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Delivering Smooth Power to Pulse-Current Battery
Chargers: Electric Vehicles as a Case in Point

Mahdi Bayati ¥, Mehrdad Abedi

and Gevork B. Gharehpetian

Abstract—This article proposes a battery charger for electric
vehicles based on pulse-current charging method which has great
distinct advantages and substantially enhances charging process. It
applies positive, negative, and zero currents for each cycle. On the
one hand, drastic changes in the battery current and power during
the cycles appear in the output of the battery charger, negatively
affect the terminal, and frequently change the output active power.
This condition is also important in battery chargers which do
not have dc-ac stage and are powered by other power sources,
for instance, fuel cell. On the other hand, the output active and
reactive powers must track constant values without any variations
for participation in vehicle-to-grid technology. Thus, a particular
parallel battery—capacitor topology is suggested in practice and
then an innovative control system is precisely designed in order to
implement pulse-current method and transfer smooth power in the
presence of the intrinsic drastic changes in the battery power. The
proposed system is compared with the recent pulse-current battery
chargers. The results demonstrate the effectiveness of the solution.
This article is accompanied by a PDF file demonstrating the details.

Index Terms—Battery charger (BC), charging method, dc—dc
converter, electric vehicle (EV), pulse current.

NOMENCLATURE

T, Positive pulse period in pulse current.
T, Negative pulse period in pulse current.
T, Rest period in pulse current.

Iy Amplitude of pulse current.

fsw Switching frequency.

Voc Open-circuit battery voltage measured dur-
ing T5.

Vo Maximum permissible battery voltage.

Symbol of a reference command.

Vop Capacitor voltage at the beginning of 7.
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Von Capacitor voltage at the beginning of 7,.
Vor Capacitor voltage at the beginning of 7;..
dp Duty Cycle for the leg Q7Qs.

do Duty Cycle for the leg Q9Q1¢-

7y and 7} Time constants of the sensors.

k:;,, K., kY, and k:’pf Parameters of the controllers.

1. INTRODUCTION

OWADAYS, battery chargers (BCs) of electric vehicles

(EVs) have attracted a great deal of attention. They are de-
signed based on a high-quality charging—discharging method in
order to improve the battery performance and lifetime. A particu-
lar current or a particular voltage must be imposed on the battery
in order to charge or discharge. Charging methods for batteries
can be categorized according to the voltage or current wave-
form regardless of charging profile or algorithm into constant-
current constant-voltage (CC-CV) [1], pulse current [2]-[5],
Reflex [6]-[12], pulse voltage [13]-[16], and sinusoidal ripple
current [17], [18]. Reflex method applies a pulse current with
a short negative pulse current, so it is sometimes called pulse-
current method. Pulse-current method in general applies posi-
tive, negative, and zero currents for each cycle. This three-stage
sequence includes T}, T},, and T'.. Since pulse voltage leads to
pulse current in the battery impedance, pulse-voltage method
can be also considered as a type of pulse-current method.

Pulse-current method in general is widely used in advanced
battery systems because it enables the chemical reactions to keep
pace with the charging process, stabilizes the chemical reactions,
diffuses and neutralizes the electrolyte density, eliminates the
concentration polarization, increases the power transfer rate,
decreases the charging time, reduces the internal temperature,
and improves the charging efficiency [2]-[16]. Accordingly, it
enhances the overall charging process. Therefore, this article
focuses on pulse-current method.

As a consequence of the drastic battery current changes in
pulse-current method, the drastic battery power changes appear
in the output of the EV BC, negatively affect the terminal, and
frequently change the output active power. This unfavorable
condition may also occur in BCs which do not have dc-ac
stage and are powered by dc distribution networks [19] or other
power sources, for instance, fuel cell [20], [21]. On the other
hand, the output active and reactive powers must track constant
values without any variations for participation in vehicle-to-grid
(V2G) technology like what have been proposed in [22], [23].
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Thus, particular importance should be given to this power quality
problem. In this regard, there are some important works [6], [7],
[12], [20], [21], [24], [25].

The purpose of this article is to propose an EV BC based
on pulse-current method which is able to participate in V2G
technology without the mentioned power quality problem. In
other words, it receives smooth constant power and charges the
battery based on pulse-current method, and also the output active
and reactive powers track constant values without any variations
in the presence of the drastic battery power changes.

II. RESEARCH CONTRIBUTION
A. Charging and Discharging

As previously mentioned, some research studies have been
conducted on sharing smooth power between multiple battery
packs or branches [12], [20], [21], [24], [25]. Pulse-current
method without the negative pulse current is considered in [20],
[21], and [24], while pulse-current method with the negative
part is considered in this article. Frequency and duty cycle
of the pulse currents in [20], [21], and [24] are dependent
on each other, but the proposed system can freely work in
adjusted frequency and duty cycle. This issue becomes im-
portant when the frequency and duty cycles are adaptively
tuned during optimal charging process [13], [14], [16]. In this
article, a general waveform for the battery current has been
considered. T),, T}, T, and I, can reach desired values of
even zero and then be given to the control system as reference
commands. Obviously, pulse-current method without the neg-
ative pulse is made if 7, equals zero. CC method is made if
both 7). and T}, equal zero. Discharging can be also obtained if
T, < T, or T}, = 0. The capability to adjust all the parameters
of pulse-current method can be a great achievement in this
article.

The concepts introduced in [12], [20], [21], [24], and [25]
are about multiple battery packs or branches. Thus, they are not
useful when a single battery pack is supposed to be charged, for
instance, when a single EV is connected to a microgrid through
its port in a charging station. But, this article is not confined to
using multiple battery packs.

The general generated voltage and current waveforms can
implement many algorithms or charging profiles, for instance,
multi-stage CC-CV. In [26], eight distinct algorithms have been
compared. Interestingly, the control system introduced in this
article is able to implement all of them through a high-power
topology.

This article focuses on the dc—dc stage of the EV BC. But,
it can be used in many applications instead of dc—dc stage of
various BCs such as the fuel-cell-powered BCs in [20] and [21],
the multi-output BCs in [12], [24], and [25], and the charging
stations in [19] to share smooth constant power.

Despite the negative pulse current in pulse-current method
being still underway for Li-ion batteries [9]-[11], [26], a general
concept has been developed. But it is definitely advantageous for
lead—acid batteries [6], [7], [12] (please refer to the bibliogra-
phies of [6], [7], [9]-[12], and [26] as well). T;, can be zero in
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the theory presented in this article and the BC can be redesigned
for different battery types and specifications, considering all
challenging technical issues.

B. Electrochemical Impedance Spectroscopy

Pulse-current waveform also has another application in elec-
trochemical impedance spectroscopy (EIS) [27]-[29]. The EIS
is a powerful analysis to measure the parameters such as state
of health and state of charge [30]. Online EIS is divided into
some categories [30]. One of them focuses on measurement
through power electronics converters [27], [30]-[32]. The one
in [27] concerns a method for online EIS which employs a
closed-loop control system generating pulse-current waveforms
in a half-bridge converter. In addition to the main purpose, the
proposed closed-loop control system can be utilized in order to
generate pulse-current waveforms, suitable for advanced online
EIS algorithms, in a controlled way, while the idea in [27] is
based on perturbation. Perturbation, especially in a wide range
of frequencies, threatens the stability.

III. SYSTEM DESCRIPTION
A. Power Electronics Topology

Fig. 1 proposes the configuration of the EV BC. The dc—ac
stage with its control system regulates )5 at Q% and vq. at v}, to
make a regulated dc link for the dc—dc stage in a predetermined
power factor. The dc—ac stage and its control system is very well
known and widely studied in many recent works [33]. Therefore,
it is not worth studying again and this article focuses on only the
dc—dc stage.

The dc—dc stage is similar to a type of hybrid energy storage
system, parallel active battery—capacitor configuration [34]. This
stage with its control system imposes pulse-current method on
the Li-ion battery and resolves the power quality problem caused
by the drastic battery current changes in pulse-current method.
The first duty is done by the leg Q7Qs and the second duty is
done by the leg Q9Q1¢. Fig. 2 shows the whole control system.
The second control loop in Fig. 2 regulates ¢p at 7; by means
of the leg (7(Q)s and the third control loop regulates ic at i(,
by means of the leg (Q9(Q1¢ until the battery voltage reaches the
maximum permissible voltage Vj. Then, the first control loop
regulates the battery voltage v at v}y by means of the leg Q7 Qs.
In other words, the two legs work as independent current sources
until the battery reaches Vj. Then, the leg (Q7(Q)s works as a
voltage source whose magnitude equals Vj and the leg Q9Q1¢
is completely turned OFF. This charging algorithm is just an
example like the algorithms proposed in [26]. The capacitor ",
shown in color in Fig. 1, is connected in parallel with the battery
only when the leg (Q7()s works as a voltage source. dp and
dc generated by the voltage and control loops are inserted into
the outputs column. Eventually, the switching functions of 7,
Qs, Qg, and Q1 are generated according to dp and dc with
the switching frequency fs,. There are proportional-integral
controllers which generate the control signals. They are passed
through the saturation limiters (0 to 1). Then, they are divided
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by vq. to make the loops independent of vqy.. Feed-forward
compensation, adding vp and v to the control signals in the
second and third loops, has three great benefits [33]. The voltages
and currents are measured using the sensors modeled in the form
of the first-order transfer functions.

ip and ic are set to ¢z and i by the control system until
the battery reaches V. Then, vp is set to vp. So, there are
three reference commands which are necessary to be defined
during T},, T},, and T}.. They have been defined in the inputs
column of Fig. 2 in the block diagram forms. Additionally, the
reference commands have been defined in the first and second
rows of Table I in the mathematical forms. The inputs column
of Fig. 2 generates the sequence of i3 from multiplying I, by
the function f(¢). Then, i3 is given to the second control loop.
It also generates ¢, from multiplying Jov,. by the function g(¢)
and then dividing the result by vc to make the sequence of 75,
defined in the second row of Table I. Finally, ¢, is given to the
third control loop.

1 for T,
s®={0 T,
Current Control Loop for the Capacitor 0

T,

Inputs, outputs, and control loops of the control system with modeling of the plants.

B. Operation Stages

Fig. 3 shows the operation stages during the periods of pulse-
current method. It has been sketched based on the values of i%;
and i, listed in Table I. Fig. 3 and the first row of Table I clearly
show that the battery is charging based on pulse-current method.
The control system applies the functions f(¢), g(¢), and s(t) to
generate the sequences of the reference commands. Table I is
the heart of this article. There is a great interesting point in
Table I. The third row shows the sequence of Pg which equals
vpip. The open-circuit battery voltage v,. approximately equals
the terminal battery voltage vp if the battery impedance and its
voltage drop are neglected. It approximately equals Iov,. during
Ty, —Igvoe during T}, and zero during 7’.. It has the drastic
changes as expected because pulse-current method is imposing
on the battery. The fourth row shows the sequence of Po which
equals voic. The sixth row shows the sequence of Pp + P
which does not change during T}, T;,, and T;.. It equals Ivq,
during all the periods. Being constant and continuous (without
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TABLE I
SEQUENCE OF SOME VARIABLES IN PULSE-CURRENT METHOD
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No. Variable Ty Tn Ty
1 ’L*B Iy —1Ip 0
2 i 0 2Iovoc/ve Tovoc/ve
3 PB I()’UB ~ I(]'Uuu —I()’UB ~ —[()’Um; 0
4 Pc 0 210voc Tovoc
6 Pp + Pc Tovoc + 0 = Igvoc —Igvoc + 2Igvoc = Igvoc 0+ Ipvoe = Iovoc
5 Q11 On Off Off
. X Ve — Voc dve . 21pvoc dvo . Iovoe dvo
7 Equations bip = ——— = —C—— i = =C—= ic = - ==
Ry dt Vo dt 05 vo dt 05
Lo _ —t _ 41pvoc 2 : o 21ovoc 2 ’
8 Solutions VO = Voc + (vop — voc> exp (@) vo = ( t+ von) vo = ( t+ UOT)
21 41 21 41 0.5
9 Initial Voltages vop = (goc T 000 Tt Von = |:< 0oc T, + ( 061'}0‘: Tn + v%n)) X
N T,
(voc + (vop — Voc) exp (Rtg)> _'Uoc:| exp ( té) + Voc X
Q7 Qo Ty Q7 Qo Tn Q7 Qo Ty
0 o 0 . ©) A . ®
Iy )
Lg 2I3Voc/ Ve IgVoc/ Ve
Q11 I l = Q11 P Q11
L, I I I
1—dp 0 =Cc 1 1—-dp tc 0 1—dp cc 0
Qs Q1o
Fig. 3. Operation stages of the dc—dc stage shown in Fig. 1.

drastic changes and interruption) reveals a great achievement.
The battery power (Pp) significantly changes during 7}, T},
and 7., while sum of the battery power and the capacitor power
(P + Pc) do not change during T}, T, and T;.. In other
words, smooth power ([pv,.) is transferred from the dc—dc
stage to the dc—ac stage and vice versa. In fact, the innovative
allocation of iy, and Pc in accordance with the rule defined
in Table I resolves the power quality problem, that is, Pp +
P remains constant and continuous (smooth) during 75, T,,,
and T,,.

As stated in Table I, the positive values for P during 7}, and
T, lead to increase in vc because it only receives power during
each cycle. If this stored energy is not released, v¢ increases
more and more and, eventually, it exceeds v} . and the leg Q9 Q11
does not work because it is a step-down dc—dc converter. There
is only one opportunity to release that energy, only during Tj,.
Thus, (11 is turned ON during 7}, when the battery is being
charged by I (see Fig. 3 and the fifth row in Table I). i¢ and 5
are controlled by the closed-loop control system, but ¢;;, is not
controlled. As shown in Fig. 3, 4;, flows in only one direction
because there is a diode in that branch and flows only when v
becomes more than v and Q1 is ON. The value of the current
1in depends on the voltage difference between v and v as well
as the sum of resistances of the ON-state switch and the wires
denoted by R;. The diode blocks I flowing to the battery during

T),. The battery is charged by the sum of two currents, Iy and
iin. Fig. 2 assigns the function s(¢) to 11 in order to make the
sequence of the state of Q1. s(¢) is toggled to turn OFF Qg and
Q10 simultaneously during 7,. It ensures that the leg Q9 Q10 is
completely turned OFFduring T},.

C. Ripple and Stability of vo

The seventh, eighth, and ninth rows of Table I show the
equations related to the capacitor C, the solutions to them,
and the initial voltages of the capacitor C'. Each period has a
particular electrical circuit as depicted in Fig. 3. The seventh
row contains the basic equations based on KVL and KCL laws
for each electrical circuit. It is a fact that capacitor voltage is
continuous. Therefore, the capacitor voltage at the beginning of
each period must be equal to the capacitor voltage at the end of
the previous period. The voltage difference between v, and vg,,
is the voltage ripple.

From the standpoint of energy, the capacitor energy is an index
for its voltage stability. For the stability

Tn Ty
/ Podt + / / votindt.

This means that the released energy during 7, must be equal to
or more than the stored energy during 7;, and 7;.. In steady-state

T,

" Podt < 1)
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condition for each cycle, the left side of (1) becomes equal to
the right side. Therefore

21gvoc T + Tovoc T

T,
P —t Ve — Voc
= A |:’U0c + ('U(]p — ’UOC) exp (m) :| Ttdt (2)

This is a good index to judge the stability of v It becomes more
stable if T},, 7., R;, and C are decreased and 7, is increased.
This means that C' in the range of yuF makes it more stable
in comparison with mF. However, a bad case, a high-capacity
capacitor, has been employed in this article to ensure the stability.

IV. IMPORTANT EQUATIONS OF THE EV BC
A. The Plants
The leg Q7 Qs with its inductor can be described as

di
~dpvac + Lp—> + Rpip +vp =0 3)
and in Laplace domain as
Vdc 1

“

ip = dp — vB.
B Lps+ Rp B Lps+ Rp B
Here, vp is considered as disturbance and d g is considered as
control signal. dp is duty cycle of the upper switch ()7 and
1 — dq. is duty cycle of the lower switch Qg. Rp is the sum of
ON-state resistance of the switches and internal resistance of the
inductor.

The leg (Q7Qs with its inductor also works as an independent
voltage source and can be described as

dv B

iB - i:ext - OIW (5)

with (3) and in Laplace domain as

. VacdB B (LBS+RB) igxt

o LBC/SZ—FRBC'S—{-]. LBC'SZ-}-RBC/S-}-]..
Here, i, is considered as disturbance and dp is considered as

control signal. Due to similarity between the legs QQ9(Q10 and
Q7Qs, the equations of the leg Q9 Q)1 are not stated.

(6)

UB

B. Efficiency

The power electronic topology proposed in Fig. 1 has five
IGBT legs connected to each other in a definite way. So, it is
necessary to discuss the non-ideal behavior of one IGBT leg. As
discussed in [33], the non-ideal averaged model can be regarded
as the ideal averaged model supplemented by the ON-state
resistance of one IGBT connected in series with the internal
resistance of the inductor of the leg (R.,) and an independent
current source connected in parallel with dc link for each IGBT
leg (I4). The former represents the conduction losses and the
latter represents the switching losses. Now, they are expressed
for a single IGBT leg as [33]

Py = vac X Iew = vdc(er + th) fswv (N
Pey = Reo x 42 (8)
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Voltage Sensing Board
Current Sensing Board

TR PE
[Voltage Supply and Voltage Reference Board

Fig. 4. Practical setup.
TABLE II
EXPERIMENTAL AND SIMULATION PARAMETERS

Parameter Per Unit  Parameter

P, 16.8 W 1 fsw 20 kHz

vp 168 V 1 Tp T T 300 20 80 ms

ip 1A 1 kp ki 2 7676.8

Ip 1A 1.000 k;, K, 2 7676.8

Vo 16.8 V 1.000 Kl k;,’ 0.4 1535.4

Rc 7.68 Q2 0.457 T 1/(80000) s

Rp 7.68 2 0.457 T} 1/(100000) s

Ry 0.45 Q 0.027 cc 330 0.2 mF

Voe 16.6 V 0.988 Lp 2 mH

vHo 24V 1.429 Lo 2 mH
Parameter Per Unit  Parameter Per Unit
Py 10500 W 1 Voe 415 0.988
vp 420 V 1 Vs 240 V 0.757
ip 25 A 1 Ip 25 A 1.000
Vo 420 V 1.000 vHo 600 V 1.429

where QQ;; and @, are, respectively, the tailing and reverse
recovery currents [33] and ¢ is the current flowing through the
inductor. Obviously, P, and P, can be calculated for all five
IGBT legs. Therefore, the efficiency can be calculated as

Py — Zg;i) cho — 5lwVde )
Py

where Py equals P, in charging mode and Pp in discharging
mode. The input power is P; and the output power is Pp in
charging mode and vice versa in discharging mode. P, is the
conduction losses in the leg number j. Since P, only depends
on the characteristics of the switches according to (7), it is the
same for all the five IGBT legs.

FE =

V. RESULTS

The proposed system in Fig. 1 has been simulated in
MATLAB Simulink. On the other hand, the dc—dc stage in
Fig. 1 with a kind of dc—ac converter has been implemented
in practice as shown in Fig. 4. Table II shows the parameters
of the small-scale and the main prototypes, respectively. P, vp,
and ¢, are the bases. The voltage and current bases in Table II
for the experimental system are exactly 25 times smaller than
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those for the simulation system. So, the power base in practice is
25 x 25 times smaller. A small prototype has been implemented
in practice to decrease cost and avoid danger of electric shock.
Also, the impedance bases in practice and simulation are exactly
equal because both of the experimental voltage and current bases
have been decreased equally 25 times, that is, exactly the same
simulated system on a smaller scale in practice.

The experimental results are shown in Figs. 5-13. Fig. 5 shows
the battery current and power. It confirms that the proposed
system is able to charge and discharge the battery based on
CC method. Figs. 613 show the important waveforms of some
variables when it charges the battery based on pulse-current
method without the negative part (7;, = 0) and with the negative
part (15, # 0). T}, and T, last 300 and 80 ms, respectively,
in all the waveforms. 7;, lasts 20 or 0 ms. Iy equals 1 pu.
All of the waveforms in Figs. 6—13 confirm that the proposed
system successfully follows the sequences for the battery and
the capacitor explained in Table I and Sections III-A and III-B.

The waveforms of the battery current ¢z in Fig. 6 have been
shown two times on two different time scales. The waveforms
on the long time scale, 0.1 s, confirm that it is charging based
on pulse-current method with and without the negative part. The
waveform on the short time scale, 50 us, confirms that switching
with the frequency of 20 kHz takes place.

Fig. 7 shows that the waveforms of the variable i + %iy. %in
add a noticeable current to ip during 7T},. In fact, this current
charges the battery. i;, flows only when (17 is ON. (011 is turned
ON during only 7}, (see Table I again) to release the stored energy
in the capacitor.
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The waveforms of the battery voltage vp are shown in Fig. 8.
Uoc €quals 16.6 V, 0.988 pu, when obtaining results. The maxi-
mum permissible voltage is 16.8 V and has been considered as
the voltage base (see Table II).

The waveforms of the capacitor current i are shown in Fig. 9.
It confirms that the proposed system successfully follows the
sequences of 7, defined in the second row of Table I. It equals
zero during T}, 21yv,./ve during T, and Igv,./ve during
T,.. In fact, the innovative allocation of i and, in turn, P¢
in accordance with the rules defined in Table I resolves the
power quality problem. In other words, ¢ and, in turn, P~ make
Pp + P¢ constant and continuous (smooth) during 7}, T},, and
T, (see Fig. 13).

Fig. 10 shows the waveforms of the capacitor voltage vo. vo
is stable and the amplitude of the ripple is approximately 0.05 pu.
Uop» Von, and vy, are greater than vz and less than vq. (1.429 pu).
The behavior of v has been fully explained in Sections III-B
and III-C. ve increases during 7, and T, because it receives
power and decreases during 7), because it delivers power. So, it



BAYATI et al.: DELIVERING SMOOTH POWER TO PULSE-CURRENT BATTERY CHARGERS: ELECTRIC VEHICLES AS A CASE IN POINT

1.1 ,
. " Vop..,
O e Tt A L
E 1 L et ] L] k) ”r N
]I 0.84 V/Div o 0.1s/Div
0.95 AMuwid : .
1.1 ; i i
T 10 WM WWM
Wi v ; :
IR A S
]I 0.84 V/Div 0.1s/Div
0.95 1® ' ; (_—.......
Fig. 10. Waveforms of the capacitor voltage when 7, = 0 and 7, # 0.
1.5 :
= 1 "n‘]'d: I#II m " .;:LVL ——— it ‘;| pr ; Al
& 05 Ty
= L i)
8.4 W/Div )
-0.5 :[I /
1'? bl PRI TP SRS BN TIN CLANPUIN Y ol o
—_ 05 [t e oo W v;m, T d ALt g
) _— - -
ol -0.? jﬁ 01 57Dk
I — : . .15/Div-
|5 84 w/Div T, —
Fig. 11. Waveforms of the battery power when 73, = 0 and T}, # 0.
1.5 :
D 1 T tt JW o l'y“ .;I'l
S 05 Ty T;
g 0 TR R bl bt o
Ié”4 W/Dl'l? 4 Rt L Lt 4 i) 7
-0.5 ©
25 T,
g u Lz L.
.y T
. O.S a L il YR lp " e i
]iSA—W/DiU Yioriiprrpippies st o
-0.5
Fig. 12.  Waveforms of the capacitor power when 73, = 0 and 7}, # 0.
2
3
] 15
~
ot 11 : ;
o055 dd : Smooth Power
& o |84 w/piv D
2
g 15
~
ol : i
': 05 A Smooth Power
Q, i H H
0
Fig. 13. Waveforms of the delivered power when 73, = 0 and T3, # 0.

has the maximum value at the beginning of 7}, (vo,) and has the
minimum value at the beginning of T,, (vgy,).

Figs. 11-13 show the most important waveforms of this
article. Pp, Pc, and Pp + Pco have the same patterns ex-
plained in Table I and Section III-B. Consider the following
two scenarios. First, only the leg Q7Qs is employed and the
leg Q910 is removed. Thus, — P, and — P,y approximately
equal Pg. This condition describes the power quality problem
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Fig. 14.  AC-side terminal current for the two scenarios.

in the pulse-current BCs proposed in the recent studies. Second,
both the legs (Q7Qs and Q91 are employed. Thus, — P; and
— P« approximately equal Pg + Pc. This condition contains
the innovative concept presented in this article. In the first
scenario, Pp (shown in Fig. 11) is transferred. In the second
scenario, Pp + P¢ (shown in Fig. 13) is transferred instead of
Pg. Pp + Pc has a continuous constant shape, while Pg has
interruption with the drastic power changes. The waveform of
Pp + P¢ indicates that 1 pu smooth power is delivered to the
dc—dc stage. Then, the battery is charged by Pp. In other words,
the appropriate reference commands are innovatively allocated
to the capacitor current ¢ and, in turn, P in order to smoothen
the intrinsic drastic power changes of Pg. Then, the smoothened
power Pp + P is transferred instead of the variable power Pp.
The power quality problem of the first scenario is effectively
solved in the second scenario.

Fig. 14 shows i for the two mentioned scenarios. It depicts
the bad effect of the drastic battery power changes at the ac-side
terminal. The waveform of ¢4 has interruption and three changes
when the first scenario is considered. The waveform of i, has
no noticeable changes and has a constant rms value when the
second scenario is considered.

VI. CONCLUSION

The results confirmed that the battery—capacitor configura-
tion of the EV BC with its precisely designed control system
successfully charges and discharges the battery based on pulse-
current method with high capability to adjust the parameters
and implement various algorithms. It can transfer smooth con-
stant power from the battery to the microgrid and vice versa
during V2G technology in the presence of the drastic battery
power changes in pulse-current method. It can be used in many
applications instead of dc—dc stage of various BCs such as the
fuel-cell-powered BCs, the multi-output BCs, and the charging
stations to share smooth constant power.
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