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Abstract—This paper presents a virtual active power filter (VAPF)
using vehicle to grid (V2G) technology to maintain power quality
requirements. The optimal discrete operation of the power converter of
electric vehicle (EV) is based on recognizing desired switching states
using the model predictive control (MPC) algorithm. A fast dynamic
response, lower total harmonic distortion (THD) and good reference
tracking performance are realized through the presented control
strategy. The simulation results using MATLAB/Simulink validate the
effectiveness of the scheme in improving power quality as well as good
dynamic response in power transferring capability.

Keywords—Virtual active power filter, V2G technology, model
predictive control, electric vehicle, power quality.

I. INTRODUCTION

HE widespread use of electronic equipment, such as

information technology equipment, power electronics
based optimal speed/torque controller of electrical motor, smart
lighting, has changed the behaviour of electric loads. The
nonlinear nature of these deformed loads has caused many
power quality problems. Due to their non-linearity, all of these
loads cause disturbances in the voltage waveform. To remove
the effects of these loads and acceptable power quality, several
structures of power filters i.e., passive [1], shunt [2]-[4], series,
and combination of shunt and series active filters with passive
components [5]-[7] have been presented as solutions in a
polluted electric network. Among active filter topologies, SAPF
(shunt active power filter) with its naive implementation is paid
more attention in both time and frequency domains to facilitate
the compensation of harmonic currents and reactive power of
non-linear loads [8], [9]. In [10], a digital implementation of
fuzzy control algorithm has been presented for the SAPF in
power system. A method is presented in [11] for the control of
a three-level neutral-point clamped converter and the injection
of harmonic current components of nonlinear loads. The
method can also guarantee a unity power factor for the utility
grid. A control plan also was presented in [12] to reject the
uncertainties from the power grid. Several studies [13]-[18]
indicated that EVs may profitably provide power to the grid
when they are parked and connected to an electrical outlet. This
process is called V2G technology. There are three types of EVs
—battery, fuel cell, and plug-in hybrid— and they have been used
to provide power for base load, peak power, and also they act
as storage systems for renewable energy sources with
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intermittent behaviour [19]. The purpose of V2G technology is
that EV delivers electric power to the utility when the PV is
parked. In order to deliver electric power to the grid, each EV
must have three required elements as follows: (a) a power
connection to the grid for electrical energy flow, (b) control or
logical connection necessary for communication with grid
operators, and (c) precision metering on-board the vehicle. So
far, the use of V2G and G2V (Grid-to-vehicle) technologies in
power system applications has been reported in various studies.
For instance, [20] has considered the EVs as virtual static
compensator (STATCOM) for reactive power compensation
purposes. A virtual unified power flow controller (UPFC) using
V2G technology has also been reported in [21]. The authors of
[22] have also used the EVs to reduce the losses and to
smoothing of the load duration curves in distribution system.
To solve the power quality issues of a wind power unit, [23] has
benefited from implementing the EVs in the output bus of the
wind power unit, near to the sensitive loads. The study
presented in [24], based on the p-q theory, considered the EVs
to reduce the power quality problems caused by a HVDC
system.

In this paper, we utilize the EV as a VAPF to improve the
power quality. In the proposed method, the converter of EV is
controlled using a MPC algorithm. The rest of the paper is
organized as follows: Section II describes the system structure
and dynamic model of the EV battery. The proposed control
strategy of EV as a virtual active filter is given in Section III.
The simulation results are provided in Section IV to verify the
performance of the proposed strategy. Finally, the conclusion is
presented in Section V.

II. SYSTEM STRUCTURE AND DYNAMIC MODELING

Overall power circuit of the system is drawn in Fig. 1. The
EV battery, as shown, is connected to the power grid through a
power converter that operates in inverter mode based on V2G
concept. The subsequent sections describe the dynamic
modeling of the EV battery and the working principle of the
inverter.

A. EV Battery Model

In this study, since EVs are able to compensate reactive
power to utility grid as introduced in [20], they are considered
as dynamic batteries which are connected to the system through
bidirectional converters [25]. For each EV, a dynamic model of
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a rechargeable battery is used. This model was described in
[26], in which a dynamic lithium-ion battery model considering
the effects of temperature and capacity fading was presented.
Here, this model is adopted because of its good and exact
dynamic response during charge and recharge process. The
output voltage of the battery is obtained as [26];

Vbat =Voc 7ibatzeq +AE(T) (D

where, Ve is the battery open circuit voltage, b battery current,
Z,, the internal impedance of battery, and AE(T) is temperature
correction of the potential. The equivalent impedance Zeis

shown in Fig. 2. In this figure, Rseries is responsible for the

instantaneous voltage drops in battery terminal voltage. The

other component of series resistor Rcycle’ indicates that the

internal impedance of the battery is increased with each cycle
of discharging operation. All of these components are a function
of state of charge (SOC). Also, the value of battery open circuit

voltage Voo is strongly dependent on battery SOC that can be
calculated as;

SOC =S0C,, _J.(iBattery /Cusable)dt (2)

where SOC,  is the initial value of SOC. More details are
presented in [26].
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Fig. 1 System structure: the EV is connected to the power grid through an inverter

B. Power Converter Operation

The power converter acts as interface to connect the EV to
utility and operates in inverter mode when the EV works in
V2G mode. As shown in Fig. 1, the three-phase converter has
three legs with two power semiconductor-based switches in
each leg. The switches must be appropriately controlled to
convert the DC voltage of the battery into an AC voltage with
specified frequency (here 50 Hz) of the AC side. However, a
pure AC voltage is obtained if appropriate switching signals are
implemented. One well known method to control the switches
is the space vector modulation (SVM) strategy [27]. In this
method, the switching signals Sa, Sb, and Sc determine the
switching states of the three-phase converter. These switching
signals have logical values; when a switch is on, equals one, and
when a switch is off, equals zero. The switching vector of the
converter is defined as;

5
S =2\3(S, +aS, +a’S,) (3)

wherea=e/?7/3 By this definition, the output voltage of the
converter of Fig. 1 can be written as;

N
Vev =2/3(Vgy o +aVeyp + azVEv,c) 4

This voltage is related to the DC voltage of converter, i.e. the
EV battery voltage, as;

— -

Vev = S><VBattery (%)

According to the states of the switching signals S,, Sp, and S,
eight voltage space vectors are achievable as shown in Table I.
From Fig. 1 and using Kirchhoff's Voltage Law (KVL) we
have;

s

-

— — —
Vv :VS+RiS+LSdt +Va (6)

where v S,TS are the space vectors of voltage and current of the

N
utility and V  is the space vector of node n that is equal to zero

for grounded source point. Thus from (6), we can write;

N
ls

d

- - -
m =1/LS(VEV—VS—Risj @)
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The discrete form of this equation is used in the next section
in the MPC algorithm.

R R

cycle series RTransienLS RTransient L

Transient S Transient_ L

Fig. 2 Equivalent impedance circuit of battery [26]

TABLEI
SPACE PHASOR OF VOLTAGE FOR THE EV INVERTER

Status of switching Space phasor of voltage

Sa S Se v

V Ev
0 0 0 Vo=0
R
o0 ! V1 = Vaery (/3 + j1/43)
N
0 1 0 V 2 =Viattery (-1/3+ j1/43)
N
0 1 1 Vi = —2/3VBattery
R
! 0 0 V4 =2/3Vgattery
R
10 1 V's =Vaatery (1/3 - j1/43)
R
b 0 V 6 =Vaatery (1/3+ j1/43)
[ 1 V=0

III. THE MPC BASED CONTROL STRATEGY OF EV AS A
VIRTUAL ACTIVE FILTER

Fig. 3 shows the overall diagram of the proposed strategy. As
shown, the EV is connected in parallel with a non-linear load.
The power converter of the EV is controlled based on MPC
algorithm that generates the optimal switching signals Sa, Sb,
and Sc. The reference currents are obtained from active and
reactive power reference calculation in dq frame. To obtain the
optimal switching state to be applied for firing the converter
switch, a selection criterion must be defined that is the error
between references and predicted values. Then, the state that
minimizes the errors is selected for the next sampling interval.

A. Current Prediction in MPC

In order to predict the current, it is necessary to transform the
dynamic system of the converter for inverter mode of operation
represented (7) into discrete time model at sampling time Ts.
Thus, a discrete time model is used to predict the future values
of currents and voltages in the next sampling interval (n+1),
from the measured currents and voltages at the nth sampling
instant. Using the system model derivative dy/dt from Euler
approximation, as [28];

dy/dt=y(n+1)—y(n) ®)

The discrete time model of predictive currents and voltages
for the next (n+1) sampling instant of the converter during
inverter mode can be derived as;

e+ =15 =T,/ Ls[\75(n) Ve (n))— RT,/ Ls[7s(n)J(9)
So we have;
Te+1) = (1= R.T. /L )T s(n)+ T,/ LS[\75(n) Ve (n)) (10)

The error function can also be determined as;

)

(12)

5P P
where i p, i q are the dq components of the predicted current.
B. Reference Powers Currents Calculation

Fig. 4 illustrates the process of generating the active and
reactive reference powers. The active and reactive power
components are calculated as;

P =3/2(Vgig +Vqiq) (13)

Q=3/2(~Vgiq +V4ig) (14)

As indicated in Fig. 4, based on the equations above, the
active and reactive powers that must be compensated are
selected. Then, based on these calculated powers, the reference

. . . % ok
currents in dq frame, i.e. Iy, iq,are calculated as;

* * V *
ig =2/3 % P +2/3 ——1—1Q (15)
Vsd Vg sd +Vsq
* V * V *
iP=2/3 —3 _P"-2/3—%% |0 (16)
d Vg +Vg Vg +Vg

These equations indicate that P and Q can be independently

controlled and this is a salient feature of the dq frame based
control strategies.
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Fig. 3 Proposed MPC based virtual active filter

< v, current. As illustrated, the phase currents are no
P | Calculation of i idal and al bal d. Th i
« - - sinusoidal and also unbalanced. The neutral current is
P& Selection of active @, rive and <—Vq o ] .
and reactive also shown in Fig. 6. The peak of this current is about

reactive power]

. powers to be based on E : 200% more than that of phase a. Fig. 7 shows the
Q = componsated  lag— POSEAONLQS. | o ig )

Q| 3.4 . frequency analysis of the source current. As shown,

< Iq there are resonances in frequencies of 0 and +200 Hz

and the magnitude in both positive and negative
sections of the curve are also high. The Fast Fourier
IV. SIMULATION RESULTS Transform (FFT) analysis of the source current is
shown in Fig. 8. It is observed that the magnitude of
the third harmonic is 130% respected to the
fundamental component. The magnitude of the other
harmonics is less than 5%. The THD is also 130.34%
which is extremely high.

For purpose of comparison, here, the method of [24] is
considered. The control scheme of the power converter
of EVs is based on p-q theory and the EVs are
integrated act as an active filter to improve the power
quality. This filter is connected in parallel with the
nonlinear load. The simulation results are illustrated in
Figs. 9-12. The current source for the phases a, b, and
c is indicated in Fig. 9. In comparison with Fig. 5, in
which the current of the nonlinear load without any
filter is demonstrated, the waveform of the source
current is less affected by the load and the distortion is
reduced. However, as shown in Fig. 10, the neutral
current is notable and its magnitude is high. This is
because of the unsymmetrical waveform of the three-

Fig. 4 Active and reactive power reference calculation

In this section, the virtual active filter is simulated using
MATLAB/Simulink [29]. The simulation model is based on
Fig. 3 and the parameters of the system are given in Table II, in
the Appendix. For purpose of comparison, three case studies
have been considered. In these cases, a three phase diode Case 2:
rectifier, with a 10 Q resistive load, is considered as a nonlinear
load. In the first case, there is no any filter used and the load is
connected to the utility. In the second case, the method of [24]
which was based on p-q theory, is picked up and simulated to
improve the power quality when the aforementioned nonlinear
load is connected to the power system. Finally, in the third case,
the EV is connected to the system and the proposed MPC based
strategy is implemented.

Case 1: In this case, the behavior of the nonlinear load and its
impact on the power quality is analyzed without
harmonic filter. The results are shown in Figs. 5-8. The
load is nonlinear and also there are two switching
between 0 and 0.01 Seconds. Fig. 5 shows the source
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phase current of the source. Fig. 11 shows the
frequency analysis of the source current. Again,
similar to the case I, the peaks in the frequencies of 0
and £200 Hz are high. The harmonic spectrum of the
source current is also illustrated in Fig. 12. The THD
is 8.59% that is higher than the 5% level set by the
international standard IEEE 519-2014. One may note
that, beside the high amplitude of the third harmonic,
the magnitude of other harmonics is notable in the
source current. This is mainly because of using the
hysteresis band and hysteresis control strategy that
was implemented in the p-q theory in [24].

The performance of the VAPF is analyzed in this case.
The load is the nonlinear load, as it was considered in
the previous cases. The VAPF is connected in parallel
with the load. The VAPF is controlled using the MPC
based strategy of Fig. 3. The simulation results are
shown in Figs. 13-17. Fig. 13 shows the source
currents. As illustrated, the distortion of these currents
is more improved than that of Figs. 5 and 9. The
distortion at the initial times, are exist due to the
multiple switching. Fig. 14 shows the neutral current
that is near to zero for the post switching period. The
currents of the VAPF are demonstrated in Fig. 15. The
summation of these currents with the load current is
such that the harmonics of the load currents are
compensated at the source point of view. Fig. 16
indicates the frequency analysis of the source current
and the reduction of magnitude is notable. The FFT
analysis of the source current is illustrated in Fig. 17
and it is realized that the third harmonic is removed
and the THD is reduced to 1.56% which is remarkable
and it keeps the IEEE standard limits.

0
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Fig. 5 Three phase currents of the source without filter
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Fig. 6 Neutral current without filter
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Fig. 16 Frequency spectrum of the source current with the proposed
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Fig. 17 FFT analysis of the source current with the proposed VAPF

The values of parameters considered in the simulation are
given in Table II.

TABLEII
PARAMETERS OF THE SIMULATION MODEL
Parameter Value
VS (L-L) 380
fg 50 Hz
Rg 0.01 Q
L 1 pH
VBattery 400 V
Kpi (PI controller proportional gain) 0.5
I Pl (PI controller integral gain) 1
R\ oad 10 Q

V. CONCLUSION

EVs may profitably provide power to the grid at parking lot.
This process is called V2G technology. The power converter of
the EV can be effectively controlled so that some power quality
issues improved. In this respect, the present paper presented a
VAPF role for the EV using a MPC based algorithm. The
algorithm was effectively able to anticipate the current and
determine the optimal switching strategy for the power
converter of the EV such that the harmonics are reduced. The

results were validated through simulations.
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