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Abstract—Vehicle to grid (V2G) reactive power compensation
using electric vehicle (EV) onboard chargers helps to ensure grid
power quality by achieving unity power factor operation. However,
the use of EVs for V2G reactive power compensation increases the
second-order harmonic ripple current component at the DC-side
of the charger. For single-phase, single-stage EV chargers, the rip-
ple current component has to be supplied by the EV battery, unless
a ripple compensation method is employed. Additionally, continu-
ous usage of EV chargers for reactive power compensation, when
the EV battery is not charging from the grid, exposes the EV bat-
tery to these undesirable ripple current components for a longer
period and discharges the battery due to power conversion losses.
This paper presents a way to provide V2G reactive power com-
pensation through a boost inverter-based single stage EV charger
and a DC-side capacitor without adversely affecting the EV bat-
tery. The operation of the boost inverter-based EV charger with
second-order harmonic and switching frequency ripple current
reduction, the dynamic behavior of the system, the transition be-
tween different operating modes, the DC-side capacitor voltage
control above a minimum allowed voltage, and the DC-side ca-
pacitor sizing are extensively analyzed. The performance of the
proposed system is verified using an experimental prototype, and
presented results demonstrate the ability of the system to provide
V2G reactive power compensation both with and without the EV
battery.

Index Terms—Electric vehicle (EV) charger, reactive power,
second-order harmonic ripple current, vehicle to grid (V2G).

I. INTRODUCTION

ITH the rapid depletion of fossil fuels and growing en-
vironmental concerns due to greenhouse gas emission,
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electric vehicles (EVs) have gained increased popularity. EVs
utilize onboard or off-board chargers to charge the EV batteries
from the electric grid [1]-[3]. The negative effects of EV charg-
ing on the power quality of low-voltage electricity distribution
grids have been extensively studied in the technical literature,
and it has been demonstrated that coordinated EV charging
can mitigate adverse impacts such as increased peak load when
large-scale EV grid integration is required [4]-[6]. Additionally,
due to the energy storage capacity and vehicle to grid (V2G)
operation capabilities, EVs can provide active and reactive
power support to the electric grid either in battery-connected or
disconnected mode [7]-[11].

The possibility of using EVs for reactive power support was
extensively investigated in technical literature [10], [12]-[16].
Providing reactive power compensation using distributed en-
ergy storage devices, such as EVs, reduces the installation and
maintenance costs associated with dedicated reactive power
compensators such as capacitor banks, static VAR compen-
sators, and static synchronous compensators [12]. However,
the use of EVs for V2G reactive power compensation leads
to additional concerns such as discharging of the battery and ex-
posure of the battery to undesirable ripple current components.
A second-order harmonic ripple current component at the DC-
side of single-phase onboard EV chargers increases with V2G
reactive power operation as explained in [14]. The adverse ef-
fects of the low-frequency ripple current components on the
EV batteries can be mitigated using two stage charger topolo-
gies [2], [12]. However, according to the analysis presented in
[14], a larger DC link capacitor has to be employed to handle
the increased second-order harmonic ripple power requirement.
For single stage EV chargers, the second-order harmonic ripple
current has to be supplied by the EV battery unless a ripple com-
pensation method is employed. Such continuous low-frequency
ripple current components adversely affect the lifetime of bat-
tery due to internal heating [11], [17], and also increase the
number of charge/discharge micro-cycles of the battery and,
hence, deplete its lifetime more quickly [14], [18]. In addition
to the second-order harmonic ripple current component, the EV
battery has to withstand an undesirable switching frequency rip-
ple current component for a longer period with V2G reactive
power operation. Another significant concern of V2G reactive
power compensation is discharging of the battery due to the

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.


https://orcid.org/0000-0002-3771-3931
https://orcid.org/0000-0001-7143-8593
https://orcid.org/0000-0003-4166-8341

WICKRAMASINGHE ABEYWARDANA et al.: SINGLE-PHASE BOOST INVERTER-BASED ELECTRIC VEHICLE CHARGER WITH INTEGRATED

3463

-

sW,

L —K} SW,

Fig. 1. Configuration of the boost inverter-based charger.

continuous operation of the power converter and associated
power conversion losses [16]. In [13], the authors proposed
to disconnect the EV battery from the charger, when it is not
charging from the electric grid. The disconnection of the bat-
tery from the charger helps to avoid adverse impacts of V2G
reactive power compensation on the EV battery. However, im-
portant effects related to the disconnection of the battery from
the EV charger such as dynamic performance, capacitor sizing,
and capacitor voltage control were not analyzed in [13].

Power electronic inverters play a key role in the EV battery
storage systems. The boost inverter topology is a single-phase
differential inverter topology that provides both boosting and
inverting functions in a single power conversion stage [19],
[20]. Various second-order harmonic ripple current reduction
methods were studied for the single-phase boost inverter topol-
ogy [21]-[24], and the current feedback ripple reduction method
presented in [24] achieves a superior second-order harmonic rip-
ple reduction performance. Furthermore, with the interleaved
operation presented in [25], the boost inverter topology was
able to reduce the switching frequency ripple component of the
DC-side current. Due to the possibility of the boost inverter
topology to provide both boosting and inverting functions in
a single power conversion stage, and its capability of mitigat-
ing the second-order harmonic ripple component and switching
frequency ripple component of the DC-side current, this topol-
ogy becomes technically attractive in many DC energy storage
system applications [19], [20], [24], [26]-[29].

In this paper, a boost inverter-based onboard EV charger for
V2G reactive power compensation is presented. The DC-side
current feedback method [24] and the interleaved operation [25]
are adopted to mitigate the second-order harmonic ripple com-
ponent and the switching frequency ripple component in the
boost inverter DC-side current. When the battery is charging
from the grid, the EV charger compensates for the reactive
power requirement of the load through V2G reactive power op-
eration. When the EV battery is not charging from the grid, due
to coordinated EV charging control, it is proposed to disconnect
the EV battery from the boost inverter. A DC-side capacitor is
used to provide V2G reactive power compensation when the
battery is disconnected. Practical recommendations related to

EV on-board charger

V2G reactive power operation with the DC-side capacitor, the
DC-side capacitor design, dynamic behavior, and capacitor volt-
age control above a minimum allowed voltage during transients
are extensively analyzed and described. This analysis is a key to
understand the practical control limitations of the V2G reactive
power operation of the boost inverter-based EV charger when
the EV battery is disconnected.

The main contributions of this paper can be summarized as
follows. The paper presents a boost inverter-based EV charger
with reduced second-order harmonic ripple and switching fre-
quency ripple components in the EV battery current, which helps
to increase the battery lifetime. As a way of further extending
the battery lifetime, the possibility of disconnecting the EV bat-
tery when it is not charging from the grid and using a DC-side
capacitor to provide V2G reactive power operation is studied.
The dynamic performance of the system when the EV battery is
disconnected from the inverter is studied and a DC-side capaci-
tor selection method to maintain the DC-side capacitor voltage
above a minimum allowed voltage is presented. The dynamic
analysis and the capacitor selection methods are readily applica-
ble for other inverter topologies. The proposed system, theoreti-
cal analysis, and design methods are validated using simulation
and experimental results.

The paper is organized as follows. The operation of the boost
inverter-based EV charger is presented in Section II. The DC-
side capacitor energy controller and the DC-side capacitor se-
lection are described in Section III. A design methodology for
the boost inverter-based EV charger is discussed, and simulation
and experimental results are presented in Section IV to validate
the operation of the boost inverter-based EV charger. Finally,
the conclusions of the paper are summarized in Section V.

II. OPERATION OF THE BOOST INVERTER-BASED CHARGER

The system configuration of the interleaved boost inverter-
based EV charger for V2G reactive power compensation is de-
picted in Fig. 1. The EV charger is connected to a single-phase
AC grid through an interfacing inductor L;,,. A reactive load
is connected to the single-phase AC grid, and the EV charger
is used to compensate for the reactive power component of the
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Fig. 2. Output capacitor voltage waveforms and boost inverter DC-side volt-
age.
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TABLE I

SIMULATION AND EXPERIMENTAL PARAMETERS

load while charging the EV battery from the grid. When the
EV is not charging from the grid, the switch SWj is used to
disconnect the EV battery from the boost inverter, and then the
DC-side capacitor Cjy is used to operate in the reactive power
compensation mode.

The control objective of the boost inverter is to generate a
sinusoidal voltage vj,,, which follows the reference voltage

Vinv,ref = VinVSin (Wt + 5) (1)

where Vi, w, and ¢ are the amplitude, frequency, and phase
angle of the inverter AC side voltage, respectively. The output
capacitor voltages v, and v,9 are controlled to follow reference
signals v,1 rer and vy2 yer, Where

Vinv,ref .

Vol,ref = VDC + 9 - KZd,AC (2)
Vinv,ref .

V2. ref = VDO — 5 Kigac. (3)

The differential output voltage between (2) and (3) produces
the required inverter AC-side voltage as given in (1). The DC
shift of the output capacitor reference voltages, Vpc, is selected
to ensure the boost mode operation of the converter legs (The
minimum output capacitor voltage should be greater than the
inverter DC-side voltage v;). Hence, Vpc should be selected
such that

min (Uol,ref) , min (UOZ,I'ef) > Vg “)

as shown in Fig. 2 [24]. The experimental prototype parameters
summarized in Table I are used to obtain Fig. 2. As mentioned
in the introduction, a DC-side current AC component feedback
method proposed in [24] is adopted in this paper to mitigate
the second-order harmonic ripple current component. Thus, in
consideration of the null AC component of the boost inverter
DC-side current (%4 A ) constraint, the third term in (2) and (3)
can be considered as

—Kigac = K (ig,AC ret — ta,AC) - (5)

Hence, the third term can be seen as a proportional con-
troller designed to control the DC-side current AC component
t0 %4 acref = 0. A detailed analysis of the second-order har-
monic ripple current reduction using the DC-side current AC
component feedback signal was presented in [24].

Variable Simulation Experimental
N 3kVA (1pu) 60 VA (1 p.u)
Vy 32527V (1 p.u) 60V (1 p.u.)
w 314.2rads’! 314.2 rads™!
Vibatt 140V 25.6V
Vod ret 140 vV 256V
Ved min 108 V 20V
Vbe 325V 68V

fsw 20 kHz 20 kHz
1,0, 35 uF 60 puF
Li,L, 480 nH 210 pH
Ploss 96 W 11w
Linv 11.8mH (0.2 p.u.) 20 mH (0.2 p.u.)
Rrpi1,Rpo 0.12Q 020

The boost inverter-based EV charger is connected to a single-
phase grid using an interfacing inductor L, as shown in Fig. 1.
The grid voltage v, is given by

vy = Vysin (wt) . (6)
The current supplied by the single-phase grid
iy = Iysin (wt + @) (7
and the current supplied by the inverter
tiny = Linysin (wt + ) . (8)

The active power and the reactive power supplied by the boost
inverter can be obtained as [30]

Vo Viny sin § ©)

-Pinv = .
2wL,

For small values of J, the active power supplied by the boost
inverter can be approximated as
Vo Vinv ¢
2WLinv .
Moreover, the reactive power supplied by the inverter can be
obtained as

Py = (10)

. 2
Vg Vinvcosd — V,
wL,

Qinv = (11)
For small values of ¢, the reactive power supplied by the boost

inverter can be approximated as
Vg Vinw = V5)

Qinv ~ .
2"‘)Linv

According to (10) and (12), the active power supplied by the
boost inverter can be controlled by modifying the inverter AC
side voltage phase angle 9, and the reactive power supplied by
the inverter can be controlled by modifying the inverter AC side
voltage amplitude V.. The active and reactive power control
method was extensively discussed in literature [25], [27], [31]
and tends to have a slow dynamic response. In order to increase
the dynamic response of the active and reactive power controller,
an interested reader can refer to the direct inverter output current
control methods discussed in [29] and [32]. Furthermore, to
reduce the size of the grid interfacing inductor, an LC filter can

(12)
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be used as presented in [32]. In this paper, a grid interfacing
inductor as shown in Fig. 1 is used, and a droop control method
based on (10) and (12) is used to control the boost inverter
output active and reactive power. The active and reactive power
supplied from the boost inverter at the point of common coupling
can be obtained using the dg components of the grid voltage v,
and the inverter AC-side current ;,,, as

-Pinv = 5 (Ug,diinv.d + ’Ug,qiinv,q) (13)
1 . .
Qinv = 5 (Ug‘qlinv,d - Ug,dlinv,q) . (14)

In order to compensate for the reactive power of the load,
the active and reactive power requirement of the load can be
measured as

1 i .
P = 5 (vg.di1.a + vg.4014)

5 (15)
1 ) .
Q= 3 (Vg,qt1,d — Vg,dliq) - (16)

The active and reactive power controller for the boost inverter-
based charger is shown in Fig. 3. Before connecting the boost
inverter to the grid, the inverter AC-side voltage is synchronized
with the grid voltage using the phase lock loop shown in Fig. 3.
Then, the switch SWi,, in Fig. 1 is used to connect the inverter
to the single-phase grid. The PI controllers designed based on
(10) and (12) are used to control the inverter output active and
reactive power. A Ch,,, signal is used to enable the charging of
the EV battery from the grid, which can be generated from a
coordinated EV charging algorithm [5], [10]. A hysteresis con-
troller is used to maintain the SOC of the battery .5 less than
a maximum allowable SOC value S,,,x as depicted in Fig. 3.
When Ch,,, = 1 and Sy is less than Sy, ., the EV battery is
connected to the boost inverter using STj. A mechanical switch
can be used as the switch ST}, to avoid significant conduction
and switching losses. Then, the EV battery is charged using a
B, ¢, active power reference. In order to compensate for the
reactive power component of the grid connected load, the mea-
sured load reactive power using (16) is set as the reference to the
inverter output reactive power. Two PI controllers are designed
using (10) and (12) to control the active and reactive power
supplied from the boost inverter to the grid.

When Ch,,, = 0 or the EV battery SOC reaches its maxi-
mum value, the charging of the EV battery should be stopped.
Note that, the battery should be disconnected from the charger

Block diagram of the active and reactive power control system for the boost inverter-based charger.

when it is not charging from the grid to avoid discharging of the
battery due to the power conversion losses. Furthermore, the dis-
connection of the battery from the inverter prevents the switch-
ing frequency current flow from the battery and also avoids the
second-order harmonic ripple current component of the battery
if aripple reduction method is not employed. In order to stop the
charging of the battery, the inverter power reference is set to zero.
Due to the settling time of the inverter active power controller,
the actual inverter active power takes some time to reach zero.
If the EV battery is disconnected from the inverter, before the
inverter output power reaches zero, the DC-side capacitor volt-
age will increase since it gets charged with the power absorbed
from the grid. Due to the increased DC-side capacitor voltage,
the inequality (4) may not be satisfied. In such situation, the
minimum output capacitor voltage will saturate at the DC-side
capacitor voltage. This will lead to a distorted inverter output
voltage. This problem can be avoided by selecting a higher DC
shift, V¢, for the output capacitor reference voltages, but a
higher Vp increases the required gain of the boost converter
legs. Hence, it is important to delay the disconnection of the EV
battery from the inverter until the active power absorbed by the
inverter reaches zero. Hence, in this paper, it is recommended
to disconnect the EV battery from the inverter after a predeter-
mined time delay t; using the switch SW;,. The turn-off time
delay, ¢4, can be selected according to the settling time of the
inverter active power controller. When the EV battery is dis-
connected, the boost inverter can compensate for the grid load
reactive power using the DC-side capacitor Cy.

When the battery is disconnected from the boost inverter,
the stored energy of the DC-side capacitor has to be controlled
to avoid the capacitor discharging. Hence, a DC-side capacitor
energy controller as shown in Fig. 3 is used to control the stored
energy of the capacitor at a reference value, and the PI controller
for the energy controller has to be reset when the battery is
disconnected from the converter.

III. DESIGN OF THE DC-SIDE CAPACITOR AND CAPACITOR
ENERGY CONTROLLER

Fig. 4 illustrates the simplified block diagram of the DC-
side capacitor energy controller, where E¢ 4 r.r is the capacitor
energy level corresponding to the reference capacitor voltage
value veg ref. In Fig. 4, Ecq, Ecg init, Poss, and s are the
stored energy in the DC-side capacitor, the initial stored energy
in the DC-side capacitor, the power loss of the converter, and
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the Laplace operator, respectively. A PI controller with a trans-
fer function Hpr ¢4 is used in the capacitor energy controller,
where

Kr.ca

Hprcq = Kpcaq+ — (17

and Kp ¢4 and K7 ¢4 are the proportional gain and the integral
gain of the PI controller, respectively. Using Fig. 4, the transfer
function between E¢ 4 ot and E¢o g can be obtained as

Ecy Kpcas+ Kr.ca

Hpcq = = .
Ecaret 8>+ Kpcas+ Krcd

(18)

Similarly, the transfer function between E¢ 4 and Poss, Hioss,
can be obtained as

ECd —S
Hiss = = . 19
: Poss 2+ Kpcas+ Kr.ca (19)
The transfer function between E¢ g and E¢ g init 1S
ECd S2
Hinie = = N )
! Ecamit >+ Kpcas+ Krcd

The transfer function in (18) has a zero z and two poles p;
and po, where

. —Kpca* \/KP,CdQ —4K71.cq
Z == —, P12 = 5 .

21
When KP,CdQ —4K;cq =0, the system is critically
damped, and Hg 4 can be rewritten as

Hioy = Eoa  _ (s+ Kpca/d)
’ (s+Kpca/2)?

Eca et

Using (22), an asymptotic Bode plot can be drawn as Fig. 5
and it can be observed that the gain cross-over frequency w, =
Kp,cq. Hence, the proportional gain Kp ¢4 can be selected to
control the bandwidth of the system given by (22).

When the battery is disconnected from the inverter, the
DC-side capacitor has to supply the losses of the power con-
verter; and hence, the stored energy in the DC-side capacitor
drops. The reduction in the capacitor energy leads to a reduc-
tion in its voltage. The DC-side capacitor has to be selected to

(22)
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maintain the capacitor voltage above a minimum value v¢ g, min -
For the critically damped system, the transfer function Hj,gs can
be rewritten as

Hloss - P -
loss

—s
(s+ Kpca/2)?
The unit step response of the transfer function H.ss, When

the system is critically damped, is illustrated in Fig. 6. Using
(23), the unit step response in time domain can be obtained as

(23)

”"P.Ud)

ECd,step (t) = 71&67( B (24)

The minimum value of (24) occurs when ¢t = 2/Kp ¢4 and
the minimum value is

2¢1

Kp,cq

min (Ec g step (1)) = (25)

Using (25), the DC-side capacitor energy change due to the
converter power loss, Foss, when the battery is disconnected
from the inverter can be obtained as

AE‘C'd,loss = 7= (26)

Then, the minimum required DC-side capacitor value to main-
tain its voltage greater than a critical minimum voltage vc 4 min
can be calculated as

2 |AECd,loss|

—_— 27
(’Ub2 - UCd,min2) ( )

Cd,req =
where v; is the battery terminal voltage.

IV. SIMULATION AND EXPERIMENTAL STUDY OF THE EV
CHARGER

A. Design of the Control System for the Boost Inverter-Based
EV Charger

The overall block diagram of the controller for the boost
inverter-based EV charger is depicted in Fig. 7. In this paper, a
double loop control strategy is used to control the boost inverter,
and the outer voltage control loop and the inner current control
loop for the left-hand side boost converter leg are shown in
Fig. 8. The boost inverter AC-side reference voltage viny ref S
generated using the inverter active and reactive power controller
depicted in Fig. 3. In order to reduce the second-order harmonic
ripple component of the inverter DC-side current, the output
capacitor reference voltages are controlled as in (2) and (3). A
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in Fig. 7 [24]. In this paper, the feedback gain K is selected as
100, and a detailed explanation of the feedback gain selection
for the ripple current reduction method is available in [24].
Fig. 8 illustrates the block diagram of the double loop con-
troller for the left-hand side boost converter leg. A proportional-
resonant controller with two resonant components at 50 and
100 Hz is used in the voltage control loop to achieve accurate
sinusoidal voltage reference following [24]. The inner current
control loops are designed using PI controllers. The outer volt-

Fig. 10.  Simulation waveforms of the boost inverter-based EV charger. (a)
Grid voltage and grid current waveforms, (b) power factor between grid voltage
and grid current, (c) active power waveform of the EV charger, and (d) reactive
power waveform of the EV charger.

age control loop bandwidth and the inner current control loop
bandwidth are selected as 400 Hz and 4 kHz, respectively.
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Simulation waveforms illustrating operation of the boost inverter-based EV charger when the EV battery is disconnected from the charger att = 0.65s.

(a) Grid voltage, the grid current, and the EV charger DC-side voltage, (b) power factor between the grid voltage and grid current, (c) active power waveform of

the EV charger, and (d) reactive power waveform of the EV charger.

The analysis provided in Section III is used to design the
DC-side capacitor energy controller. In this paper, the critically
damped system is considered, and the proportional gain of the
energy controller Kp ¢ is selected as 10 to limit the bandwidth
of the system given by (22) to 10 rad s™'. Then, the integral gain
K7 cq is selected as 25 to obtain a critically damped system.
The PI controllers PIp and Pl are designed to obtain 0.1 s
rise time approximately. Hence, the battery disconnection time
delay ¢, is selected as 0.2 s.

B. Simulation Study

A 3 kVA boost inverter-based EV charger and a 230 V single-
phase AC grid are considered in the simulation study. The sim-
ulations were conducted using Matlab-Simulink with PLECS.
The system parameters used for the simulations are summarized
in Table I. The grid interfacing inductor and output capacitors
for the simulation are selected to have the same per unit val-
ues as the experimental setup. However, the boost converter leg
inductors L; and Lo are designed to limit the switching fre-
quency ripple component of the inductor current as explained in
[25]. A series resistive-inductive load with 23.5 €2 resistance and
40 mH inductance is used as the equivalent load connected to
the single-phase grid.

The operation of the second-order harmonic ripple reduction
method when the EV battery is charging from the grid and the
inverter is providing reactive power compensation for the grid
load is presented in Fig. 9. The ripple reduction method reduced

the second-order harmonic ripple current component from 8.198
to 0.522 A.

Fig. 10 demonstrates the operation of the EV charger in V2G
reactive power compensation mode. Att = 0.04 s, the inverter
is enabled to compensate for the load reactive power while
charging as shown in Fig. 10. Here, P, = —1kW. The in-
verter reactive power is controlled to compensate for the load
reactive power as shown in Fig. 10(d). From Fig. 10(a) and (b),
it can be seen that the grid voltage and the grid current are in
phase after enabling the V2G reactive power compensation and
the power factor reaches 1. The total harmonic distortion (THD)
of the grid current when the inverter is compensating the load
reactive power and charging the battery from the grid is obtained
as 1.63%.

Then, a simulation test was conducted to evaluate the perfor-
mance of the system, when the EV battery is disconnected from
the inverter as shown in Fig. 11. The power loss of the inverter,
Pioss, 1s measured and the energy change of the DC-side capaci-
tor due to the converter losses A E¢ 105 is calculated from (26)
as 7.06 J. Then, the required DC-side capacitor value Cy ycq t0
maintain the DC-side voltage above the minimum value is cal-
culated from (27) as 1780 uF. Fig. 11 illustrates the operation
of the system when the battery is disconnected from the boost
inverter at ¢ = 0.6s. Initially, the battery is charging from the
grid while inverter provides the load reactive power compensa-
tion. From Fig. 11(b) and (c), the grid current and grid voltage
waveforms are in phase, and the power factor is equal to 1. At
t = 0.4s, Ch,, signal set to zero in order to stop charging of
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Fig. 12.

Boost inverter-based EV charger experimental setup.

the battery, and hence, the active power reference is set to zero as
shown in Fig. 11(c). Afterat, (= 0.2s) time delay, the battery
is disconnected from the inverter using the switch SWj,. Due to
the converter losses, a reduction in the DC-side capacitor volt-
age can be observed. The DC-side capacitor energy controller
modified the inverter active power reference signal to maintain
the capacitor voltage at the reference value. The selected DC
capacitor energy controller parameters and the selected capaci-
tor value ensure that the DC capacitor voltage is always greater
than the minimum allowed voltage as shown in Fig. 11(a).

C. Experimental Results

The proposed boost inverter-based EV charger with V2G
reactive power operation is verified using a low-voltage exper-
imental setup shown in Fig. 12. The parameters of the power
electronic converter are summarized in Table I, and the param-
eters are chosen to obtain similar per unit values as the simu-
lation system. A 9.6-Ah 25.6 V LiFePOy battery is used in the
experiment setup. The grid integration of the boost inverter-
based EV charger is achieved using a step-up transformer.
A series resistive—inductive load with 23.5 (2 resistance and
40 mH inductance is used as the equivalent load connected to
the single-phase grid.

The operation of the second-order harmonic ripple current re-
duction method, when the EV battery is charging from the grid
and the inverter is providing reactive power compensation for the
grid load is presented in Fig. 13. Fig. 13(a) and (b) demonstrate
the inverter DC-side current waveform without and with the
ripple reduction method, respectively. The ripple reduction
method reduced the second-order harmonic current component
from 1.247 to 0.072 A. The second-order harmonic ripple am-
plitude of the DC-side current was measured using a Teledyne
Lecroy HDO4054 500 MHz digital oscilloscope along with
CPO30A current probes (1-mA precision).
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Fig. 13.  Operation of the second-order harmonic ripple reduction method
when the EV battery is charging from the grid and the EV charger provides the
reactive power compensation. (a) Inverter DC-side current waveform without
the ripple reduction method and (b) inverter DC-side current waveform with the
ripple reduction method.
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Fig. 14.  Operation of the boost inverter-based EV charger. (a) Grid voltage
and grid current waveforms, (b) power factor between grid voltage and grid
current, (c) active power waveform of the EV charger, and (d) reactive power
waveform of the EV charger.

Fig. 14 illustrates the operation of the boost inverter-based EV
charger in the V2G reactive power operation mode. In this fig-
ure, the grid voltage and grid current waveforms were captured
using a Teledyne Lecroy HDO4054 500 MHz digital oscillo-
scope, while the power factor, active power, and reactive power
waveforms were captured using DSpace DS1006 system with
0.001-s sampling time. Initially, the boost inverter does not sup-
ply or absorb any active or reactive power as shown in Fig. 14(c)
and (d). Due to the resistive—inductive load, the grid current i,
and the grid voltage v, are not in phase. When ¢t = 0.04s,
the boost inverter-based EV charger is enabled, and the in-
verter active power is controlled at P,, = —30 W as shown in
Fig. 14(c) to charge the EV battery with a constant power. The
inverter reactive power is controlled to compensate for the load
reactive power as illustrated in Fig. 14(d). It can be observed
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Fig. 15.

Operation of the boost inverter-based EV charger when the EV battery is disconnected from the charger att = 0.6 s. (a) Grid voltage, the grid current,

and the EV charger DC-side voltage, (b) power factor between the grid voltage and grid current, (c) active power waveform of the EV charger, (d) reactive power

waveform of the EV charger.

that due to the reactive power compensation, the grid voltage
and the grid current are in phase as shown in Fig. 14(a) and
the power factor reaches 1. Furthermore, the grid current THD
when the inverter is supplying load reactive power compensation
and charging the battery from the grid is obtained as 0.52%. A
Teledyne Lecroy HDO4054 500 MHz digital oscilloscope with
CPO30A current probes was used to measure the harmonic con-
tent of the grid current. Up to the sixth-order harmonic compo-
nent and 25 cycles were considered when calculating the THD
values.

Next, the dynamic performance of the system, when the EV
battery is disconnected from the inverter, is studied. The mini-
mum allowed DC-side capacitor voltage is chosen as 20 V. The
power loss of the inverter, F,ss, is measured, and the energy
change of the DC-side capacitor due to the converter losses
AE¢q,10ss 1 calculated from (26) as 0.86 J. Then, the required
DC-side capacitor value Cy ;o4 to maintain the capacitor voltage
above the minimum value is calculated from (27) as 6339 uF.
Hence, a DC-side capacitor with 6600 uF is used in the exper-
iments. Fig. 15 demonstrates the operation of the system when
the battery is disconnected from the boost inverter at¢ = 0.6s.
Initially, the battery is connected to the inverter, and the boost
inverter absorbs active power from the grid to charge the battery
while compensating for the grid load reactive power compo-
nent. Fig. 15(a) illustrates the inverter DC-side voltage vy, grid

voltage vy, and grid current 7,. Due to the reactive power com-
pensation, the grid voltage and the grid current waveforms are in
phase, and the power factor is equal to 1 as shown in Fig. 15(b).
Att = 0.4s, Ch,, signal is set to zero in order to stop charging
of the battery. Because of that, the active power reference signal
for the boost inverter is set to zero as shown in Fig. 15(c). After
aty (= 0.2s) time delay, the battery is disconnected from the
inverter using the switch SW;. After the battery is disconnected
from the grid, the DC-side capacitor starts to discharge due to the
converter losses, and hence, a reduction in the DC-side voltage
can be observed. Then, the DC-side capacitor energy controller
modifies the inverter power reference signal P,y rof to maintain
the DC-side capacitor voltage at the reference value as illustrated
in Fig. 15(c). The selected DC capacitor energy controller pa-
rameters and the selected capacitor value ensure that the DC
capacitor voltage is always greater than the minimum allowed
DC capacitor voltage. Furthermore, the boost inverter-based
EV charger allows obtaining the unity power factor through the
whole test as shown in Fig. 15(a), (b), and (d).

V. CONCLUSION

In this paper, a single stage boost inverter-based EV charger
with V2G reactive power compensation was proposed. The
boost inverter topology allows EV battery charging using a
single power processing stage. The topology extends the EV



WICKRAMASINGHE ABEYWARDANA et al.: SINGLE-PHASE BOOST INVERTER-BASED ELECTRIC VEHICLE CHARGER WITH INTEGRATED

battery lifetime by mitigating the second-order harmonic ripple
current component and the switching frequency ripple current
component at the DC-side of the inverter. To further extend
the battery lifetime, the proposed charger allows disconnecting
the EV battery from the EV charger when not charging from the
grid and using a DC-side capacitor to provide the V2G reactive
power compensation. The operation of the boost inverter-based
EV charger when the EV battery is disconnected from the in-
verter was analyzed theoretically. This analysis is a key for
selecting both the DC-side capacitor size and the controller pa-
rameters. The performance of the proposed system was verified
using both simulation and experimental results. The presented
simulation and experimental results illustrated the operation of
the boost inverter-based EV charger and its capability to provide
V2G reactive power compensation without adversely affecting
the battery lifetime.
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