inductor
. Efficiency is around 91.5% at full load is required -4 Diodes
e Reduce voltage stress on the e  High current stresses on the -4 IGBTs
switching circuit switching circuit -2 Capacitors
e  Galvanic isolation e  Large capacitor is required -1 HFT
LS e  No additional clamping circuit e  High current rating of gates -1 Inductor
is required e  Low fault tolerance capability -4 Diodes
e Reduce switching losses e  Large capacitor is required -4 IGBTs
e Decrease EMI factor -5 Capacitors
e Increase power density -1 HFT
SAHVC e Mode symmetry high spectral purity e  Complex Control technique -6 Diodes
e  Ensures noise-free operation e  Complex gate switching pattern -6 IGBTs
e Achieves high efficiency at 1 kW/in3 e  Not suitable for the -3 Capacitors
e Minimized output impedance high-power conversion -1 HFT
e  Flat output impedance up to IMHz
MPC e  Minimize output voltage ripples e  High component count -12 Diodes
e  High voltage gain e Synchronization is difficult -12 IGBTs
e  Common ground level for all gates e  Sensitive to duty cycle change at load step -1 Capacitor
e  Galvanic isolation from all input sources e  Complicated analysis during transient -1 HFT
e Bidirectional power flow and steady state -2 Electric sources
MDIBC e  Efficiency up to 97% e  Sensitive to duty cycle change at load step -4 Inductors
e Low current stress on switches e  High component count -16 Diodes
e Capabilities of delivering the e  Complicated analysis during transient -16 IGBTs
high-power value while maintaining the and steady state -1 Capacitor
desired level of the output voltage -2 Electric sources
e Reduce the passive component size
e Reduce heat sink size
e Simple control technique
e  Bidirectional power flow
e  Suitable for single port converter

In addition, this review paper develops a comprehensive visual comparison shown in Figure 26.
The visual comparison parameters are normalized from the actual values into a standard 3-point Likert
scale. The normalized formula is derived as follows [180]:

(R—L)(y—X)]

H-1) (32)

N =x+ [
where N = normalized value, R = real value, y = 3 (highest value in 3-point scale), x = 0 (lowest value
in 3-point scale), H = highest real value, L = lowest real value.

Numerous insights have been found from the visual comparison of DC-DC converter topologies.
The power conversion efficiency of SAHVC and MDIBC are higher at full load condition. Controllability
is low in SAHVC, moderate in MPC and ZVSC, and high in the rest of the topologies. Bidirectionality
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is high in MDIBC and MPC, moderate in ZVSC and SAHVC. Reliability is low in MPC, moderate in
BC and IBC, and high in the rest of the topologies. Power range is high in MDIBC, MPC, BC, IBC and
FBC, and low in the other topologies. All these benefits make MDIBC a lucrative converter topology
for high power BEVs and PHEVs. However, for low-power BEVs and PHEVs SAHVC, BCRC and
ZVSC show similar performance features in most aspects and have competence according to design

demand and converter capacity.
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Table 9 illustrates a qualitative analysis of the discussed converter topology for FCHARs. In the
AC-DC stage converter, 3-phase bridgeless boost converter has a minimal number of components
whereas in the DC-DC stage converter all the converters are using a quite the same number of
components. In terms of control, the 3-phase Vienna rectifier requires a straightforward control
technique than other converter topologies in the AC-DC stage and FBLLC resonant converter has a
complicated control technique compared to other converter topologies in the DC-DC stage. Both 3-level
3-phase NPC and FBLLC resonant converter provide less stress in the switching circuit and are capable
of high-power conversion. Both 3-phase Vienna rectifier and Multiple interleaved buck converter
have a simple architecture with higher efficiency and reliability. However, Multiple interleaved buck
converter contains high phase current THD, which makes the topology less convenient.

Table 9. Summary of DC-DC fast charging converters.

Stage Topology Advantages Disadvantages Components List
. Complex.control 12 IGBTs
e  Low voltage stress e Inherent imbalance current 3 Inductors
3-level 3-phase e  Flexible for load connections e  Large number .
NPC . : -6 Diodes
. High power capacity of components acC itor
e Synchronization is difficult apactio
e Meeting EMI requirements
is easy
AC-DC Stage X -6 IGBTs
converter 3-phase bridgeless ~ ® Small nu.mber of components e Ct.)mplex control 3 Inductors
boost converter e  Norequirement e  High power stress .
. -1 Capacitor
of neutral-connection
e  High efficiency
e  Simple control
e  No requirement -3 IGBTs
3-phase Vienna of neutral-connection e  Large number -3 Inductors
rectifier e  High efficiency of components -18 Diodes
e  Cancel output -2 Capacitor
current harmonics
e  High efficiency -3 IGBTs
Multlple e  Simple control e  Non-isolated -3 Inductors
interleaved buck e  Simple design procedure e  High phase current THD -3 Diodes
converters e Small current ripple -1 Capacitor
: Highficincy Less ffcentn T inductr
DC-DC Stage . L 1 . ess efficient in low -
converter Full-Bridge LLC : L oxiv:o tage stress battery voltage -1 Transformer
resonant converter I-SIO ;lon it e  Complex control -4 Diodes
L]
igh power capacity 2 Capacitor
-41GBTs
Phase-s'hifted : ?mp}e (cion"trol d e Low efficiency at light load j }Fnducftor
Full-Bridge imple design procedure «  High voltage stress Tansformer
converter Isolation -4 Diodes
-1 Capacitor

8. Future Research Trends

This section will offer an informed analysis of what can be expected of DC-DC converters in the
coming years—the key parameters that will be considered for the study, including the material used
for the switching of DC-DC converters drive circuit, the DC-DC converters modeling and control
techniques and the estimated power density growth of DC-DC converters.

8.1. WBG Semiconductor Components

It is clear from the review that the DC-DC converters are tending towards high switching speed
as this is related to decreased power losses in the passive components. Thus, semiconductor materials
that aid in achieving higher switching speed without a corresponding increase in thermal losses are
preferable. Thus, WBGS materials are quickly becoming the mainstay of high-power and high-speed
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power electronics applications. SiC and GaN are quickly becoming commercially viable as alternatives
to Si as the material to construct future power electronics devices. GaN supports higher speed switching
of less-power electronic devices and SiC supports higher power density and less cooling requirements
than Si-only switches [181].

Currently, SiC is seeing intense research and market capitalization due to the ever-present demand
for handling higher voltage and current in switches without the need for elaborate heat dissipation
mechanisms. In fact, according to the white paper by Yole Development [92], it is projected that the
adoption of SiC-based devices will see a tipping point in terms of market share in 2020. Figure 27
shows the various applications where SiC-based devices will see widespread usage. As can be seen, the
core application of SiC will be in PV-based inverters to be used in solar farms for electricity generation.
Worldwide, there has been an exponential increase in solar power plants, with the generation capacity
exceeding 500 GW in 2018 [182]. Besides solar farms, SiC will see increasing usage in rail lines,
EVs/HEVs, and xEV charging infrastructure. XxEV refers to the system of battery replacement in electric
vehicles in charging stations, where instead of charging a battery, the discharged battery is replaced
with a fully charged one to save time.

1.2
B Rail (including auxiliary power)
PFC/power supply . o [
EV/HEV (including on-board charger) CAGRmm-mn a0k
Wind
B xEV charging infrastructure
PV
Motor drive (including air conditioning)
UPS
] B Others (Oil&Gas, military, medical, R&D...)
2 0.6
- [ ]
CAGR,,;, 15,0~ 28% -
[
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, N | L L — = c
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Figure 27. Chart showing the market capitalization of SiC-based devices for various applications [92].

According to the Yole report, today low voltage (<900 V) applications still constitute the lion’s
share of the power electronics market, but the proportion of medium (1 kV~2 kV) and high voltage
(2 kV~4 kV) applications it is projected to increase by 2025, by when the power electronics market
size is projected to exceed $21 billion, a leap of 25% from current levels [183,184]. WBGSs are already
competing with Si and with each other in the region where switching power exceeds 1 kW, or switching
frequencies exceed 100 kHz, including in the construction of high-power modules such as IGBTs and
MOSFETs [93]. Whereas in 2017, the applications of SiC were dominated by PV and PFC, from 2019
onwards EVs will become the leading applications for SiC modules [160,185]. On the other hand, GaN
will mainly be used in data centers, fast chargers, and wireless chargers, but its usage and adoption
will lag SiC due to a lack of maturity [186]. Manufacturers prefer systems that are cost-effective and
reliable, regardless of whether such systems are silicon-based or WBGS based. This is presently the
main barrier to entry of WBGSs into the market, and why Si is still the dominant player, and why GaN
is lagging SiC in market adoption. WBGSs may certifiably perform better than Si by as much as ~2x
for SiC and ~4x for GaN, but Si has almost five decades of market exposure, and its reliability has
been proven [183,186]. On the other hand, SiC still faces questions about long term reliability. SiC
first appeared on the market in the turn of the century with the SiC diode, and the first SiC MOSFET
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was available ten years later. Since then SiC devices have been undergoing device level and module
level focus on their reliability. The JEDEC JC-70 standard will soon (~2019) determine the standard test
condition at the device level for all manufacturers [92]. In addition, SiC needs to establish its supply
chain in terms of wafer fabrication to meet growing demand [92,183,184].These trends are summarized
in Figure 28 which shows the adoption rates of different types of power electronics devices by different
segments of the society, based on when different semiconductors became widespread. Millennials are
considered the silicon generation, as they lived during times when the use of Si-based semiconductors
grew exponentially. In contrast, Gen Z is currently reaching adulthood at a time when SiC-based
semiconductors are maturing, and applications based on SiC are growing. However, by the time GaN
matures and sees widespread adoption, it will be the time of Generation Alpha [92,184,186,187].
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Figure 28. Comparing WBGSs versus Si with concerning projected demand, volume, frequency, reliability

and generation.

8.2. Emerging Modeling and Control Techniques

This paper reviews many different DC-DC converter topologies currently in use in BEV and PHEV
powertrains and in FCHARs. However, the future trends of DC-DC converter research will aim to
address the following key issues: electrical optimization of the design methods using WBGSs based
topology to fully utilize their high-temperature, high-frequency, and low-loss characteristics [188];
mechanical optimization design methods to further improve efficiency, power density, modularity, and
reliability; and a trend towards high-fidelity, multi-functionality, scalability, modularity, and using
intelligent control and management techniques to achieve high efficiency and power density [189].
Electrical and mechanical design aside, there are various control and optimization techniques being
applied to the controller design including model predictive control, fuzzy logic control, artificial
neural network control and various genetic algorithms to optimize different parameters of the
converter [189]. Moreover, the high-fidelity model of DC-DC converter aims to design, validate and
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publish a recommendation about standard interfaces for next-generation developers [124]. Also, the
trend is toward building a modular design methodology to enable scalability in the power handling
capability of the converter for different application requirements [189]. Converters have become
more multifunctional over time with now bidirectionality, multi-phase, and multi-level becoming
common design techniques, with newer techniques in the pipeline. Finally, reliability has become a
vital issue the in power electronic design process [190] and with standards such as 15026262 setting
the benchmark in functional safety requirements.

8.3. Projected Power Density Growth of DC-DC Converter

The final trend that will be analyzed will be the evolving applications and power density of
DC-DC converters. From [51], it is seen that DC-DC converters will soon be used in the utility and
industrial sector including high voltage DC links, high power DC supply units, and solar (PV) farms, in
the transportation industry, especially electric trains and EVs, and in physics research such as particle
accelerators and synchrotrons. These are applications where the typical power output of the DC-DC
converter exceeds 20 kW and operates in the 2 kV+ range. To achieve such power levels converters
are constructed with increasing power density as shown in Figure 29. The figure shows projected
power densities of 100 kW/L by the year 2020 [170]; however, currently a Full SiC 200 kW, 300 A
DC-DC converter prototype having a power density of 143 kW/L has already been demonstrated
by Fraunhofer.

3
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Figure 29. Chart showing the projected growth of power density in power electronics devices.
9. Conclusions

For the very first time, this paper presents the state of art reviews of the design and evaluation of
DC-DC converter topologies for BEV and PHEV powertrains and converter topologies for FCHARs,
including future trends of research. This review has given a focus on multiple performance features,
such as output power, component count, switching frequency, electromagnetic interference (EMI),
losses, effectiveness, cost and reliability which directly influence the selection of a particular DC-DC
converter for respective BEV and PHEV powertrains. This paper will also guide automotive engineers
and PE converter designers to select passive components (i.e., capacitors, inductors) precisely based on
powertrains demand.

It can be seen from this review that the MDIBC can be a better option if one has to integrate two
or more energy sources in the BEV and PHEV powertrains. To conclude, the MDIBC is the best option
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for mainly high-power BEVs and PHEVs for having very low input current ripples and output voltage
ripples, bidirectionality, low EMI, high efficiency as well as reliability, and moderate cost and compact
size or volume. On the other hand, the SAHVC, ZVSC and BCRC are suitable for low-power BEVs and
PHEVs, as all of them have smooth starting, soft switching capability, low EMI, low switching losses
and high efficiency.

In case of FCHARSs, the Vienna rectifier is the favored option from the AC-DC stage configuration,
due to its high-power factor and high output current harmonics cancellation capability in high power
applications. In case of the DC-DC stage, the Multiple interleaved buck converter depicts better
response, due to its high efficiency, simple control technique and design process, although high phase
current THD make this topology inefficient.

Finally, with the recent advancement of WBGSs technologies, PE converters could experience
significant improvement in their power density, cost and longevity. The WBGSs can significantly
reduce the switching losses at high-switching frequencies, which enables the PE converter topologies to
improve overall system efficiency further. Therefore, the EV powertrains roadmap is tending towards
the compact PE converters solution to improve the energy efficiency and reliability, while reducing the
cost using WBGSs instead of Si.
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