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Abstract: Considering the fact that electric vehicle battery charging based on the current charging
station is time-consuming, the charging technology needs to improve in order to increase charging
speed, which could reduce range anxiety and benefit the user experience of electric vehicle (EV).
For this reason, a 1 MW battery charging station is presented in this paper to eliminate the drawbacks
of utilizing the normal 480 VAC as the system input to supply the 1 MW power, such as the low
power density caused by the large volume of the 60 Hz transformer and the low efficiency caused by
the high current. The proposed system utilizes the grid input of single-phase 8 kVAC and is capable
of charging two electric vehicles with 500 kW each, at the same time. Therefore, this paper details
how high-voltage SiC power modules are the key enabler technology, as well as the selection of a
resonant-type input-series, output-parallel circuitry candidate to secure high power density and
efficiency, while intelligently dealing with the transient processes, e.g., pre-charging process and
power balancing among modules, and considering the impact on the grid, are both of importance.
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1. Technical Challenges of EV Extreme Fast Charging Stations

Transportation is revolutionizing as the world welcomes the benefits of electric transportation.
The growing interest in electric vehicle (EV) technology is due to their minimum fuel emissions and
air pollution. The demand for this kind of vehicles is growing, and the rate of this growth is also
expected to increase in the forthcoming years [1,2]. However, there are concerns to be addressed in
this regard, including time of charge, range anxiety, cost of charging, and negative impact of charging
demand on the grid. Range anxiety and time of charge are the issues that have been addressed in
recent years through developing EV fast chargers. Sixteen hours are needed for level-1 chargers, while
only 10 minutes are needed for extreme fast chargers (XFCs). This by itself shows how the charging
process can impact the adoption of plug-in hybrid electric vehicles. The concept of a gas-station-like
experience for charging EVs has become a reality in recent years due to the advancement of XFCs [3,4],
e.g., chargers rated at 400 kW and above. The focus of this work is to design a 1 MW XFC station for
two EVs, i.e., 500 kW per car. Take Tesla Model S as an example, which has 75 kWh battery pack. If the
state-of-charge (SOC) window is 80%, a 500 kW XFC is then able to charge an EV within 75 kWh ×
80%/500 kW = 7 m, presuming the charging loss is ignorable.

While the majority of EV fast charging stations in the United States have a grid connection of
three-phase 480 VAC, which is rectified into a DC bus (normally between 600 VDC and 800 VDC),
followed by a DC/DC converter with galvanic isolation. Using such an approach to provide 1 MW
sees a challenge from high grid current, which in turn challenges the 480 VAC transformer design.
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As shown in Table 1, the traditional 500 kVA XFC uses a grid transformer of more than 5000 L and
more than 2000 kg. To enhance the system power density and reduce cost, elimination of such bulky
and heavy grid transformers is a must [5].

Table 1. Comparison of Metrics for a Traditional and Proposed 500 kVA Fast Charging System.

Figures of Merit Traditional 500 kVA System HV SiC Enabled 500 kVA System

Power losses (%/kW)
η = ηxfmr × ηfast charger = 94.38% @

rated power
Plosses = 28.09 kW

η ≥ 97.75% @ rated power
Plosses ≤ 11.25 kW

η ≥ 95% @ 5% rated power
Plosses ≤ 1.25 kW

Size–footprint (dm) Areatotal = 3.5 m2 Areatotal ≤ 0.875 m2

Size–form factor (dm3) Vtotal = 5190 liters Vtotal ≤ 1298 liters
Weight (kg) Wtotal = 3537 kg Wtotal ≤ 530 kg

Specific Power 0.14 kVA/kg >5 kVA/kg
Power Density 0.09 kVA/L >9.2 kVA/L

Cooling Method Air Cooled/Oil Filled Liquid Cooled

MTTF (Targets) 68,960 h (7.9 years)
(PFC + DCX)

75,856 h (8.66 years)
(PFC + DCX)

Recently, wide-bandgap (WBG) semiconductor devices have played a role in developing EV
chargers [6,7], not only increasing the power density thanks to the higher switching frequency than
Si, but also undertaking higher input voltage, such as 6.5 kV silicon carbide (SiC). This potentially
allows the medium voltage (MV) transmission lines (2.4–13.4 kVAC) directly to come into the charging
station, thereby saving the 480 VAC step-down grid transformers. As compared in Table 1, elimination
of the grid transformer can significantly reduce the size and weight of the overall XFC system. Even
though the DC/DC converter such as dual active bridge (DAB) and resonant circuits (LLC and CLLC)
all need transformers [8–10], such transformers can be operated at a much higher switching frequency,
thereby seeing less weight and size penalty while maintaining galvanic isolation.

From Table 1, we can find that the overall efficiency of the proposed 500 kVA system based on the
HV SiC switches is improved by 3%. The main reasons for the higher efficiency of the proposed system
are as follows. 1) The normal input grid voltage of the traditional 500 kVA system is three-phase
480 VAC, and the input grid voltage of the proposed 500 kVA system is single-phase 8 kVAC, which is
more than 17 times that of the traditional system. Given the same power level, higher voltage means
lower current, which is beneficial to reduce the power loss of the whole transmission and improve
system efficiency. 2) Enabled by 6.5 kV high voltage SiC power modules, the proposed system will
connect to MV transmission lines (2.4–13.4 kVAC), thereby directly saving the 480 VAC step-down
grid transformers. Therefore, the large power loss of the 60 Hz transformer is eliminated, which helps
to achieve the higher efficiency. Additionally, a bidirectional feature is highly demanded, especially
when there is a grid outage.

With the above consideration and enabled by high voltage (HV) SiC power modules, an approach
shown in Figure 1 is proposed. The input 8 kVAC was split evenly among three H-bridge modules,
which act as the power factor controller. The AC is then rectified into 4.3 kVDC, which is forwarded
to a resonant-type DC transformer circuit (DCX) made of a primary half-bridge, a three-winding
transformer, and two low-voltage H-bridge paralleled to output 1.3 kVDC. Note that this allows the
two low-voltage DC (LVDC) buses to be isolated, thereby charging two cars in an isolated manner.
The outputs of each of the DCX modules are connected in a parallel output to generate 1 MW power.
Each LVDC bus then is connected to a 500 kW buck converter to charge one EV, as shown in Figure 1b.
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Figure 1. (a) Block Diagram of proposed design of electric vehicle (EV) extreme fast charger (XFC) 
station for two vehicles. (b) Block diagram of the following 500 kW DC/DC converter. 
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Figure 1. (a) Block Diagram of proposed design of electric vehicle (EV) extreme fast charger (XFC)
station for two vehicles. (b) Block diagram of the following 500 kW DC/DC converter.

Essentially, such an input-series, output-parallel (ISOP) design successfully eliminates the
480 VAC/60 Hz transformer, while it also realizes bidirectional power flow. Such an ISOP system,
however, brings other challenges. 1) Device electrical ratings. With 8 kVAC single-phase grid, the grid
connection of each power factor correction (PFC) module is desired to be at 2.6 kVAC, which is further
boosted to 4.3 kVDC. For a 1 MW charging capability, each DC/DC converter module undertakes
333 kW. Selecting the right topology to minimize electrical stress of the switches is key to the success,
especially for the DC/DC stage. A detailed comparison of various DC/DC topologies is shown in
Table 2, including DAB, DCX, and CLLC. These topologies were chosen because they all provide
isolated bidirectional DC/DC conversion by means of a high-frequency transformer and are all widely
used [8–12]. As seen in Table 2, even though the peak current and root mean square( RMS) current are
high with the DCX converter, the maximum switching off current is close to 0. This is because the DCX
topology always operates at the resonant frequency, which is the main reason this paper selects such
topology. All SiC devices are switched at 30 kHz in all compared topologies.
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Table 2. DCX topology comparison.

Parameter DAB CLLC DCX

Peak Current [A] 112 275 250
RMS Current [A] 93 193 170
Maximum Switching-off Current [A] 112 154 15
CDC (DC-bus cap between PFC and DCDC [mF]) 0.8 0.6 0.01
Cout (DC-bus cap at output [mF]) 0.085 0.085 1 × 2
Cr (resonant cap [µF]) N/A 0.316 12.665
Transformer [kVA] 420 423 592

The electric stress is then shifted to the resonant circuit and MV transformer. The PFC stage also
needs to realize unity power factor and reduce total harmonic distortion (THD), and given the input
series structure of the PFCs, the interleaved gate signal is supplied to the PFCs to achieve much smaller
current ripple, which could help to reduce the demand of the large bulky DC bus capacitor. This is of
importance when reducing the dimensions and cost of the system and improving the power density of
the system. Besides, the smart output voltage balancing control is proposed to make sure the three PFC
modules have balanced output voltage even under the different load conditions. The balanced output
could ensure the same voltage stress among different modules, which is beneficial to the safe operation
of the system. This part will be discussed further in Section 2. The DCX topology steps down 4.3 kVDC
to a level of ~1.3 kVDC. Considering the importance of the resonance of the DCX, the intelligent
resonant frequency tracking method based on the master–slave control is proposed. This control
method could adjust the working frequency automatically to reach the resonant frequency, and the
master-slave control enables the automatic change of the frequency adjustment operand. Considering
that the resonant condition is necessary for the low switching loss of the switches, this novel control
method is indispensable for the high-efficiency and safe operation of the system. Given the high-power
level and high-voltage level, to avoid the inrush current at the start of the system, the DCX is responsible
for pre-charging the output capacitor of the LVDC buses before charging. These control methods will
be detailed in Section 3. Section 4 will discuss the impact on the grid. Section 5 is the conclusion.

2. PFC-Stage Control

2.1. Power Balancing

Since the basic control method of the totem-pole PFC has been widely discussed [13,14], this paper
will particularly focus on the power balancing among modules. To simplify the analysis, just consider
two series PFC stages as shown in Figure 2.

To rectify the AC power from the power grid, the bridge leg of the PFC #n {Sn3, Sn4} is operated
with main power frequency, i.e., 50/60 Hz, which could be seen as the rectifier bridge leg. Another
bridge leg of the PFC #n {Sn1, Sn2} is pulse width modulation (PWM) controlled to achieve the power
factor correction and low THD. In the steady state of this system, because the voltage and current are
in phase, the DCX could be considered as the resistive load. Because the switching frequency fs is
much higher than the line frequency fg, vin(t) can be assumed as constant within one switching period.
Considering the continuous conduction mode (CCM) for both PFCs, steady-state equations can be
derived as follows [15]:

Vo1(1− d1) + Vo2(1− d2) = |Vin| (1)

Vo1 = |iin| · (1− d1) ·R1 (2)

Vo2 = |iin| · (1− d2) ·R2 (3)

where d1 and d2 represent the duty cycle of the high-frequency gate signals of PFC#1 and PFC#2.
From Equations (2) and (3), it can be seen that to achieve the output voltage balancing control

under the unequal load condition, the duty cycles of two PFCs need to be modulated to accommodate
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the load difference [15,16]. Figure 3 shows the control block of the PFC weighted output voltage
balancing control, composed of three loops, i.e., inner current control loop, outer voltage control loop,
and the supplementary voltage balancing loop. The slower outer voltage control loop is to make the
PFC stage output voltage follow the reference voltage and supply the reference current to the inner
current control loop. The reference current is generated by the averaged voltage loop output Vvoa and
the grid side voltage Vin, where Vvoa supplies the magnitude and vin with its RMS value Vin provides
the phase of the reference current.Energies 2020, 13, x FOR PEER REVIEW 5 of 21 
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The impact of the load difference is thereby eliminated through the voltage balancing control loop,
as simulated in Figure 4a,b, where the load of each PFC is not identical, R2 = 1.1R1. Without balancing
control, some diversity of the switch can cause the DC-bus variation. Based on Equations (2) and (3),
the same duty cycle will be supplied to two PFCs. Because of the series input structure, the input
current will be the same for two PFCs. Therefore, the different load resistance will cause the unbalanced
output. The simulation results of the steady-state output voltage waveform without the balancing
control is shown in Figure 4a. When the voltage balancing loop is integrated into the control loop, two
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PFCs can be controlled individually. Voltage balancing loop could compensate for the deviation of the
duty cycle caused by the different loads. After the compensation, the different duty cycle generated
based on the output voltages of two PFCs will be supplied to the corresponding PFCs, such that
the balanced output could be achieved. Figure 4b shows the voltage balancing control performance
based on the simulation model. We then further experimentally validated the voltage balancing
control for PFC stages, where we consider the load resistances of two PFCs to be 2R1 = R2 = 25 Ω.
The experimental setup and the Field Programmable Gata Array (FPGA) control block diagram is
shown in Figure 5, and the experimental results are shown in Figure 6. Figure 6a shows the steady-state
input and output waveform without the balancing control. It can be seen that the output DC voltage of
PFC#1 is almost twice of the output DC voltage of PFC#2. Considering that the load R2 is twice of the
load R1, the experimental results are consistent with the theoretical analysis. As shown in Figure 6b,c,
after integrating the voltage balancing control, the DC bus voltages are kept the same once the system
reaches steady state. Therefore, the voltage balancing control method is validated by the simulation
and experiments.
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2.2. Interleaving Control

Once the three PFC modules balance the power in the modules, we can further employ interleaving
control for each PFC, i.e., shifting the gate signals by 120◦ (1/3Ts). This helps further reduce the
grid-side current. As shown in Figure 7a, without the interleaving, the grid side current (I_inductor)
sees over 20 A current ripple. With the interleaving control, as shown in Figure 7b, the grid current
ripple drops to ~5 A.
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the primary side, a three-winding MV transformer, a resonant capacitor and a MOSFET full-bridge
converter on each secondary side. The primary-side and secondary-side MOSFETs share the same
complementary PWM gate signals with 50% duty cycle. The relationship of the resonant frequency fr
and the resonant parameters can be expressed by Equation (4), where Lr is the leakage inductance of
the transformer and Cr represents the capacitance of the resonant capacitor.

2π fr =
1
√

LrCr
(4)

As previously mentioned, the PFC stage could achieve balanced output voltage, which means that
each of the DCX converters will have the same input voltage. However, a slight difference between
transformers leakage inductance or the resonant capacitance will lead the converter to deviate away
from the resonance point and further creates an unbalanced output current. The main challenge of this
unbalanced problem is that when the switching frequency is higher or lower than the actual resonant
frequency of the DCX, they both can cause the output current to decrease and unbalance the outputs.
Thus, we need to detect the impedance of the resonant tank to determine the changing direction of the
switching frequency. To solve this problem intelligently and easily, output current balancing control
based on the resonant frequency control is proposed in this paper and shown in Figure 8.

It is noticeable that when the switching frequency of one DCX converter in this paralleled structure
is closer to its resonant frequency, its output current will be larger. Thus, in this control method, the
DCX converter which has the highest output current will be set as the master converter, and other
DCX converters will automatically become the slaves. The frequency of the master will be constant,
and the frequency of the slave will be adjusted to match the resonant frequency of the DCX converter.
The resonant frequency tracking control is mainly controlling the changing direction of switching
frequency based on the changing of the output current. The time step ts and frequency step ∆f are
constant and can be adjusted according to the system parameters and requirements of the control
accuracy. Then, if the output current of DCX #n increased after the last change of the frequency (when
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time t = (k − 1)ts), the changing direction of the frequency will stay the same as the last time (when
time t = kts). Conversely, the frequency will change in the opposite direction. The control goal is to
track the resonant frequency of each DCX automatically and achieve the balanced output currents.
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Compared with the control method based on phase relationship detection [17] and time
measurement of zero diode current [18], among others, the proposed method has three main advantages:
1) changing fs bi-directionally and automatically tracking the resonant condition; 2) setting the master
automatically to make all the DCX converters work under the resonant conditions when the system is
at the steady state; and 3) having no extra detection and measurement circuit.

Based on three paralleled DCXs, the simulation is conducted to validate the output current
balancing control. Three DCXs have different resonant inductors but have the same initial working
frequency finitial:

finitial =
1

2π
√

LrdCrd
= 20kHz (5)

where Lrd and Crd represents the designed resonant inductance and capacitance.
Figure 9a,b shows the output current balancing process of three parallel-connected outputs under

two sets of different initial parameters of inductors, 1) Lr1 = Lrd, Lr2 = 0.9 Lrd, Lr3 = 0.95 Lrd and
2) Lr1= 1.05 Lrd, Lr2 = 0.9 Lrd, Lr3 = 0.95 Lrd. For the first set, based on the control algorithm, there are
mainly three stages for the balancing process. First, when t < 0.02 s, the system works without the
balancing control, and the output currents are unbalanced, which is caused by the different resonant
condition. From Figure 9a, when t < 0.02 s, it can be seen that the DCX#1 with the best resonant
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condition has the largest output current, which is consistent with the theoretical analysis that a better
resonant condition will lead to larger output current. Then, when t > 0.02 s and before the system
reaches the balanced condition (where the deviation of currents are less than 0.3 A), the first DCX is the
master controller as it has the largest current and the other two DCXs become the slave automatically.
The frequency of the master converter will keep consistent, and two slaves will adjust the frequency to
reach the resonant frequency based on the algorithm. Finally, when the output currents reach balance,
the algorithm will automatically stop changing the frequency and keep the system working under this
steady-state condition. Similar to the first set, the modulation process of the second set also has three
modulation stages, which are shown in Figure 9b. The difference is that, for the second set, DCX#1 and
DCX#3 have similar frequency deviation, so at first, the output current of these two DCXs are close to
each other.

Figure 10 shows the voltage and current waveforms of the transformer primary sides of DCX#2
before and after the DCX reaches the resonant condition. After the DCX reaches the resonant condition,
the transformer current waveform changes to a sinusoidal waveform, and the current and voltage
are exactly in phase, which indicates zero-current switching-on and -off loss. Figure 11 shows the
frequency modulation process of DCX#2 and DCX#3 when the system works under the first set of
the parameters of inductance shown in Figure 9a. From Figure 11, we can find that first, the DCX#2
and DCX#3 could modulate the frequency to the real resonant frequency, which is determined by the
inductor and capacitor, based on the deviation of the resonant frequency; and second, when the system
reaches the resonant condition, the frequency modulation will stop and the controller will keep the
frequency constant, such that three DCXs will work on the steady state with balanced outputs.
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Figure 9. Output current balancing control performance with the resonant inductance of (a) Lr1 = Lrd,
Lr2 = 0.9 Lrd, Lr3 = 0.95 Lrd and (b) Lr1 = 1.05 Lrd, Lr2 = 0.9 Lrd, Lr3 = 0.95 Lrd.
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Figure 10. Voltage and current waveforms of the primary side of the DCX transformer (a) before the
DCX reaches the resonant condition and (b) after the DCX reaches the resonant condition.
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3.2. Pre-Charging Process

Considering high power and voltage level, we need to pre-charge the output capacitor of the LVDC
bus before starting to charge the vehicle. Given the nature of its voltage source, directly providing 50%
duty cycle for all switches will induce the large inrush current [19]. Instead, we propose to use a smaller
duty cycle for the primary-side switch of the DCX in the starting process and prolong the charging time.
The simulation results of pre-charging control are shown in Figure 12. Figure 12a shows the pre-charging
process; meanwhile, Figure 12b shows the duty cycle of the gate signal changing process. When the
system works at steady state, for DCX, the gate signals for the primary and secondary side switches are
exactly in phase and with duty cycle of 50%. Differently from the steady state, when the system works on
pre-charging stage, the duty cycle of the primary side will increase gradually from 0% to 50%. In this way,
we can make sure that the charging power is small at first, which could decrease the dv/dt and charging
current of the DC bus capacitor. Figure 12c shows the waveform of the current and voltage during the
pre-charging process. From Figure 12c, we can find that the duty cycle smaller than 50% could decrease
the current flowing to the capacitor, which is achieved by smaller conduction time. Figure 12d shows the
relationship of the pre-charging time and peak value of the current flowing through the primary side
switches. The peak current can be seen decreasing as the pre-charging time is increased, which could
help to choose the appropriate pre-charging time based on the current rating of devices.
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Figure 12. Pre-charging mode of the DCX stage. (a) Pre-charging process when the pre-charging time
= 1 s; (b) Gate signals modulation of the switches; (c) Zoom-in waveform of primary and secondary
voltage and current; and (d) Relationship of the peak current and pre-charging time.



Energies 2020, 13, 1840 15 of 20

4. Interaction with the Grid

How to fit such a charger to the grid is another concern of this study. In this study, we are using a
quasi-steady-state approach with a one-hour resolution to study the effect of installing XFCs on the
feeders. For this purpose, the highest load day in 2019 has been picked and the one-hour snapshots
of the grid have been selected as the base cases. The snapshots are basically real-time models of the
network generated from the real energy management system (EMS) data by state estimators. Topology
changes, load variations, generation units’ dispatch, and all other grid specifications that are subject to
change are included in these models. These snapshots are being generated every ten minutes, but
since the demand model for the XFC demand has a one-hour resolution, the snapshots are chosen
accordingly. The models are real models of “Utility D”.

The XFC demand model that has been chosen for this study is the model that has been suggested
in [20]. Authors suggested this demand model based on field data surveys and used statistical methods
to generate a MW/time model for the demand for a week, which is shown in Figure 13. What we are
using is an hourly demand model for a day which has the highest value during the week.
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Figure 13. Demand MW/Time model of an XFC station during a week for a ~500 kW station.

In our study, to have a more realistic sense of the effect of chargers on the higher-level grid,
we have considered 20% of maximum loadability of the Transmission/Distribution transformer as
the aggregated nominal charging power of the stations which are installed at the feeder. The MW
demand associated with the time of the day is being added to a certain predetermined substation in the
corresponding snapshot. For example, MW demand for 23:00 is added to the substation in the 23:00
snapshot. For each location, it is done for 24 h of a day. Then, the voltage variation, voltage violation,
and transformer rating violation are monitored during the day. The results are further investigated for
the aforementioned penetration of the EV chargers in the selected locations.

The first step for implementing the study was to choose the substations and geographic areas
which make sense in the real world to install XFC stations. Through the field research from operational
planning engineers in “Utility D”, five different areas with 19 transformers in total have been selected
as candidates for the study. These areas are mostly airport, commercial, residential, or touristic areas in
the state. All the locations in one area are studied together so that we can have a good understanding
of how moving the XFC station might affect the grid locally. In all cases, the power factor has been
considered. Therefore, the station is not absorbing any reactive power from the network.
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To explain the research findings compactly, only the simulation results of four feeders in Area 2
are shown in Figure 14. Other areas have similar results with Area 2. Area 2 is mostly an important
business area with four feeders as the options for connecting the XFC stations. From Figure 14a,b,d,
we can find that tx-05, tx-06 and tx-08 are able to supply the demand while the stations are working
throughout the day. At feeder tx-07, there is a voltage violation at 3 p.m, which can be found in
Figure 14c. Although, the voltage violation also exists in the base case, the 2% voltage drop due
to charging load at the time intensifies the problem and might cause a relay action at the location.
This case could cause trouble and needs further study. As can be seen from Figure 14, the planner
might decide to move the station to another feeder or to take remedial action by installing capacitor
banks in the same location.
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As has been presented in the last section, we have observed voltage violations on the transformers
after XFC integration to the network in four feeders. The voltage problem can be solved using
conventional solutions like changing taps or switching in the capacitor banks, if any exist at the
location. But in this section, we tend to evaluate the potential use of reactive power injection from
the chargers to the grid. This could shed light on the possibility of using the converters as voltage
improvement devices so that at least they do not worsen the voltage condition at the feeder at which
they are connected. For the purpose of this study, we consider four different scenarios for all five
feeders that have a voltage problem. The first scenario is the base case scenario before any station
is attached to the grid. The second scenario is the same as we have demonstrated in the previous
section. The third scenario is to deploy half the capacity of reactive power (VAR) injection of all stations.
Typically, the converters are designed to be able to provide reactive power equal to 1.7 times of their
nominal active power. Therefore, the half capacity of the VAR injection will be 0.85 MW. The fourth
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scenario is applying the full capacity of VAR injection, which is 1.7MW. From Figure 14, we know that
the voltage profile of the tx-07 is not ideal even before the installation of the XFC station. To improve
the voltage profile, four scenarios are applied to the tr-07, and the results are shown in Figure 15.
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At tx-07, when we use half VAR capacity, the voltage profile improves significantly; meanwhile,
the daily voltage dip is restored to base case level. At full-capacity VAR injection, there will not be
any voltage violation as it can be observed. Therefore, to successfully deploy such XFC, the PFC
stage should not always work at unity power factor. When the grid voltage dips, it needs to generate
capacitive reactive power to back up the grid.

5. Conclusions and Future Work

A single-phase 1 MW EV XFC station is presented in this paper. Essentially, this is an input-series,
output-parallel design that includes a PFC stage and DCX per module. This paper addressed the
output voltage balancing control of the series-input PFC considering the unbalanced load condition.
The integrated voltage balancing control loop could compensate for the deviation of the duty cycle
and achieve the independent control of two PFCs, which could satisfy the output voltage balancing.
Considering the paralleled output structure of three DCXs in our model, the output current balancing
control is proposed to compensate for the resonant frequency deviation in this paper. Based on the
master–slave resonant frequency modulation control, the working frequency of each of the DCXs
could be modulated to the corresponding resonant frequency, which could be different from the
initially designed value. In addition, the pre-charge mode is investigated to make sure the system
could start safely considering the high level and potential large inrush current without the addition of
external hardware.

The success of such an XFC is not only determined by the power electronics design and control
but also up to the interaction with the grid. This paper finds that such high power can cause the
grid-voltage dip at some special moment and location. The proposed approach is to let the PFC stage
generate reactive power to support the grid. Future work of this research is to test the system up to
1 MVA once the hardware is ready.
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Nomenclature

The following abbreviations are used in this manuscript:

AC Alternating Current
CCM Continuous Conduction Mode
Cr Resonant Capacitance
DAB Dual Active Bridge
DC Direct Current
DCX DC Transformer
DC/DC DC to DC
d1, d2 Duty Cycles for PFC stage
EMS Energy Management System
EV Electric Vehicle
FPGA Field Programmable Gata Array
fr Resonant Frequency
fs Switching Frequency
finitial Initial working frequency
Lrd Designed resonant inductance
Crd Designed resonant capacitance
HV High Voltage
ISOP Input Series Output Parallel
Lr Resonant Inductance
LVDC Low-Voltage DC
MOSFET Metal Oxide Semiconductor Field Effect Transistor
MTTF Mean Time To Failure
MV Medium Voltage
MW Megawatt
PFC Power Factor Correction
PWM Pulse Width Modulation
RMS Root Mean Square
R1, R2 PFC Load Resistances
Si Silicon
SiC Silicon Carbide
SOC State of Charge
Ts Switching Period
THD Total Harmonic Distortion
VAC AC Voltage
VAR Reactive Power
VDC DC Voltage
Vin Input Voltage
Vo1, Vo2 PFC Output Voltages
Vvoa Average Output Voltage
WBG Wide Bandgap
XFC Extreme Fast Charger
XFMR Transformer
η Efficiency
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