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Abstract—This paper presents the design and imple-
mentation of a  single-phase on-board bidirectional
plug-in electric vehicle (PEV) charger that can provide

reactive power support to the utility grid in addition to charging
the vehicle battery. The topology consists of two-stages: 1) a
full-bridge ac—dc boost converter; and 2) a half-bridge bidirec-
tional dc—dc converter. The charger operates in two quadrants
in the active-reactive power (PQ) power plane with five differ-
ent operation modes (i.e., charging-only, charging-capacitive,
charging-inductive, capacitive-only, and inductive-only). This
paper also presents a unified controller to follow utility PQ
commands in a smart grid environment. The cascaded two-stage
system controller receives active and reactive power commands
from the grid, and results in line current and battery charging
current references while also providing a stable dynamic
response. The vehicle’s battery is not affected during reactive
power operation in any of the operation modes. Testing the
unified system controller with a 1.44 kVA experimental charger
design demonstrates the successful implementation of reactive
power support functionality of PEVs for future smart grid
applications.

Index Terms—Battery charger, plug-in electric vehicle (PEV),
reactive power, vehicle-to-grid (V2G).

I. INTRODUCTION

LUG-IN electric vehicle (PEV) sales are expected to
Pincrease in the coming years as a cost-effective alter-
native to conventional internal combustion engine (ICE) vehi-
cles. PEVs present a more efficient operation and, thereby,
have increased fuel cost savings [1]. However, large number
of PEV connection to the electricity network raises concerns
about reliability of the grid especially at the low voltage
distribution network due to substantial increase in the peak
load [2], [3]. Smart and coordinated charging of the PEVs will
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alleviate the negative impact on the grid. Furthermore, PEVs
can also serve as distributed energy storage units utilizing the
readily available on-board charger which would further benefit
to the utility grid [4], [5].

On-board chargers convert the ac grid voltage into dc, and
they typically have unidirectional power transfer capability.
Using a more advanced topology and controller compared
to conventional methods available in the market, the on-
board charger can also supply power quality functions such
as reactive power compensation (inductive or capacitive),
voltage regulation, harmonic filtering, and power factor cor-
rection [6]-[10].

Today, in the utility grid, reactive power consumed at
the residential load is compensated using capacitor banks,
static VAR compensators, static synchronous compensators,
etc. However, compensation of the reactive power very close
to the residential load is more efficient and reduces the installa-
tion and maintenance costs associated with the aforementioned
devices. Therefore, on-board chargers could be suited to sup-
port advanced functions with limited modifications to the
conventional topologies. Furthermore, reactive power support
does not affect the battery state of charge (SoC) or battery
lifetime. The ac—dc converter losses during reactive power
compensation is supplied by the utility grid and, therefore,
battery SoC is preserved. However, it is important to note that
reactive power operation affects components such as dc-link
capacitors since more charge-discharge cycles take place [6].

Considering its benefits, smart charging with vehicle-to-
grid (V2G) has been found advantageous and attractive in
the long term operation of the electricity grid [5], [11]. In
the future, utilities would want to communicate PEV charg-
ing power with the customer and control it with an incentive
in return [5], [11]-[13]. With increasing interest in V2G
applications for the utility grid, studies have investigated stand-
alone and grid support operation modes of battery supplied
bidirectional converters [6]-[10], [14]-[19].

In general, a two stage topology with cascaded ac—dc
converter and dc—dc converter is proposed in the litera-
ture for bidirectional battery charger operation due to two
main reasons: 1) to implement galvanic isolation; and 2) to
decrease second harmonic (2-f) ripple component in the dc
battery charging current to protect lithium-ion (Li-ion) battery
lifetime. 2-f ripple is the natural byproduct of single phase ac—
dc rectification of the power [20]. In [8], [9], [16], and [18],
two separate controllers are commonly used for ac—dc and
dc—dc converter stages. Therefore, controller uses separate
references for ac—dc and dc—dc stages (i.e., Pcmd, Ocmds

1949-3053 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


mailto:mkisacik@hacettepe.edu.tr
http://ieeexplore.ieee.org
http://www.ieee.org/publications_standards/publications/rights/index.html

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE TRANSACTIONS ON SMART GRID
T
z lL44r B
s
Line . pee S Di S Ds Sﬂ Ds < 072 y
3 >c S + L¢ Ipt e
Vs == C,. Vae A Cee § ok |
Neutral g g &
G~ 2 =
&J D, sﬂ D4 sﬂ. Ds 28 ;_‘z: 072 .
]
- 144 - B
— | | | | |
Other household 144 072 0 072 144
Active power. P (kW)
(a) (b)
Fig. 1. Bidirectional PEV charger and its operation region in active-reactive power (PQ) plane. (a) Charger and grid connection. (b) Operation area of the

charger (shaded).

and i;t). However, a uniform controller that would only com-
municate active power command (P.nq) and reactive power
command (Qcma) [or power factor (pf)] between EV and util-
ity grid is more feasible for a smart-grid connection due to
physical interoperability [21]. It is more feasible and stan-
dardized to communicate two signals (Pcmg and Qcmg) to the
utility grid and derive other references from those signals.

In [10], [17], and [22], a uniform controller is used that
responds Pcmg and Qcmg signals from the grid as proposed
in this paper. Moreover, Pcyg is used as the reference for
dc battery charging power, and ac—dc converter regulates
the dc-link voltage and tracks Qcmq. As a result, Pemq 1S
not the reference for the actual active power (P) measured
at the point of common coupling (PCC). This introduces a
power mismatch (between P.pyq and P) because of neglecting
the losses in active and passive devices of ac—dc converter.
However, active power at the PCC must follow Pcpg from
the utility grid, and the controller should derive the required
battery reference current (ij;) that is needed to respond Pcpyq.

In addition, bidirectional operation in the above mentioned
studies do not explicitly shows the controller performance on
how fast charger responds to Qcmd Or Pcmg variations. A cas-
caded system controller demonstration should be performed
to help system integration analysis of PEV V2G applications.
Therefore, a unified system controller is preferred in which
the utility grid only sends two signals (Pcpg and Qcmg) and
expects the charger to follow those commands.

This paper proposes a control strategy for a bidirectional
on-board charger to utilize it for battery charging and reactive
power operation support. The system controller unifies the ac—
dc and dc—dc converter control, and fulfills P.yg and Qcmd
transmitted between the PEV and the utility grid. The pro-
posed control strategy is first developed in powersim (PSIM),
and then a 1.44 kVA bench-top on-board charger is designed
and tested to show the controller performance. The dynamic
performance and steady-state operation tests of the on-board
charging system are realized in simulation and in the exper-
imental prototype. The results show that the proposed con-
trol method operates successfully providing good dynamic
response under grid demand variations, and meets steady-state
operation conditions.

Section II describes the charger system and charger
design requirements. Section IIl is concerned with the

proposed system controller development. Section IV focuses
on simulation verification of the proposed system controller.
Section V demonstrates the experimental results of the pro-
posed system controller utilizing a Level 1 grid connection.

II. SYSTEM DESCRIPTION OF THE BIDIRECTIONAL
PEV CHARGER

The topology used in this paper to investigate the PEV-
grid interaction is shown in Fig. 1(a). The PEV on-board
chargers typically include two stages: 1) the ac—dc rectifica-
tion (i.e., full-bridge ac—dc rectifier) and 2) dc—dc conversion
(i.e., de—dc buck converter). Practical applications usually
require galvanic isolation. However, this paper employs a non-
isolated topology. The focus of this paper is to implement
charging and reactive power control at the same time with
meeting the design requirements (which are presented in the
system description). Therefore, most of the effort has been on
the controller design and implementation, and on the analysis
of the experimental results.

Bipolar modulation is used for the front-end ac—dc con-
verter, meaning that the rectifier input voltage is either + Vg
or —V4. When S| and S4; are on, switches S, and S3 are
turned off, and vice versa. The peak voltage that the metal-
oxide-semiconductor field-effect transistors (MOSFETs) and
diodes block is equal to Vyc, and the peak current they need
to conduct is equal to V21 where I. is the charger rms current.

The battery voltage level used in PEVs usually ranges
between 200 and 390 V [1]. Therefore, two different dc-
link voltage levels [Vy in Fig. 1(a)] are tested in this paper:
1) 250 and 2) 400 V. The buck operation is achieved using
switch S5 and Dg. When Ss is turned on, the current flows
through Ss and Ly, and charges Cr and the battery. When S5
is turned off, diode Dg conducts the free-wheeling inductor
current through inductor Ly and battery while Cy is discharged
into the battery. The switches Sg and Ds are not used in this
paper since the battery is not discharged. However, the system
hardware is implemented for V2G active power applications.
The system parameters of Fig. 1(a) are listed in Table I.

The grid current (i) must have a total harmonic
distortion (THD) less than 5% and the individual harmonic
components must also be well regulated [23], [24]. This is
achieved by using an inductor-capacitor filter at the front end
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Fig. 2. Proposed system controller and operation. Controller for (a) ac—dc converter and (b) de—dc converter. (c) Controller operation sequence.
TABLE I TABLE II
SYSTEM PARAMETERS USED IN THIS PAPER L1ST OF CONTROLLER PARAMETERS
Parameter Symbol ~ Value Parameter Equat. Symbol  Value
Ref. #
Charger apparent power S 1.44 kVA
Gridgvoltapz . V. 20V Angular frequency ®), 9 w 377 radls
- g i Crossover angular frequency 9) We 3.0 rad/s
Grid frequency f 60 Hz Proportional const. for PR contr. (i-loop) [©)) Kf,‘ 0.6
Coupling inductance L. 1.0 mH Integral const. for PR contr. (i-loop) ©) K¢ 500
AC-DC converter switching frequency  fsy1 24 kHz Proportional const. for PI contr. (v-loop) [©) Ky 1.50
DC-link voltage Va 250 V/ 400 V Integral const. for PI contr. (v-loop) () K7 100
- : < Proportional for PI contr, (Q-1 5 K1 0.1
DC-link capacitance Cy 330 uF roportional const. for PI contr. (Q-loop) 5) » .
1 < Integral const. for PI contr. (Q-loop) 5) KT 30
DC-DC converter switching frequency  fsw2 42 kHz b . For BT < 1 3 o o
Battery side filter capacitor C 200 uF roportional const. for PI contr. (P-loop) ©) b -
Battery side filter inductance T 300 H Integral const. for PI contr. (P-loop) 3) K; 20
f Proportional const. for PI contr. (Balance-loop)  (10) Kzl 0.045
Integral const. for PI contr. (Balance-loop) (10) Ko 0.50
. . . . Proportional const. for PI contr. (ibt-loop) (11) K;bt 0.01
and by appropriately designing the ac inductor current feed- Tntegral const. for PI contr. (ibloop) an Ko 0

back controller. The charger’s output voltage and current are
regulated using a low pass filter at the output and by tun-
ing the output current (ip;) controller parameters. Some of the
employed practices for Li-ion and/or lead-acid batteries are
charging rms current ripple of 5%—-10% of the rated charging
current and rms ripple voltage of 1.5% of the rated battery
voltage [25].

III. CONTROLLER DESIGN OF THE BIDIRECTIONAL
PEV CHARGER

In this paper, the charger operates in quadrant I and IV of
the active-reactive power (PQ) power plane shown in Fig. 1(b).
Therefore, there is no active power sent to the grid. Note, that
active power and reactive power that are sent from the grid
to the charger have positive sign and vice versa. P and Q in
Fig. 1(b) are measured at the PCC shown in Fig. 1(a). The
controller must ensure that the bidirectional charger can track
active and reactive power commands provided that it operates
in the region shown in Fig. 1(b).

The system has two interrelated controller subsections. One
is for the ac—dc converter and the other is for the dc—dc
converter [Fig. 2(a) and (b)].

Fig. 2(a) illustrates the proposed controller section for
the ac—dc converter. The sensed signals (i., vqe, and vy)
are shown within the dashed boxes. Orthogonal (B) axis
components are generated using a delay function. One quar-
ter of the grid period delay equals to 1/(60 x 4) which
corresponds to N =100 samples with 24 kHz sampling
frequency. The delayed signals are utilized for a single-phase

phase-locked loop (PLL) algorithm which tracks the line volt-
age phase angle and generate the reference phase signal for the
charger current [26]. Later, instantaneous pq theory developed
for three-phase systems [27] is used to compute the single-
phase active and reactive power. While sensed signals are used
for @ components (vy = vy, iy = ic), the signals are delayed
for one-quarter to generate 8 components (vg, ig). Therefore,

1

2
1 . .

Q:_E (va X ig +vg X ig). (2)

P = (va X ia +vp x ig) (1)

Moreover, two low-pass filters are utilized for both of the
outputs of (1) and (2) to yield P and Q.

The controller meets the required charging power com-
mand (P¢mq) from the customer. The utility can also control
Pcmd to coordinate charging power during the peak hours. In
this case, the utility must return an incentive to the customer.
Also, if any reactive power is requested, the utility sends a
reactive power command (Q¢mq) for the controller to follow.
Depending on the agreement with the utility grid, Pcpg and
QOcma must be processed before being sent to the charger.

The controller blocks are explained in the following equa-
tions. All the corresponding parameters are listed in Table II.
All the equations are referred to Fig. 2(a) and (b) with
corresponding equation numbers.

The most outer loop of the ac—dc controller is the
power loop (P-loop) that is used to satisfy active power
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command (P.pg) by modifying the set-point for the dc-link
voltage (V) temporarily

% _ P KlP
Ve = Kp % (Pema = P) + == X (Pema = P). . (3)

The inner dc voltage loop (v-loop) is used to follow V..
The output of this loop is the reference tracking power level
for the charger

v

K}
Prer = KI‘; S (Vdc* - Vdc) + TI X (Vdc)|< - Vdc)~ 4)

Similarly, the outer reactive power loop (Q-loop) is used
to match the reactive power output of the charger with the
reactive power command from the utility grid via a propor-
tional and integral (PI) controller. The output of the Q-loop
is an indication of the reactive power that the charger should
supply/sink

K2
Ore = K X (Qema = Q) + == X Qema = Q). (5)

The outputs of the v-loop and Q-loop are used to generate
the reference charger current (if). It is calculated using Prer
and Qs calculated in (4) and (5) via the following equations:

6 = tan™"! <%> ©6)
ref
Pref
[ =—% 7
7V, cos(6) M
and finally
i =21, sin(wt — ). (8)

The most inner loop (i-loop) is controlled using a
nonideal proportional and resonant (PR) controller [28], [29].
The error current between the sensed line current (i.) and ref-
erence current (i.*) is fed into the PR controller. The output
of the PR controller is utilized to generate the duty cycle (d)
for the ac—dc converter. Therefore

2K} wcs
24+ 2w, 5+ w?
which concludes the ac—dc controller subsection.

Fig. 2(b) shows the controller for the dc—dc converter. The
reference battery current (i},) is calculated by amplifying the
error between the permanent reference dc-link voltage Vicrer
and Vy4. with a PI controller as

d= K5 x (ic* —ic) + x (ic* —ic) (9)

bl
iltt = K;}Zl X (Vae — Vderef) + Tt X (Vdae — Vderet).  (10)

This loop is used to complement the P-loop to satisfy
the Pcyng from the utility grid. It does not compete against
P-loop but helps it to achieve input—output power balance.
Then, instantaneous battery current is regulated to realize
constant current (CC) charging as

N
d, = KII,” x (i, — in) + T’ x (i, — int) (11)
where d, is the duty cycle for the dc—dc converter. All of the
controllers in the system are equipped with anti-windup limiter
to compensate for the accumulated error in control variables.
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Fig. 3. Step responses of closed-loop controller transfer functions
of (3), (4), and (10).

Due to having different loops, performance of the system
is tested both in simulation and experiments at different steps.
Controller design starts with designing inner ac inductor cur-
rent (ic) loop. Later, V4. and then P-Q controller designs
followed the i. loop design. After closing the ac—dc converter
controller loops, ac—dc converter is tested. The controller con-
stants are finalized by parameter tuning to meet the desired
performance.

DC—dc converter output current (ip;) controller is designed
and tested separately. Finally, power balance controller is
tested after integrating ac—dc and dc—dc converters. Further
parameter tuning is done after integration in power balance
loop and battery current loop to meet system performance
requirements.

The system employs a variable dc-link voltage control that
generates battery reference current (i) for the dc—dc stage.
If P.mq increases (decreases), V4. increases (decreases) to a
new set-point. This small increase (decrease) in V. yields an
increase (decrease) in i;.

The dc-link voltage controller, given in (4), is dynamic
with a fast-response characteristic compared to balance-loop
given in (10). Moreover, (10) operates slower, and it satisfies
power balance with a longer time constant. This provides a
fast response at the PCC to the grid commands as illustrated
in Fig. 2(c). DC—dc converter waits for the ac—dc converter
response to the new operating point first, and then follows it
by changing the battery current. The step responses of P-loop
given in (3), v-loop given in (4), and balance-loop given in (10)
are plotted in Fig. 3 using the parameters in Table II to show
their response characteristics. Since, the bandwidth difference
between (4) and (10) are large (about half a decade), two
controllers do not conflict and the system operates without
instability.

A low-pass filter is used after the dc-link voltage measure-
ment for the dc—dc converter controller. It is aimed to filter 2-f
components on the dc-link voltage when generating i,. The
transfer function for the filter is as follows:

2
kwcl

sz+2f;‘a)cls+a)f,l

H(s) = (12)

where wei = 27f, f. = 20 Hz, and & = /2.
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TABLE III
SIMULATION SCENARIO Single Phase ‘
On-Board Gﬁ% Qg é} D1 ®BlRips
Operation  Active Power ~ Reactive Power ~ Apparent Power  Power Factor . i "ic mH A
Time Pema, kW) Qemd. (KVAR) S, (kVA) Cad R il
3-
1-3s 1.44 0 1.44 1.0 unity L 3
3-5s 0.84 -1.12 1.44 0.6 leading 120ms 22 o
5Ts 112 0.84 144 0.8 Tagging i Eﬁﬁm /3 D4
VS|

It is important to note that initial SoC and battery pack size
of the PEV do not affect the controller performance. Different
SoC levels have been tested and the resulting response to the
power commands is verified to be similar.

Regardless of battery SoC, charger can draw nominal charg-
ing power as long as it is in CC charging mode. Battery
SoC is observed by the battery management system (BMS)
and charger switches to constant voltage (CV) charging when
it finishes CC charging. In this paper, we only operated in CC
charging region, which covers 80% of the energy capacity of
the battery. Therefore, battery terminal voltage is not included
in the controller design.

IV. SIMULATION VERIFICATION OF THE PROPOSED
PEV CHARGER CONTROLLER

A simulation scenario is developed to show the opera-
tion of the charger and its response performance to the grid
commands. Since, the required time to simulate the utility
level operation of the charger is too long, a condensed ver-
sion of the scenario is developed. It is assumed that the PEVs
are plugged into the grid during peak hours (4:00-8:00 P.M.)
when the load is at its highest level and the battery requires full
charging. Therefore, the simulation starts with charging only
operation. Then, it is expected that the voltage at the substation
decreases as the reactive power and active power consumption
at the residential units increases. The utility makes an action
to support the distribution voltage by utilizing some of the
PEVs for reactive power supply. Later, if the utility needs to
decrease the substation voltage, the PEV can also consume
reactive power. Table III lists the steps of this scenario in the
given order. Table III is implemented with a 7-s simulation.

Fig. 4 shows the developed simulation diagram in PSIM.
The proposed charger controller code is developed in C lan-
guage and embedded into the system simulation structure. The
PSIM Li-ion battery model is used in the simulation [30].
Necessary parameters are extracted from the data sheet of
Li-ion batteries available in the laboratory [31]. The sys-
tem parameters used in the simulation and shown in Table I
are the same as the experimental hardware set-up that will
be explained in the next section. The utility commands for
active and reactive power are embedded into the C code
and activated through a time counter mechanism to realize
Table III. Simulation results provided very similar behavior
with the real set-up during start-up and dynamic performance
tests. Therefore, it provided a fast controller code development
process and reduced implementation failures.

The simulation results are completed for two different cases.
Since, the selection of the dc-link voltage depends on the bat-
tery pack voltage, controller performances are confirmed for
Vic = 250 and 400 V. Fig. 5 shows the results for 400 V

F;
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Fig. 4. Simulation diagram of the charger developed in PSIM.
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Fig. 5.
voltage.

Verification of the system controller using PSIM for 400 V dc-link

dc-link voltage. P and Q in the figure are the calculated
active and reactive power outputs of the charger at the PCC.
The controller followed the active and reactive power com-
mands successfully. Note that, the charger current rms value
(I = 1440/120 = 12 A) stays the same during the simula-
tion since the apparent power is kept constant. The transitions
from one mode to another are shown in further detail in Fig. 6.
Settling time is less than five grid cycles for Fig. 6(a) and (b).

V. EXPERIMENTAL VERIFICATION OF THE PEV CHARGER
FOR V2G REACTIVE POWER OPERATION

An experimental prototype has been developed to show the
verification of the controller system design and to implement
successful grid connection. The charger system is designed
using a modular structure which provided flexibility in devel-
oping the system by allowing easy replacement of faulty
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Fig. 6. Zoomed-in version of the simulation transients. Transition from
(a) 1.0 unity pf to 0.6 leading pf and (b) 0.6 leading pf to 0.8 lagging pf.

(b)
Fig. 7. Experimental prototype of the bidirectional PEV charger. (a) Top
view. (b) Side view.

modules. The system is composed of three main units: 1) gate
drive boards; 2) main power board; and 3) Digital signal
processor (DSP) interface board for signal filtering and protec-
tion. Microsemi APT34M120J Si MOSFETs are used for the
main power switches. A floating point Texas Instruments (TI)
C2000 F28335 DSP is used for controller implementation.
The experimental parameters of the system was presented in
Table I. Aluminum dc-link capacitors (330 nF) are selected to
have small volume in the final system. Fig. 7 shows the final
configuration of the charger. As shown, the interface board
and the DSP are placed very close to the sensors providing a
short distance for the sensor-to-ADC traces.

The overall performance of the charger is tested using
the simulation scenario for the verification of the controller’s
response of the active and reactive power commands as shown
in Fig. 8. The system started from the arrow position, and
it went into the operation modes in the order described
in Table II [charging only, 0.6 pf leading (charging and
capacitive operation), and 0.8 pf lagging (charging and induc-
tive operation)]. P and Q in Fig. 8 stand for the measured
active and reactive power at the PCC. Line current is, dc-link
voltage Vy., and battery current i, are shown in Fig. 8. As
the P.ynq increases, the dc-link voltage increases first and
then so does the battery charging current and vice versa.
The grid current amplitude stays the same through the exper-
iment satisfying a maximum of 1.44 kVA power flow to
the charger complying with a Level 1 connection. Overall,
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Fig. 8. Implemented experimental results of bidirectional PEV charger.

the experimental set-up performance confirmed the controller
design.

Next, the start-up performance of the charger is presented in
Fig. 9(a) to show the engagement and synchronization of the
system with the grid. The charger started safely without draw-
ing an excessive current from the grid. The dc-link voltage
reaches the grid voltage peak value (169 V) when the charger
is first plugged-in. At this time, there is no charging action and
ips is zero. It does not draw grid current until the user starts the
charging function [thick arrow in Fig. 9(a)]. Then, the dc-link
voltage gradually increases to its rated value (400 V) and the
charger draws full charging power which is 1.44 kW. There is
a small overshoot in Vy as predicted in Fig. 3. The grid current
is in line with grid voltage satisfying unity pf operation.

Later, the transition periods between operation modes are
explained and analyzed in detail. Fig. 9(b) shows the change
in grid and battery currents when the charger receives a com-
mand change from 1.0 unity pf operation to 0.6 leading pf.
This is a step change of AP = —42% on top of the full O
change. The transition time is less than five grid cycles as
shown in Fig. 9(b) overlapping with simulation results. Battery
current decreases to the new operating point at the end of the
step change. The charger moves to new reactive power oper-
ation point without any problems. This verifies the increased
effectiveness of supplying fast reactive power to the grid when
needed via V2G.

The second test in Fig. 9(c) shows the change from 0.6
leading pf to 0.8 lagging pf when there is a need to con-
sume reactive power in the grid. The corresponding changes
are charging power from 0.84 to 1.12 kW and reactive power
output from —1.12 to 0.84 kVAR at the same time. This is a
change of AP = 33% in addition to the Q change. While, the
grid current leads the grid voltage before the command arrives,
the current lags the voltage eventually after the transition
period. Again, the transition completes before five grid cycles
which is also in line with simulation results. Note that, the
grid current amplitude is almost unchanged and the transition
occurs smoothly without distorting the charging current.

To further analyze the line current quality, Fig. 10(a) and (b)
shows the harmonic content of the line current, i, when
the charger operates at charging only operation at 1.44 kW.
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Fig. 9.  Experimental results of the dynamic performance of the bidirec-

tional charger. (a) From start-up to 1.44 kW charging only operation. (b) From
1.44 kW charging only operation to 0.84 kW charging and —1.12 kVAR reac-
tive power operation. (c) From 0.84 kW charging and —1.12 kVAR reactive
power to 1.12 kW charging and 0.84 kVAR reactive power operation.

They also show how it compares with the harmonics limits of
IEC 61000-3-2 Class D and IEEE 519 standards [23], [24].
Odd harmonic components up to the order 33 are shown here,
and the ones above are negligible. The total THD of the line
current is measured to be 2.95% at 1.44 kW which complies
with both of the standards. When compared with the IEC stan-
dards, the only failure in individual harmonics is observed
at the 17th harmonic which is only slightly higher than the
acceptable limit. On the other hand, the line current fulfills the
IEEE 519 standard in individual harmonics. A total grid input-
to-battery output efficiency of 92% is achieved at 1.44 kW
measured with a Yokogawa PZ 4000 power analyzer.

Finally, Fig. 11 shows a summary of different operation
modes to prove that the charger can operate effectively in
the operation area illustrated in Fig. 1(b). The following
operation modes are analyzed: 1) full inductive-only power;
2) full capacitive-only power; 3) full charging-only operation;
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Fig. 10. Harmonic spectrum of the line current compared to the limits of
(a) IEC 61000-3-2 Class D standard [24] and (b) IEEE 519 standard [23].
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Fig. 11. Grid voltage v,(t), grid current iz(¢), and battery current is, () wave-
forms for each operation mode. (a) Mode#1-inductive operation. (b) Mode#2-
capacitive operation. (c) Mode#3-charging operation. (d) Mode#4-charging
and inductive operation. (e¢) Mode#5-charging and capacitive operation (vs(7):
50 V/div, ig(f): 10 A/div, ip,(£): 10 A/div, t: 10 ms/div).

4) 80% charging and 60% inductive power operation; and
5) 80% charging and 60% capacitive power operation. A total
of six grid cycles (60 Hz) of grid voltage vs(f) and grid
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current ig(f) are shown. The dc battery current iy (f) is also
illustrated at the bottom of each figure. Note that i (7) is
close to zero when there is no charging power request, i.e.,
modes #1-#2. The designed controller operates in different
operating modes without any stability problem. This shows
that charger is suitable to take different roles for the sake of
a more reliable utility grid.

VI. CONCLUSION

This paper focuses on controller development and exper-
imental verification of charging and V2G reactive power
operation using a single-phase on-board bidirectional charger.
The proposed unified system controller receives charging
active power and reactive power inputs from the utility grid
and adjusts the line current and battery current without exceed-
ing THD limits. It provides a fast dynamic response, along
with a good steady-state performance.

The controller is tested utilizing a single-phase, Level 1,
120 V grid connection. However, the designed controller can
also be applied at higher power levels in Level 2 single-phase
charging. The battery is not affected from the reactive power
operation either in terms of its lifetime or in available SoC.
The controller fulfilled step-changes of inductive and capac-
itive reactive power commands in less than five grid cycles
proving quick response to the utility commands. The simu-
lation and experimental results show that the proposed PEV
charger control method has a fast dynamic response, good
steady-state performance, and operates successfully under grid
demand variations.
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