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Abstract: Trending electric vehicles with different battery technologies need universally compatible
and fast chargers. Present semiconductor technology is not suitable for designing high-power-rating
converters. The increasing demand for high-capacity electric vehicle chargers requires efficient and
optimum advanced material technology. This research presents next-generation material-based
smart ultra-fast electric vehicle charging infrastructure for upcoming high-capacity EV batteries. The
designed level 4 charger will be helpful for charging future heavy-duty electric vehicles with battery
voltages of up to 2000 V. The designed infrastructure will be helpful for charging both EVs and
heavy-duty electric trucks with a wide range of power levels. Wireless sensor-based smart systems
monitor and control the overall charging infrastructure. The detailed design analysis of the proposed
charger using the Simscape physical modeling tool is discussed using mathematical equations.

Keywords: ultra-fast charger; heavy electric vehicles charging; next-generation power devices;
bidirectional converters; MATLAB Simscape modeling

1. Introduction

Global warming and energy are the main concerns of the modern day. Natural-
resource-based transportation systems are major causes of global emission problems [1,2].
Green and efficient transportation electrical vehicle (EV) mobility is the compulsion of
the 21st century [3]. Technology is driven by energy, whether a small-scale electronic
gadget, industry machinery, or a warship. Moreover, the emissions of CO; from internal
combustion engine vehicles affect the environment by increasing the air pollution [4,5]. The
necessity of energy resources due to the depletion of fossil fuel reserves and transitioning
to eco-friendly technology led to the development of electric vehicles (EVs). The demand
for electric vehicles is increasing and is expected to achieve more global recognition in
the coming years [6]. There are many benefits of EVs, such as zero carbon emissions,
non-reliance on fossil fuels, eco-friendliness, and helping power be fed back to the grid.
However, there are negative aspects of EVs, which include charging of EV batteries; long
charging times; fear of not being able to drive the desired distance with a charged battery;
the cost of charging, especially fast charging at peak hours specifically; long charging queues
at charging stations; expensive charging infrastructure; and the fact that bidirectional
charging from the grid may affect the power quality of the grid and degrade EV batteries.

In the rapidly growing realm of electric vehicle technology, the demand for high-
power ultra-fast chargers has reached unprecedented levels. The sales trends of electric
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vehicles (EVs), battery electric vehicles (BEVs), and plug-in hybrid electric vehicles (PHEVs)
have continuously climbed for the last few years [7]. The power trains that are best for
pollution reduction are EVs or BEVs, since they generate zero emissions during usage [8].
In world efforts to control the global warming effect, it will become mandatory to provide
sustainable infrastructure for EV charging, both domestically and commercially across
the globe.

The charging infrastructure varies for different types of vehicles based upon the weight
of the vehicles [9]. This is due to the electric power requirements of these vehicles and
the distances they travel. Electric vehicles are divided into three different types based
upon their use and weight, i.e., light-duty vehicles, medium-duty vehicles, and heavy-duty
vehicles (HDEVs) or heavy electric vehicles (HEVs). They can be charged using either AC
or DC charging systems. The first strategy is charging from a charging station using a
plug-in cable, i.e., conductive charging. The second method is charging through induction,
i.e., inductive charging. The third is battery swapping, i.e., changing the empty battery
with an already charged battery. The charging method most commonly in use is charging
directly through cables, i.e., conductive charging [10].

To achieve the goal of fast-charging, high-power-rating charging devices with fast
switching speeds are required. Fast switching and high ratings can be achieved by using
advanced material power devices. Power electronic converters have great importance in
many power applications, as they control the flow of electric power efficiently. Silicon-
based semiconductor devices have been used in power electronics for a long time. Due to
their low electrical characteristics like voltage level, efficiency, capacity, and size, the use of
semiconductor devices has become limited in high-power and fast-switching applications.
To overcome the limitations of silicon devices, scientists developed wideband gap (WBG)
and ultrawideband gap (UWBG) material switching devices, which have high electrical
characteristics. The comparison of different material devices is summarized in Table 1.

Table 1. Characteristic comparisons of a few materials [11,12].

St Type of Material Band Gap Density Critical Field Peak Rated Peak Rated
(eV) (g/cm?) (MV/cm) Voltages Current

1 Si 1.1 23 0.3 1kV ~100 A

2 SiC (WBG) 33 6.12 3.1 10kV ~1000 A

3 GaN (WBG) 35 3.2 49 10kV ~1000 A

4 AIN/AlGaN (UWBG) ~6 33 154 100 kV ~10,000 A

5 B-Ga, O3 (UWBG) 49 6.4 10.3 100 kV ~10,000 A

Generally, there are two types of charging system based upon infrastructure. They
are known as on-board charging systems and off-board charging systems. In an on-board
charging system, the charge converter and other circuitry is placed inside the EV battery
storage system. In an off-board charging system, the charge converter and other circuitry
are placed outside the EV while the battery storage system is inside the EV. The charging
systems, both DC and AC, are divided into three levels based upon their power level. The
level 1 charging system is residential charging. It is operated on a single-phase charging
system with a power level of 1.4 kW or 1.9 kW. Level 2 can either be connected to a single-
phase or three-phase charging system. It can operate on 208-240 V charging systems with
ratings of 80 A (max) and power levels of 4 kW, 8 kW, and 19.2 kW at charging currents
of 17 A, 32 A, and 80 A, respectively. Level 3, also known as DC fast charging or rapid
charging, can operate on 208-600 V charging systems (AC or DC) with power levels of
50 kW and 100 kW. Research is being carried out on further increasing the charging speed
to 400 kW, which is known as extreme or ultra-fast charging [13].

Typically, a fast charger uses three-phase (440480 V) power lines connected to a
step-down transformer. The latest ABB, Tesla, and NEX2 EVs have introduced DC fast
chargers with capacities above 100 kW (350 kW max) [14]. A few researchers have intro-
duced medium-voltage (MV), directly connected EV chargers using the latest material
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semiconductor devices [14]. These direct grid tie chargers use silicon carbide (SiC)-based
rectifiers without proper power factor correction and DC bus voltage control. Currently,
the available latest technology EV charger is designed for 400 V or 800 V battery packs of
EVs. The next generation quickly replaces the voltage level up to 1200 V or 1400 V [15]. A
higher voltage level decreases the current level, hence, conductor size, losses, and power
devices’ current handling limit are reduced. The renewable integrated charging station
can abate the charging cost and reduce environmental pollution. The smart distribution
system also decreases the power dip and high-cost problem, and it also improves the
power quality [16,17]. Solid-state transformers (SST) are suitable for medium voltage
(1 kV to 35 kV) conversion of AC/DC power with a medium frequency range (300 Hz to
3000 kHz) as compared to traditional transformers. The SST-based system also improves
the power quality of the grid and reduces the overall weight and volume. These topologies
are most recommended for DC grid systems for providing better regulation and power
quality [18,19].

The latest WBG technology power devices are designed for 1200 V level and can
handle a few amperes at high frequencies under safe area operation. For high breakdown
voltage and current density, next-generation UWBG technology-based power devices are
highly focused on in research [20]. UWBG materials are better suited for attaining power
devices in the near range of 10-15 kV, with a breakdown voltage of up to 5 kV. They can
handle switching frequency of GHz, which will help reduce filter size. It will reduce the
number of power devices due to high breakdown voltage during reverse bias and huge
power handling. These materials offer low-stat resistance (R4qs) and current density of
3 kA /cm? [20]. Future advanced power electronic material devices can be most helpful in
designing high-power converters. The current available EV chargers fail to provide proper
authentication, real-time parameter monitoring systems, diagnostics alerts, maintenance
alerts, etc. Wireless sensor networks (WSN) and Internet of Things (IoT)-based smart
systems with data cloud integration are needed in this modern era [21].

The research proposed a high-power (up to 1 MW) fast EV charging infrastructure
for existing and upcoming high-density EV battery technology. All the commercially
available EV chargers are under 400 kW and are not suitable to charge battery voltage above
1000 V [22]. Present silicon-based semiconductor devices are not suitable for designing high-
power converters for EV charging applications. The research proposed next-generation
semiconductor-material (ultra-wideband gap)-device-based power converters designed for
EV charging applications. The technology of these devices has remarkable potential that
will extend the power levels up to the next level. The future electric buses have a battery
voltage level of more than 1000 V for high-power handling with minimum charging time.
The designed charger will support the high charging voltage level of both EVs and electric
buses up to 2000 V DC.

Research Contributions and Paper Structure

In this research, electric vehicle chargers designed by using AC-DC and DC-DC
power converters based on next-generation power devices (UWBG) were designed. The
paper highlights the important aspects of developing a reliable and efficient electric ve-
hicle charging system for electric vehicles (EV) and heavy electric vehicles (HEV). The
research proposed novel advanced material-based smart ultra-fast electric vehicle charging
infrastructure for high-capacity EV batteries. The article introduced a new level 4 charging
infrastructure with a power capacity of 1 MW for EVs and electric buses (E-buses) having
smart features.

The designed level 4 charger also supports upcoming heavy electric vehicles with
battery voltages of 1200-2000 V and will charge them within a few minutes. UWBG
materials are the future of next-generation high-power devices. Using these materials, high
power converters can be designed using a smaller number of devices, hence, reducing the
size, weight, and control complexity of the system. A WSN-based IoT system monitors and
controls the overall charging infrastructure. The research presented the complete design
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procedure and Simscape (MATLAB 2019, MathWorks, Inc. Natick, MA, USA) physical
simulation analysis of the proposed system.

In Section 2, the detailed design procedure of the proposed mega power smart fast-
charging infrastructure is discussed. Gallium trioxide (Ga;O3)-based power device SPICE
model is used to model high-power converters. Section 3 discussed the model calculation
of converters, high-frequency transformers, and filter values. The physical modeling of
the proposed charging infrastructure in MATLAB Simscape environment is presented in
Section 4. In Section 5, the simulation results are analyzed. The research discussion and
conclusion are summarized in Sections 6 and 7, respectively.

2. Proposed Mega Power Smart Fast-Charging Infrastructure

The proposed novel smart ultra-fast mega EV charging station is the next level 4
innovation in charging technology infrastructure that will power both current and future
electric vehicle technologies with IoT-enabled features. The charger will be able to charge
EV or heavy electric vehicles (HEV) batteries up to 2 kV voltage level with a power capacity
of 1 MW. The active dual-control (DC bus and charging voltage) with unity power factor
controls the transfer of energy from AC bus to the EV battery in the most effective way
and provides a wide range of charging levels for EVs like Tesla, Mercedes, Nissan, Ford,
etc. The proposed charging station, with its quick charging times, cutting-edge smart
technologies, and scalability to accommodate the variety in electric vehicles, represents a
ground-breaking advancement in the infrastructure for electric vehicles. These stations
serve as the foundation of a cleaner, more environmentally friendly transportation system,
as the automotive industry makes a massive move towards electrification.

The charging level 4 mega power infrastructure is designed using ultra-wideband-
material-based power devices. In this research, the gallium trioxide (Ga;O3) material of
the UWBG category is selected due to easy availability, cost-effectiveness, and technical
maturity [23,24]. UWBG materials have better figure of merit (FOM) as compared to silicon
and carbide technology [25,26]. The SPICE model of Ga,O3 Power MOSFET is used to
model the proposed infrastructure [27]. It consists of interleaved bi-directional DC chargers’
modules to charge the EV battery from the DC bus that is connected to the AC bus via an
AC/DC converter. The three DC/DC converter modules operate in parallel with the same
switching frequency known as interleaved techniques to handle high charging current. The
bi-directional power converter can control power in both directions i.e., grid to a vehicle
(G2V) and vehicle to grid (V2G). The AC bus is connected to the traditional AC grid and
renewable energy systems to overcome the grid burden, enable cost-effectiveness, and,
most importantly, to mitigate environmental issues [28]. The energy-storing unit consists of
power storing devices, mainly high-density batteries and ultra-fast supercapacitors. That
will increase voltage levels, improve power availability, and enhance system reliability. The
complete proposed infrastructure is shown in Figure 1.

The smart IoT-enabled system provides various features to electric vehicle charging
systems [29,30]. This is achieved by an effective communication system with an advanced
sensing network also known as a wireless sensor network (WSN) with controllers. The
charging module continuously observes the charging parameters and battery information
by using WSN. The information and reading are sent to the central control system, service
provider, user, and data cloud. The cloud data information will be further helpful to im-
prove system performance, charging behavior, battery degradation alert, fault diagnostics,
etc., by IoT application [31,32]. Other sensors are linked with control systems wirelessly to
monitor and control the power flow of AC and DC buses.
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Figure 1. Mega power smart fast-charging station for electric vehicles.

3. Design Considerations

The proposed 1 MW charger section consists of three stages, as follows: an input filter
to reduce the input distortion from the source side, which is also helpful for power factor
improvement; an AC/DC converter; and three interleaved isolated DC/DC converters
(each module of nearly 350 kW) that transform the required power to the battery. As
discussed earlier, due to the high breakdown strength of UWBG devices, high bus voltage
can be designed. In the designed infrastructure, one MVA capacity transformer steps down
the high voltages to low voltages of 1400 V AC bus. The AC/DC PWM converter converts
the AC voltage to regulated DC voltages of levels up to 3 kV DC. The charging station offers
two modes of charging: mode 1 for electric vehicles with battery voltages up to 800-1000 V
and mode 2 for heavy electric vehicles truck of voltages 1400-1600 V. Figure 2 represents
the detailed schematic arrangement of the proposed charger.
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Figure 2. Schematic diagram of the smart EV charger using UWBG bidirectional power converters.
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3.1. Stage 1: LCL Input Filter

The grid-connected AC/DC converter (PWM rectifier) operating at a typical switching
frequency of order kHz causes harmonic distortion, which reduces the overall performance
of the system. LCL filter provides the optimum results for power levels of hundreds of KVA
with small filter values. To design a good LCL filter, certain criteria should be considered
for optimum results. According to the design procedure mentioned in the paper [33,34],
the following equations are used to find the optimum filter values (L;, Ly, and Cgjier) with
a current attenuation of 30 A.

Vbus (2 - ma)
L, = bus 27 M) o omH ~ L 1
U7 T4 Al 0m 2 1)
AP,
Cilger (max) = = ~ 50 uF 2)

27ng (Vgrid \@) ’

where f;, Ainax, and m, are the switching frequency, current attenuation, and modulation
index of the AC/DC converter, respectively. The reactive power coefficient is denoted by A,
which has typical values in the range of 0.05 to 0.1. In the design, a capacitor value of 10 uF
is selected. The resonance frequency (wres) generated by the LCL filter can be calculated
using the following formula, which should satisty the given condition [35].

L1 +L2
Wres = 4| ———— 3
e \/ L1L>Cijter ®

1
10wg < wres < Ewswl 4)

3.2. Stage 2: AC/DC Power Converter

A bidirectional AC/DC power converter is designed using a UWBG power module.
PWM AC/DC converter can regulate the output DC voltage with a unity power factor
control mechanism. The dq coordinate system with Clarks and Park’s transform techniques
is used for unity power control of the AC/DC power converter [36]. The wireless signal-
based smart control system is designed using different controller and driver circuits. The
grid voltages can be computed from the following equation, ignoring resistance.

d.
Vgrid () = Lalgrid () + VAC/DC_conv ®)

The converter’s three-phase voltage and peak current equations in terms of MOSFET
gate signals are evaluated below (neglecting the filter capacitor) [37].

d. [ 1

Va(t) = Lala(t) + VDC Sa - g(sa + Sb + SC):| (6)
d. [ 1

Vb(t) = Ldtlb(t) + Vpc |Sp — g(Sa +Sp + Sc) (7)
d. [ 1

Vc(t) = Lalc(t) 4+ Vpc |Sc — g(Sa +Sp + Sc) (8)

Ipeak = Lenvi = S11l; +So1lp + Sa1le &)

where the terms ‘a’, ‘b’, and ‘c’ show each phase connected to the three legs of the converter.
The total inductance is represented with the letter ‘L. The AC/DC converter’s leg is
controlled by two powers MOSFETs (power module). The control signal S, (s11/512), S,
(s21/s22), and S (s31/s32) are used to control the power flow of the converter.
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To achieve a unity power factor at the grid side with independent control of both
reactive and active current, the dq synchronous rotating coordinate system is used. In
a rotating reference frame, the three-phase grid quantities are the first converted into
an orthogonal stationary reference frame component system (alpha and beta) known as
the Clarke transform. Then the system is converted into DC by projecting the stationary
reference frame components (alpha and beta) on the rotating reference frame (dq). This
transformation is known as the Parks transformation. The mathematical formulation to
compare grid voltages with AC/DC converter voltages in the dq frame is given below [37]:

digrig ¢ )
Vac/pey = L3 = @ligid q + Vg o (10)

digrid_q

Vac/pe, = LT + wligng ¢ +V (11)

grid_q

where igiq(4,q) V are grid current and voltages in dq frame and Vpc,pc g 1€

grid(d,q) Q)
AC/DC converter voltages. To obtain a unity power factor, the reference value of the
reactive component is set to zero (igrid_q = 0) and the AC/DC converter starts operating in

a unity power factor.

3.3. Stage 3: DC/DC Power Converter

The DC/DC converter is designed using full-bridge topology (dual active bridge).
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 EV battery. The switching frequency of 50 kHz (f,)
is selected for the bidirectional DC/DC converter. Three interleaved modules of nearly
350 kW each are used to share the bulk charging current. The expression for output power
of DC/DC converter including HFT efficiency factor n; can be defined as follows [38]:

N
Po =1Volo = [ { (Vbus - 2Vdrp> Nii

2T
- 2Vdrs}on X (Sqqla + Sulp + Sallcﬂ Ny (12)

Tz
where Vg, and Vg, represent the voltage drop of power devices at the primary and
secondary sides of HFT. Nj and N are primary and secondary turn ratios of HFT (1:1).

3.4. High-Frequency Transformer Design Consideration

HFT is designed to handle more volts safely and accurately, converting high voltage
and current levels between coils by magnetic induction. Each DC/DC converter module
uses a separate HFT; to increase the core cross-section area, two identical cores are stacked
together for the 350 kW HFT construction. A litz wire with 4000 strands is selected [39]. The
following equations are used to select the core area product (Ap) and winding turns [40].

_ . PmaX 3_ 4
Ap = AyAc = (Kl ><B><f2> — 6053 cm (13)
N—VX—104N17_N (14)
I KxfxBx A, = 2

where K; (0.017) and K (4) are topology and wave constant, respectively. ‘B’ represents
the flux density whose value is typically 0.2 T. UU core (UF 240/480/60) is selected for
winding with an area product of 7776 cm* and core area of A, = 36 cm?. The parameters
are summarized in Table 2.
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Table 2. Designed parameters for high-frequency transformer.

Parameter Specification
Maximum power (Pmax) 350 KW each
High-frequency transformer (HFT) core UF 240/480/60 x 2
Maximum magnetic flux density (Bmax) 0.2 T (tesla)
Bus voltages (V) 2500 V max.
Topology constant (K;) 0.017
Wave constant (K) 4
High-frequency transformer (HFT) turns 17
Transformer area product (Ap) 7776 cm*
Core area (A¢) 36 cm?

3.5. Output Filter Values

The pulsating output voltage of the DC/DC converter is filtered for smooth charging
operation of the EV battery. Assume that the ripple values of current (Al) and voltage (AV)
are approximately 20 A and 40 V, respectively. The filter values can be calculated as [41]

Vius D(1 — D)
Lo= -2 =" =) ~03mH 1
o 6 Al 0.3m (15)
Viys D(1 - D
Co= YousDU=D) 4 g (16)
8LoF3 AV

3.6. Design Summary

The grid-tied three-phase EV fast charger parameters are evaluated in this section for
its design evaluation. The charger must provide the required current and voltage rating
for charging the EV and HEV battery. The designed parameter of the proposed charger is
summarized in Table 3.

Table 3. Proposed electric vehicle fast charger designed parameters.

Parameter Specification
Rated charger power <Pgrid) 1MW (=3 x 350 kW)
Input rated voltages AC bus (Vgrid> 1400 V rms, 50 Hz
DC bus voltages (Vpc) 2500 V max
Charging mode 1 (EV) 1200 V/800 A
Charging mode 2 (HEV) 2000 V/500 A
Switching frequencies for AC/DC and DC/DC converters (f;, f,) 20 kHz, 50 kHz
Average current across each MOSFET (AC/DC 146 A
converters)
Average current across each MOSFET (DC/DC 133 A
converters)
Input filter values (Lg, Ly, C¢) L12=10mHCf =10 uF
Output filter (Lo, Co) 0.3mH, 1 uF

4. Simscape System Model

MATLAB Simscape is a powerful and flexible physical modeling tool for engineering
system design. The MATLAB physical modeling systems consist of real physical compo-
nents that can be modeled and simulated using actual realistic parameters [42,43]. The
detailed and extensive simulation model of a proposed mega power smart EV charger is
designed on the Simscape physical modeling tool (MATLAB) as per Table 3. The complete
EV charger model contains many blocks and subsystems as shown in Figure 3.
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Figure 3. MATLAB model of smart mega power charging station.

MATLAB Simscape modeling supports SPICE model parameters including geometry
variables. SPICE-compatible N-channel MOSFET blocks are used to model GayOs.based
power devices using the SPICE parameter mentioned in the paper [27]. Virtual WSN
sensors are used to collect data, and monitor and control the charging station. The smart
system detects the battery parameters to select the appropriate mode of charging (EV-Mode
1 or HEV-Mode 2).

5. Simulation Analysis and Results

In the simulation analysis, both charging modes are studied and the behavior of
grid response is observed. The model is created as per the mathematical models” equation
mentioned in Section 3. The 11 kV grid voltage is stepped down to 1.4 kV (AC bus) by using
a 1 MVA transformer. AC/DC converter generates the DC voltages as per the reference
voltage set by the controller.

Mode 1 (EV mode) is designed for electric vehicles with a battery voltage range of
up to 1200 V, which is suitable for the latest Tesla Founder series or future EVs. In this
mode, the smart controller adjusts the DC bus voltages of up to 1800 V using an AC-DC
converter. The DC-DC converter further controls the power levels according to the battery
specifications. Mode 2 (HEV mode) is activated for charging heavy electric vehicles (electric
buses, trucks, etc.) with a voltage range of up to 2000 V. The DC bus voltage is shifted
to 2500 V using the control scheme of the AC-DC controller. The one-megawatt (I MW)
power is transferred from the main grid to the designed fast charger at full capacity. The
grid transient, steady-state, and transition (between HEV and EV modes) behavior are
helpful for the analysis of the peak current characteristics and stable response time of the
designed charger as shown in Figure 4c. Three-phase voltages and the current response of
the AC bus while charging in both modes are shown in Figure 4.

In both charging modes, the active power delivered from the AC bus is nearly 1 MW.
The simulation results validate the design procedure and smart control system of the
proposed charger. The grid current and voltage response show the effectiveness of the
design criteria of the LCL filter. The nearly sinusoidal behavior of grid current ensures the
negligible current harmonics at the grid side. The stable grid response for the charging of
EVs for both modes determines the satisfactory operation of charging infrastructure. The
unity power factor control successfully transfers the active power of 1 MW from the grid to
the charging converter without disturbing the phase angle between current and voltage.
The power factor of 0.99 is achieved using the unity power factor method and the phase
response of AC bus voltages and current are shown in Figure 5.
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Figure 4. Three-phase response of AC bus (a) grid voltage response, (b) grid current behavior, (c) grid
V—I phase response during HEV and EV charging.
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In both modes, DC bus voltages are regulated smartly using a control system by
varying gate signals of the UWBG AC/DC power converter. For EV and HEV mode, DC
bus voltages of 1800 V and 2500 V are set by smart controller, respectively. Figure 6 presents
the DC bus behavior of the mega power charging system. The DC bus voltage is stable
within 0.2 seconds of charging electric vehicles and only takes 0.1 seconds to shift from
HEV mode to EV mode of charging as shown in Figure 6b.

3000

2500 -
2000

1500 | 1/

DC Volts (V)

1000 - |

500 1)

T T T

0 0.05 0.1 0.15

25001
EV Mode

2000

= HEV Mode
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T T
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Time (s) Time (s)

(a) (b)

Figure 6. DC bus voltage response (a) HEV and EV charging modes, (b) DC bus response during

transition state.

The DC/DC power controller works as a charge management system. The smart
controller starts charging EV/HEV batteries effectively within 0.1 s. The charging voltage
and current behavior of the DC/DC converter in both modes are presented in Figure 7.

The result shows that the proposed ultra-fast mega power EV charging station is the
next-level infrastructure that will power both current and future electric vehicle battery
technology. The charger is able to charge EV batteries up to a 2 kV voltage level with a
power capacity of 1 MW due to the high voltage and current ratings of ultra-wide bandgap
devices. The designed charger provides a wide range of charging levels for electric vehicles
like the Tesla series and those designed by BMW, Nissan, Ford, etc. Due to the high voltage
level, the charging time of EVs can be improved. The comparison of the proposed model
with other DC fast chargers is summarized in Table 4.
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Figure 7. Charging response of EV and HEV (a) charging voltage, (b) charging current.
Table 4. Specification comparison of DC fast chargers [22,44].
Manufacturer DC Voltage Range (V) Max. Current (A) Power (kW)
EVbox Tronics 100 ~50-500 200 100
EVTEC espresso and ~170-500 300 150
charge
Tesla Supercharger V3 ~880-970 640 250
ABB Terra HP GEN III ~150-920 500 350
Tritium PK350 ~200-920 500 350
Proposed ~360-2000 800 1000

6. Discussion

In this research, an electric vehicle charger design by using AC-DC and DC-DC
power converter based on advanced power devices is discussed. The article highlights the
important aspects of developing a reliable and efficient electric vehicle charging system for
both electric vehicles and heavy-duty EVs. A three-phase AC/DC converter is connected to
the power grid system using an LCL filter to reduce harmonics and improve power factor.
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The detailed design procedure to find optimum LCL filter values for required power is
analyzed with mathematical equations.

The mathematical model of an AC/DC power converter with unity power factor
control is explained with detailed model equations. Three-phase voltage and current
equations in terms of MOSFET gate signals are evaluated. The output voltage equation of
the DC/DC converter is present considering MOSFET voltage drop and high-frequency
transformer efficiency. The complete schematic arrangement with power, control, and gate
driver signal is presented for a detailed understanding of the proposed scheme. Finally,
the designed parameters are summarized for performance analysis. The extracted results
validate the design procedure of the LCL input filter, output filter, mathematical equations
of the converter, and model design parameters.

The proposed smart level 4 fast charger will be able to charge upcoming EV batteries
of voltage levels up to 2 kV (capacity larger than 200 kWh). A wide range of power control
reduces the complexity of using different chargers. High-power capacity EV chargers
are the solution for upcoming electric vehicles. The increasing demand for high-capacity
electric vehicle chargers needs efficient and optimum advanced material technology. Other
than Ga;O3, more material devices like aluminum gallium nitride (AlGaN), aluminum
nitride (AIN), etc., can be studied and analyzed.

7. Conclusions

The research presented the detailed design procedure of next-generation material-
based 1 MW capacity charging infrastructure. The high voltage and current handling
ability of the proposed ultra-wide bandgap power devices increases the charging potential
of DC fast charges. The designed high-voltage charger will be useful for next-generation
battery levels greater than 800 to 2000 V. The design parameter analysis helps to select
the appropriate LCL filter for unity power factor control. The grid transient, steady-state,
and transition analysis are important factors for designing protection schemes. The power
converters parameter is preliminary useful for choosing appropriate power devices and
sizing the high-frequency transformer for the selected switching frequency. The grid and
charging response results illustrate the smooth stable behavior of the designed system for
both types of charging modes, which validates the design procedure. The high charging
current with a maximum voltage of 2000 V reduces the charging time of EVs and E-buses.

The complete mathematical modeling of the AC/DC/DC power converter is discussed.
The research helps to develop a system that can charge upcoming high-capacity electric
vehicle batteries with a voltage level greater than 800 V within a few minutes. The smart
IoT control system increases system reliability and is helpful for service providers and
customers in a wide range of applications. The proposed DC fast charger will easily charge
400 V small electric vehicles to large electric trucks with a battery voltage of up to 2000 V.
The simulation analysis is useful to study the steady-state response, system behavior,
optimization of passive components, and current harmonics. The research also encourages
the EV automobile industry to design high battery capacity vehicles that will provide
greater mileage and reduce charging anxiety on long routes. The designed infrastructure
provides opportunities to install fast charging stations on highways, which is imperative
for mass commercialization.
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