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Abstract

The fast and intermittent power changes in a direct-current fast charging (DCFC)
station impose adverse dynamic impacts on the station’s host grid, particularly a weak
AC distribution grid. This paper (i) investigates the impacts of the electric vehicle (EV)
conventional DCFC station on its host distribution power system, and (ii) shows that the
station can be enhanced by a battery energy storage system and an appropriate control
strategy to mitigate the mutual dynamic interactions between the station and its host grid.
The enhanced DCFC station is based on a variable-voltage, common DC-bus architecture
which masks the station’s internal dynamics, including rapid and intermittent EV charging
processes, from the grid. Thus, it can be interfaced to a host grid, regardless of short-circuit
level, X/R ratio, and power capacity. The focus is also on the dynamic immunity of the
DCFC facility to potential disturbances in its host weak-grid. The reported studies are
based on detailed time-domain simulation of two DCFC stations in the PLECS software

platform.

1 | INTRODUCTION

Large-scale adoption of electric vehicles (EVs) has environmen-
tal and economic benefits [1]; however, the lack of fast-charging
infrastructure, particularly on long routes between cities and in
rural areas, hinders large-scale EV utilization.

The weak electrical AC distribution grid, which is charac-
terized by low short circuit level (M17A,,) and low X/R-ratio,
hinders the adoption of EV fast-charging stations, rendering
simultaneous operation of multiple fast-chargers within a sta-
tion infeasible. The limited capacity of the legacy distribution
system is another bottleneck since each fast-charger requires
high powet, for example, up to 400 kW, as pert CHAdeMO V2.0
protocol [2]. Thus, integrating an EV fast-charging station into
a weak AC grid can result in (i) protection system malfunc-
tion, (i) steady-state voltage/frequency regulation problems,
and (iif) dynamic voltage regulation issues owing to the intet-
mittent and fast load changes associated with the EV fast
charging process.

One approach to address the above issues is to enhance the
DCFC station with a battery energy storage system (BESS).
Unlike conventional charging stations [4—15], the proposed

BESS-enhanced DCFC station can be interfaced to the legacy
AC distribution grid, irrespective of its weaknesses and tech-
nical limits [3]. It can mitigate the grid voltage regulation
problem by limiting the stations imported power to a pre-
specified limit and confine the EV-charging dynamics within
the station [3]. A supervisory controller (SC) that controls
the BESS charging/discharging, in coordination with the
other controllable units within the station, has been reported
in [16].

This paper investigates the weak-grid voltage-regulation chal-
lenges due to grid-integration of a DCFC station and highlights
the technical feasibility of the proposed BESS-enhanced station
to mitigate the voltage problems. Based on time-domain simula-
tion studies in PLECS, the dynamic performance of the BESS-
enhanced station, under weak-grid conditions and subject to
internal and grid-side large-signal disturbances, is investigated.
The reported studies include concurtrent charging of EVs, DC-
bus faults, sudden outages of a supplementary solar-PV unit
within the station, grid-side voltage sag, and asymmetrical grid-
side faults.

The paper is structured as follows: Section 2 reviews the
power and control architectures of the existing DCFC stations.
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FIGURE 1

Section 3 provides the structure and operational concept of
the BESS-enhanced DCFC station. Section 4 presents simula-
tion results of conventional and BESS-enhanced stations under
weak-grid conditions and large-signal disturbances. Section 5
concludes the paper.

2 | CONVENTIONAL DCFC STATIONS

DCFC units are commerecially available in either single-stall units
(Figure 1a) or multi-stall DCFC stations. The reported multi-
stall DCFC stations can be classified into (i) common AC-bus
and (ii) common DC-bus as shown in Figure 1b,c, respectively
[4-15]. In the system of Figure 1b, the BESS also can be con-
nected to the PCC instead of the common AC bus. As com-
pared with the configuration of Figure 1b, the common DC-
bus atchitecture of Figure 1c reduces the number of AC/DC
conversion stages and thus (i) improve energy conversion effi-
ciency, (i) reduce complexity, (iif) improve supply power quality
due to the absence of reactive power in DC system, and (iv)
enhance system reliability by reducing the number of compo-
nents. We refer to the configurations in Figute 1 as the conven-
tional DCFC stations.

Although stations’ architecture may vary, the first objective of
their reported control strategies is to regulate the DC voltage of
the DCFC units, at the buses identified by arrows in Figure 1.
This implies the station’s balance of power must be provided
by the supply grid. The BESS, in Figure 1b—c, is to mitigate the
steady-state impact of the conventional DCFC stations on the
grid [4-15]. However, the controls are not intended to address
the chargers’ dynamic impacts on the grid, particularly when the

AC Grid

PV DC/DC

_| Storage
Battery

Reported DCFC stations’ main architectures (a) single-stall unit, (b) common AC-bus architecture, (c) common DC-bus architecture

host grid is a weak or a moderately weak AC-distribution feeder
[17]. The reason is that the response-time associated with the (i)
BESS converter’s Local Controller (LC), (i) signal communica-
tion to/from the station SC (SC), and (iii) SC processing time is
longer than the time frame of the station’s dynamic impact on
its host grid.

The conventional DCFC stations of Figure 1 suffer from one
or more of the following limitations/shortcomings [4—15].

* The station needs to be hosted by a strong AC-grid and thus
either the full or partial balance of power for the charging
process is imported from the grid.

* The control system neglects the station’s impact on the weak-
grid dynamics owing to the net time required for the (i) grid-
side measurements acquisition, (i) signal communication to
SC, (i) processing by SC, and (iv) communication of the SC
signal to the LC.

* The station’s control system does not provide robustness to
the station’s operating point and parameters uncertainties, for
example, the BESS and/or EVs charging/discharging volt-
ages/currents and the host feeder parameters.

* The number of DCFC units within the station is pre-
determined and cannot be changed without modifying the
station’s control system. This is a major impediment to the
station’s expansion and maintenance process.

The convention DCFC station of Figure 1b, excluding the
BESS in the shaded box, is used in this work as the bench-
mark to investigate and quantify the impacts of the conven-
tional DCFC station on the grid. It employs (i) four DCFC units
where each unit provides up to 125 kW within the voltage range
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FIGURE 3  Structure of the LC of the VSC in conventional and BESS-enhanced stations

of 200-500 V to its EV load, (ii) one 50 kW PV unit, and (iii)
one 500 kW, grid-interface, three-phase AC-DC voltage-sourced
converter (VSC).

Figure 2 shows a schematic diagram of the grid-interface AC-
DC VSC of Figure 1b and its grid equivalent subsystem [3,
18]. The three-phase, two-level VSC [18] operates based on a
7.2 kHz, SPWM switching strategy and is synchronized to the
grid voltage at the low-voltage side of the coupling transformer
by a phase-locked loop [3, 18]. The host gtid with respect to the
PCC is represented by the equivalent circuit of a 27.6 kV radial
feeder and its upstream supply system [17]. The VSC adopts
the inner-loop current controller and the outer DC-bus volt-
age controller as shown in Figure 3, with the switch in posi-
tion ‘1. The VSC operates at unity power factor (PF), that is,
O, = . 0, and its DC-side voltage is regulated at 600 V, that is,
Vi, = 600V.

Figure 4 shows that each DCFC unit of the conventional sta-
tion comprises: (i) an input DC filter, (ii) a unidirectional gal-
vanically isolated, 50 kHz phase-shifted full-bridge (PSFB) con-
verter [19] and an output DC filter, (iii) the EV battery [20],
and (iv) a current controller [21]. Subsequent to connection to
the EV system and prior to the charging process, the charger
receives data from the battery management system (BMS) of the
EV, for example, the charge level, battery voltage, and desired

charging current [22]. The data is exchanged throughout the
charging process and the charging current command from the
EV BMS 7, ;” dynamically changes. In the conventional sta-
tion of Figure 1b:

* Each DCFC unit fully satisfies the charging requirements
(current and voltage) of its corresponding EV.

* The solar-PV unit operates in the maximum power point
tracking (MPPT) mode and behaves as a time-varying power
source. The output power of the solar-PV unit can change
abruptly owing to moving clouds and fast changes in irradi-
ance.

* The VSC fully relies on the host AC-grid to supply the sta-
tion’s balance of power to maintain the DC-bus voltage at the
desired value, that is, 600 V.

3 | BESS-ENHANCED DCFC STATION

Figure 5 depicts the BESS-enhanced DCFC station. In addition
to the subsystems described for the conventional DCFC sta-
tion of Figure 2b, the DCFC station of Figure 5 also employs
one 450-600 V, 1 MWh BESS which is directly connected to
the common DC bus, and the DC bus voltage fluctuates within
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Power and control structure of the BESS-enhanced DCFC

450-600 V, based on the SOC of the BESS [20]. It should be
noted that the DC-bus voltage of the conventional DCFC sta-
tion of Figure 1b is regulated at 600 V.

A two-layer control system, that is, LCs and an SC, enables
the operation of the DCFC station of Figure 5. The station uses
the same DCFC units as those of the conventional station as
shown in Figure 4. The outer LC loop of the VSC of the station
is based on open-loop power control as shown in Figure 3, with
switch in position 2”. The SC limits the active power imported
to the station depending on the technical limits of the supply
grid at the PCC and sets reactive power command to zero for
unity power factor operation.

For a given EV charging demand and PV output power, the
SC of Figure 5 determines the operational modes of each DCFC
unit, the PV unit, and the grid-interface VSC, based on the state
of charge (SOC) and charging/discharging rate of the BESS
[16]. For example:(i) each DCFC unit can either fully provide or
curtail the charging power of the corresponding EV, (i) the PV

system can operate in either MPPT mode or curtailment mode,
and (iii) the grid-interface VSC determines power exchange
with the grid by adjusting the LC active and reactive power
setpoints of the VSC. The SC also limits the station’s imported
power to a predefined value, based on the grid strength. The
development and detailed operation of the SC is presented
in [16].

4 | STUDY RESULTS AND DISCUSSION
The PLECS software platform is used for time-domain simula-
tion, including switched-model of the converters [24], to evalu-
ate internal (inside the station) and external (grid-side) nonlinear
dynamic behaviour of the conventional DCFC station and the
BESS-enhanced DCFC station of Figure 1b,5, respectively. The
reported case studies include:

* simultaneous charging of four EVs each at the rated power
of the corresponding charger, under different weak-grid con-
ditions;

* asudden loss of the solar-PV unit power;

* atemporary DC-bus fault;

* agrid-side voltage sag;

* atemporaty asymmetrical grid-side fault.

4.1 | Simultaneous charging of multiple EVs
This case study shows dynamic responses of the DCFC stations
of Figure 1b,5 to simultaneous charging of EVs under different
MV A, and X/R ratios of the grid. Initially, (i) the charging
units provide no power to the EVs, (i) the solar PV-unit injects
no power to the station’s DC bus, and (iii) the grid-interface
VSC imports zero power and 120 kW in the DCFC stations of
Figure 1b,5, respectively. The four EVs request charging at 250
A and 391 V each, at 7= 0.1, 0.5, 0.9, and 1.3 s, respectively.
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FIGURE 6 Simultaneous charging of four EVs in the conventional
station under different grid M17A,, levels and fixed X/R = 1.4 (a) DC bus
voltage, (b) station-imported DC current, (c) PCC voltage phasor magnitude in
per unit, (d) VSC AC-side current phasor magnitude in per unit, (¢) charging
current of the first EV, (f) charging voltage of the first EV

41.1 | Conventional station of Figure 1b
X/R=14)

Figure 6 shows the study results under the fixed X/R = 1.4 at
MV A, of 400, 3, 1, and 0.4 MVA. Figure 6a shows that for
MV A, = 400 and even M1"A, = 3, the grid-interface VSC
regulates the DC-bus voltage at 600 V by relying on the grid
to fully provide the balance of power as given in Figure G6b.
Figure Oc,d illustrates that simultaneous charging of EVs
requires higher current from the supply grid and results in a

larger PCC voltage drop. Figure 6¢,f shows the output current
and voltage of the first DCFC unit. For M”74, = 400 and
MV A, = 3, Figure Ge,f depicts that the first DCFC unit is able
to regulate its EV charging current and voltage at the desired
values of 250 A and 391 V, despite charging initiation of three
additional EVs at times 0.5, 0.9, and 1.3 s.

Figure 6c shows that for M17A4, = 1, upon charging of the
second EV, the steady-state grid voltage at PCC drops to 0.85 pu
and violates the steady-state voltage limit [23]. Figure 6 shows,
when the third EV starts charging, (i) the DC-bus voltage con-
troller no longer can regulate the DC-bus voltage (Figure 6a),
(ii) the LCs of the DCFC units fail to maintain the EVs charging
requirement (Figure 6e,f), and (iii) the protection system would
trip the station. This implies under the given weak grid condi-
tion, the only operation of one charging unit, at a time, in the
conventional DCFC station is permitted.

As depicted in Figure 6c, for M17A, = 0.4, the PCC volt-
age of the conventional station (i) violates the steady-state volt-
age limit upon charging of even one EV and (ii) collapses when
the second EV starts charging. This indicates under the given
weak-grid condition of M7 A, = 0.4, the conventional station
cannot meet the EVs charging requirements. Figure 6 concludes
that for a fixed feedet’s X/R ratio, the lower the grid M1"A,,
level (the weaker the grid), the more severe the voltage regula-
tion problem is and the more challenging it is to interface the
station of Figure 1b to the grid.

4.1.2 | BESS-enhanced station of Figure 5
X/R=14)

Figure 7 shows the study results of the BESS-enhanced station
under the grid X/R = 1.4 at M17A,, of 400, 3, 1, and 0.4 MVA.
Based on the grid requirement, the station imported power is
limited to 120, 80, and 50 kW corresponding to M1"A, = 3
(and higher), 1, and 0.4, respectively. Figure 7a shows that when
more EVs simultaneously charge, the DC bus voltage reduces
to a lower value due to the increase in voltage drop across the
BESS internal resistance. Figure 7b shows the station relies on
the BESS, instead of the grid, to maintain the balance of power.
Figure 7c,d shows that the grid-side voltage and the VSC AC-
side currents are not affected by simultaneous charging of EVs.
Figure 7¢,f shows the EVs charging currents and voltages are
tightly regulated at their setpoints and the DCFC units’ opera-
tions are not coupled to each other’s. This highlights the salient
feature that enables adding more DCFC units to the station,
without the need to redesign/readjust the station’s existing LCs.
Comparison of Figures 6 and 7 conclude the BESS-enhanced
station and its control system enable its integration in a weak
grid regardless of the M17A,, level.

413 | Conventional station of Figure 1b
MV A, =1.2)

Figure 8 shows the study results of the conventional station
under MV A, = 1.2 at X/R ratios of 10, 2, and 0.5. Figure 8a
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VSC AC-side current phasor magnitude in per unit, (¢) EVs’ charging currents,
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shows at X /R = 10, the grid-interface VSC regulates the sta-
tion’s DC-bus voltage at 600 V by relying on the gtid to pro-
vide the full balance of power as shown in Figure 8b. Figure 8c
shows for X /R = 10, during the charging of the fourth EV,
the steady-state grid voltage at PCC drops to 0.88 pu and vio-
lates the voltage limit [23]. Moreover, Figure 8d shows that the
VSC current increases above 1 pu to supply the EVs charg-
ing power despite the reduction in the grid voltage. Thus, the

(a) X: 0.9846
T T T T Y: 6455 T T
650 <‘
600 e i = \""
550} ‘ / | |
S“ 500 v / ‘k 1
> ——XIR=10 i \
450F  feen XIR=2 \ .
- = =X/IR=0.56
400+ i \ -
! ! i ! \. ! \
0.2 0.4 0.6 0.8 1 12 14 16
. . . ®) . . X 1343
800} Y. 7722 |
~——XIR=10

X:1.164 T

380
g8 | ——XIR=10
R XIR=2
sror | - - -XIR=0.5 !
== 1 1 1  § 1 1 1
0.2 04 0.6 0.8 1 1.2 1.4 1.6
Time (s)
FIGURE 8 Simultancous charging of four EVs in ‘conventional’ under

fixed M1 A, = 1.2 and different X/R ratios (a) DC bus voltage, (b)
station-imported DC current, (c) PCC voltage phasor magnitude in per unit,
(d) VSC AC-side current phasor magnitude in per unit, (¢) charging current of
first EV, (f) charging voltage of the first EV

conventional station behaves as a constant power load with
respect to the grid. Figure 8e,f shows the four EVs can be simul-
taneously charged at the requested currents and voltages.

At X /R = 0.5, upon charging of the second EV, Figure 8c
shows that the steady-state grid voltage at PCC drops to 0.813
pu which violates the minimum permissible steady-state volt-
age [23]. When the third EV starts charging (i) Figure 8a
shows the DC-bus voltage controller can no longer regulate the
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DC-bus voltage, (ii) Figure 8e,f show the LCs of the DCFC units
fail to maintain the EVs charging currents and voltages at their
setpoints, and (iii) the under-voltage protection would trip the
station. This implies that under the given weak grid condition,
the operation of only one DCFC unit in the conventional DCFC
station is permitted. Figure 8 concludes that, for a fixed level of
grid M1/ A, the lower the supply feeders X/R ratio, the more
severe the voltage regulation problem is and thus, it is more
challenging to interface the conventional DCFC station to the
grid.

5>

414 | BESS-enhanced station of Figure 5
MV A, =1.2)

Figure 9 shows the study results under M17A4, = 1.2 at X/R
ratios of 10, 2, and 0.5. Based on the grid requirement, the
imported power from the grid is limited to 80 kW. Figure 9a
shows the DC bus voltage drop when different number of
charging units are operational and Figure 9b shows that the
station relies on the BESS to maintain the balance of power.
Figure 9c,d shows the grid-side voltage and the VSC AC-side
currents are not affected by the simultaneous charging of EVs.
Figure 9e,f show the EVs charging currents and voltages atre
regulated at their setpoints. As compared with Figure 8,9 con-
cludes that the BESS-enhanced station and its control system
enable its integration in a weak grid regardless of the X/R ratio.

4.2 | Distutbance in solar-PV output power
This case study assumes M1 A, = 3 at the PCC of the AC-grid
and X' /R = 1.4. Initially (i) the four DCFC units charge the
corresponding EVs at (130 A, 433.5 V), (150 A, 406 V), (170
A, 377.5 V), and (190 A, 350 V) respectively, (i) the PV unit
provides 50 kW to the DC-bus, (iii) the grid-interface VSC of
the conventional station of Figure 1b imports 200 kW and the
VSC of the BESS-enhanced station of Figure 5 imports 120 kW
from the grid. Figure 10 shows dynamic responses of the two
stations to a tripping of the solar-PV unit and the loss of 50 kW
output power of the PV unit at #= 0.05s.

For the conventional station, Figure 10a shows the DC-
bus voltage decreases to 540 V subsequent to the disturbance,
before the DC-bus voltage controller brings the voltage to 600
V. Figure 10b,d illustrates that the conventional station grid-side
current (and power) increases to compensate for the loss of
solar PV power and thus the grid-PCC voltage drops as shown
in Figure 10c. Figure 10e shows EVs charging currents over-
shoot by approximately 7% as a result of the PV power distur-
bance and then ate regulated at their setpoint values.

For the BESS-enhanced station of Figure 5, Figure 10b shows
the BESS discharge current increases to compensate for the loss
of the PV unit power and thus the DC bus voltage of Figure 10a
slightly decreases due to the increase in voltage drop across
the BESS internal resistance. Figute 10c,d shows that the grid-
voltage and the VSC AC-side currents are not affected by the
sudden drop in the PV unit power. This demonstrates capability
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FIGURE 9 Simultaneous charging of four EVs in “BESS-enhanced”

under fixed M7 A, = 1.2 and different X/R ratios (a) DC bus voltage, (b)
BESS discharge current, (c) PCC voltage phasor magnitude in per unit, (d)
VSC AC-side current phasor magnitude in per unit, (¢) EVs’ charging currents,
(f) EVs’ charging voltages

of the BESS-enhanced station to mask the PV power distur-
bances from the host grid. Figure 10e,f shows, unlike the con-
ventional station, the PV power disturbance has no significant
impact on the EVs’ charging currents and voltages.

Figure 10 concludes the BESS-enhanced station of Figure 5,
unlike that of Figure 1b, prevents the steady state and dynamic
impacts of the solar PV-power disturbances on the host weak
grid and the EVs’ charging currents/voltages.
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Temporary DC-bus fault

This case study assumes M1".A, = 3 at the PCC of the AC-
gtid and X' /R = 1.4. Initially (i) the four DCFC units charge
their EVs at (130 A, 433.5 V), (150 A, 406 V), (170 A, 377.5
V), and (190 A, 350 V) respectively, (ii) the PV unit supplies

no power, (iii) the grid-interface VSC imports about 250 and
120 kW from the host grids of the conventional and the BESS-
enhanced stations, respectively. This case investigates dynamic

behaviours of the station of Figure 1b and the station of Figure 5
due to a 10 ms DC-bus fault with the fault resistance of 2 Q, at

1=

0.05s.
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FIGURE 12 A 100 ms grid-side voltage sag at 7= 0.05 s

The fault reduces the DC-bus voltage as shown in Figure 11a.
Figure 11b shows the grid-VSC of Figure 1b draws a large cur-
rent from the grid ‘7’ to compensate for the power dissipated
in the fault resistance and to retain the DC-bus voltage at the
desired value. However, in the station of Figure 5, the BESS dis-
charge current increases and results in a 2% voltage drop across
the BESS’s internal resistance. Figure 11c,d depicts the decrease
in the PCC voltage due to the increase in the imported VSC
current of the station of Figure 1b, however, the VSC current
in the BESS-enhanced station is tightly regulated and thus the
grid-voltage remains unaffected by the fault. Figure 11e shows,
in the station of Figure 1b, the EV charging current decreases by
30% and increases by 26% at the fault inception and clearance
instants, respectively. This can activate the DCFC unit’s pro-
tection and disrupts the EV charging. However, in the BESS-
enhanced station of Figure 5, the EV charging dynamics are not
noticeably affected by the DC-bus voltage drop as a result of
the fault. Figure 11 concludes that the BESS-enhanced station
of Figure 5, unlike the conventional station of Figure 1b, con-
ceals its internal faults and mitigates theitr impacts on the (i) host
grid dynamics and (ii) EVs’ charging currents/voltages.

4.4 | Grid-side voltage sag

This case study assumes M17A, = 3 at the PCC of the AC-
gtid and X' /R = 1.4. Initially (i) the four DCFC units charge
their EVs at (130 A, 433.5V), (150 A, 406 V), (170 A, 377.5 V),
and (190 A, 350 V) respectively, (i) the PV unit provides zeto
power to the DC-bus, (iii) the grid-interface VSC imports about
250 and 120 kW from the host grid of the conventional and
the BESS-enhanced stations, respectively. This case study eval-
uates performance of the conventional and the BESS-enhanced

Time (s)

DCFC stations to a 100 ms grid-side voltage sag following a
three-phase-to-ground fault in the upstream supply feeder, at
t=10.05s.

Figure 12a shows that, during the voltage sag interval, the
voltage at PCC dips to 0.6 and 0.63 pu for the conventional and
the BESS-enhanced DCFC stations, respectively. Figure 12b
shows the station imported DC current and the BESS dis-
charge current for the conventional station and BESS-enhanced
station, respectively. Despite the gtrid-voltage disturbance,
Figure 12c¢ shows that the VSC of the BESS-enhanced station
maintains the VSC AC-side current at 1pu, even during the volt-
age sag interval. Figure 12d shows that a grid-side voltage sag
has less impact on the station’s DC-bus voltage in the BESS-
enhanced station as compared with the conventional station.
Similarly, Figure 12¢,f show that EVs’ charging currents in the
BESS-enhanced station remain unchanged during the voltage
sag. This implies that EVs’ charging dynamics are less sensi-
tive to the grid-side voltage disturbances in the BESS-enhanced
DCEFC station than the conventional station.

4.5 | Temporary asymmetrical grid-side fault

The initial operating condition in this case study is identical to
the previous grid-side voltage sag scenario. However, this case
study investigates dynamic behaviour of the conventional and
the BESS-enhanced DCFC stations subject to a 50 ms, single-
line-to-ground fault at PCC, at 7= 0.05s.

Figure 13a,c show the magnitudes of the PCC voltage and
VSC AC-side current phasors. Figure 13b shows the station
imported DC current and the BESS discharge current for the
conventional station and BESS-enhanced station, respectively.
The reason for the damped-beating in Figure 13b, subsequent
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to fault clearance (at # = 0.1 s), is the presence of two oscilla-
tory modes with close natural frequencies [3]. The reason for
the 120 Hz ripple component is the presence of the negative
sequence component in both current and voltage during the
asymmetrical fault. Figure 13c shows that the VSC of the BESS-
enhanced station, unlike the conventional station, regulates the
positive sequence component of VSC AC-side current at 1 pu,
even during the fault interval.

Due to the unbalanced operation during the fault, Figure 13d
depicts a significant 120 Hz ripple component in the DC-bus
voltage of the conventional station as compared to that of the
BESS-enhanced station. Similatly, Figure 13¢,f show that EVs
charging currents in the BESS-enhanced station are not notice-
ably affected by the asymmetrical fault (at the fault instant, dur-
ing the fault, and subsequent to the fault clearance) as compared
to that of the conventional station.

This case study demonstrates the capability of the BESS-
enhanced station to connect to an unbalanced three-phase (or
even a single phase) supply grid without detrimental impact
on EVs’ charging processes and highlights the BESS-enhanced
station can withstand temporary unbalanced conditions, e.g.,
asymmetrical grid-side faults, and maintain the EVs’ charging
currents and voltages.

5 | CONCLUSION

This paper evaluates a BESS-enhanced DCFC station for EVs
and highlights the main features of the BESS-enhanced station
as compared to a conventional station. The paper shows that
a conventional station can operate without a detrimental effect

Temporary 50 ms single-line-to-ground fault at PCC at #= 0.

05s

600
400 2 ~ ‘i;.“ "‘
200
| V'|——conventional (Idc)
0.05 01- -BESS-enhanced (I, ,)
(d
1 --—--'\‘,"\‘:(“I'/\\:‘,’:‘\:I‘\_"‘" """"""""""""""""""""
/el ~——conventional
08 ol \ - - -BESS-enhanced
0.6 S
0.05 0.1 0.15

when hosted by a strong grid and thus the balance (or partial
balance) of power for the charging process can be extracted
from the grid. In contrast, the architecture and controls of the
BESS-enhanced station (i) enable connection even to a weak
(single or three-phase) feeder and (i) limit the imported power
from the feeder to a pre-specified allowable value. Thus, (i) pre-
vents steady-state impacts on the host feeder, and (ii) the com-
bination of local and supetvisory controls contains the station
dynamics within the station and prevents the dynamic impacts
of the DCFC units and other internal sources, such as solar-PV
generation, on the host grid.

The paper also shows that, unlike a conventional station,
the control system of the BESS-enhanced station maintains the
EVs charging currents and voltages transients within permissi-
ble limits, when subjected to the grid-side voltage disturbances
and unbalanced operation. Furthermore, the BESS-enhanced
station enables a modular structure, that is, the number of charg-
ing units can be changed based on the market demand, with-
out the need to change the power or control circuits of either
the DCFC converters or the grid-interface VSC. This feature
cannot be incorporated in the conventional station, unless the
power/control of the grid-interface VSC system is modified
accordingly.
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