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Implementation of Virtual Synchronous Machine
Control Using EV Battery’s SOC for Single-Stage
Converter During Battery Charging
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Abstract- The increasing adoption of electric vehicles (EVs) has necessitated the development of advanced controllers during
battery charging. Those controllers are vital for maintaining current stability at the point of common coupling (PCC) during
battery charging and the power flow response to the battery in order to maintain the battery’s voltage. This paper introduces an
improved virtual synchronous machine (i-VSM) control using the battery’s state-of-charge (SOC) voltage as the virtual flux
model for the motor’s concept. The i-VSM model adapted the SOC condition, the grid phase angle for power demand, and the
reactive power flow between the PCC and the EV. A three-phase rectifier converter behaving as a fast-charging station (FCS)
module was integrated into the i-VSM model to reflect the EV battery’s SOC condition. The i-VSM model was verified in
MATLAB software in order to demonstrate grid stability quality, especially on grid-side current total harmonic distortion
(THD) and in maintaining the voltage at the PCC. In the simulation, the i-VSM model was tested with an FCS rated at 150
kW. The virtual inertia maintains the frequency control at PCC and reduces the power oscillation when the load at the PCC
was increased from 50 kW to 150 kW. The grid-side current THD was at 3.67%, which was the allowable value at the PCC. If
this proposed controller is implemented in future power stations, the FCSs will not affect the grid’s condition, and furthermore
the controller will increase grid stability and is able to maintain the voltage of different-rated EVs.

Keywords EV battery, state of charge, virtual synchronous motor.

Nomenclature
A, Ah Ampere, ampere-hour
C, Coc,CC,CV  Filter capacitor, DC link capacitor, charging current, charging voltage

C-rate Discharge rate
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Dq, Dp

€, €anhcsoc , EVs

Reactive droop regulation loop gain, frequency loop feedback gain

Electromotive force, electromotive force at SOC consideration, electric vehicles

e1, €2, €3 Three-phase source AC voltage

FCS Fast charging station

H, Hz Henry, hertz

i-VSM Improved virtual synchronous motor

Ig, ia, ib, ic Battery current, three-phase source AC current

J Virtual inertia

Ki, Kp, Kq, KW Integral constant, proportional gain constant, VSM gain constant, Kilowatts
Ky Voltage regulation constant due to the SOC,

L, Ls Filter inductor, VSM stator inductance

Mflfnylfsocrq

Field excitation, field excitation due to SOC condition

PWM, PI, PF Pulse-width modulation, Proportional-integral, power factor

Pe, Pm, PCC Electrical power, mechanical power, point of common coupling

P, PLL, PRef Active power, phase-lock loop, reference active power

Q, Qref,Qrq Reactive power and reference reactive power, Reactive power regulation
Q1-Q6 Insulated-gate bipolar transistor (IGBTS)

Rs VSM stator resistance

SOC State-of-charge

Te Tm, THD Electrical torque, mechanical torque, total harmonic distortion

VSM, Vsocrq Virtual synchronous motor Automatic voltage regulation at SOC condition

Vbcsoc, VbeRet

V, Vabe, Vbesocto

FCS output voltage at SOC condition, reference FCS rectifier’s output voltage

Volts, AC voltage of grid, FCS output feedback voltage at SOC condition

Virtual rotor angle, grid angle, Conventional dot product for three phase system

Ve, X, Y Battery voltage, discharging, charging under the SOC condition
us, uF, Mh ,Q Microseconds, microfarad, microhenry, ohms

0, 0g, (.,.)

Tk, 0, ORef

Time constant, virtual angular frequency and reference virtual angular frequency

1. Introduction

The growing trend of electric vehicle (EV) penetration
and connection to electric power grids have been identified
as the major cause of grid instabilities in recent times [1].
This is due to the significant influence of high harmonic
current emission by fast-charging stations (FCSs) in power
grids [2] during charging operations. FCSs contribute to
high-power, nonlinear and discontinuous EV battery load

patterns [3] to the grid. These nonlinearities in EV stations
create problems, such as voltage dip and frequency and
power exchange issues at the point of common coupling
(PCC), when multiple EVs are being charged [4] at the same
time. At the moment, FCSs consist of two stages of
converters, where the first is the rectifier stage and the
second is the DC-to-DC converter stage, to transfer power
from the electrical grid to the battery for the charging process
[5] while maintaining the voltage at the PCC. However, the

31




INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

K. Momoh et al., Vol.15, No.1, March, 2025

report in [6] highlighted high switching losses and complex
control circuitry for the two stages of converters, resulting in
frequency and power exchange instability [6]. The solution
to the two-stage converter is using a single stage to reduce
grid current harmonics and power losses from the grid to the
battery [7] and also contribute to frequency and voltage
control stability during the charging operation.

As for the control mechanism for the converters, several
types of proportional-integral (P1) feedback controllers were
discussed in [8, 9]. However, these Pl-based controllers are
prone to complex control stability issues, such as inner-loop,
outer-loop and power loop controllers often having a slow
dynamic response, unlike the structure using the virtual
synchronous machine (VSM) control concept. Therefore,
VSM control is an emerging control strategy for simulating
the functionality and characteristics of the conventional
synchronous machine (SM) for converters, and it can
contribute to high-quality voltage or current [10, 11] control
at the rectification stage if used for EV battery charging [12,
13]. This controller helps to improve the controller’s
capability of adjusting the virtual inertia/field winding during
the FCS operation, as mentioned in [14, 15]. It works by
eliminating the rotating machine’s frequency dependence and
decoupling the sources from the grid [16, 17], where the
angle of the VSM is proportional to the electrical grid’s
phase angle for faster synchronization for power delivery to
the battery. Consequently, the present paper is regarding the
adaptability of the virtual synchronous motor when using the
EV battery’s state-of-charge (SOC) voltage as a new input
parameter for the VSM controller to maintain the voltage of
the battery. This is because the SOC indicates the EV
battery’s current level of percentage charge [18, 19]. Without
considering the battery’s SOC, the controller may not be able
to accurately determine the optimal charging rate for
maximizing the EV battery’s life cycle [20-22,], and it also
might not be able to maintain a stable grid voltage nor
improve the THD of grid current.

During battery charging, a VSM needs to maintain a
stable output voltage at the PCC and provide power flow
control to the EV battery [23, 24]. This is to ensure that the
charging process remains within safe and optimal operating
limits [25]. By actively managing the reactive power flow
[26], the VSM can maintain a power factor close to unity
[27] for grid voltage and current through the VSM’s fast
dynamic response in order to minimize the impact on the
grid [28]. As stated in [27-30], a VSM can quickly adjust its
output to match charging requirements by solving the
problem of low inertia issues at the grid through the
controllable power balancing approach and power quality
improvement. Therefore, research efforts have been
redirected to delivering support to the grid via FCS
converters enhancement of voltage and active power output
adaptability and absorbing the reactive power needed for the
inertia support of the grid system.

The contribution of this paper is replacing the PI
controller in the VSM control scheme with the proposed
improved VSM (i-VSM) model using a single-stage rectifier

converter with a SOC voltage feedback controller. At the
grid, the proposed controller aimed to maintain a stable
output voltage and power flow between the electrical grid
and the EV battery regardless of load changes for power
factor improvement at the PCC. This paper is structured into
the following sections: the proposed i-VSM controller with
the droop interface compensation strategy is discussed in
Section 2 and the simulation analysis is discussed in Section
3, followed by the conclusion in Section 4.

2. Proposed i-VSM Controller with Droop Interface
Compensation Strategy

The proposed controller model was initially outlined as a
dynamic system from the perspective of system analysis and
controller by setting the number of pole pairs per phase of
the VSM as one, similar to the demonstration in [31] as the
reference. In the proposed topology, the VSM is integrated
with a single-stage rectifier to convert AC power from the
grid into DC power to optimize the charging process of the
EV Dbattery. This concept incorporates the real time
adjustment of the EV battery charge rate at initial SOC
condition through the direct feedback of the DC voltage at
SOC to the VSM. This topology allows the VSM to maintain
regulation of the grid frequency, voltage, power factor and
power exchange while ensuring stability of the FCS output
DC voltage control during transient similar to SM. The
expressions of VSM rotor (J(dw/dt)), active power-
frequency, terminal voltage, virtual inertia (J), mechanical
(Pm) and electrical power (Pe) for a VSM controller are
derived in terms of the second-order SM model, as discussed
in [32, 33]. However, some modifications of Eq. (1) [34, 35]
for active power (P), reactive power (Q), electromotive force
(e) and electrical torque (T.) are required as basic
considerations for the proposed model:

P = (DMfif(i, sin 9)
Q = —oM(igi, cos B)
Te = Mfif (], sin 9)
e die
e = oMgigi, sin 8) — Mfa(l, cos 0)
= O)Mfif sin @ (1)

where © is virtual angular frequency, i is grid current, 8 is

virtual rotor angle, (.,.) represents the conventional dot
product for a three-phase system (as discussed in [33]), and
Msis is field excitation. The Mysis in this case would be
modified in such a way that the output voltage of the FCS
rectifier would adequately match the charging voltage of the
EV battery regardless of changes in the FCS load. The active
power-frequency loop, as shown in Fig. 1, was modified to
aid the proposed controller’s fast and dynamic tracking
response to power and frequency changes, which will be
discussed in the next subsection.
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Fig. 1. Proposed controller with SOC feedback controller.

2.1. Proposed Active Power-Frequency Loop

As can be seen from the active power-frequency loop in
Fig. 1, the mechanical torque (Tm) generated is obtained from
the tracking error between reference active power (Prer) and
active power (P). This tracking error value is fed to a Pl
controller, and the modified signal is passed through an
integrator. The frequency droop aspect ensures frequency
regulation by comparing the virtual angular frequency ()
with the reference angular frequency (wrer), and the
difference is multiplied by the frequency loop feedback gain
constant (D) and then added to the active torque (Tm). The
regulation of P is achieved from the nested structure in the
active power-frequency loop section, which comprises the
inner loop of Dp and P with the feedback from the electric
torque (Te). The value of D, can be obtained by dividing the
inertia (J) by the time constant of the frequency feedback
gain (Dp=J/t). For this concept to work effectively, the
rectifier’s frequency should be close to or the same as the
grid angle (8y) to reduce the settling time when the FCS
rectifier is connected to the power supply. This can be
achieved through a phase-lock loop (PLL) to reset the
integrator and 64, as shown in the highlighted active power-
frequency loop. In this study, the improvement to the VSM
model was the addition of the SOC configuration, which is
explained in detail next.

2.2. Proposed Droop Reactive Regulation for SOC Condition
as New Parameter /nput to VSM

The droop strategy for the decoupling of active power-
frequency (P-F) and reactive power-voltage (Q-U) loops,
which was formulated based on [31,35], provided the

fundamentals for the improvement of the VSM. As it was
based on the droop technique, the hypotheses for the
proposed controller were:

» The controller’s inertia will be adapted in
accordance with the EV battery’s initial SOC to regulate the
reactive power balance loop to withstand any transient
changes in grid power exchange and for voltage and
frequency stability at the PCC when multiple EVs are being
charged at the same time.

» The SOC feedback voltage will ensure real-time
adjustment of the charging voltage and current to match the
SOC condition of the EV battery through the reactive power
regulation loop and resist any rapid changes in power
exchange to aid in an efficient and stable charging process.

Moreover, this study implemented reactive power
regulation (Qrg), which can be achieved during the charging
mode to aid in the tracking of the reference reactive power
(Qrer). In order to achieve the integration of the real-time
adjustment of Qyq, the value of Qres can be set as 0 such that
the tracking error between Qger and Q is multiplied by a gain
of 1/Kq, where Kq is the VSM gain constant, and fed to the
integrator to generate Mgir. By altering the setting of Q in Eqg.
(1), Qrq for the SOC condition in real time can be derived, as
shown in Eq. (2):

1
qu =—(Qrer — Q)
Ka @
Where Kq is the VSM gain constant for the reactive power
regulation due to the active power exchange under the SOC
condition (1/Kq=Kq , if the steady-state error is neglected),
and this forms the first part of the proposed controller’s
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droop reactive regulation under the SOC condition. In the
second part, the FCS rectifier’s automatic voltage regulation
under the SOC condition (Vsocrq) generates the required
excitation (M¢ltsocrg)-

In order to generate Mslsocrq I the proposed droop
reactive regulation loop under the SOC condition, as shown
in Fig. 1, the Vsocrq loop is added to the Qrq loop. Firstly,
Vsocrq IS established by considering the droop relationship
illustrated in Fig. 2. Power is transferred to the EV battery
when the active power flow to the battery is needed. This
droop concept is used when there is a sudden change in the
power flow from the rectifier due to the SOC (Vbcsoc)
condition to the EV battery due to the load change at the
PCC. Through this approach, the VSM would be able to
adapt a constant charging voltage under the SOC condition,
while maintaining reactive power injection to the grid.

A

( VDCRef ,QRef

(Vbcsoc, Q

K=Kv

0 VDCsoc

Fig. 2. Droop curve based on EV battery’s SOC condition.

Therefore, the FCS rectifier’s voltage (Vpcsoc) and the
reactive power’s (Q) adaptability to the SOC condition (Q-
Vbesoc) With respect to Vsocrq €an be represented as in Eq.

(3):

Q = Qref — Ky (Vbcrer — Vbesoc) (Ky > 0)
Q

Q_ = Vsocrq = Ky(Vbcrer — Vesoc)
Ref (3)
Where Vpcsoc is the FCS rectifier’s output voltage due to the
SOC, Vpcret is the reference FCS rectifier’s output voltage
and K, is the voltage regulation constant due to the SOC. The
value of Ky must be in the range from 0 to 1 for an effective
automatic regulation of charging (Y) under the SOC
condition and to prevent discharging (X) during the FCS
operation. By neglecting losses due to active power
exchange, the value of K, can also be Dq (Kv=Dy). Similarly,
an adjustment can be made and Eqg. (3) is rewritten such that
Vbesoc =VSsoc=Vpcsocm for an instantaneous Vsocrq during
charging, as shown in Eq. (4):

0<S0C<X
Vsocrqg = X < SOC <Y = K, (Vpcrer — Vnesocm)
Y<S0C=1
K. = QRef - Q _ Kq
" (Vbcret — Voesocm) T, Qrer 4)
where  Vpcsocn IS the feedback voltage generated

instantaneously from the rectifier’s output and t¢ is the time
constant for the droop loop (J/Dy).

Therefore, as shown in Fig. 1 of the proposed droop
reactive regulation loop with the SOC condition as the new
parameter input for the VSM, the difference between Vpcret
and Vpcsoct 1S the tracking error that needs to be controlled.
This tracking error is multiplied with Ky to give the output
signal to be added, with the tracking error feedback signal
also multiplied with an integral constant (K;), and both are
passed through the integrator. The error signal generated is
added to the tracking error between Qgrer and Q, which is
obtained according to Eq. (2). The output of the resulting
signal is fed to an integrator of gain 1/K, to generate Mtltsocrg
, Where Mtlssocrq functions as the field excitation due to the
SOC condition and adapts the virtual inertial to ensure the
adjustment to the SOC condition in the FCS controller. Thus,
combining Egs. (2) and (4) gives the expression for Mgltsocrg.
Substituting Msis = Mslssocrq into Eqg. (2), the electromotive
force due to the SOC consideration (€ancsoc) Of the FCS
controller can also be estimated as in Eq. (5):

Mflfsocrq = qu + Vsocrq

1
= E (Qrer — Q + Ky(Vpcrer — Vbesocm)

€abesoc = oM sin©

f[fSl)Cl'q_ (5)
Relatedly, the eacsoc Signal is fed to the pulse-width
modulation (PWM) for pulse generation. The proposed VSM
link to the SOC condition can be generally presented as in
Eqg. (6):

1
VSMumeigsoerq = Kq (Qrer — Q) + Ky(Vpcrer — Vesocs) )

The i-VSM-based FCS using the single-stage three-phase
PWM rectifier with the SOC feedback controller was
simulated, and the results and analysis are presented in the
next section.

3. Result and Simulation Analysis

In order to examine the robustness and effectiveness of
the proposed strategy. The control technique proposed in
this paper is achieved via the VSM droop control
algorithm through the feedback voltage from the FCS
output (Vbpcsocts), integrated into in the reactive power
loop. The Vpcsocw at SOC condition is used to control
the reactive power injection to the grid at SOC consition
of the EV battery. This concept ensures the adjustment
of the of the output power based on the grid's voltage or
frequency deviation to optimize the EV battery charging
process at SOC condition. Such that, when the grid
voltage or frequency varies from the nominal values due
to changes in the load profile of the FCS, the VSM's
output power and inertia is adapted in proportion to
these variations to ensure a stable charging process and
provide grid stability. The test simulation system with
the proposed VSM control presented in Fig. 1 was
developed and built in MATLAB/Simulink, as shown in
Fig. 3.
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Fig. 3. Proposed i-VSM-based FCS using single-stage three-phase PWM rectifier at PCC.

The solver and the relative tolerance for the simulations  topology in [22, 33], through try and error method to
are given as 0ode23t and 1072 with a maximum step size of 10  demonstrate the possibility of this novel charging of the 100
us, respectively. The simulation parameters for the proposed ~ Ah lithium battery with associated parameter in Simulink
model are presented in Table 1. The source of simulation  model.
parameters in Table 1, are modified from two stage converter

Table 1. Simulation parameters of proposed model

Types Parameter Value
Filter parameters Filter inductor (L) 1500 uH
Filter capacitor (C) 15 uF
AC voltage of grid (Vanc) 380V
Switching frequency for rectifier 10 kHz
FCS system parameters DC link capacitor (Coc) 1500 uF
FCS reference output voltage 470 Ve
Nominal voltage 400 V
EV battery parameters Rated frequency (0g) 50 Hz
Battery rated capacity 100 Ah
VSM inertia coefficient (J) 0.1 kgm?
Pole pairs 1
\oltage regulation constant (Ky) 0.5
VSM control parameters VSM gain cons.t ant (Kq) 114
Reference value of active power (Prer) 150 kW
Reference value of reactive power (Qref) 0 Var
VSM integral constant (K;) 0.4
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VSM stator inductance (Ls) 0.0049 H

VSM stator resistance (Rs) 0.1Q

3.1. Verification of Proposed FCS Controller’s Performance
on EV battery

A lithium-ion battery model was adopted in Simulink to
test the proposed controller’s behavior and adaptability to the
SOC condition. The proposed i-VSM-based FCS was

515l | | | | | [ e <50 C (%)
£ 510
I3}
[=]
w

50.51

[1] 2 4 1] B 10 12 14 16 18 20
Time (s)

connected to the grid for 20 s of simulation time. The initial
SOC and the EV battery response time were set at 50% and 1
s, respectively, for the simulation. Fig. 4 shows a consistent
rise to 51.79% of the SOC at 20 s, while Fig. 5 and Fig. 6
show a corresponding adaptable charging voltage of 461.4
Vpc and a steady charging current of 325 A supplied to the
EV battery respectively.

500
a0 e Charging Voltage (VDC) | T
[
g 4614V
p 300 i i
&
=
[=]
= 200
100+ 1 T T T T T 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Time (s)

Fig. 4. Verification of proposed FCS controller’s SOC Fig. 5. Verification of proposed FCS controller’s charging
performance with respect to time for EV battery capacity voltage performance with respect to time for EV battery

during charging.

capacity during charging.

Current (&)
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3254
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Fig. 6. Verification of proposed FCS controller’s charging current performance with respect to time for EV
battery capacity during charging.

Figure 7 shows that during the charging process, the
proposed controller was able to maintain a nominal discharge
current of 43.4783 A and discharge rate (C-rate) of 0.4347 C
(details of the C-rate’s allowable margin can be found in
[36]). The nominal current discharge characteristic curve was
used as a reference point to ascertain the effectiveness of the

proposed controller in enabling an optimal charging
performance to aid in prolonging the life span of the battery
during the discharging motor mode. Different initial SOC
values were applied to ensure that the charging voltage was
adjusted based on the EV battery’s SOC condition by the
controller at transient in a manner similar to that of the SM.
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Fig. 7. Nominal current discharge characteristics of 100Ah EV battery (at 0.43478C, 43.4783A).

To further verify the effectiveness and adaptability of the
proposed controller to different SOC conditions, the

was maintained at 1s. Simulations were carried out for
different initial SOC values (50%-80%) for the 100Ah EV

simulation time was set to 20 s and the battery response time

battery and the results are presented in Table 2.

Table 2. Simulation results at different initial SOC values (50%-80%)

S/IN | Initial SOC value (%) | CC (A) CV (Vi) PF SOC at 5 s (%)
1 50 325.0 461.4 0.9150 50.79
2 60 3224 465.1 0.9158 60.79
3 70 320.7 467.4 0.9317 70.79
4 80 319.2 469.8 0.9429 80.79

Notes: CC: Charging current, CV: Charging voltage, PF: Power factor (PF=Real Power (P)/Apparent Power(v/(P2+Q2)) = Watts/Volt-Amps)

Table 2 shows that the proposed controller gave the
necessary amount of charging current and maintained the
charging voltage to the EV battery based on the initial SOC
value to prevent overcharging. The impact of this concept on
power factor and grid frequency at the PCC was verified to
be in conformity with IEEE Std. 1547 [37] for all SOC
conditions simulated for the 100Ah lithium EV battery at
different SOC initial values of 50%—80%.

3.2. Verification of Proposed i-VSM Controller’s Stability at
PCC

150
gmﬂ 1 1 1
[: §
]
z %0
-
o
<
]
] 2 4 6 B 10 12 14 16 18 20

Time (s)
Fig. 8. Proposed controller’s active power exchange stability
at PCC with respect to time.

The simulation time was set to 20 s with initial SOC of 50%
and EV battery response time of 1 s. Fig. 8 shows that the
proposed controller was able to give a constant active power
exchange between the FCS and the electrical grid with
minimum overshoots and was able to follow the reference
power target. Fig. 9 shows that reactive power of 0 Var was
injected into the grid in order to have a unidirectional flow to
the EV battery under the SOC condition. Fig. 10 shows that
the proposed controller’s inertia ensured that grid frequency
was maintained at the nominal set value during the FCS
operation.

._‘E'ﬂ" [ e () (KW aK) [
e

m

% 6oy
e
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o

:

g 20
m

1}

z u
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Fig. 9. Proposed controller’s reactive power flow stability at
PCC with respect to time.
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Fig. 10. Proposed controller’s frequency adaptability at PCC with respect to time.

Furthermore, the interaction of the proposed model with
other load at PCC in terms of power exchange stability was
tested with different loads. Fig. 11 shows that when a 50kW
load was applied at 0.5 s, the power exchange increased from
0 kW to 50 kW; additionally, when the proposed controller-
based FCS of 150 kW load was applied at 2 s, the power
exchange increased from 50 kW to 200 kW (50 kW +150

FC—'E

0 0.5 1 1.5
Time (s)
Fig. 11. Proposed controller’s active power exchange stability
impact at PCC due to sudden load changes with respect to

time.

2 2.5 3

Consequently, Fig. 13 shows that the three-phase grid
voltage waveforms at the PCC were in conformity with IEEE
Std. 1159 [38]. The grid current waveforms and the phase

OO EENYC
AN AR A 7

5. \/ / N\ \/ / N\
ﬁ7x\_jx\ /x\_ /XC}\ /X\

Fig. 13. Simulation results of the grid-side voltage waveform.

kW). The proposed controller was shown to provide an
adjustment of the feedback mechanism to balance and adapt
to the change in the active power exchange at the grid (50
kW + 150 kW) with negligible oscillation. Fig. 12 shows that
the proposed controller’s inertia adapted to the load changes
and maintained grid frequency to the nominal set value.
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Fig. 12. Proposed controller’s frequency adaptability stability

impact at PCC due to load changes to time.

voltage and current of the grid are presented in Fig. 14 and
Fig. 15, respectively as below.
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Fig. 14. Simulation results of the grid-side current waveform.
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Fig. 15. Simulation results of the grid-side phase voltage and current.
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3.3. Verification of Grid-Side Total Harmonic Distortion
(THD) at PPC

Fig.16 shows the grid current output obtained for the FCS
under the influence of the proposed controller in the fast
Fourier transform (FFT) window at 2 dimensions of 5 cycle
of the selected grid current signal. Fig. 17 shows that the
grid-side current THD was at 3.67% for the FCS rectifier
when the proposed i-VSM model combined with the SOC
voltage feedback controller was used. This provided minimal
current total harmonic distortion (THDi), which complied
with IEEE Std. 519.
The novelty of this paper demonstrates an innovative

Magnitude
[

05 051 052 053 054 055 056 057 058 0.59
Time (s)

Fig. 16. FFT waveform of grid-side current of FCS rectifier
with the proposed controller.

4. Conclusion

The SOC voltage feedback controller for an i-VSM-
based FCS is proposed in this paper. In this control, virtual
inertia ensured real-time adaptability to any changes in the
EV battery’s SOC condition to aid in the controller’s
transient and dynamic responses during the FCS operation.
The proposed controller was modeled and verified using
simulations with parameters presented in Table 1 to prove its
adaptability to the EV battery’s SOC and its ability to
stabilize grid voltage, frequency and reactive power
decoupling regulation at above 0.9 power factor. The
relationships established in Figs. 4-17 show that the
proposed controller used the initial SOC value to regulate the
real-time charging process of the EV battery.

Furthermore, the SOC feedback mechanism helped to
continuously adapt and adjust to the EV battery’s initial SOC
parameter to enhance the charging process. The proposed
controller responded to the changes in the power flow from
the AC source and, with a constant FCS load profile, it gave

concept of using Vpcsociy as the new input parameter to the
VSM, to ensure that the FCS can adjust voltage levels based
on SOC condition to prevent overcharging. By adapting the
charging voltage and current level as shown in Table 2,
according to the EV battery's initial SOC, the FCS can
maximize the C-rate as shown in Fig. 7, to aid efficiency of
the charging process. This novelty allows the VSM to adapt
the inertia to aid frequency regulation, stability of the active
and reactive power exchange decoupling at any SOC
condition, and to reduce oscillation and grid stress during
peak demand periods as demonstrated in Figs. 8 and 9 at
PCC with other connected nonlinear load for future multiple
FCS application.

Fundamental (50Hz) = 176.8 , THD= 3.67%
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Fig. 17. FFT analysis of grid-side current harmonics of FCS
rectifier with the proposed controller.

close to unitary power factor at the PCC. In addition, the
proposed controller maintained the power exchange at the
PCC with minimal oscillation regardless of load changes.
The proposed control strategy ensured a minimized impact
on the power grid by providing virtual inertia support to aid
in charging the EV battery in a very short time, while
preventing overcharging and hence maintaining the life cycle
of the EV battery. The proposed strategy -effectively
simulated the advantages of the droop concept in SMs. Since
Q is proportional voltage balanced at the grid, by adjusting
the field excitation in the reactive power loop in accordance
with the functioning condition of the EV battery’s SOC
feedback voltage, the proposed controller gave a swift
dynamic response unlike those of other VSM-based PI
controllers, as hypothesized in this paper. Consequently, the
following deserving future directions of this novel concept
were proposed by the paper's authors for further
development:

> Stability analysis for the novel single stage VSM
based FCS with SOC feedback controller for E-mobility grid
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infrastructure inertia reinforcement for multiple EV battery
charging condition.

» A neural-network based comparison of the
developed VSM with SOC feedback controller for EV
battery state of health detection and inertia adaptability
during multiple EV battery charging process.
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