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Abstract

The large-scale integration of solar photovoltaic systems and electric vehi-
cles into power systems result in technical challenges due to the volatile
nature of the generation and electric vehicle load. The paper presents an
energy-storage supported adaptive DC-link voltage regulation based energy
management strategy for improving hybrid AC/DC microgrid stability. The
proposed volatility based control approach improves hybrid microgrid stabil-
ity under volatile electric vehicle loading and renewable energy fluctuations.
The adaptive energy management strategy limits the overstress on flywheel
energy storage depending on the flywheel SoC profile. Different load pro-
files and source intermittency are considered to analyze the effectiveness
of the proposed strategy. The combined control strategy of the interlinking
converter and flywheel energy storage in power exchange mode operation
and independent mode operation achieve energy balance with the change
in solar irradiation and the addition/disconnection of electric vehicles. In
addition, real-time experiments are performed to validate the proposed energy
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management strategy under various volatile conditions. The hybrid AC/DC
microgrid with proposed energy management strategy provided a frequency
improvement of 0.44% and voltage improvement of 7.5%.

Keywords: Hybrid AC/DC microgrid, electric vehicle charging station,
energy management strategy, flywheel storage, solar photovoltaic.

1 Introduction

Electric vehicles (EVs) have gained a lot of attention as viable modes of trans-
portation due to the need for a green and sustainable method of transportation.
However, EV adaptability depends on the charging infrastructure [1]. The
main disadvantage of EVs is their lower mileage compared to their coun-
terparts. Fast charging stations (FCS) are a way to extend the EV driving
range. The FCS can charge an EV in less than thirty minutes. FCS is mainly
DC and operates on a higher DC voltage. The benefits of higher charging
voltage are reduced charging time, increased power retention capacity, and
lower weight [2]. The charging voltage of 800 V is expected to be a de-
facto standard globally by 2026. The charging standards are CHAdeMO,
GB/T, combined charging system (CCS), IEC 61851, and SAE J1772 [3].
However, an electric vehicle charging station (EVCS) characteristics as a load
are highly volatile. The factors such as charging duration, the unpredictability
of power requirement of EV, and large fluctuations of current due to EVCS
charging cause violations of grid constraints [4]. Hence, the large-scale
integration of EVCS and its effects on the distribution network has become a
hot topic.

The advent of renewable energy sources (RES) and the advancement of
energy storage technologies helps to mitigate the congestion in the existing
grid due to large-scale EV penetration [5]. However, the integration of solar
and EVs into power systems is fraught with technical challenges due to
generation intermittency and increased load. Large-scale photovoltaic (PV)
installations can cause over-generation during light load, while large EV
installations can cause overload during peak load. As a result, voltages and
frequencies fluctuate, losses increase, and power quality degrades. When such
issues are not addressed, the power system stability is negatively affected,
resulting in time-consuming and costly grid reinforcement [6,7]. The practi-
cal solution is a hybrid AC/DC microgrid (HMG) implemented by deploying
small AC and DC grids within the existing grid. Interlinking converter (IC)
connects the AC and DC grids in an HMG. The HMG will play a significant
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Figure 1 Power curve of 30 kW charger.

role in future energy systems. The AC/DC energy conversions are reduced in
a hybrid microgrid, which improves efficiency [8].

India has a vast potential for solar energy. Globally, India is in 5*" position
in terms of installed solar capacity. Hence solar-powered EVCS have an
extensive spectrum in the Indian scenario. In India, for DC FCS, the standards
specified are Bharat EV DC001 and DC002. The maximum voltage rating of
DCO002 is 1000 V, and the power output is 30 kW to 150 kW [9]. Random EV
charging activity generates a high-power impulse. The typical power curve
of a real 30 kW charger in a charging period is shown in Figure 1 [10].
The impact of FCS is compensated by a solar-powered EVCS integrated with
an energy storage system (ESS). The addition of ESS to the FCS will raise
the share of solar energy delivered to EVs while improving the microgrid’s
resilience to the intrinsic intermittency of PV output and a high degree of
deregulation on the demand side [11]. The flywheel energy storage system
(FESS) is one of the most suitable types of ESS due to its high power
density and moderate energy density. It can thus accommodate sudden load
fluctuations and long-term storage requirements [12].

The integration of EVCS with RES and the grid creates challenges for
energy management in the overall microgrid. A PSO-based energy man-
agement strategy (EMS) for grid-tied PV-battery system of EV charging is
discussed in [13], which requires pre-known forecast data for optimization.
EMS of solar EVCS for workplaces using Gaussian charging profile is
analyzed [14]. A fuzzy-based PMS [15] and a rule-based EMS [16] developed
for PV-EVCS are microgrid-specific and not generalized. A centralized EMS
for the PV-EVCS proposed in [17] relies on low bandwidth communication
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and affects gain tuning. A DC-link voltage regulation-based EMS presented
in [18] uses the DC-link voltage information for coordination PV-EVCS. The
shortcoming of the strategy is it does not consider the ESS. A decentralized
EMS suitable for volatile loading conditions and during power fluctuations of
RESs in the grid is an area where various researchers are working. An adap-
tive EMS is required for the IC to improve the HMG stability under volatile
EV loading and RES power fluctuations. The research gaps identified are:

1. The conventional distribution network can support EV integration up
to only 25% of the rated capacity. On the other hand, the DC micro-
grid operates stably up to 70% of EVCS integration [19]. However,
a complete switch-over from the existing AC distribution network to
the DC microgrid is not practically viable. The suitability of HMG for
large-scale EVCS integration is rarely analyzed.

2. The existing EMS primarily concentrates on power-sharing due to tra-
ditional load switching in HMG. Since the characteristics of EVCS
switching are highly volatile and due to the scattered nature of EVCS, a
proper decentralized control strategy is essential.

3. The future control scheme should accomplish the expected functionality
with an easy control scheme rather than complex control schemes.
Also, safer, quicker, reliable, and economical testing methods such as
real-time simulations and hardware-in-the-loop technologies to test the
practical feasibility of the control schemes are required.

This paper presents a novel EMS to enhance HMG stability. The significant
contributions of this article are as follows:

1. A competent and practical HMG architecture for large-scale EVCS
integration where the DC microgrid is dedicated exclusively for EVCS
integration.

2. A DC-link voltage regulation-based EMS for accurate power-sharing
between PV, EVCS, FESS, and AC microgrid as a promising solution
for large-scale EVCS integration.

3. The adaptive flywheel state of charge (SoC) EMS limits the overstress
on FESS.

4. Real-time verification of the proposed EMS using OPAL-RT.

The rest of the paper is organized as follows: In Section 2, HMG system
configuration and modeling are presented. The general formulation of EMS
for solar-powered EVCS with FESS is described in Section 3. In Section 4,
simulation analysis and real-time verification are presented to demonstrate
the effectiveness of EMS. Finally, Section 5 presents the concluding remarks.
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Figure 2 Hybrid AC/DC microgrid.

2 System Configuration

Figure 2 shows the simplified single-line diagram of the HMG considered
in this paper. It consists of an AC subgrid and a DC subgrid interconnected
through an IC. The DGs and loads are distributed in the AC subgrid, and the
DC subgrid is exclusively for solar powered EVCS. The integration of EVCS
and PV in the DC subgrid minimizes the conversion losses and improves the
HMG efficiency. The IC operates as either an inverter or a rectifier depending
on the operating mode. The FESS is connected to the DC-link of IC. The
IC and FESS, as a single unit, ensure the energy management within the
HMBG. IC is provided with three nested control loops (i.e., power, voltage,
and current loop). The IC is operated using a virtual synchronous machine-
transient (VSM-T) controller. The ability of VSM to emulate inertia improves
frequency stability. The transient controller is a lead compensator used to
enhance the transient characteristics. The lead network does not disturb the
steady-state error. Hence, the steady-state performance provided by VSM is
preserved. The details of the VSM-T controller employed in the microgrid
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is reported through our previous work [20]. Compared to other high power
density ESS, FESS also has a better energy density. Hence, the FESS supports
sudden load fluctuations as well it provides long-term support. The total
capacity of the FESS is given by,

1

Ep = 71(("}7271(11’ - w72mn) (1)
where [ is the moment of inertia of the flywheel, w4, is the rated speed of
flywheel and wy,;,, is the minimum speed of the flywheel. The effective stored

energy of flywheel is used within these two speeds. The energy stored in the
FESS is modified as in Equation (2).

1
Ep = ilwglam(l - kf})
Wmin )
where, k, =
Wmazx

The ratio k,, determines the percentage of stored energy extracted from
the flywheel. A reasonable choice is k,, = 0.5, which provides 75% energy
utilization [12]. High-speed flywheels are employed to increase the energy
storage capacity. This approach allows a reduction in the size of FESS as the
moment of inertia can be kept smaller. The flywheel state of charge [21] is
computed as,
wr(t)

Wmazx

SoCp = x 100% 3)

where w () is the is the energy stored in the flywheel at the current instant.
The operating range of flywheel is chosen as 20% to 90% of flywheel SoC to
avoid the complete discharge and overcharging.

3 Energy Management Strategy

The EMS of the HMG is based on DC-link voltage regulation. During the
steady-state operation of HMG, it satisfies the following criteria:

Ppy &+ Pp £ Poc — Ppy — P, =0 4

where Ppy, Pr, Pac, Pgy, and Pp, are the PV power, flywheel power, AC
subgrid power, EV power, and AC load power, respectively. It is considered
that the EVCS operates in grid-to-vehicle mode only. In Equation (4), the
positive sign represents the power supplied and negative sign is for power



Flywheel Energy Storage Supported Adaptive Energy Management Strategy 675

consumption. During the irradiance change, a sequence of events ensue to
acquire energy equilibrium in the system.

Solar irradiancel] — Ppy 1] — Power at DC — link1]
— Vactl — Vye regulation — ige p |7

6]

where V. is the DC-link voltage and 74, , is the reference current generated
in the hybrid mode of operation. With the addition/disconnection of EVs, the
series of events happen to achieve the energy balance in the system are,

Charging Power!| — Igy Tl — Power at DC — link| 1
— Vacll — Vye regulation — igep 11

(6)

where Igy is the current drawn by the EV. The value of 4. is computed
based on the flywheel SoC and excess power availability from the AC sub-
grid. If the flywheel SoC is greater than 70%, then 4. 5, depends on FESS. If
the flywheel SoC is in between 20% to 70%, then i, j, is computed based on
AC subgrid and FESS conditions. 7,4 j, solely depends on AC subgrid power
when flywheel SoC is below 20%. The i4. , for different cases is computed
using Equation (7).

i SoCr > 70%
dc

e = § TEE 20%< SoC < T0% %
e SoCr < 20 %

During the independent operation mode of subgrids, the energy balance
at the DC subgrid and AC subgrid is given by,
PPV + PF — PEV =0DC subgm'd

8
Pac — P, =0 AC subgrid ®)

Similar to the power exchange mode operation, the series of events
occurring in independent mode operation to achieve energy balance with the
change in solar irradiation and with the addition/disconnection of EVs are:

Solar irradiancel] — Ppy 1] — Power at DC — link1]
— Vactl = Vye regulation — ige 5|7

(€))

Charging Powert) — Igy 1] — Power at DC' — link|1

10
— Vacll — Vie regulation — ige 5T (10)
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Figure 3 Combined control strategy.

where 4., is the reference current generated in independent mode of
operation and is computed as follows:

PevPev. 20% < SoC
Z.dc,s = ae (11)
0 SoCp < 20 %

The combined control strategy of the IC and FESS is shown in Figure 3. In
independent operation mode, the FESS compensates for the DC-link voltage
fluctuations, by supplying/absorbing the shortfall/excess of power in the DC
subgrid. However, in the power exchange mode through IC, the AC subgrid
and FESS compensate for the DC-link voltage fluctuations. The power to be
imported/exported from the AC subgrid is decided based on the SoC of FESS.
The desired power transfer through IC (P;¢) is a function of flywheel SoC
and can be written as,

0 SOCF > T70%

Prc = (P, — Ppy)(S0Cr) 20% < SoCp < 70% (12)
(PL—PP\/) SoCpr <20 %

The power transfer as in Equation (12) decides the power to be fed from
the FESS and the AC subgrid based on the flywheel SoC and EVCS power
demand. Therefore, when the FESS SoC is less, more power is imported from
the AC subgrid through IC and vice-versa. The energy management control
unit algorithm is given in Table 1.
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Table 1 Energy management control unit algorithm

Algorithm for energy management control unit

Step 1: Read the input data : Ppv,Pac,Pr,Pev,SoCFr
Step 2: Decide the operating mode of HMG
if Pac-Pr.=0: Independent operation of IC = Go to step 3
else : Power exchange through IC = Go to step 4
Step 3: Sub problem for independent operation
Compute AP=Ppyv-Pryv
While AP >0
if SoCr < 0.9 : Charge FESS
else : MPPT control (Derate MPPT)

end
end
While AP <0
if SoCr > 0.2 : Discharge FESS
else : Disable charger
end
end

Step 4: Sub problem for power exchange through IC
Compute AP=Ppyv-Prv
While AP >0
if SoCr < 0.9 : Charge FESS
else if (Pac-Pr)< 0 : Inverter mode operation of IC
else : MPPT control (Derate MPPT)
end
end
While AP <0
if SoC'r > 0.7 : Discharge FESS
else if 0.2<SoCr<0.7 & (PAc—PL)> 0:
Shortage of power from AC subgrid & FESS
else if 0.2<SoCFr<0.7 & (Pac-Pr)< 0 : Discharge FESS
else if SoCr <0.2 & (Pac-Pr)> 0 : Rectifier mode operation of IC
else : Disable charger
end
end
Step 5: Stop

4 Simulation Experiment and Results

To verify the effectiveness of the proposed EMS, time domain simulation
in MATLAB/Simulink and real-time case studies using OPAL-RT are per-
formed. In addition, the performance of EVCS integration is analyzed under
variable irradiation and PV outage on a modified IEEE 13-bus HMG test
system. Simulation is carried out for 10 seconds. As the focus is on the
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Table 2 Simulation parameters

Parameter Value
Nominal AC voltage 415 V(-1)
Nominal frequency 50 Hz
Nominal DC voltage 800V
Switching frequency 5 kHz
Cut-off frequency SHz
PV capacity 40 kW
Diesel generator capacity 30 kVA
FESS capacity 30 kWh
Flywheel speed 32000 rpm
EVCS rating 30 kW
Filter capacitor 65 uF
Filter inductor 1.8 mH
VSM damping coefficient 4
VSM mechanical time constant 2s

VSM-transient controller time constants  0.02. 0.005

solar-powered EVCS placed on the DC subgrid, the inverter operation of the
IC is not considered in simulation analysis. It should be noted that the IC can
operate in inverter mode, if DC subgrid has excess generation.

4.1 Time Domain Simulation

The capacity of the HMG considered is 100 kW. It consists of two DGs
in the AC subgrid and a PV in the DC subgrid as sources. The simulation
parameters are given in Table 2. The duration and test conditions are given in
Table 3. The DC subgrid is developed exclusively for the EVCS, and loads
are connected to the AC subgrid. Initially, no EVCS is connected to the DC
subgrid, and hence the load at the DC subgrid is zero. The AC subgrid load is
(33+j15) kVA. Assuming a diversity factor of 1.8 for the AC subgrid, it has a
reserve capacity of about 27 kW. Therefore, the maximum power that can be
transferred through the IC is limited to 30 kW.

For the duration t = 0 to 5.2 s, both the subgrids operate independently,
and power exchange mode for the duration t = 5.2 to 10 s, as illustrated
in Figure 4. For t = 0 to 2 s, the EVCS load at the DC subgrid is zero.
The PV output power is utilized to charge the FESS. For t = 2 to 4 s, an
EVCS is switched. The flywheel continues charging as PV power is greater
than the EVCS power. The change in irradiation changes the PV power,
which in turn changes the charging power of FESS accordingly. For t = 4
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Table 3 Test conditions
Period Irradiation EVCS load

(s) W/m? (kW)
0-1 1000 0
1-2 800 0
2-3 800 30
3-4 1000 30
4-5 1000 60
5-6 800 60
6-7 1000 90
7-8 1000 90
8-9 0 120
9-10 1000 120

Power Exchange IC

40

B —P_IC_de||
= 1 —P__IC ac
5 OF '
g Independent operation mode Power exchange mode
Ay =20

-40

0 1 2 3 + 5 6 7 8 9 10

Time (seconds)

Figure 4 Power exchange through IC.

to 5 s, another EVCS is added. PV power is insufficient to meet the increased
demand, so the FESS discharges. At instant 5.2 s, the SoC of the FESS falls
below 70%, switching the operation to power exchange mode. In this mode,
the FESS and AC subgrid work together to supply power to the EVCS. The
FESS charging/discharging power, EVCS power, and PV power are shown in
Figure 5. The SoC profile of the flywheel is shown in Figure 6.

The DC subgrid voltage, the AC subgrid RMS voltage, and the AC
subgrid frequency is shown in Figure 7. The voltages and frequency are
maintained within limits as per the IEEE 1547 standard. As per IEEE 1547
standard, the allowable voltage variation is =10%, and frequency variation is
+2%. The power supplied by FESS, power imported from the AC subgrid,
and the percentage variation of voltage in the DC and AC subgrids of the
HMG based on the test conditions is tabulated in Table 4. Flywheel power is
negative when the FESS is charging and vice-versa. The voltage variation
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is negative when the voltage is higher than the nominal voltage. Voltage
variations in the subgrids are very minimal. In the instant t = 8 to 9 s, the
PV Power is zero representing a solar outage caused by zero irradiation
in the nighttime or panel faults. The EVCS loading is also extreme in this
duration as all four EVCS are charging. The FESS and AC subgrid together
maintain stability in this case. The total power is insufficient, and the EVCSs
are charged with reduced power without violating the stability constraints of
the HMG. It is important to note that a minor reduction in the charging power
will not deteriorate the operation of EVCS, as EV charging power is not a
constant, as illustrated in Figure 1.

Different operating scenarios, as described below are considered to illus-
trate the effectiveness of the proposed SoC-based adaptive EMS. The results
are tabulated in Table 7.

* Case 1: PV generation is greater than EVCS capacity and SoC' is less
than 90%.
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Figure 7 Voltage and frequency of HMG.

» Case 2: PV generation is greater than EVCS capacity and SoCF is
greater than 90%.

* Case 3: PV generation is less than EVCS capacity and SoC'r is greater
than 70%

» Case 4a: PV generation is less than EVCS capacity and SoCF is
between 70% and 20%.

* Case 4b: Fluctuating PV generation with SoCF is between 70% and
20%.

 Case 5: PV generation is less than EVCS capacity and SoC'r is between
20%.
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Table 4 Test condition results

Flywheel  Imported AC DC Subgrid AC Subgrid

Period  Power  Subgrid Power Voltage Variation Voltage Variation

(5 (Wm?) (kW) (%) (%)
0-1 —40 0 —0.63 -
1-2 -33 0 —0.63 -
2-3 —4 0 0.5 - Independent
3-4 —11 0 —0.37 - operation
4-5 20 0 1.25 - mode
5-5.2 25 0 0.37 -
5.2-6 9 20 0 0.26
6-7 25 26 0.5 0.26 Power
7-8 25 26 0.5 0.52 exchange
8-9 71 29 1.38 6.66 mode
9-10 40 29 0.94 0.52

Frequency Variation

1.005 7
= —ACMG
B —HMG
Y
=
=
@

T
= V
0.995 - 2 : : -
0 0.5 1 1.5

Time (seconds)
Figure 8 Frequency profile of AC microgrid and HMG with EVCS integration.

The results illustrate that energy management takes place based on the FESS
SoC profile. When FESS SoC is above 70%, FESS alone meets the excess
EVCS load requirement. As the SoC of FESS decreases, the power delivered
by FESS decreases, and the additional power to meet the load is imported
from the AC subgrid. As a result, the power share from the AC subgrid
is increased, corresponding to the flywheel SoC decrease, thereby reducing
overstress of FESS. The power shared by FESS and the AC subgrid during
PV generation intermittency also shows the effectiveness of the proposed
EMS. Figure 8 shows the frequency profile comparison when EVCS is
incorporated into the AC microgrid and HMG. The frequency fluctuations are
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Table S EVCS switching in AC microgrid

Simultaneous
Switching
Percentage  Percentage Loading Voltage Frequency Voltage Frequency
Loading (%) with EV (%) Variation (%)  Variation (%)  variation (%)  variation (%)
40 2
25 55 6.5 0.45 14.5 0.49
70 13
65 5
50 80 11 0.45 18.5 0.49
95 14.2
90 12
75 105 17 0.46 223 0.5

Table 6 EVCS switching in HMG

Simultaneous

AC sub-grid Voltage -
Variation DC Switching
Percentage  Percentage Loading Voltage Frequency Sub-grid (%) AC Voltage Frequency DC Voltage
Loading (%) with EV (%) Variation (%)  Variation (%) Variation (%)  Variation (%)  Variation (%)
40 1 0.03 0.2
25 55 2.5 0.14 0.3 2.5 0.2 1.5
70 3.5 0.16 0.6
65 5 0.135 0.5
50 80 5.5 0.14 0.7 8 0.25 2
95 8 0.16 0.7
90 7.2 0.12 1.5
& 105 9.5 0.25 2 10 0.25 34

more in the case of the AC microgrid. The HMG provided a better frequency
profile. Similarly, the voltage fluctuations are also minimized when EVCS is
integrated with the HMG. The frequency and voltage variations for the same
loading conditions for the AC microgrid and HMG are tabulated in Tables 5
and 6. The HMG with proposed EMS provided a frequency improvement of
0.44% and voltage improvement of 7.5% compared to EVCS integration in
the AC microgrid.

With large-scale EVCS deployment, the HMG provides stable perfor-
mance for both AC and DC subgrids. The proposed EMS is tested with
extreme test scenarios and found to provide satisfactory results. The results
validate that the HMG is an effective solution for large-scale EVCS integra-
tion. The effectiveness of the proposed EMS for the solar-powered EVCS
with FESS is further investigated from the real-time experiments.

4.2 Case Study Using OPAL RT

The proposed controller is validated by considering the realistic data of a
13 bus microgrid system. Data for the sources incorporated were the real
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Table 7 FESS power-sharing under various operating scenarios

Operating PV EVCS FESS AC Subgrid

Scenarios Power Capacity SoC  Contribution Contribution Remarks

Case 1 40 30 <90 —-10 0 Charge FESS

Case 2 40 30 >90 0 0 Derate MPPT

Case 3 40 60 >70 20 0 Discharge FESS
40 60 60 12 8

Case 4a 40 60 40 8 12 FESS and AC
40 60 25 5 15 subgrid power
35 60 60 15 10

Case 4b 30 60 40 12 18 FESS and AC
25 60 25 9 26 subgrid power
30 90 60 36 24

Case 5 40 60 <20 0 20 ‘ Rectifier Mode
40 9 <0 0 30 Disable charger/Reduced

power charging

A rrwa8

Interface between OPAL-RT
hardwars and MATLAB
‘software

dan | ronng

MATLAR
SIMULINK

.| Pealtime ||

|_changing |

(a) OPAL-RT real-time experimental (b) Real-time simulation process using
setup OPAL-RT digital simulator

Figure 9 RTDS using OPAL-RT.

system data of the PV and generator installed at the college of engineering,
Trivandrum. The effectiveness of the proposed controller is demonstrated
through real-time simulations using OPAL-RT OP4510. OPAL-RT allows
testing of control system hardware even when the physical plant or system
is unavailable. Furthermore, as the characteristics of solar PV generation
are uncertain and to account for the highly non-linear behavior of EVCS,
OPAL-RT provides a flexible solution to investigate various testing scenar-
ios in real-time. Figure 9a shows the experimental setup, and it consists
of OPAL-RT simulator OP4510 as the target, the host PC, and the LAN
networking cable. OP4510 has Intel Xeon E3, 4 core, 3.5 GHz processors.
It renders programmable I/O management, managed by fast Xilinx Kintex-7
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FPGA. RT-LAB software version 2020.4.1.166 acts as an interface between
the OPAL-RT digital simulator and MATLAB. Figure 9b shows the RTDS
process. First the MATLAB/Simulink model is loaded to OPAL-RT through
RT-LAB to simulate the HMG and proposed controller in real-time. The
Simulink model is divided into two subsystems: master and console. The
master subsystem consists of the entire HMG and associated controllers.
Displays and changeable control parameters are placed in the console and
are accessed during RTDS. After model loading and real-time data receiv-
ing, real-time waveforms are captured in the host PC and DSO. The same
test scenarios of the simulation experiment are considered for RTDS using
OPAL-RT.

Case 1: Independent operation of subgrids

Each subgrid of the HMG operates independently when the solar PV has
sufficient power to meet the EVCS load demand. In the case of PV power
insufficient to meet EVCS load, flywheel energy alone is used to meet EVCS
load until flywheel SOC reaches 70%. The PV provides the required power
when the first EVCS is switched at time instants t = 2 s. The increased
load requirement at t = 4 s with the addition of another EVCS is met by
PV and FESS up to t = 5.2 s. Both subgrids are operating independently
up to 5.2 s, and the net power exchange through the IC is zero as shown in
Figure 10a. The subgrid voltage profiles and AC subgrid frequency are shown
in Figure 10b-10d.

Case 2: Power exchange between subgrids

The power exchange mode is activated if the PV does not produce enough
power to meet the EVCS load demand and the flywheel SoC is below 70%.
The EVCS load is met by PV, flywheel, and AC subgrid power in this
mode. At t = 5.2 s, the flywheel SoC reaches 70% and initiates the power
exchange mode. The net power exchange through the IC is 20 kW, as shown
in Figure 10a. The addition of EVCS att = 6 s and t = 8 s increases the power
drawn from the AC subgrid to 27 kW and 29 kW, respectively. The real-
time test results validate the suitability of the proposed EMS for large-scale
deployment of EVCS in the HMG.

4.3 Comparative Analysis of Proposed EMS

The analysis with the proposed EMS considers an solar-powered EVCS
with FESS. The results are compared with solar-powered EVCS without an
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Figure 10 Real-time results: DSO waveforms.

ESS [18]. The comparative analysis results are summarized as follows:

* The strategy in [18] does not consider an ESS. Hence disturbances
introduced by EVCS load volatility affect the AC and DC subgrids in
solar-powered EVCS without ESS. The proposed strategy with FESS
compensates for the load volatility by its quick action, thereby limiting
the voltage and frequency fluctuations to minimal.

* The flywheel SoC-based EMS avoids the overloading on the AC subgrid
and in the FESS based on system conditions. This approach enhances the
HMG performance.

5 Conclusion

This paper presents an energy management strategy for the solar-powered
electric vehicle charging station in a commercial hybrid AC/DC microgrid.
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The DC subgrid of the hybrid AC/DC microgrid is exclusively provided for
an EV charging station. A flywheel energy storage system is integrated with
the DC subgrid to tackle the generation intermittency of PV and the highly
volatile load characteristics of the EVCS. The HMG with proposed EMS
provided a frequency improvement of 0.44% and voltage improvement of
7.5% compared to EVCS integration in the AC microgrid. The proposed
EMS can support large-scale EVCS implementation without restructuring
the existing power grid. The proposed EMS is based on the SoC profile of
FESS and limits the overstress on the flywheel based on system conditions.
The SoC-based adaptive EMS improves power-sharing between subgrids and
enhances steady-state and transient responses. The simulation analysis and
real-time experiments validate the effectiveness of the energy management
strategy. Hence, these findings would be pertinent since the hybrid microgrids
with solar-powered electric vehicle charging stations are best suited for the
large-scale integration of electric vehicles.
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