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Abstract—This paper proposes an idea for modeling and con-
trol of a V2G charging station (CS) for electric vehicles (EVs) by
using synchronverter technology. First, the architecture of the CS
is introduced. Then, a T-S fuzzy controller is designed to decide
the reference real power of the synchronverter by considering the
grid frequency. Due to the inner frequency- and voltage-drooping
mechanisms of the synchronverter, the input and output real and
reactive power of the CS will be automatically adjusted on the
basis of the reference value according to the degree of deviation
from the nominal value of the grid frequency and voltage. To
ensure the safety of this operation, an adaptive frequency droop
coefficient mechanism is designed to adapt the change of the
total energy storage of a CS unit by changing the slope of the
P-f control characteristic of the synchronverter. The performance
of the CS with the proposed control strategy is investigated
with EVs of different battery states, different users’ sets and
under different grid status. Simulation results demonstrate that
the proposed strategy can not only effectively perform controlled
charging/discharging of each single electric vehicle inside the CS,
but also improve the performance of the electricity grid in terms
of efficiency, stability and reliability.

Index Terms—Electric vehicle (EV), synchronverter, smart
grid, vehicle-to-grid (V2G), virtual synchronous machines (VSM).

I. INTRODUCTION

ELECTRIC vehicles (EVs) will play a vital role in the
future transportation systems since this technology is

promising for both energy security and the environment. One
vital issue is whether current power grids can sustain the
growing demand due to the growing number of EVs and what
method should be used to charge these vehicles. To address
these concerns, in recent years, many researchers have studied
the “V2G” technology [1]–[3], which means EVs serve in
both charge and discharge mode and realize bi-directional
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power flow between cars and power lines. Former studies [1]–
[15] have shown that the V2G system is able to provide
additional opportunities for grid operators, such as reactive
power support [6], active power regulation, load balancing
by valley filling and peak load shaving [7], [8], and is able
to provide ancillary services such as frequency control and
spinning reserves [9]–[12] so that the grid efficiency [13]–
[15] is improved. These studies, however, are primarily fo-
cused on the power system scheduling with aggregated EVs,
which largely depends on the communications between the
Independent System Operator (ISO) and the EV aggregators,
and lacks the necessary study of low-level control.

Usually, EVs are connected to the power grid through
power electronic converters, like all types of renewable en-
ergy sources. In general, when the penetration of EVs and
renewable sources is relatively low, the stability of the power
grid can be controlled by a large synchronous generator
which is widely used in conventional thermal power plants
or hydro power plants. However, as the trend of EVs and
renewable sources’ penetration is increasing in future power
grids, the large synchronous generator is likely to no longer
be able to maintain the stability of the whole power grid.
The key problem is, the power electronic converter, which
is widely used as the interface for EVs and renewables to
plug into the power grid, lacks damping and inertia and
does not have the same synchronous characteristics as the
synchronous generator does. Hence, when the penetration
of EVs and renewables is high, the power grid could lose
its robustness due to power fluctuations and failures. To
address the problem, researchers have proposed a so-called
“virtual synchronous machine (VSM)” [16], [17] method to
control the power electronic converter so that it can mimic
the dynamic characteristics of a real synchronous machine.
A synchronverter [18] is a type of VSM. Its controller has
embedded the same mathematical model of a real synchronous
machine so that a grid-connected synchronverter can behave
like a real grid-connected synchronous machine and is able to
realize autonomous frequency and voltage regulation for the
grid due to its inner frequency- and voltage- drooping mecha-
nism. Additionally, it is worth mentioning that synchronverter
technology is a voltage-controlled strategy, equipped with
converters that are able to provide voltage support to the
grid when the grid is weak and when conventional current-
controlled strategies such as the PQ control strategy are not
able to [19].

In this paper, an original control method is proposed to con-
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trol the bi-directional converters of a V2G supporting charging
station (CS) based on the synchronverter technology. The CS is
composed of several CS units connected in parallel and using
synchronverters as the AC/DC interfaces between each CS unit
and the grid. A T-S fuzzy controller is designed to decide the
reference set power of the synchronverter, which also translates
the real power-frequency (P-f) control characteristics of the
synchronverter, by considering the grid frequency (which is
estimated by the synchronverter itself) and the battery status
of each individual EV inside the unit. An adaptive frequency
drooping coefficient mechanism is designed to modify the
imaginary mechanical friction coefficient to adapt the change
of the energy capacity of the DC bus. A power distribution
strategy is proposed to distribute the total real power of a CS
unit to every EV inside it and ensure the charging/discharging
power of each EV is subject to its limit. By using the proposed
method, a CS can be integrated into the power grid and
behave in the same way as large synchronous machines do,
so that the CS equipped with the proposed control strategy
and the power grid can be taken as a whole, hence the
power system itself is more robust to disturbance such as
frequency fluctuation or failure. This technology has already
been demonstrated for over 100 years of operation in the power
system demonstrating that the synchronization mechanism of
synchronous machines is able to maintain the stability of
the power system. Additionally, a synchronverter based V2G
charging station adds damping and inertia to the power grid,
which could make the operation of the grid smoother [19].
This characteristic is vital when the penetration level of EVs
is large. The proposed CS is able to not only realize smart
bi-directional charging control of electric vehicles regarding
the EVs’ SoC and grid status but also provide high-quality
frequency and voltage regulation services for the grid due to
the inner frequency- and voltage-drooping mechanisms of the
synchronverter.

The rest of this paper is organized as follows: Section II
introduces the structure and the basic idea of operating the
proposed V2G charging station (CS). The synchronverter
technology is reviewed in Section III. Section IV proposes
a synchronverter-based control strategy for the proposed V2G
charging station, where a T-S fuzzy controller [21] is designed
to generate the reference set power of the synchronverter, and
an adaptive drooping coefficient mechanism is proposed to en-
sure the safety of the frequency droop operation. Additionally,
a power distribution strategy is proposed for control of power
flow between different EVs. The performance of the proposed
strategy is tested by simulations in the different scenario and
the results are discussed in Section V. Finally, conclusions are
given in Section VI.

II. MODELING OF A V2G CHARGING STATION FOR
ELECTRIC VEHICLES

The proposed V2G charging station (CS) for electric ve-
hicles is composed of several CS units connected in parallel,
where a CS unit consists of three subunits: Control Unit (CU),
Synchronverter (SV), and DC Unit. SV functions as a bi-
directional converter to combine the grid and the DC unit.

Its reference set power and imaginary mechanical friction
coefficient is determined by the control unit consisting of four
parts: capacity calculation unit, T-S fuzzy control unit, power
distribution unit, and adaptive drooping coefficient unit. The
DC unit is composed of a DC bus, several EVs connecting to
the DC bus, and DC-DC converters. The layout of a CS unit
is shown in Fig. 1. The operational process of a proposed CS
unit is summarized as follows:
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Fig. 1. Conceptual system framework.

1) All the information of EVs’ state of charge (SoC1, SoC2,
. . . , SoCn) and constraints (SoC lim1, SoC lim2, . . . , SoC limn)
are collected and sent to the capacity calculation unit of the
CCU (SoC limi is the lower SOC limit of EV batteries defined
by EV users).

2) The capacity calculation unit of the CCU counts the
individual available energy Ea1, Ea2, . . . , Ean as well as the
individual required energy Er1, Er2, . . . , Ern of each EVs’
batteries and then calculates the total available energy EV2G
and the total required energy EG2V of the CS unit.

3) Based on the grid frequency fgrid which is estimated by
the synchronverter itself and the total required energy EG2V,
the T-S fuzzy controller calculates the reference set power Pset
of the CS unit.

4) According to the total available energy EV2G, a proper
frequency drooping coefficient of the synchronverter is se-
lected.

5) According to the result of T-S fuzzy controller Pset
and the selected frequency drooping coefficient of the syn-
chronverter, and according to the individual available en-
ergy Eai, the individual required energy Eri, as well as the
maximum power limit of each EVs, calculates the reference
charging/discharging power PEV1, PEV2, . . . , PEVn of each
EVs t and the final set power Pset of the synchonverter
simultaneously.

6) According to the calculation results in step 4 and step 5,
the synchronverter will be set to realize the autonomous
interaction between the CS and the grid.

III. OVERVIEW OF THE SYNCHRONVERTER TECHNOLOGY

In this paper, synchronverters, which are converters that
mimic synchronous machines [18], [19], are introduced as
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being the bi-directional DC-AC converter between the DC bus
and the grid. The power part of a synchronverter is shown in
Fig. 2. The inductance Ls and resistance Rs of the LC filter are
the impedance of stator windings of an imaginary synchronous
generator (SG), as shown in Fig. 3.
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Fig. 2. Power part of a synchronverter.
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Fig. 3. Structure of an idealized three-phase round-rotor synchronous
machine.

The capacitor voltage [va, vb, vc]T is the terminal voltage
of the SG, and the inductor current [ia, ib, ic]T is the stator
current of the imaginary SG. The mathematical model of the
SV can be formulated as shown in Fig. 4, which includes the
mathematical model of a three-phase round-rotor synchronous
machine described by:

θ̈ =
1

J
(Tm − Te −Dpθ̇) (1)

Te = Mf if

〈
i, s̃in θ

〉
(2)

e = θ̇Mf if sin θ (3)

Q = −θ̇Mf if

〈
i, c̃os θ

〉
(4)

In Fig. 4, Tm is the mechanical torque of the rotor, which
is also the control input of the SV; Te is the electromagnetic
torque of the rotor; J is the imaginary moment of the inertia of
the rotor; Dp is the imaginary mechanical friction coefficient
of the rotor, which is also the drooping coefficient of the
frequency droop control loop; if is the field excitation current
and Mf is the mutual inductance between the stator windings
and the field winding; θ is the rotor angle while θ̇ is the virtual

angular speed of the machine; i is the stator current flowing
out of the machine; Q is the reactive power; e is the back
EMF due to the movement of the imaginary rotor; s̃in θ and
c̃os θ are defined as:

s̃in θ =

 sin θ
sin(θ − 2π/3)
sin(θ + 2π/3)

, c̃os θ =

 cos θ
cos(θ − 2π/3)
cos(θ + 2π/3)

 (5)
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Fig. 4. Mathematical model of a synchronverter.

After mathematical modeling of the SV, the model will be
embedded in the DSP controller of a three-phase converter,
and the back EMF e is the control signal sent to the PWM
generator. According to the area equivalence principle it can
be concluded from the reference in Fig. 2. After filtering the
output voltage e of the converter through the LC filter, the
voltage on the capacitor C can be equivalent to the virtual
stator voltage. It can be seen that if the mathematical model
and the real synchronous generator are given the same input,
i.e. the prime mover mechanical torque, magnetic inductance
and excitation current of a synchronous machine, the same
output voltage as the stator side of the real synchronous
generator can be obtained on the bridge arm of the SV. Since
the internal mathematical principles, as well as the external
physical representation, are the same as a real synchronous
machine, the synchonverter is also called a virtual synchronous
machine.

IV. SYNCHRONVERTER-BASED CONTROL STRATEGY FOR
THE PROPOSED V2G CHARGING STATION

In this section, a synchronverter-based control strategy for
the V2G charging station is proposed as shown in Fig. 5.
The upper part of Fig. 5 is the frequency droop control
loop designed for regulating real power, i.e. charging and
discharging power of the charging station; the lower part of
Fig. 5 is the voltage droop control loop, by which the charging
station is able to provide the grid reactive power for voltage
support.

In the frequency droop control loop, θ̇n is the nominal
frequency of the grid, θ̇r is the reference frequency of the real
power droop control, a PI controller is adopted to regulate
the output ∆T of the frequency droop block to be 0 and
to generate a small ∆θ̇r, ∆θ̇r is then added to the nominal
frequency θ̇n so that θ̇r is generated which is nearly the same
as the grid frequency. A detailed demonstration of this self-
frequency tracking performance can be found in the litera-
ture [20]. Based on this self-frequency tracking performance,
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Fig. 5. Control of a synchronverter (SV).

SV does not need a dedicated synchronization unit, such as
a phase-locked loop (PLL), to provide phase references. This
simplifies the operation of the controller, reduces the cost and
prevents control errors caused by the use of PLL. Dp is the
drooping coefficient of the frequency droop control, which is
defined as:

Dp = −∆T

∆θ̇
≈ ∆P

∆θ̇ · θ̇n
=

Pn · x%

(θ̇n)
2
· y%

(6)

where Pn is the rated real power of the synchronverter, θ̇n is
the nominal grid frequency, and the physical meaning of (6) is
a drop of y% in the grid frequency that can cause the torque
(also the real power) to increase by x%.
J is the virtual inertia of the rotor, which is defined by Dp

and the time constant of the frequency loop τf :

J = Dpτf (7)

In the voltage droop control loop, Vn is the nominal value
of the grid voltage amplitude, Vm is the amplitude of the grid
voltage, which is calculated by (assuming the terminal voltage
is balanced):

VaVb + VbVc + VcVa = −3

4
V 2
m (8)

Dq is defined as the ratio of the required change of the
reactive power ∆Q to the change of the voltage ∆V :

Dq = −∆Q

∆V
=
Qn · x%

Vn · y%
(9)

where Qn is the rated reactive power of the synchronverter,
and the physical meaning of (9) is a drop of y% of the grid
voltage that causes the reactive power to increase by x%.

The error between the reference value Qref and the reactive
power Q is fed into an integrator with a gain 1/K to generate
Mf if , where K is defined by Dq, nominal grid frequency θ̇n
and the time constant of the voltage loop τv:

K = θ̇nDqτv (10)

The real power-frequency (P-f) control characteristic and
reactive power-voltage (Q-V) control characteristic of the
synchronverter is shown in Fig. 6.
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Fig. 6. P-f and Q-V control characteristic of the synchronverter.

It can be seen from Fig. 6, when SV works in the Set-P
mode, the output power of SV tracks the reference Pset, which
means the power output of the virtual prime mover. When the
synchronverter works in the Droop-P mode, the output power
of SV is a linear function of the grid frequency. The slash
shown in Fig. 6 will be translated according to the position
of the reference Pset. Dp is the slope of the slash. Obviously,
a greater Dp means the same frequency change would cause
larger real power changes in response. Set-Q mode and Droop-
Q mode are similar to the Set-P mode and Droop-P mode, so
there is no more tautology here.

Different operational modes of the SV can be selected by
turning on or off the switches as shown in Table I. In this
paper, when the grid frequency is higher than its nominal
value, then the synchronverter is operating in Set-P, Droop-
Q mode; when the grid frequency is equal to or lower than its
nominal value, and the total available energy of the CS unit
is EV2G > 0, then the SV is operating in Droop-P, Droop-Q
mode.

A. Decision of Pset

As has been discussed above, the P-f control characteristic
of the SV can be translated by a given different reference set
power Pset, as shown in Fig. 7. The basic idea of translating the
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TABLE I
OPERATION MODES OF A SYNCHRONVERTER

Switch Sp Switch Sq Mode
ON ON Set-P, Droop-Q
ON OFF Set-P, Set-Q
OFF ON Droop-P, Droop-Q
OFF OFF Droop-P, Set-Q

0
&

P

&

P
set

P
set1

θ

θ
n

Fig. 7. Different Pset translates the P-f control characteristic of the SV.

P-f control characteristic is the concept of secondary frequency
control in the power system. The virtual prime mover will
raise up its real power output when the grid frequency is
dropping and will cut it down when the grid frequency is
rising. Considering the particularity of the EV charging station,
the reference set power Pset should also refer to the battery
status of EVs inside the charging station. Hence, a T-S fuzzy
controller is adopted here to decide the reference set power,
which is also the quantity of the translation of the P-f control
characteristic of the SV.
1) Capacity Calculation

According to the EVs’ state of charging and constraints, the
individual available energy Eai, the individual required energy
Eri, as well as the maximum capacity of each EV’s batteries
Emaxi can be calculated by [22]:

Eai =

{
VtiQi (SoCi − SoClimi) Eai > 0

0 Eai < 0
(11)

Eri =

{
VtiQi (100%− SoCi) Eri > 0

0 Eri < 0
(12)

EMAXi = VtiQi (13)

where Vti and Qi are the terminal voltage and the rated
capacity of the EVi’s battery respectively.

Then the total available energy EV2G and total required
energy EG2V of the CS unit can be calculated by:

E V2G =

n∑
i=1

Eai

E G2V =

n∑
i=1

Eri

(14)

2) T-S Fuzzy Control
As mentioned above, a T-S fuzzy controller is designed

to generate the reference charging power Pref for the CS
unit according to the value of fgrid and EG2V. The triangular
membership function is used here to define fuzzy variables

(f̃grid and ẼG2V) as it is easier to calculate:

µÃ(x) =


(x− l)/(m− l) l < x ≤ m
(r − x)/(r −m) m < x ≤ r
0 otherwise

(15)

where l and r are the lower and upper limits of the fuzzy
number Ã and m is the middle value.

The discourse domain of the fuzzy variable f̃grid is [0.996,
1.004], which is transferred from fgrid’s original domain [49.8,
50.2]. Three fuzzy subsets, i.e. Small (S), Middle (M), and
Large (L) have been chosen for f̃grid as shown in Fig. 8(a).
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(a) Membership function of  fgrid
%

(b) Membership function of EG2V
%

Fig. 8. Membership function of the two fuzzy sets.

The discourse domain of the fuzzy variable ẼG2V is [0,1],
which is transferred from EG2V’s original domain [0, EMAX],
where EMAX is a variable that is related to the number of EVs
integrated in a CS unit:

E MAX =

n∑
i=1

Emaxi (16)

Five fuzzy subsets, i.e. Plus Small (PS), Small (S), Middle
(M), Large (L), and Plus Large (PL)) have been chosen for
ẼG2V as shown in Fig. 8(b).

The rule of the FLC is as shown in (17):

Ri
a : if x1 is Ai

1 and x2 is Ai
2

then P i
c = f i(x2)

i = 1, 2, · · · ,m (17)

where x1 = fgrid, x2 = EG2V, Ai
1 ∈ f̃grid, Ai

2 ∈ ẼG2Vp
i
c is the

charging power of the CS unit determined by rule i, which is
designed here as a linear function of EG2V:

pic = f i(x2) =
λia
T0
EG2V + λibnPcm (18)
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where n is the number of EVs in the CS unit, Pcm is the
nominal charging power of the EVs, T0 is a time constant,
which can be calculated by:

T0 =
MAX(EMAXi)

Pcm
(19)

λia ∈ [0, 1] and λib ∈ [0, 0.3, 0.5, 0.8, 1] are constants whose
values are determined by the value of fgrid and EG2V. If the
required energy EG2V is very small, then λia is equal to 1 and
λib is equal to 0 so that pic is able to track the change of EG2V,
hence the batteries of the EVs will not be overcharged. If EG2V
is not very small, λia is equal to 0 and λib is equal to 1, the
value of pic is self-adjusted according to EG2V and fgrid. The
rule base for selection of λia and λib is given in Table II.

TABLE II
RULE BASE FOR FLC

f̃grid ẼG2V λia λib f̃grid ẼG2V λia λib
S PS 1 0 M L 0 0.8
S S 0 0.3 M PL 0 1
S M 0 0.5 L PS 1 0
S L 0 0.5 L S 0 0.5
S PL 0 0.8 L M 0 0.5
M PS 1 0 L L 0 0.8
M S 0 0.3 L PL 0 1
M M 0 0.5 / / / /

According to Table II, the output of FLC is formulated as:

Pset =

15∑
i=1

pic

2∏
l=n

µAi
n
(xn)

15∑
i=1

2∏
n=1

µAi
n
(xn)

= f̄1(x1, x2)EG2V + f̄2(x1, x2)

(20)
where f̄1 (x1, x2) and f̄2 (x1, x2) are non-linear functions:

f̄1(x1, x2) =

15∑
i=1

λia

2∏
n=1

µAi
n
(xn)

15∑
i=1

2∏
n=1

µAi
n
(xn)

· 1

T0

f̄2(x1, x2) =

15∑
i=1

λib

2∏
n=1

µAi
n
(xn)

15∑
i=1

2∏
n=1

µAi
n
(xn)

· nPcm

(21)

After obtaining the current grid frequency and EV battery
status at each sampling time, the reference charging power of
each CS unit can be calculated by (20) and (21).

B. Adaptive Frequency Drooping Coefficient

In this paper, the DC bus of the CS unit connects a
number of EVs. Since the number and battery level of these
EVs varies widely, it is hard to set a suitable frequency
drooping coefficient for an SV in all possible energy storage
situations of the DC bus when the SV is operating in Droop-
P mode. For example, if the total battery energy level of the
EVs connected to the DC bus is low (the number of EVs

in the CS is small, or the SoC of the EVs in the CS is
low), a large frequency drooping coefficient may cause over
discharging of the EV batteries when the grid frequency is
much lower than its nominal value. If the total battery energy
level of the EVs connected to the DC bus is high, a relatively
small frequency drooping coefficient cannot achieve the best
performance based on frequency regulation. Hence, when the
SV is operating in Droop-P mode, it would be better if the
frequency drooping coefficient can be self-adjusted according
to the battery level of the EVs connected to the DC bus.

According to the battery SoC limits set by EV users, the
total available energy EV2G of a CS unit can be calculated
by (4). Assuming Em is the maximum capacity of a CS unit,
then the ratio of EV2G to Em can be divided into 5 parts within
the closed interval [0,1], as shown in Fig. 9.

0 10.1 0.2 0.4 0.6
E

V2G 
/E

m

Fig. 9. Battery level of a CS unit.

If EV2G/Em is within the range V, which means the available
energy for V2G of EVs is very high (and far from SoC
lower limits), a large frequency drooping coefficient can be
selected to achieve better frequency regulation performance.
If EV2G/Em is within the range I, which means the number
of EVs connected to the CS unit or the total available energy
of the EVs is low, a small frequency droop coefficient should
be selected to avoid over discharge. Based on the analysis
above, assuming the rated power of the SV is 50 kW, then
the frequency droop coefficient of the SV can be chosen from
Table III, which is calculated by (6) and means a drop of
2.5%, 1.5%, 1%, 0.8%, 0.5% of the grid frequency (from its
nominal value) respectively, causing a 100% increase of the
real power.

TABLE III
RULE BASE FOR FLC

Zone I II III IV V
Dp 20.26 33.77 50.66 63.33 101.3

The P-f characteristic of the adaptive drooping coefficient
SV is shown in Fig. 10.

P

P
d max

Pc max

Dp1

Dp2

Dp3

Dp4
Dp5

Pset

0

θn

.

θ
.

Fig. 10. P-f characteristic of the adaptive drooping coefficient synchronverter.
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C. Power Distribution

A power distribution strategy is designed to distribute the
input/output power of the SV to each EV that is connected to
the DC bus of the CS unit. The charging/discharging power
of the EVs can be calculated by:

PEVi =
Eri

EG2V
PG2V +

Eai

EV2G

[
Dpθ̇n(θ̇ − θ̇n)

]
θ̇g ≤ θn

PEVi =
Eri

EG2V
PG2V θ̇g > θn

(22)

where PEVi is the reference power of each EV in the charging
station. EV2G and EG2V are the total available and required
energies of the CS unit; Eai and Eri are the available and
required energy of each EV. By using the proposed strategy,
the charging and discharging power of the EVs are determined
by the output of the fuzzy controller, grid frequency, the
frequency drooping coefficient, individual EV required or
available energy as well as the proportion that is the required
or available energy of each individual EV to the whole CS
unit.

For safety concerns, in order to prevent the PEVi exceeding
the maximum charging power Pcm, or the maximum discharg-
ing power Pdm, PEVi is subject to the constraints as:{

PEVi = Pcm PEVi ≥ P cm

P EVi = −Pdm PEVi < −P dm
(23)

Finally, the real power set point of the synchronverter P ′set
turned out to be:

P ′set =


−

n∑
i=1

PEVi +Dpθ̇n

(
θ̇ − θ̇n

)
θ̇ ≤ θn

−
n∑

i=1

PEVi θ̇ > θn

(24)

D. DC-DC Converters

The DC bus of the CS is connected with a series of EVs, the
topology of the DC-DC converter for EVs is shown in Fig. 11,
which is a bi-directional half-bridge buck-boost converter. If
there is only one EV connected to the DC bus, the controller
of the DC-DC converter is shown in Fig. 12, where the outer
loop is to control the DC bus voltage and the inner loop is
to control the inductor current, and the charging/discharging
power of the EV flows automatically. If the number of EVs
connected to the DC bus is more than one, then the controller
for the rest of the EVs is as shown in Fig. 13, where PEVi is

C

VT1 VT2

RL

Vt BAT

DC+

+

DC−

Fig. 11. Topology of DC-DC converter.

divided by the EV battery voltage(Vt) to obtain the reference
current(Iref) and then a PI controller is applied to control the
current flow in or out of the batteries [22].

20 kHz

PI PI
1

≥

NOT

−1

VT1

VT2

Vref

V
C1

−
+

−
+

I
L1

V
C1

Fig. 12. DC-DC converter controller 1.

20 kHz

PI ≥

NOT

VT1

VT2

1

Vt

1

Vt

PEVi

I
L1

+
−

Fig. 13. DC-DC converter controller 2.

V. SIMULATION RESULTS AND DISCUSSION

Simulations were carried out in the environment of a
MATLAB∼R2015a/SIMULINK/Simscape/SimPowerSystem.
The solver used in the simulation was an ode23tb with
a relative tolerance of 10−3 and a maximum step size of
0.2 ms. The parameters of the circuit used in the simulations
are given in Table IV. The LCL filter design method is
referred to in [23]. Three cases are considered for testing the
effectiveness of the proposed CS with its sychronverter based
control strategy:

TABLE IV
PARAMETERS OF THE SIMULATION CIRCUIT

Parameters Values Parameters Values
Ls 150 µH Lg 450 µH
Rs 0.045 Ω Rg 0.135 Ω
C 22 µF R 1000 Ω
Lvr 1 mH Rvr 0.1 Ω
Cdc 10 mF Ldc 20 mH
Rdc 0.1 Ω Kp 0.02
Ki 0.4 DC bus voltage 700 V
Grid rated frequency 50 Hz Nominal voltage (line-line) 380 V

Case 1: EVs’ batteries with a different initial SOC con-
nected during normal hours (assuming grid frequency is 1.0
p.u. at the beginning and will then drop to 0.999 p.u. at t =
10 s, and grid voltage is 1.0 p.u.);

Case 2: EVs’ batteries with a different initial SOC con-
nected during peak hours (assuming grid frequency is 0.996
p.u. at the beginning and will then raise up to 0.997 p.u. at t
= 10 s, and grid voltage is 0.98 p.u.);

Case 3: EVs’ batteries with a different initial SOC con-
nected during valley hours (assuming grid frequency is 1.004
p.u. at the beginning and will then drop to 1.003 p.u. at t =
10 s, and grid voltage is 1.02 p.u.).

Simulations were performed considering a V2G charging
station including 3 CS units with 12 EVs in it; EV1–EV5 are
with unit 1, EV6–EV10 are with unit 2, and EV11–EV12 are
with unit 3. The different initial state of charges (SoC) and user
defined SOC limits of each EV are given in Table V. The rated
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TABLE V
BATTERIES SPECIFICATION IN DIFFERENT SCENARIOS

i SoClim
Initial SoC

Case 1 Case 2 Case 3
EV1 10% 50% 50% 50%
EV2 10% 60% 60% 60%
EV3 10% 70% 70% 70%
EV4 10% 80% 80% 80%
EV5 10% 95% 95% 95%
EV6 10% 30% 30% 30%
EV7 10% 40% 40% 40%
EV8 10% 50% 50% 50%
EV9 10% 80% 80% 80%
EV10 10% 90% 90% 90%
EV11 10% 60% 60% 60%
EV12 10% 80% 80% 80%

capacity of each EV battery is 100 Ah, the rated battery voltage
of each EV is 300 V. The power part of the charging station
includes 3 parallel-operated SVs with 3 DC units connected
to it. Assume the maximum charging and discharging power
of each EV is Pcm = 10 kW, Pdm = −10 kW; the rated
real power of each synchronverter is 50 kW, the rated reactive
power of each SV is 10 kVar; the voltage drooping factor Dq

was chosen as 644.6, which means a voltage droop of 5%
will cause the reactive power to increase by 100%. The time
factor of the droop loops were chosen as τf = 0.002 s and
τv = 0.002 s.

A. Case Study

1) Case 1: EVs Connected During Normal Hours

The period when the power grid is neither in peak hour or
in valley hour is called the normal hour. Assuming the grid
frequency is 1.0 p.u., grid voltage is 1.0 p.u., simulation results
of the SV internal frequency, real power, and reactive power
of the three CS units as well as battery current of EV1–EV12

are listed as shown in Fig. 14. From Fig. 14(a), it can be seen
that the three SVs were quickly synchronized with the grid
before the circuit breakers were turned on at t = 0.5 s. There
was a tiny current surge on the circuit when the grid connect
operation was applied at t = 0.5 s. Then, at t = 1 s, the SVs
quickly responded to the real power step change Pset which is
calculated by (19); since θ̇ = θ̇n, the value of Pset is primarily
determined by the output of the T-S fuzzy controller according
to the battery level of EVs in the charging station. It can be
seen that, when EVs connected during normal hours, CS unit 1
to CS unit 3 are all controlled to charge from the grid. As there
are only 2 EVs in CS unit 3, the charging power of unit 3
is relatively lower than that of unit 1 and unit 2. Then, at
t = 10 s,the grid frequency drops to 0.999 p.u.; it can be seen
that the inner frequency of the SV tracks the grid frequency
quickly, and the three CS units respond to the change of the
grid frequency quickly by cutting down their charging power
due to the frequency droop mechanism of the SV. As for the
reactive power, as the grid voltage is equal to its nominal value,
most of the time the reactive power of the three SVs is the
same as the Qset which was always set as 0, but at t = 0.5 s,
and t = 1 s, Q faced a little fluctuation due to the coupling
between the real and reactive power. From Fig. 14(b), it can
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(a)  SV internal frequency, real and reactive power of the CS unit 1–3.

(b) Battery current of EV1–EV12.
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Fig. 14. Simulation results of case 1.



www.manaraa.com

334 CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 4, NO. 3, SEPTEMBER 2018

be seen that the battery current of the EVs in each CS unit is
changing according to the real power change of the CS unit.
The EVs share of the real power of the CS units according to
their own battery status. As the user soc limits are set the same,
the EV with the lower battery SoC will gain more charging
power, hence the battery charging current is higher according
to the proposed power distribution strategy such as EV1–EV3,
EV6–EV8, EV11, while the battery charging current of the EVs
with a high battery SoC is relatively low such as EV4–EV5,
EV9–EV10, and EV12.

2) Case 2: EVs Connected During Peak Hours

When EVs are connected during peak hours, simulation
results of SV internal frequency, real power, reactive power
of the three CS units as well as battery current of EV1–
EV12 are listed as shown in Fig. 15. From Fig. 15(a), it
can be seen that the internal frequencies of the three SVs
are quickly synchronized with the grid frequency, because
the grid frequency is lower than its nominal value, the three
SV are operating in Droop-P, Droop-Q mode, the frequency
drooping coefficient Dp will be selected adoptively according
to the battery status of the EVs connected to the DC buses
of the SVs. It can be seen that, at t = 1 s, CS unit 1 and
CS unit 3 are controlled to discharge energy to the grid,
while unit 2 is controlled to charge from the grid. The value
of the charging/discharging power of the three CS units are
determined both by the T-S fuzzy controller and the frequency
drooping mechanism of the SVs. As the battery level of the CS
unit 1 is relatively high, then a relatively high Dp is applied.
According to the P-f characteristics of the SV, when θ̇−θ̇n < 0,
the CS unit will reduce the charging power or discharge to
the grid (depend on the value of Pset). In this case, since the
battery level of CS unit 1 is relatively high, then the basic
charging power of CS unit 1 determined by the T-S fuzzy
controller is relatively low. Due to a 0.4% deviation of the
grid frequency, CS unit 1 discharges energy to the grid. The
energy stored in CS unit 2 is lower than unit 1, so it is still
charging from the grid. However, when compared with case 1,
it can be seen that the charging power of CS unit 2 is greatly
reduced, which is also due to the P-f control characteristics of
the SV. There are only 2 EVs in CS unit 3, hence a relatively
low Dp is applied. So the discharging power of CS unit 3 is
lower than that of unit 1. Then, at t = 10 s, the grid frequency
rises up to 0.997 p.u., the inner frequency of the SV tracks
the grid frequency quickly, and the three CS units respond
quickly to the change of the grid frequency by cutting down
their discharging power, raising up their charging power due
to the frequency droop mechanism of the SVs. As for reactive
power, as the grid voltage is 2% lower than its nominal value,
the reactive power of each SV rises up about 4 kVar at t = 1 s.
From Fig. 15(b), it can be seen that the battery current of
the EVs in each CS unit is changing according to the real
power change of the CS unit. As the user soc limits are set the
same, the EV with a lower battery SoC has a positive battery
charging current, which means they are charging energy from
the DC bus such as EV1, EV6–EV8; while the battery charging
current of the EVs with high battery SoC is discharging such
as EV2–EV5, EV9–EV10.
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Fig. 15. Simulation results of case 2.
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3) Case 3: EVs Connected During Valley Hours

The valley hours of the grid are primarily at midnight. When
EVs are connected during valley hours, simulation results of
the SV internal frequency, real power, reactive power of the
three CS units as well as battery current of EV1–EV12 are
listed, as shown in Fig. 16. Because the grid frequency is
higher than its nominal value, the three SVs of the CS units
are operating in Set-P, Droop-Q mode. From Fig. 16(a), it can
be seen that, at t = 1 s, all three CS units are controlled
to absorb energy from the grid with different charging power.
The value of real power is determined by T-S fuzzy controllers
according to the energy requirement of each of the EVs inside
the unit. It can be seen that the battery level of CS unit 1 is
higher than unit 2, hence the charging power of unit 1 is lower
than unit 2. Unit 3 only contains 2 EVs, hence its charging
power is the lowest among the three units. At t = 10 s, the
grid frequency drops to 1.003 p.u, which is still higher than its
nominal value, the three SVs of the CS units are operating in
Pset mode; to avoid overcharge, the real power of the three CS
units are kept the same value as Pset. As for reactive power,
as the grid voltage is 2% higher than its nominal value, the
reactive power of each SV dropped by about 4 kVar at t = 1 s.
From Fig. 16(b), it can be seen that, as the user soc limits are
set the same, the EV with a lower battery SoC is charging with
higher power such as EV1–EV2, EV6–EV8, EV11; while the
battery charging current of the EVs with high battery SoC is
charging with a lower power such as EV4–EV5, EV9–EV10,
EV12.

From the simulations above, it can be seen that although the
initial SoC and users’ limits of the EVs are the same among the
three cases, the real power of the CS during peak hours, valley
hours, and normal hours are quite different. The simulation
results have shown the regulation ability of the CS to control
the charging/discharging power of the EVs in different grid
scenarios.

Fig. 17 shows the changing of energy stored in the three CS
units in cases 1–3, where EG2V is the total energy requirement
of the CS unit and EV2G is the total available energy of the
CS unit. It can be seen in Fig. 17 that in case 1 and case 3,
while the grid frequency is the nominal value or higher than
the nominal value, EG2V of the three CS units is dropping and
EV2G is rising, which means the total energy level of the three
CS units is increasing. In case 2, while the grid frequency is
lower than the nominal value, EG2V of CS unit 1 and CS unit 3
is rising and that of CS unit 2 is dropping, the trend of EV2G
is just the opposite, which means the total energy level of CS
unit 1 and CS unit 3 is decreasing, and that of CS unit 2 is
increasing. The change of energy stored in the three CS units
in cases 1–3 are consistent with the real power change of the
three CS units, as shown in Fig. 14–Fig. 16.

B. Long-term Simulation

A long-term simulation has been carried out by considering
a proposed V2G charging station include 6 CS units with
30 EVs plugged into the grid at t = 0 h. Assuming that the
24-hour grid frequency is shown as Fig. 18. Assuming the
SoC and the users’ set of all the EVs in the charging station
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Fig. 16. Simulation results of case 3.
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Fig. 17. Energy stored of the three CS units in case 1–3.
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TABLE VI
FREQUENCY DROOPING COEFFICIENT

EV(i) Qti Vti SoClimi SoCi

EV1–EV30 200 Ah 300 V 10% 10%

are the same as Table VI. The output power of the proposed
V2G charging station in 24 hours is shown in Fig. 19, and the
change of battery SoC in 25 hours is shown in Fig. 20.

From Fig. 19 and Fig. 20 it can be seen that when the grid
is in valley hours, i.e. 0:00–6:00, the grid frequency is high,
the CS is controlled to absorb excess energy from the grid;
the battery SoC of the EVs is gradually rising up when the
grid is in peak hours, i.e. 7:00–21:00, and the CS is controlled
to feed energy back to the grid. It is worth mentioning that
the value of the charging or discharging power of the CS is
not only related to the grid frequency but also related to the
battery state of charge of the EVs inside the CS. For example,
the grid frequency at 4:00 is higher than that at 3:00, but the
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charging power of the CS at 4:00 is lower than that at 3:00.
This is due to the fact that the EVs’ battery level at 4:00 is
relatively high after a 4-hour high power charge. As the energy
required is reduced, the charging power is also reduced. It also
can be seen that the grid frequencies are the same at 9:00 and
at 18:00, which is lower than the nominal grid frequency. But
the battery level of the EVs at 18:00 is higher than that of 9:00,
thus the output power of the former is higher. At 19:00, due to
a sharp decrease in grid frequency, the discharging power of
the CS jumped rapidly, while at 20:00, due to the EVs having
discharged a lot of energy to the grid, their battery SoCs were
reduced so that their discharging power was reduced as well. It
can be seen from the long-term simulation that, the proposed
V2G charging station is able to regulate its input/output power
according to the battery status of the EVs inside the CS in
different grid scenarios, and it is also able to provide frequency
regulation service to the grid while meeting the energy demand
of the EV users.

Assuming that the base load of the very grid that the CS is
plugged in is described in the red line, as shown in Fig. 21,
according to Fig. 18, the load with the proposed V2G charging
station can be calculated as shown by the blue line. Obviously,
after employing the proposed V2G charging station, the peak
load of the grid is cut down significantly, and the valley load
is increased greatly. The result of this simulation demonstrates
that the proposed methodology is able to play a key role in
peak shaving and valley filling for the power network, thus
promoting the efficiency of the electricity grid.
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Fig. 21. 24-hour system load with and without the V2G charging station.

VI. CONCLUSION

This work proposed a control method for V2G charging
stations based on the synchronverter technology. The CS is
composed of several CS units connected in parallel and using
synchronverters as the AC/DC interfaces between each CS unit
and the grid. The main features of the proposed method can
be summarized as follows.

1) A T-S fuzzy controller is designed to decide the ref-
erence charging power of the CS unit according to the grid
frequency, which is estimated by the synchronverter itself, and
the charging demand of each individual EV inside the unit.

2) When the synchronverter works in Droop-P mode (θ̇ <
θ̇n, EV2G > 0), the output power of the CS unit is determined
by the frequency droop control characteristics of the synchron-
veter, which means a drop in the grid frequency would cause

a decrease of the reference charging power (or an increase of
discharging power) of the CS unit in response.

3) An adaptive frequency drooping coefficient mechanism
is designed to modify the frequency drooping coefficient (also
the slope of the P-f control characteristics) of the synchron-
verter to adapt the change of the energy capacity of the DC
bus.

4) By using the proposed method, a CS can be integrated
into the power grid and behave in the same way as large
synchronous machines do, so that the CS equipped with the
proposed control strategy and the power grid can be taken as a
whole based on the well-known synchronous mechanism. The
proposed CS also adds damping and inertia to the power grid,
which makes the operation of the grid smoother.

Simulation results have verified that the proposed strat-
egy can not only effectively perform controlled charg-
ing/discharging of each single EV inside the CS, but also
provide high-quality frequency and voltage regulation services
for the grid as well.
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