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Abstract—This paper proposes a battery charger (BC) for elec-
tric vehicles based on sinusoidal-ripple-current (SRC) method. The
SRC method is used as an advanced charging-discharging method.
On the one hand, the sinusoidal current variations alternately
change output active power of the BC, negatively affect AC-side
terminal current of the BC, and therefore, cause a power quality
problem. On the other hand, the output active and reactive powers
must be regulated at constant values without any variations for par-
ticipation in vehicle-to-grid technology. Thus, a particular topology
is suggested and then a control system is precisely designed in order
to implement SRC charging-discharging method and adjust the
output active and reactive powers for vehicle-to-grid technology
without the power quality problem. SRC method can also be used
in online electrochemical impedance spectroscopy (EIS) for state of
charge and state of health estimation in battery management. The
proposed control system can also generate the SRC signals, suitable
for online EIS, in a controlled way unlike the recently proposed
BCs. The simulation and experimental results demonstrate the
effectiveness of the proposed solution.

Index Terms—Battery charger, electric vehicle (EV), impedance
spectroscopy, sinusoidal-ripple-current (SRC), vehicle-to-grid
(V2G).

1. INTRODUCTION

LECTRIC vehicles (EVs) as one of the elements connected
E to microgrids (MGs) have drawn a great deal of attention
in recent years. Although a large number of EVs may pose a
threat to power quality and stability of MGs, they have enough
potential to be used as distributed energy storage units. Bidi-
rectional active and reactive power transfer through their bat-
tery chargers (BCs) is called vehicle-to-grid (V2G) technology
which provides many ancillary services such as load leveling
and voltage regulation [1]-[3]. On the other hand, degradation
of their battery during V2G technology makes it inconvenient
and less preferable unless the battery performance and lifetime
are under warranty. Thus, the BCs should be designed based
on a fast high-quality charging-discharging method in order to
improve the battery performance and lifetime.
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Some charging-discharging methods for Li-ion batteries such
as constant-current constant-voltage (CC-CV) [4], pulse cur-
rent [5], pulse voltage [6], [7], Reflex [8], [9], and sinusoidal-
ripple-current (SRC) [10], [11] have already been proposed. The
SRC charging-discharging method applies a sinusoidal current
with the non-zero average value I and the frequency f. at
which the battery impedance obtains its minimum magnitude
until the battery reaches the maximum permissible voltage V}
[10], [11]. Experiments in [10] and [11] have proved that an
optimal charging and discharging performance, respectively,
can be obtained at f.. Charging time, discharging capacity,
charging and discharging efficiency, maximum rising tempera-
ture, and lifetime of Li-ion batteries are improved in compar-
ison to CC-CV charging and CC discharging methods [10],
[11]. Dynamic charge acceptance is a parameter to measure
the battery ability to absorb electrical charge in relation to its
capacity. This parameter is particularly important in the case of
EVs. In [12], the authors have revealed that SRC method can
significantly improve this parameter and the efficiency of the
charge acceptance even over 50 percent in lead-acid batteries.
In [13], [14], the authors have suggested it as an effective
method for reviving Li-ion batteries and prolonging their cycle
life. In [15], it improves uniformity of lithium deposition and
consequently leads to better cycling stability. In [16], hybrid and
conventional SRC methods improve the efficiency and energy
transfer of Li-ion battery. In [17], [18], the authors illustrate
that it noticeably improves the efficiency and charging time and
decreases temperature in Li-ion battery. In [19] and [20], the
benefits of SRC method to Li-ion and lead-acid batteries have
been explained. In [21], [22], and [23], three single-stage battery
chargers have been designed, considering that it has no harmful
effects.

As a consequence of the sinusoidal current variations in
SRC charging-discharging method, the waveform of delivered
or extracted power has a sinusoidal shape. Such variations
negatively affect the main power source, for instance, a MG,
a DC distribution network, or a fuel cell. In the case of a BC
connected to a MG through an AC-DC converter, such variations
alternately change output active power of the BC, negatively
affect the AC-side terminal current of the BC, and therefore,
cause a power quality problem. On the other hand, the output
active and reactive powers must be regulated at constant values
without any variations for participation in V2G technology like
what has been proposed in [24]. Thus, particular importance
should be given to this power quality problem.
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Fig. 1. Complete AC-impedance model of Li-ion battery.
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Fig. 2.  Frequency spectrum of the AC impedance of Li-ion battery.

The purpose of this paper is to propose an EV BC based on
SRC charging-discharging method which is able to participate in
V2G technology without the mentioned power quality problem.
This problem is examined in this way for the first time. The
novelty of this paper is that an innovative way to resolve the
mentioned power quality problem is suggested. Additionally, a
new precisely-designed control system is proposed for the EV
BC. This control system is able to charge and discharge the
battery based on various algorithms like CC-CV, but the results
focus on only SRC method. The electrical circuits for SRC
method introduced in the main references of this research study
have dissipative elements due to their embedded resistances
[10], [11]. They cannot be utilized in high-power applications,
because they have not been designed based on power electronics,
while the proposed EV BC has been founded on power electron-
ics and can be redesigned for many high-power applications such
as EV charging stations and even the BCs which do not pertain
to EVs.

II. APPLICATIONS OF SRC METHOD
A. Charging and Discharging

Fig. 1 depicts complete AC-impedance model of Li-ion bat-
tery. Fig. 2 depicts the frequency spectrum of Z 4. From the
viewpoint of electrical circuit, different charging-discharging
frequencies change its magnitude and phase such that it has a
minimum magnitude at a particular frequency. To make SRC
method, the reference command of the battery current must be
defined for the control system as [10], [25]:

i =ipc +ihe = Io+ I cos 2 fet) . (1)

The superscript * denotes the reference command. Iy and I, are
constant amplitudes. I is positive in charging mode and negative
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in discharging mode. The instantaneous power is calculated as:
P =vp xig=wvp (Il + I cos 2nfct)) . 2)

Fourier series of the periodic waveform of ip in (1) consists
of two components, a zero frequency component and a cosine
component with the frequency f.. These components also appear
in Fourier series of Pg in (2). f. is tuned in practice [19], [20].

B. Electrochemical Impedance Spectroscopy

On the one hand, SRC is used as a charging-discharging
method. Studies on advantages [10]-[20] and disadvantages
[26], [27] of this method (only charging, not discharging) are
underway and it is still an open research area. On the other hand,
it also has other applications in reviving Li-ion batteries and
prolonging their life cycle [13], [14] or online electrochemical
impedance spectroscopy (EIS) [28]. The EIS is a powerful
analysis to measure the battery impedance and the subsequent
parameters such as state of charge (SOC) and state of health
(SOH) which are useful means of representing the battery
conditions. Online EIS is divided into some categories [28].
One of them focuses on measurement through power electronic
converters [25], [28]-[30]. An open-loop control system with
sinusoidal duty-cycle perturbation for a half-bridge converter,
a closed-loop control system with sinusoidal duty-cycle pertur-
bation for a full-bridge phase-shift converter, and a closed-loop
control system with step duty-cycle perturbation for a full-bridge
converter have been employed in [25], [29], [30], respectively, to
create the desired battery voltage and current waveforms. These
waveforms are imported into the online EIS algorithms in order
to calculate the battery parameters. In conclusion, SRC method
is used as a part of online EIS algorithms [25], [28]-[30].

In addition to the main purpose of this paper, the proposed
closed-loop control system of the EV BC can be utilized in
order to generate the SRC or step signals, suitable for advanced
online EIS algorithms, in a controlled way. This matter also
creates novelty:

® An open-loop control system with sinusoidal duty-cycle

perturbation has been employed in [25] to supply the
online EIS algorithms. Small changes in resistances of the
elements and dynamics of the upper and lower voltages in
a DC-DC converter completely change its operating point,
that is to say, duty cycles of the switches. So, an open-loop
control system is not highly reliable in extensive use,
especially for EVs. But, a particular closed-loop control
system, unlike the open-loop control system in [25], is
proposed in this paper.

® (Closed-loop control systems with perturbation have been

employed in [29] and [30] to supply online EIS algorithms.
Perturbation, especially in a wide range of frequencies,
threatens the stability of closed-loop systems. In this pa-
per, the SRC or step signals, suitable for advanced online
EIS algorithms, are defined as reference commands of the
control system, not as perturbation.

e [t is common for BCs and charging stations of EVs to use

a DC-DC converter whose upper voltage is provided by a
DC distribution network [31] or a DC-AC converter [2],
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Fig. 3. Power electronic topology of the EV BC.

[8], [9], [16], [32], [33]. Here the upper voltage is DC link
voltage (vpc) and the lower voltage is the battery voltage
(vp).In[30] and [25], the upper voltage has been controlled
and changed by the DC-DC converter to indirectly make
the desired battery current and voltages for the online EIS
algorithms. The scenarios presented in [30] and [25] are not
very close to reality, because the upper voltage has been
changed by the DC-DC converter and also, the online EIS
algorithms are independent of the charging-discharging
procedure. But, in this paper, it is assumed that the upper
voltage (vp¢) is fixed, controlled, and provided by the
DC-AC converter and then, the desired battery current
and voltages for the online EIS algorithms are directly
generated in the lower-voltage side, that is, the battery side.
The online EIS algorithms and how the battery current and
voltage waveforms are processed fall outside the scope of
this paper.

III. SYSTEM DESCRIPTION

A. Power Electronics Topology

Fig. 3 proposes the configuration of the EV BC based on
SRC charging-discharging method. It consists of DC-AC and
DC-DC stages on the left-hand side and the right-hand side of
Cpc, respectively, and a control system to have the desired
results. The former is called single-phase two-level full-bridge
converter and the latter is an innovative combination of two
legs, two capacitors, and three inductors. Fig. 4 presents general
overview of the control system. The DC-AC stage with its
control system shown in Figs. 3 and 4(a) makes a regulated DC
link in a predetermined power factor in order to provide power
from the MG for the DC-DC stage in charging mode and deliver
power from the DC-DC stage to the MG in discharging mode.
The DC-DC stage with its control system shown in Figs. 3 and
4(b) charges and discharges the battery based on SRC method.

As shown in Fig. 4(a), the control system of the DC-AC stage
regulates () at Q% and vpc at v}, to make a regulated link in a
predetermined power factor. This means that DC link voltage is
controlled by the MG. In V2G technology, each EV must have
constant output active and reactive powers which are determined
by the MG central controller. The output reactive power Q) is
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Fig. 4. General overview of the control system of (a) the DC-AC stage
(b) the DC-DC stage.

controlled by this control system. If switching and conduction
losses are neglected, the output active power P, equals P,,¢, the
power injected to C'pc by the DC-DC stage. i, is considered
as disturbance. The topology of the DC-AC stage is very well-
known and has been widely studied in many recent works [2],
[32], [34], [35]. Therefore, it is not worth studying again and so,
this research focuses on only the DC-DC stage.

As shownin Figs. 4(b) and 5, the control system of the DC-DC
stage regulates ipc at i (Jo) by means of the leg QsQs and
iac ati’y - (I cosw,) by means of the leg ()7Qg until the battery
reaches the maximum permissible voltage. Then, it keeps the
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battery voltage vp at v (1)) by means of the leg ()sQs. In
other words, the two legs work as independent current sources
whose magnitudes are I and I cos w,. until the battery reaches
the maximum permissible voltage. Then, one leg works as a
voltage source whose magnitude is Vj and one leg is completely
turned off.

B. Equations of the Plants

The leg Q5Q¢ with its inductor can be described in time
domain as:

di
—dpcvpc + Lp d,;c + Rpipc+vp =0 3)
and in Laplace domain as:
. UpCo 1
tpe Lps+Rp ~¢ LBSJrRBUB )

v g is considered as disturbance and d p ¢ is considered as control
signal [32]. dp¢ is duty cycle of the upper switch ()5 and 1 —
dpc is duty cycle of the lower switch Q¢. Rp is the sum of
on-state resistance of the switches and internal resistance of the
inductor [32].

The leg @Q7Qg with its inductor can be described in time
domain as:

, diac
Bat

Volume X111, Issue V, May/2021

—dacve + L + Rigiac +vg =0

(&)

(©)

Detailed overview of the voltage and current control loops in Fig. 4(b) with the plants. (a) DC current control system (b) AC current control system

and in Laplace domain as:

(e d 1
— vB.
L'ys+ Rl ac L'ys+ Ry b

(6)

tac =

vp is considered as disturbance again and d4¢ is considered
as control signal [32]. dac is duty cycle of the upper switch
@7 and 1 — d ¢ is duty cycle of the lower switch Qg. It is
worth mentioning that the leg ()sQ¢ is connected to C'p and
the leg (Q7Qs is connected to C' and indirectly connected to C'p¢
through L. Thatis why v have appeared in (5) instead of vp .
It is interesting to compare (5) with (3). In fact, two scenarios
are possible:
e Scenario No. 1
Connection of the leg )7Qg to Cpc
If conduction and switching losses are neglected,
Ps%Pext%*PDC*PAczpr- (N
Pp is the battery power in SRC charging-discharging
method.
e Scenario No. 2
Connection of the leg )7Qg to C'
If conduction and switching losses are neglected,

Psmpext"%—PDC_PC“ (8)
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C' and Ly have low resistances. Thus, vc becomes approx-
imately equal to vpc, a little less than v, in steady-state

condition.
The leg Q5Q¢ with its inductor also works as an independent
voltage source and can be described in time domain as:
dv B
. ./ !
iDC — gy = C' . )

along with (3) and in Laplace domain as:

_ vpcedpo _ (LBS—FRB)Z'IGM
LBC/52+RBC’S+1 LBC/52+RBC’S+1.
(10)

UB

il,; s considered as disturbance and dpc is considered as
control signal.

C. Control System and Stability

The control loop in Fig. 5(a) provides d pc for PWM strategy
in order to regulate ipc at Iy by turning ()5 and Q)¢ on and
off with the switching frequency f,,,. Equation (4) has been
shown in the form of a block diagram named plant. There is
a proportional-integral controller which generates the control
signal. It is passed through a saturation limiter to ensure that the
control signal is between O and 1. Then, it is divided by vpc
to make the loop independent of DC link voltage. Feed-forward
compensation, adding vp to the control signal, has three great
benefits, dynamic decoupling between the battery and the other
parts, improving start-up transient, and enhancing disturbance
rejection capability [32]. The voltages and currents are measured
using sensors modelled in the form of the first-order transfer
functions with the time constants 7y and T}.

The control loop in Fig. 5(b) provides d 4 for PWM strategy
inorder toregulate i 5 at I; cos w.t by turning ()7 and Qg on and
off. Equation (6) has been shown in the form of a block diagram
named plant. There is a special controller with two zeros and a
pair of complex conjugate poles at w, that generates the control
signal. It is passed through a saturation limiter and is divided by
ve. In addition, feed-forward compensation has been utilized.

The control loop in Fig. 5(c) provides d p for PWM strategy
in order to regulate v at V4 by turning ()5 and Q¢ on and off.
Equation (10) has been shown in the form of a block diagram
named plant. There is a proportional-integral controller which
generates the control signal. It is passed through a saturation
limiter and is divided by vpc.

Open-loop frequency responses of all the three loops in Fig. 5
are shown in Fig. 6. Positive gain and phase margins in Fig. 6
confirm that the minimum-phase systems of Fig. 5 are stable. The
closed-loop frequency responses of all the three loops, i pc /17
and i 4¢ /1% and v /v, along with the closed loop frequency
response of the disturbance, v /ic.t, are shown in Fig. 7.

IV. TECHNICAL CONSIDERATIONS

A. Controllers

In general, to follow a reference command with zero steady-
state error, the unstable poles of Laplace transform of the ref-
erence command must be included in the controller [32]. Thus,
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the controller of the loop in Fig. 5(a) successfully tracks a step
reference command like [y with zero steady-state error because
it includes an integral term. To have a closed-loop system with
the time constant 7y and cancel the stable pole of the plant in
order to remove the slow natural response, &, and k; must be
selected as Lp /7 and Rp /7o, respectively [32]. Here, 79 is
5 ms and the bandwidth equals 200 Hz. Fig. 7 confirms such
a bandwidth which should be far enough from fy,,, at least
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10 times smaller than f,,. The points 0 dB and 0° at 0 Hz in
Fig. 7 reveal that it successfully follows step functions without
magnitude attenuation and phase delay.

The controller of the loop in Fig. 5(b) successfully tracks a
sinusoidal reference command like /; cos w.t with zero steady-
state error because it includes a pair of complex conjugate poles
at w,.. Following sinusoidal reference commands creates many
serious challenges [32]. z1, 23, and kg are adjusted to make a
more stable open-loop frequency response. The points 0 dB and
0° at f. in Fig. 7 reveal that it successfully follows the sinusoidal
function without magnitude attenuation and phase delay.

The PI controller of the loop in Fig. 5(c) successfully tracks
a step reference command like Vj, with zero steady-state error
because it includes an integral term. The points O dB and 0° at
0 Hz in Fig. 7 reveal that it successfully follows step functions
without magnitude attenuation and phase delay. k:;7 and &} are
adjusted so that the control system is stable and the effect of 7/,,,,
on vp is minimized. Fig. 7 confirms that the disturbance has a
small effect on the output, the point -30 dB at 1 kHz.

B. Adaptive Tuning of f.

Fig. 2 indicates the frequency f. at which the battery
impedance obtains its minimum magnitude (c’). It varies from
battery to battery and varies as a consequence of SOC, tem-
perature, and life cycle [36]. f. has a specific value in the
experimental results, because SOC, temperature, life cycle, and
other determining factors in f. do not change during getting
and recording the experimental results. Obviously, they change
during charging-discharging process. So, f. must be tuned in
accordance with a defined algorithm in the microcontroller.

There is a difference between vp and v,. in steady-state
condition as follows:

vB =ipc (ZAC|f:0) +iac (ZAC|f:fC> + Voe.  (11)

The voltage drop consists of two parts. To find the smallest
voltage drop and variations, an index is defined as:

1 al k\2
N > (k)
k=1

where v, is the k" sample of vp and N is the number of
the samples during the period T.. It is regularly increased and
decreased every ten seconds based on ‘perturb and observe’
technique with a predetermined increment of +1 Hz. If the slope
is positive, negative increment is selected; otherwise, positive
increment is selected. The slope is the ratio of the index changes
to the frequency changes [19]. The average of the index for 100
repetitions is calculated and then, the frequency at which the
index has the lowest value is suggested for the control system.
fe varies from 800 Hz to 1200 Hz.

12)

C. Current Ripple

ipc and 14¢ have ripples with the frequency fs,,. The am-
plitude of the ripples is reduced by:
® increase in the inductances of the legs, Lp and LQB
If they are increased, volume, weight, and cost increase.
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TABLE I
EXPERIMENTAL PARAMETERS

Parameter Per Unit  Parameter

P, 10.96 W 1 fsw fe 20000 948 Hz

vp 16.6 V 1 cc 11.2 0.2 mF

i 0.66 A 1 kp ki 0.4 1535.4

Ip Ih 0.66 A 1.000 k;, k; k;’ 0.4 1535.4 44.67

Vo 16.8 V 1.012 c 047 Q

Voc 16.6 V 1.000 T 1/(80000) s

Rp 7.68 Q 0.305 ‘r} 1/(100000) s

Re 1.5 Q 0.060 z1 22 3104 6951

R’B 6.78 Q 0.270 L’B 1 mH

VHe 24V 1.446 Lp L¢ 2 mH

TABLE II
SIMULATION PARAMETERS

Parameter Per Unit  Parameter Per Unit
Py 7987 W 1 Voc 448.20 1
vp 44820 V 1 Vs 240 V 0.757
iy 17.82 A 1 Ip I 17.82 A 1
Vo 453.60 V 1.012 vHo 648 V 1.446

e decrease in the upper voltages of the legs, vpc and vo
Firstly, if vpc is decreased and, in turn, v is decreased,
switching losses for each leg, modelled as a current source
parallel with each leg, decrease [32]. Secondly, cost de-
creases because capacitors and switches with lower voltage
limits are bought. Thirdly, the control loops work nearer to
saturation condition. This undesired condition occurs when
duty cycle for each leg becomes more than one. In fact, vp ¢
or v¢ are not strong enough in even duty cycles near 100
percent to impose the reference currents. The maximum
current that can be injected to the battery is limited by the
upper voltage and the sum of on-state resistance of the
switches and internal resistance of the inductor in each leg.
Decrease in the upper voltage is not good because it may
work under the saturation condition.

® increase in the switching frequency, fs.,

Firstly, if it is increased, switching losses increase. Sec-
ondly, faster switches are needed and, in turn, it increases
cost. fs,, must be greater enough (at least 10 times) than
fe to have a relatively pure sinusoidal shape.

There are other trade-offs. However, the parameters are se-

lected so that cost, weight, volume, and losses are minimized.

V. RESULTS

The DC-DC stage of Fig. 3 with a kind of DC-AC stage,
widely available at the market, has been implemented in practice
according to Table I. Fig. 8 shows the practical setup of the EV
BC and Fig. 9 shows the main electronic components in this
project. On the other hand, the proposed EV BC in Fig. 3 has been
simulated in Matlab Simulink according to Table II. P, vy, and
1, are the power, voltage, and current bases, respectively. Both
of the voltage and current bases in Table I are exactly 27 times
smaller than those in Table II. So, the power base in practice is
27 x 27 times smaller. A small prototype has been practically
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Fig. 8. Practical setup.
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Fig. 10. Important experimental current waveforms.

implemented to decrease cost (this project is not funded by
anyone) and avoid danger of electric shock in laboratory. It also
means that the impedance bases in practice and simulation are
exactly equal because both of the practical voltage and current
bases have been equally decreased 27 times, that is, exactly the
same simulated system on a smaller scale in practice.

A. Practical Results

Experimental results are split into three parts (see Figs. 10 to
12). Fig. 10 shows important current waveforms. f,. was replaced
with 948 Hz. Also, Iy and I; were replaced with £0.66 A or

Page No: 1239



Journal of Interdisciplinary Cycle Research

21.05 : Dischérging
S T S T L T A PP
;mo 55 WWWWWWWWW
> Jo.83v/Div areing 1ms/Div
0.9 : : :
Fig. 11.  Important experimental voltage waveforms.
2 —— e T
E 3 Chafging
A W e B W B o O S
a0 " s I Tt Mgt o i
P i e
QS -3 i~ Discharging
2 H10.956 WDy
= éé_wﬂ’m"ﬂ‘ (G bl W M M el
B :""Charging
< 04 ; :
=~ 0 : :
+ :
s 03l Discharging Pl
9 03 lia38 w/Divi iR ik ms/Diviii
Fig. 12.  Important experimental power waveforms.

41 pu, positive in charging mode and negative in discharging
mode. All of the waveforms in Fig. 10 confirm that the control
system successfully follows the reference commands. i 4 has
a sinusoidal shape with the frequency 948 Hz and the amplitude
1 pu. ipc is constant, 1 pu in charging mode and -1 pu in dis-
charging mode. ipc + ¢ 4, in other words, i 5 has a sinusoidal
shape with the same frequency and amplitude shifted up by 1 pu
in charging mode and shifted down by 1 pu in discharging mode.
This waveform has been depicted in two different time-scales.
The last waveform shows ¢ p¢ with a short time-scale, 50 us, to
reveal that switching with the frequency 20 kHz takes place.

The main amplitude of ipc equals 1 pu and the amplitude
of the ripple is less than 0.1 pu, less than 10 percent of the
main amplitude. The current and voltage ripple is an inevitable
consequence of using power electronic topologies. As previ-
ously mentioned, the current base is 27 times greater in the real
prototype. Thus, ipc becomes 27 times greater. This means
that the percentage of the current ripple does not change and the
main prototype is the same as the small-scale prototype, but 27
times greater. It is worth mentioning that an awful oscilloscope
has been used to get the experimental results. Unfortunately,
it displays and records them with a lot of noise and with a
lot of unreal drastic variations, especially in high-frequency
oscillations.

Fig. 11 shows important voltage waveforms. The open-circuit
battery voltage, v,., was equal to 16.6 V during getting results
and has been considered as voltage base, 1 pu (see Table I). As
formulated in (11), vp has sinusoidal variations due to 7 4~ and
the battery impedance at f,. Itis shifted up in charging mode and
is shifted down in discharging mode due to i pc and the battery
impedance at 0 Hz. This is in agreement with the waveform in
Fig. 11.

Fig. 12 shows important power waveforms. The first wave-
form, Ppc + Pac, is the power injected to the battery by
the legs (QsQ¢ and Q7Qs based on SRC charging-discharging
method. Ppc + Pac equals Pg. Ppc is constant, 1 pu in
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charging mode and -1 pu in discharging mode. Ppc + Pac has

a sinusoidal shape with the frequency 948 Hz and the amplitude

1 pu, shifted up by 1 pu in charging mode and shifted down

by 1 pu in discharging mode. Two possible scenarios have been

defined in subsection III-B:

® Scenario No. 1
The leg Q7Q)s, which has the duty to make ¢ 4 and Py, is
directly connected to C'p¢. If L becomes short circuit and
C is removed in Fig. 3, this type of connection is reached.
—Ps and — P.,; become approximately equal to Ppc +
Pyc or Pp (see Eq. (7)). AsshowninFig. 12, Ppc + Pac
has a sinusoidal component as much as its DC component
and can alternately change P and ¢4. The power quality
problem, the existence of a harmonic with the frequency f.
and the amplitude as much as the main DC component, can
be effectively solved if the second scenario is employed.
® Scenario No. 2

The leg (Q7Qs, which has the duty to make i 4 and Pac,
is directly connected to C', not Cp¢. Fig. 3 shows such
a connection. Not directly connecting the leg Q7Qs to
Cpc, unlike the previous scenario, changes the value of
—Ps and — P, ;. It approximately equals Ppc + Pc. This
power does not have the alternating term, P4, unlike the
previous scenario (see Eq. (8)). P4 causes the power
quality problem in P, and i,. It can even appear in a
different way when the power source is not a DC-AC
converter supplied by a MG. It may be even a fuel cell
or a DC distribution network. The research studies [31],
[37] are the examples of this condition, when the power
source is a fuel cell or a DC distribution network.

B. Simulation Results

The simulation results in Fig. 13 are the same as the corre-
sponding experimental results in Fig. 12. P is changed from
-8 kW to 8 kW at 0.5 s. Positive P! discharges and negative P;
charges it based on SRC charging-discharging method. Fig. 14
shows the output AC-side terminal current, ¢g, for the two
possible scenarios presented in subsection III-B. As explained
in the previous paragraph, the waveform of i, has a harmonic
with the frequency 948 Hz when the first scenario is employed.
This harmonic is removed in the waveform of 7, when the second
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scenario is employed. This means that the power quality problem
has been solved. In Fig. 15, @)% is changed from -5 kVAR to
5 kVAR at 0.25 s and vice versa at 0.75 s. P} is changed from
8 kW to -8 kW at 0.5 s. P} and Q} are independently set to
validate the flexibility of the control system in switching among
all the four quadrants of Ps — () plane.

The power transferred from the MG to the battery in charging
mode or vice versa in discharging mode has different values in
the two scenarios.

e Scenario No. 1

The experimental and simulated waveforms of Ppc +
P4c have been shown in Fig. 12 and Fig. 13, respectively.
It has considerable sinusoidal variations, a harmonic with
the frequency 948 Hz. This power definitely causes power
variations in the AC-side terminal current . This fact is
in agreement with what has been shown in Fig. 14 where
the harmonic with the frequency 948 Hz has noticeably
appeared.

e Scenario No. 2

The experimental and simulated waveforms of Ppc + Po
have been shown in Figs. 12 and 13, respectively. These
waveforms have not sinusoidal variations and do not def-
initely lead to sinusoidal power variations in the AC-side
terminal current and Ps. This fact is in agreement with
what has been shown in Fig. 14 where the harmonic with
the frequency 948 Hz has been removed. In conclusion, this
paper proposes an EV BC being able to impose adaptive
SRC charging-discharging method without the mentioned
power quality problem. The generated current and voltage
waveforms can be also inserted to the online EIS algo-
rithms.

Discussion about charging-discharging time, maximum rising
temperature, lifetime etc. fall outside the scope of this work.
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VI. CONCLUSION

The simulation and experimental results confirmed that the
proposed EV BC with its precisely designed control system
can successfully implement SRC charging-discharging method.
It is true to state that it can implement even other methods
such as CC-CV, pulse-current, and Reflex because the refer-
ence commands are defined in general forms. For instance, the
pulse-current method is imposed on the battery if /) equals zero
and [, alternately changes from a constant value to zero and vice
versa.

Also, an innovative effective solution to resolve the power
quality problem was suggested so that it is able to participate
in V2G technology and exchange active and reactive power
without fluctuation. The proposed DC-DC stage can be sepa-
rately utilized in charging stations and DC distribution networks
providing services for EVs. Moreover, it can generate the SRC
or step signals, suitable for advanced online EIS algorithms, in
a controlled way.
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