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ABSTRACT A widespread introduction of electric vehicles would require an advanced enriched
fast-charging infrastructure and battery technology. Currently used silicon (Si) based power electronic
devices limit their efficiencies, power density, and switching frequency. Designing fast-charging stations
using these materials is not suitable due to low breakdown potential, less thermal stability, and less power
handling abilities. The research will propose an off-board DC high-power density fast charging infrastructure
with grid tie application. The EV station is designed by using ultra-wideband gap (UWBG) material-based
power electronic devices to charge the EV vehicles in a few minutes up to an acceptable state of charge.
The study will analyze the characteristics of Gallium III oxide (Ga;O3) material power devices by modeling
them using SPICE and TCAD software tools. The research presents the Simscape physical modeling of
electric vehicle chargers based on Ga;O3 power devices. Design analysis of three-phase bidirectional AC/DC
converter and DC/DC isolated full bridge converter is present in this paper. Research implements the unity
power factor control to improve the power quality requirements of the power grid. The dual active power
control of converters provides a wide range of charging power for a variety of EV batteries. The study will
provide high current and reliable rapid charging for currently available and upcoming future electric vehicles.

INDEX TERMS Ultra-fast electric vehicle DC charger, Ga;O3 material power devices, AC/DC power
converter, DC/DC isolated converter, TCAD device simulation, Simscape model, loss analysis.

I. INTRODUCTION a necessity [2]. An astonishing fact about the EV is that

Energy-efficient technology and power management are
tremendous problems in today’s world [1]. In past decades
there has been a substantial change from fuel to electric-
based automobile transportation. Vehicles are reshaping the
comfort of human society for a long time. In today’s
modern era fast and efficient transportation facility is
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the electric-driven vehicle was developed earlier than inter-
nal combustion engine (ICE) automobiles [3]. Conven-
tional vehicles induce environmental and pollution problems
that are harmful to human life [4], [5]. Electric vehicles
(EV) or battery electric vehicles (BEV) can diminish green-
house emissions and hence pollution problems can be
controlled [6], [7]. The progressive tendency in electric cars
commonly known as battery electric vehicles (BEV), electric
vehicles (EV), hybrid electric vehicles (HEV), and Plug-in
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HEV (PHEV) tends to reduce fuel usage and environmental
pollution [8]. Advanced countries like the USA have domes-
tic intent to introduce more than 1 million BEV or EVs on
road by 2020. They have implemented public policies of
electrification at the government level. Major hurdles of EVs
comprise cost, battery life, charger limitation, and deficiency
of charging infrastructure [9]. Modern countries are promot-
ing the traditional infrastructure of direct current charging
systems to support EVs. These systems include the typical
power station of 50-120 kW [10].

The rapid expansion of EV manufacturing mandates a
comparable development of fast and high-power charging
facilities. Typically storage battery charging system con-
tains a DC-DC converter and power factor correction cir-
cuit [11]. Figure 1 shows the general block diagram of the
electric vehicle charging infrastructure consisting of different
bi-directional power converters.
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FIGURE 1. General bi-directional EV charging topology.

Traditional EV plug-in charging system recharges the vehi-
cles overnight. These home-based charging systems are not
most testimony stations as they are lacking in power capac-
ity, metering, and quality issues and may require additional
circuits. Some venture introduces commercial charging at
parking lots which provide additional infrastructure for EV
users [12]. Even with the availability of these stations, charg-
ing time and availability of power are still issues. Different
battery capacities and ranges of some PHEVs and EVs are
shown in Table 1.

TABLE 1. Battery capacity and range of some PHEV and EV.

Serial Vehicle/ Category Battery type and Electrical
No. energy capacity range
1 Toyota [9] Li-Ton 10-15 miles
PHEV 4 kWh
2 Chevrolet Li-Ton 35-40 miles
PHEV 16kWh
3 Mitsubishi Li-Ion 80-96 miles
EV 16kWh
4 Nissan Li-Ton 100 miles
EV 25kWh
5 Tesla [9] Li-lon 245 miles
Model S EV 100kWh
6 Tesla Li-Ton 620 miles
Founders Series EV 200kWh

Charging stations can be categorized into three levels
depending on the power levels and charging scheme. Level 1
is typically a slow charger with a power level of 1.4 to 1.9 kW.
Use a standard supply level of 120V/15A single-phase plug.
Level 2 is also an on-board system like level 1 with a power
capacity of 4 to 19.2 kW that can be charged EV in both
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ac and dc modes. Level 3 is a fast and high-power charger
having a capacity of 50 to 100kW or more [13]. EV chargers
can be divided into two types ON board and OFF board
chargers. ON board system uses the direct link between the
charger inlet and connector (the charging system is inside
the vehicle) while the Off-board charger is designed for
high power and installed outside the vehicle [14]. Three-
phase bidirectional multilevel converters are recommended
for high-power Level 3 charger systems. Level 3 commercial
fast charging offers the possibility of charging in less than 1 h.
It can be installed in highway rest areas and city refueling
points, analogous to gas stations. It typically operates with
a 400-420V or higher three-phase circuit and requires an
off-board charger to provide regulated ac—dc conversion.

It is extensively believed that an acceptable charg-
ing facility is ground for the growing EV market [15].
In reference [16] author provides a numerical model of elec-
tric car charging needs for a growing charging station. Fang
He and others study in [17] modelling framework which
monitors the communication among public charging acces-
sibilities and the cost of electricity. Chevy bolt-2018 vehicle
with 60 kW Li-ion battery having a driving range of nearly
235 miles takes 75 minutes while charging from the super-fast
station of S0kW [18]. The recent improvement in fast charg-
ing stations charges up to 80% typical 25kW battery vehicle
within 30 minutes [19]. Boicea [20] explains the overview
of present energy storing methods including batteries, fly-
wheels, supercapacitors, superconducting magnetic energy
storage, and more. The result of [21] shows that a battery
buffering unit of nearly 4 to 7 % of maximum power rating
can be useful to reduce output fluctuation to under 10%. Since
technologies for charging and discharging of the EVs batter-
ies have advanced, the issue of electricity exchange between
EVs and the power grid (G2V & V2G) has come to the
attention of the public. The stability of the power system and
the operation of the power market are significantly impacted
by the charging and discharging behaviors of EVs. With
blockchain, the power grid can handle dispersed energy more
efficiently. V2G operation may cause battery degradation and
require other services like frequency regulation, dispatch of
the economic revenue, specific protocols, and variables that
should be considered while V2G operation [22], [23]. More-
over, EV charger increases the demand and pressure on the
power grid causing dangerous effects on the distribution side.
Renewable integrated EV systems will reduce the demand
for power grid systems and decrease fossil fuel-based energy
generation [24], [25].

The Fast-charging station uses power electronic converters
to charge electric vehicles. Present technology uses silicon-
based power electronic devices which limit their efficien-
cies and switching frequency up to nearly 30kHz. Designing
fast-charging stations using these materials is not suitable
due to low breakdown potential, less thermal stability, and
less power handling abilities. DC-DC and AC-DC converters
experience very high voltage stress and reduce system effi-
ciency. Silicon-based IGBT has a limitation of a maximum
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potential of nearly 6 kV [26]. The current situation needs
new substances to combat increasing demands. The research
groups look to the next generation of power semiconductor
materials called ultra-wideband gap (UWBG) materials hav-
ing an energy gap of nearly 6eV. Commonly UWBG materials
are AlGaN, AIN, Ga;0O3, and cubic BN (c-BN) [27].

Wide bandgap semiconductor (WBGs) devices handle a
few kilovolts (kV) of potential. WBG material-based devices
intensively improve the power density of approximately
50W/in® and efficiencies as well. ABB and Tesla intro-
duced their latest DC fast charger with 350kW and 150kW
charging capacities [28]. The charging efficiency increases
up to 95%. The WBG technology-based SiC MOSFET is
introduced which can handle current up to 100A but for
upcoming battery and vehicle technology still, high-power
handling power devices are required. WBGs SiC MOSFETs
have encountered low channel mobility, poor gate oxide accu-
racy, and catastrophic breakdown problem at high potential.
UWBG materials have demonstrated a breakdown voltage
of VB > 8 kV, a critical field strength of 8 MV/cm,
current density of approximately 3.5 kA/cm?, remarkably
low gate leakage current, and figure of merit (FOM) of
nearly 150 MW/cm? [29], [30]. UWBG devices also have
many other advantages like less switching transient, reduced
overall size, fewer conduction losses, cutting down voltage
and current stress, and efficiency. These devices will be able
to handle hundreds of kV potential and can be operated at
a higher frequency. Soft switching techniques can be elim-
inated in UWBG devices. Ga0O3 (UWBG) power devices
are not commercially matured to be compared in terms of
economics. However, the material Ga;O3 has advantages for
device development from a perspective of economic cost due
to its easy availability [31], [32]. These materials have a
better figure of merits (FOM) and performance as compared
to WBG materials [33], [34].

The study focuses on designing aspects of high-density
DC fast chargers using efficient power devices. Most of the
previous work is done on WBG devices-based DC EV fast
chargers. In this research high power charger is discussed
and simulated using a physical modeling tool (Simscape,
MATLAB) designed by UWBG power devices is presented.
UWBG (Gay03) device MATLAB (SPICE model) perfor-
mance is further compared with Silvaco TCAD results to
validate the model behavior. The simulation analysis is per-
formed on a Li-Ion 100kWh capacity battery (nearly the same
capacity is used in the latest 2022 EV e.g Mercedes EQS, Ford
Mustang Mach-E, Tesla Model S, etc.). The ultra-fast charger
proposed in research using UWBG power devices will be able
to charge EVs at higher efficiency compared to the present
technology. Also, due to considerable breakdown strength,
it can be easily useable for direct Grid-tie applications.

The novelty of this research is to observe the high
efficiency of power converters using UWBG-based power
devices. Modeling analysis of high-capacity EV chargers
designed using these converters. The study proposed an ultra-
fast S00kW EV charger topology for upcoming high-density
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EV battery technology. In section II, the Gallium (III) tri-
oxide (Gay03) material-based power device characteristics
curve is evaluated using TCAD and the SPICE paraments are
extracted. Section III discussed the modeling of AC/DC &
DC/DC power converters for high-power EV fast chargers
including mathematical equations used for the design proce-
dure. The Simscape physical modeling and results are pre-
sented in section I'V. In section V, the conduction & switching
power loss analysis is performed and a quantitative compar-
ison with a silicon carbide (SiC) device is evaluated. The
proposed topology and its performance parameter evaluation
with a commercial EV charger are summarized. At the end
research summary and conclusion of the research are pre-
sented.

Il. MODELING AND PERFORMANCE ANALYSIS OF
Ga,05;(UWBG) POWER DEVICE

Gallium (III) trioxide (Ga;O3) material power devices gain
much popularity for future generation power electronics due
to their high Baligas figure of merit (BFoM) which shows
how much material is compatible with power utilization. The
electric field strength of Ga;O3 (UWBG) is three times more
than that of Silicon carbide (SiC) technology which is related
to the wide bandgap (WBG) category [35]. In this research
modeling of Ga;O3 power, devices are illustrated briefly
since fabrication is not the primary objective of the study. The
parameter used in this research to evaluate the performance
of Ga,O3 device is summarized in Table 2.

TABLE 2. Parameters used in TCAD for Ga.

Sr.No  Parameter value

1 Band Gap Energy 4.8eV

2 Electron Affinity 40eV

3 Electron Mobility (pe) 118 cm%V's

4 Effective density (Nc) 3.72 x10" ¢cm™
(conduction band at 300 K)

5 Relative permittivity (es) 10

Silvaco TCAD (technology computer-aided design) is used
for performance analysis of GapO3; semiconductor devices.
TCAD has been proven to be a powerful tool to provide an in-
depth understanding of device fabrication and operation. The
device is constructed with a thick epitaxy layer(100nm) of
Ga, 03 material with a dopant concentration of 2 x 10'7cm™3.
The depth of drain and source area of the power device is kept
at 50nm with a 9 x 10!°cm™3 concentration of dopant. Finally,
the substrate thickness is S0nm having a 1 x 10"#cm™3
concentration. A metal gate is implanted on the top of the
device and the channel length is 6um. The band gap of
Gay03 is 4.8eV and electron affinity & mobility are 4.0eV
and 118cm?/V.s, respectively [36]. Accurate characteristics
evaluation of GapO3 power device is crucial using model-
ing technique. SPICE parameters of GapOs are extracted
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from TCAD using Shichman-Hodges model and summarized
in Table 3.

TABLE 3. Extracted SPICE parameters for modeling Ga.

Model Parameter Values

Length of channel (L) 6 um

Width of channel (W) 4.7 x10° pm
Oxide thickness (TOX) 20 nm

Bulk mobility (U0) 118 cm?V-s
Zero-bias threshold voltage (VTO) —1.75V
Substrate doping (NSUB) 2.0 x10"7 ¢cm™®
Transconductance parameter (KP) 46 x10° A/V?
Source-drain overlap (CGD) 430 x10" F/m
Gate-source capacitance (CGS) 2.86 x10"! F/m

These parameters are used to model GayO3 power
MOSFET in MATLAB using Simscape physical model-
ing SPICE NMOS model. N-Channel MOSFET (NMOS)
used in Simscape modeling uses either Shichman-Hodges
equations or surface-potential-based mode for MOSFET
modeling [37]. The Shichman-Hodges equations for MOS-
FET modeling in linear and saturation modes are given
below. The device I-V curve is observed and com-
pared using the TCAD and MATLAB model as shown
in figure 2.

850 -
800
750 4
700 4
650
600

< 550

£ 500

£ 450 4

G 400

£ 350

& 300 ]
250 4
200
1501 ##,
100 @7

50 | g

T i T 5 T ' T | T L T % 1
4 5 8 # 8 9 10
Drain Voltage (V)

(=]
-
%)
w -

FIGURE 2. Ga,Oj3 V-I curve using TCAD and MATLAB SPICE model.

Linear mode MOSFET Drain current,
2
Ip=B{(Vgs—Vim)Vps—YDs /) (1 +€Vps) (1)
Saturation mode MOSFET Drain current,

Ip=P/5(V g~ Vin) (1 + £Vps) @

where, Vgs, Vps and Vg, are gate to source, drain to source,
and threshold voltages of MOSFET, respectively. ‘B’ is the
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gain factor-beta of the transistor and ‘€’ is the channel mod-
ulation effect.

1ll. DESIGN OF PROPOSED Ga, 05 DEVICES BASED HIGH
POWER EV FAST CHARGER

The research proposed a Fast DC charging station that will
be able to deliver high power using ultra-wideband gap
(UWBG) material power devices. Ga,0O3 (UWBG) power
devices based S00kW (= 3 x 165 kW) capacity fast charger
is designed for electric vehicle charging as shown in figure 3.
The proposed charger is divided into two main sections: an
AC-DC (PWM rectifier) converter with unity power factor
control and an isolated DC-DC converter module performing
a required rating charging function.

TABLE 4. Charging station grid parameters.

Symbol  Parameter value

P, Rated Grid Power 500kW (= 165kWx 3)
| Rated grid voltages (line-line, rms) 415V rms

ig Rated grid current (line-line, rms) 1.15kA (289A each)
f, Grid frequency 50 Hz

Req Grid equivalent resistance 0.008 Ohm

Leg Grid equivalent inductance 0.016mH

Full bridge topology is used in DC-DC converter with a
high-frequency transformer to obtain isolation [38]. Three
separate interleaved DC-DC converter modules topology is
used to design the SOOkW power EV charger. Each module
has a capacity of nearly 165kW and can deliver 100-950V
& 0-200A charging voltages and current, respectively. The
variety of output range makes it suitable for every kind of
electric vehicle and for future E-buses or heavy transport
vehicles (HTV). Detailed design analysis for the 165kW
charger module is discussed and analyzed below. Grid param-
eters are summarized in Table 4.

Three-phase bi-directional power converters can perform
both grid-to-vehicle (G2V) and vehicle-to-grid (V2G) opera-
tions. The bi-directional converter links the high-power AC
bus with the DC bus and controls the power flow from
both directions. It will work as a rectifier for AC-DC flow
(rectification mode) and act as a DC-AC converter (inversion
mode) to the power grid from the DC bus. High switching fre-
quency reduces the filter and transformer size which results
in a decrease in overall station weight. PI controller is used
to controlling the DC-bus voltages and charging power of
the EV battery. The charger module uses constant current
and constant voltage (CC-CV) mode for battery charging.
This method will reduce the heating effect, improve the
charging time, and accomplish stable fast charging of the
station.

Gay03 power MOSFETs are driven by gate drivers which
are controlled by separate AC/DC and DC/DC controllers.
Figure 4 represents the overall diagram of the charging station
including AC/DC and DC/DC power converters with con-
trol & power signals.
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FIGURE 4. Ga, O3 Power devices-based EV fast charger design (a) schematic diagram of the EV charger using bidirectional converters

(b) single phase equivalent EV fast charger diagram.

A. LCL FILTER DESIGN

The input LCL filter between grid and AC/DC converter
reduces harmonics and is helpful to achieving unity power
factor at the grid side using PWM control. The open
transfer function of grid current (Ig) to AC-DC converter
and grid voltage (Vg) is expressed in the following equa-
tions in the Laplace domain denoted as Gc(s) and Gg(s),
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respectively [39], [40].

Ge(s) =

[3pt]1Gg(s) =

1

s (Lg+Lc) + SLgL Cr
$1.Cr + 1

s (Lg+Lc) + S’LeL Cr

3

)
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where Lg, L and Cy are grid side inductor, converter side
inductor, and filter capacitor, respectively. According to the
above transfer function equations the resonance frequency
(wres) exist in the system is calculated as below.

Lo+Lc
LgL:Ct

Wres = (5)
According to the design criteria for LCL filter design
given in papers [41], [42], and [43] following equations
(eq. 6 & eq. 7) are used to find proper filter values. In this
research, a charger is designed for a maximum of 10% cur-
rent attenuation for the AC/DC converter (Aimax~ 30A4).
The value of filter inductors (Lg&L¢) for modulation index
(my)range 0.6 — 0.95 is calculated below according to the
parameters given in Table 5 [40].

_ VDC bus (2 —m,)

L. = - ~ 0.7mH to 1.0mH %Lg 6)
4fs1 Alpax

TABLE 5. EV Fast charger design parameters.

Parameter Values
V_DC bus voltages 800 V
AC/DC current attenuation Ai_max 30A max
Full bridge DC/DC converter duty ratio (D) 0.95 max
PWM converter modulation index (m,) 0.95 max
AC/DC converter switching frequency fg; 10kHz

DC/DC converter switching frequency f, 50kHz
DC/DC converter output current ripple Al 1A

DC/DC converter output voltage ripple AV 1v
LCL Filer values (Lg, L, C¢) Lg, Lc = 0.8mH, C¢ = 12pF

Output filter (Ly, Cy) 2mH, 10uF

While designing the filter capacitor of the LCL filter total
reactive power of the converter should be limited at grid
frequency. The maximum capacitor value (Cy) for 165kW
power should be approximately S0uF as calculated below.
The typical value of the reactive power coefficient (1) is
normally in the range of 0.05 to 0.1 (A =0.05).

AP,
A S0uF )
27t (Vev/3)

LCL resonance frequency according to equation (eq. 5) by
selecting Cf=12uF is 14.4kHz. The filter values computed
in the above formulas satisfied the equations given below
according to the LCL filter design procedure.

C¢(max) =

10w, < @res < 0.5 wgw1 (®)

B. BI-DIRECTIONAL AC/DC POWER CONVERTER

Three phase bi-directional power converter also named PWM
rectifier is a well-known converter to achieve desired DC
bus voltage by a feedback control loop. Connecting an AC
grid power with a DC system by using uncontrolled rectifiers
established unwanted distortion in current and voltages at
the grid side. PWM rectifier produces a nearly sinusoidal
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current at the source side and with the power factor (PF)
control technique unity PF at the grid side can be achieved.
From figure 4b the grid voltages can be equated with AC/DC
converter voltages in the following terms by neglecting the
filter capacitor [39].

d
Vg ® = Rtig ® + Ltaig (t) +Veny (D 9

Here Rt and Lt are total resistance and inductance, respec-
tively, from the grid to AC/DC converter (R; & 0). The output
current of the AC/DC power converter in terms of the upper
power switching function (g11, g21&g31) and DC-bus current
is defined as,

L1t = guila + go1lp + ga1le (10)
d
Idc = Icl_Cbus aVDC_bus (1 1)

Using abc/af/dq transform reference frame PWM converter
equation in dq-frame in rectification mode is equated in the
following equations.

digd .

VC_d = LT—Q)ngq‘i‘ng (12)
digq )

VC,q = LT—}—(L)LIgd—Fng (13)

where, ig4,igq, ng and Vgq are grid current and voltages in
dg-frame and V_g, V¢_q are PWM rectifier terminal voltages.
PWM rectifier has dual control loops, the outer loop is known
as the DC voltage loop and the inner is named as the current
loop. Inner loops (current loops) control the ‘d” and ‘q’ axis
current of the converter through which active and reactive
power flow is regulated.

C. BI-DIRECTIONAL DC/DC POWER CONVERTER
DC/DC Full bridge power converter topology is used to con-
nect DC-bus with the EV battery. The power converter con-
trols the wide range of charging voltage from 100 to nearly
Vdc-bus along with current control. A fully controlled power
switch on both the primary and secondary sides makes it a
bidirectional power converter. A High-frequency transformer
(HFT) provides galvanic isolation between the charger and
battery. Ga;O3 power devices can switch at high frequency at
fewer losses with proper biasing and complementary circuits
as compared to the same power Si-based IGBT/MOSFET.
The switching frequency of the DC/DC converter is selected
50kHz (fs2) by considering the frequency limitations of avail-
able high-power HFT. Assume the voltage drop of the Ga; O3
power devices of the primary and secondary side of HFT is
V41 and Vg3, respectively. The output voltage of the DC/DC
converter is formulated below [44].

Vo = {(VDCM —2Vai) N 2Vd2J 2Ton (14)

N P Tsy2

Np&N are primary and secondary turn ratios of HFT(1:1).
By neglecting the switching device and HFT losses the output
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current of the DC/DC converter by equations 10 & 11 is
defined as,

d
Lo~Tac~(g 1o + 2211 + g311c) — CbusaVDC_bus (15)

D. OUTPUT FILTER DESIGN

The high-frequency pulsating output of the full bridge
DC/DC converter is filtered using LC filter. Assume the
current (Al) and voltage (AV) ripple of the DC converter
is approximately 1A&1V, respectively. The battery voltages
are approximately equal to the DC/DC converter output
(Vo&~Vo~DVpc,,,) by neglecting losses. LC output Filter
values of the converter are evaluated from the following
equations (Duty = 0.5-0.95) [45].

LI S L D!
TR TV
\VZ D(1 — D
Ly = YocowDU=D) 6o HoamH  (17)
FSWZAI
Vbe pusD(1 — D
:%()% 24F to 10uF (18)
SLbFsWZAV

IV. SIMSCAPE PHYSICAL MODELING

A. DESIGN CONSIDERATIONS

The detailed and extensive simulation model of a proposed
Ultra-fast EV charger is designed on the Simscape physical
modeling tool (MATLAB). The complete EV charger model
contains many blocks and subsystems, like Power systems,
SPICE power converters, driver circuits, control systems,
physical components, battery model etc. The Backward
Euler’s method is used for the Simscape simulation modeling
solver (MATLAB), which solves one or more ordinary dif-
ferential equations (ODE) using the Euler method by setting
a fixed step size of le-6 seconds (sampling rate). The sim-
ulation analysis is performed on a Li-Ion 100kWh capacity
battery (nearly the same capacity is used in the latest 2022 EV
e.g., Mercedes EQS, Ford Mustang Mach-E, Tesla
Model S, etc.)

B. SIMULATION MODEL AND RESULTS

Physical modeling of EV chargers is performed using Sim-
scape (MATLAB) to verify the theoretical design and above
calculations. The Block model of a high-power fast EV
charger based on subsystem is shown in figure 5 and system
parameters are summarized in Table 6. MATLAB Simscape
enables you to rapidly create models of physical systems
within the Simulink environment [46]. Simscape helps build
physical power converter models based on physical con-
nections and configurable SPICE models which effectively
provide the designed system’s dynamic response [47].

The dynamic behavior of GapO3 Power MOSFET is ver-
ified by comparing characteristic analysis of the MOSFET
model with Salvico TCAD as shown previously in figure 2.
Gay03 power MOSFET module used in Simscape physical
power converters modeling with the characteristic curve is
shown in figure 6. Three-phase Ga;Oz-based bidirectional
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FIGURE 5. Simscape MATLAB model of UWBG high power EV fast charger.

TABLE 6. EV charger Simulation Design Specifications.

Sr.  Parameter Specification/Range
1 Output Power 165 kW max.
2 Output voltage 950V max.
3 Output current 200A max.
4  Input 380-415V f=50Hz
5 Operating Frequencies 10 kHz and 50kHz
6 Sampling Time le-6 seconds
7  Gate voltage 1o0v
8  Driver Propagation Delay (HL-LH) 20ns
& 0" Idvs. Vs
= O O F
@)~
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FIGURE 6. Ga,0; Power MOSFET module with the characteristic curve.

AC-DC converter topology connects the AC grid with the DC
voltage bus. A DC capacitor is connected across DC-bus to
provide better voltage regulation. The bidirectional AC-DC
converter can operate in two modes, rectification and inver-
sion mode which is useful for grid-to-vehicle and vehicle-to-
grid power transfer.

In simulation only rectification mode is discussed
which is charging of high voltage EV battery from gird.
Figures 7 & 8 show the grid three-phase V & I response
and DC-bus voltage behavior. The total harmonic distortion
(THD) response of the systems at the fundamental frequency
of 50Hz is presented in figure 7(c). Steady-state behavior
is achieved within 0.15s of charging and starting overcur-
rent can be reduced from the current limiting protection
devices.

The unity power factor control is applied in simulation
using the phase-lock loop (PLL) technique and by abc/o 8 &
op/dq transforms. The d-axis in the d-q coordinate system
controls the active power (P) and g-axis represents the reac-
tive power (Q). To achieve a unity power factor, the reference
value of the reactive power current is set to zero (igq =0) and
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FIGURE 7. Grid three-phase voltage and current response during EV
battery charging (a) Grid three-phase voltages (b) Grid three-phase
current (c) Total harmonic distortion (THD).

the PWM rectifier starts operating in a unity power factor
state. Grid active and reactive power with phase voltage &
current response is shown in figure 9.

The full-bridge topology of the DC/DC converter is used
to connect the DC bus and battery pack. The output filter
circuit consists of inductor Ly, and capacitor Cy. The DC bus
voltage and current of the EV station is the main control
object. Therefore, the most widely used control strategy, the
voltage outer-loop, and current inner-loop double PI control
are applied in this simulation. The maximum charging current
is set to 200A for the charging port during constant current
(CC) operation for a bulk mode of charging as shown in
figure 10. In the simulation, only bulk mode constant current
charging is observed using high-power Ga; O3 power devices.

Dynamic performance of EV fast charger using Simscape
model illustrates the correct response of both AC/DC &
DC/DC power converter using Ga,O3 power devices. The
system starts stable charging of high voltage EV battery
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FIGURE 9. Power Grid unity power factor control (a) Grid active and
reactive power (b) Grid phase voltage and current.

within 0.15s using dual separate active control systems.
EV battery initial state of the charger (SOC) is 20% the
charging response over 0.6s is observed in figure 11. The
proposed charger can charge a 100kWh capacity EV battery
within 10 minutes up to 80% SOC. Whereas, approximately
100kWh capacity EV vehicle will charge in 15 to 45 minutes
from the currently available DC fast charger. Nearly 30% of
charging time will be reduced from the proposed EV charger.

The accurate measurement of the total charging time of
the battery needs a sophisticated algorithm. The simplified
equation to estimate the charging time of the charger is given
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FIGURE 11. EV battery charging response.

below [48],
Beap < (1 — SOC)

(19)
Pcharger

tcharger=
where, Beap is capacity of EV battery and Peparger defines the
EV charger power. The latest EV model like the Mercedes
EQS, Ford Mustang Mach-E, Tesla Model S, etc. has a battery
capacity of 100kWh. The total estimated speed of charging a
100kWh battery from 0 to 100% is approximately 12 minutes.

V. POWER LOSS AND COMPARATIVE ANALYSIS

In this section GapO3 device conduction and switching,
loss is evaluated, and Proposed EV charger parameters are
compared with commercially available DC fast charger.
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Maximum power losses in semiconductor devices (Power
diode, MOSFET, IGBT, etc.) depend on the conduction and
switching behavior of the device. Power losses analysis of
the power MOSFETS is an important factor to investigate the
performance of the device. Conduction losses depend on the
‘ON’ state resistance and duty cycle (D) of MOSFET while
switching losses occurs during the transition between ‘ON’
and ‘OFF’ state of the device. For high-voltage applications,
conduction and switching losses are important factors of
power converters. Equations used for losses and efficiency
evaluation of converters are given below [49], [50].

Psemiconductorloss = PconductionTPswitch (20)
Pconduction = DIZDRon—state (21)
Pgwitch = ETotal X Fsw (22)

1
ETotal = Eon + Eoff ZEVdSID (time + tVfaU)

1
+ EVdSID (tifall + tVris‘e) (23)

Here, ti ., .tv,, &tig, tv,,, are rise and fall times of MOS-
FET current and voltage while switching. Eon & Eoff are
energy losses during MOSFET On and Off. Figure 12 and 13
shows the switching and conduction losses of GayO3
power device, respectively. Conduction loss of Ga;O3 power
device is less compared to Silicon carbide (SiC) MOS-
FET (C3M0021120K) as shown in figure 12 (Tj=25°C,
VDD= 800V) which makes it suitable for high current
applications.

10.00

9.00 ——Eoff
8.00 sasasE_Total
=7.00
£
- 6.00
w
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b
804 00
2
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Current (A)

FIGURE 12. Switching loss of Ga, 05 power devices (VDD= 800V).

The EV converter efficiency of the system as per
figures 8 & 9 and loss analyses is nearly 98.55%. The
present high-frequency transformers are more than 99.5%
efficient [51]. By including HFT losses proposed charger
efficiency is greater than 98% which is higher than the avail-
able DC fast charger (380 — 480V input). The comparative
analysis of the designed DC fast charger in terms of capacity,
efficiency, ratings, power factor, and THD (total harmonics
distortion) is present in Table 7 (Some technical details are
not declared by the charger manufacturing company which
are listed with dash lines).

The research successfully designed the Ga,O3 (UWBG)
material-based high current density EV ultra-fast charger
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TABLE 7. Comparison of EV DC fast charger and proposed model (3-phase 380 - 480 V input supply).

Sr DC fast Charger model Max V/I ratings n P.f Losses THD
Capacity

1 NEX2 SEEDI180 [55] 180kW 150-1000V, 350A 93.5% 0.99 <7% <5%
DC fast charger

2 ABB’s Terra HP [56] 350kW 150 -920 V, S00A 95% >0.97 <6% <8%
Ultra-fast charger

3 Tesla [28] 135 kW 50410V, 330A 92% >0.97 <9% -
Supercharger

4 EVTEC [28] 150 kW 170-500 V, 300A 93% >0.97 <8% -

Espresso & charge

5 EVSE Tritium [57] S50kW 50-500 V, 125A >92% 0.99 <9% -
DC fast charger
6 Proposed 500kW 100-950 V, 525A >98% 0.99 <3% <3%
Ultra-fast charger
i poor power factor (PF) & total harmonic factor (THD) is
Ui TRazhot ok improper selection of filter values, extreme thermal limits,
1000 / ; frequency limitation of an isolated transformer, extremely
z - ] high switching frequencies etc. The filter value (Cf,Lg, L)
i // should satisfy the equations (eq.5, eq.7, and eq.8). DC/DC
§ 600 P converter higher duty cycle (> 0.95) and saturation of
3 P high-frequency transformer (HFT) can also lead the system
c 400 = . eqe . . . . .
S B P toward instability. The signal-piloted and optimization tools
200 et can enhance computational effectiveness and real-time com-

I
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FIGURE 13. Conduction loss comparison of Ga, 05 and SiC power
MOSFET.

with improved efficiency. Device modeling of the GayO3
material power device is performed by the Silvaco TCAD
tool. Complete model description in terms of dimension,
material characteristics, doping concentration, and parameter
extraction is presented in the paper. Trace in figure 2 verifies
the MATLAB (SPICE NMOS block model of Ga;03) with
the results obtained from the Silvaco TCAD software tool.
The extracted results validate the design procedure of the
LCL input filter, output filter, mathematical equations of the
converter, and model design parameters. All power electron-
ics devices like power diodes, power transistors (BJT, IGBT,
or MOSFET), etc. have energy losses in terms of conduc-
tion and switching. The mathematical expressions to evalu-
ate losses are explained in section V. The comparison with
commercially available wide bandgap (WBG) technology-
based SiC MOSFET (C3M0021120K) is also performed to
validate the core objective of increased efficiency with the
same testing conditions.

The fast-trending improvement in battery technologies
like Lithium-Sulfur batteries, Solid-state batteries, cobalt-
free batteries, etc. has high current density and better state
of health (SOH) as compared to current battery technol-
ogy. The proposed ultra-fast charger will also be able to
charge upcoming EVs battery (capacity larger than 100kWh).
The limitation of the system which causes instability or
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pression [52], [53], [54]. The feasibility of incorporating
these tools in the suggested assessment method can be inves-
tigated in the future.

VI. CONCLUSION

The research provides the new Ga; O3 power devices based
high power Ultra-fast charger using a bi-directional power
converter. The proposed solution improves the charging
infrastructure power capacity, efficiency and reduces charg-
ing time. Research proves that the efficiency of high-capacity
power converters increases up to more than 98% by using
UWBG power devices. High electric field density, switching
ability, current density with low leakage current, and forward
voltage drop provide a new market for Ga; O3 power devices.
The proposed solution resolves the complexity of charging
for currently available or future high-voltage EV batteries.
A high breakdown voltage of nearly VB > 8kV makes it
perfectly suitable for directly grid-tie applications. The paper
successfully presented the GayO3 power device response
using TCAD and SPICE MATLAB model. Simscape phys-
ical modeling is convenient to study the dynamic behavior
of UWBG-based DC fast chargers in the Simulink environ-
ment. Theoretical calculation and simulation analysis of both
AC/DC and DC/DC power converters help implement and
design different capacity EV chargers. The dual active power
control of converters provides a wide range of charging power
for a variety of EV service providers. A wide range of power
control reduces the complexity of using different chargers.
Mathematical equations provide an optimum solution for
designing input & output filters with power factor control.
The future Ga; O3 based power electronics devices reduce the
overall weight, size, and cost of high-power electric vehicles

VOLUME 11, 2023



T. llahi et al.: Design and Performance Analysis of UWBG Power Devices-Based EV Fast Charger

IEEE Access

charger. High-power capacity EV chargers are the solution
for upcoming electric vehicles like the Tesla 200kWh battery
capacity founder series.
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