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A Bidirectional Battery Charger With Modular
Integrated Charge Equalization Circuit
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Abstract—High-voltage battery pack and charger structure are
the main concerns of the electric vehicle (EV) developments. To
achieve required voltage and power in propulsion systems, cascad-
ing battery stacks is essential. However, due to small discrepancies
between different cells, charge imbalance occurs. Charge imbal-
ance reduces battery cells life cycle, accessible energy, and system
performance. Hence, charge equalization among battery stacks is
necessary. Furthermore, EVs should have some essential require-
ments to provide desired contributions in future networks. There-
fore, bidirectional power flow and reactive power control are other
important capabilities of the battery charger system. In this paper,
a bidirectional structure with two operation modes for a modu-
lar battery stack is developed. The developed structure has active
and reactive control capabilities during grid to vehicle and vehicle
to grid operations. To improve the battery system performance, a
modular charge equalizer circuit (CEC) for both operation modes
is developed. The modular configuration of the battery stack im-
proves the system reliability and flexibility. Moreover, the over-
all system performance for the CEC and converter is improved
by utilizing the integrated control strategy. Performance of the
proposed structure is evaluated using simulations and laboratory
experiments. The results confirm the capability of the proposed
structure.

Index Terms—Battery charger, bidirectional, charge equaliza-
tion (CE), electric vehicle (EV), reactive power control.

NOMENCLATURE
Vs, i AC-side voltage and current signals.
Aiy AC-side current ripple.
Ly, Cy AC-side low-pass filter components.
Ly Inductor of the H-Bridge ac—dc converter.
Cy DC-link capacitor.
Ls, Cs Battery-side low-pass filter components.
B; ith Battery cell.
Sij IGBT switches of the ac—dc or dc—dc converter.
hip, hin Battery cell’s high-side and low-side switches.
n Number of battery cells in a battery system.
Vic or V. DC-link voltage.
AVy,e DC-link voltage ripple.
Viref DC-link reference voltage.
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Vbatt Battery pack voltage.

Tyatt Battery current.

Alya Battery current ripple.

4, Vid Diode internal resistance and voltage drop.

Ts, Vaw Switch conduction resistance and voltage drop.

T Inductors internal resistance.

TESR Batteries equivalent series resistance.

o, 13 Sine and cosine components of the PLL.

ip, g, tret  Active and reactive components of reference cur-
rent.

D Switches duty cycle.

Piet, Qret  Reference active and reactive power components.

fs» fsource Switching frequency and ac source frequency.

1. INTRODUCTION

LTHOUGH there has been a growing interest in electric
A vehicles (EVs) in the last decade, there are some reasons
which prevent the wide acceptance of the EVs [1], [2]. Without a
doubt, the main obstacles in EV advancement are high-voltage
battery system and charger structure [3], [4]. There are other
concerns regarding EVs’ development such as their impact on
network power quality as well as increased and unplanned power
consumption [5]-[7].

Due to increasing penetration of EVs and their aptness for
smart grid integration, a high-power and high-efficiency charger
with low total harmonic distortion (THD) is essential. Further-
more, to accommodate adequate EV-grid interaction, especially
for EVs integration in smart grids, reactive power control and
vehicle to grid (V2G) capabilities are required [4]. In this con-
tent, the first step is to develop a suitable charging structure
with control strategy that fulfills all the mentioned capabilities
in addition to other requirements for the adequate management
of the battery system. The second step is to focus on battery sys-
tem itself [3]. A suitable charge/discharge method can lengthen
battery pack life cycle, but a charger cannot be as effective with-
out considering the EV battery pack peculiarities. The required
voltage and power level in an EV is relatively high, whereas
the rating of a battery cell is insufficient [8]. In order to achieve
the necessary current and voltage ratings, a number of battery
cells are connected in parallel and in series, respectively. Due to
the inherent charge balancing feature in a parallel connection,
no charge imbalance occurs between paralleled battery cells or
modules [9]. While because of some small differences such as
manufacturing tolerances, environment condition, aging, etc.,
even among identical battery cells, there are small variations
in capacity and/or discharge profile. Furthermore, these dis-
crepancies increase with battery aging. The battery cells mis-
match would result in different charge/discharge speed and after
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TABLE I

SUMMARIZED COMPARISON OF CHARGER AND CEC

Type reference V2G Reactive  Isolation T2A mode CE CEC CEC Switch  Overall cost Control  Efficiency  Battery
capability  control capability reliability flexibility number in complexity current
CEC ripple
CECs only [10] — — — — Vv Medium  Medium 2n+2 Medium  Medium Good High
[22] — — - — vV Medium Good 2n + 4 High High Medium Low
[24] — — Vv Good Good 2n High High Good Low
[26] - - ~ - y Medium  Medium n+ 4 High Simple Good High
[35] — — — — 4 Very good Good 3nor4n  Very high Medium  Medium  Medium
[36] - - — - Vv Medium Low 2n Very high  Medium Good High
[37] — — - — Vv Medium Low n High Simple Medium  Medium
Charger [19] X Vv Vv X - — — - Medium  Medium  Medium Low
only
[29] v Vv X Vv - - - - Medium High Medium  Very low
[30] X Vv X X — — — — Medium High Medium Low
[31] Vv V4 Vv v — — - — High High High Medium
[21] X X Vv X - - - - Medium High High High
[28] X v X X — — — Medium High Medium  Medium
[38] X i Vv X — — — — Medium  Medium  Medium Low
Charger [33] 4 X X X Very good  Good 2n+4  Medium  Medium  Medium High
/CEC
Proposed Vv Vv X X Vv Good Very high 2n Medium High Medium  Very low

structure

“—” denotes irrelevant features in each type; “X” denotes relevant shortcomings; “y/” denotes relevant capabilities;  is number of required switches in each topology.

number of successive cycles, charge imbalance occurs. This
would limit the battery stack efficiency and increases battery
degradation. Therefore, for longer life time and proficiency,
charge equalization (CE) is necessary [10].

The CE is a procedure by which energy imbalance between
different cell/modules in a battery pack is balanced via dissipa-
tion or redistribution [9], [11]. The CE methods can be classified
in two major categories: 1) passive CE methods; and 2) active CE
methods. In the passive methods, the excessive charge is lost in
a passive element such as resistor [12]. Although these methods
usually have simple structure and control strategy, the efficiency
and CE speed are much lower than the active equalization meth-
ods. Therefore, they are rarely used in new battery management
systems. In the active CE methods, energy is transferred from
the cell/module with higher energy to another cell/module with
lower energy. In these methods, efficiency and speed as well
as control system complexity are increased. Almost all the re-
cently proposed methods for the CE rely on active techniques
[12], [13].

Generally, there are two types of energy transfer for any bat-
tery charger: 1) conductive method and 2) inductive method.
Conductive charging is a well-established method in high-power
battery chargers, while inductive chargers are yet to be fully de-
veloped for such applications. Therefore, inductive chargers are
not considered in this paper. The main obstacle is lower effi-
ciency of the inductive chargers. Nevertheless, since inductive
charging is more convenient for the driver and also considering
the simpler hardware in the charging stations, a rapid growth in
inductive charging market is expected in the future [14].

There are many converter topologies with different capabil-
ities, which can be used for the EV battery charger structures
[15]-[21], but they usually consider battery pack as one large
battery stack. There are also a number of CE topologies in
the literature [10], [22]-[27], in which independent circuit and

control strategy have been proposed to realize CE in a battery
pack. However, interaction between charger and charge equal-
izer circuit (CEC) is usually neglected. In this section, to develop
a suitable charger topology, some state-of-the-art chargers and
CEC topologies are extensively studied. Several main criteria
such as active and reactive controls, ability for V2G operation,
flexibility and reliability, integrated CEC, cost, and semiconduc-
tor device count are taken into account to assess the topologies
in this paper. Table I summarizes the comparison results. In
general, the EVs are charged at home during the night, so only
the single-phase on-board chargers (level 1 charger according
to SAE EV ac charging power levels) are considered [4].

In [19], design procedure for an isolated charger with inter-
leaved power factor (PF) correction has been proposed. Inter-
leaved topology improves dc-link voltage fluctuation and input
current ripple, while zero voltage switching (ZVS) ability in-
creases overall efficiency [20]. In this topology, there is not any
CE and effective control on the battery pack charging current.
Another important shortcoming is that this topology is unidirec-
tional.

In [28], a single-phase unidirectional battery charger based
on an H-bridge boost rectifier is proposed. In order to achieve
unity PF, a novel phase shift control is implemented. Moreover,
the phase shift control algorithm is combined with an active
damping control to reduce ac current distortions. However, lack
of CE capability and the unidirectional structure are some of its
shortcomings.

In [29], an on-board single-phase EV charger with integrated
traction to auxiliary (T2A) mode is proposed. The high-voltage
battery pack is charged with constant current and controlled
PFE. The control strategy is rather simple and reliable. The in-
tegrated T2A mode is another advantage of this structure. But
high switching losses, nonisolated charger, and more impor-
tantly the requirement of an independent CEC are some of its
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shortcomings. A similar structure is used in [30], in which a
unified control strategy for grid to vehicle (G2V) operation is
developed. The unified control improves the charger perfor-
mance in the smart grids, but in the control strategy, V2G mode
is not considered. Also, in the control strategy, constant voltage
charging or charge imbalance problems are not taken into ac-
count in the battery packs. The structure proposed in [31] is a
developed version of the last two structures, where ZVS is uti-
lized for enhancing charger efficiency. Galvanic isolation and
T2A operation are other advantages in [31]. In this structure,
CE is not considered and battery current ripple is considerable.
Also, in comparison with two last mentioned structures, the
number of the utilized semiconductors is rather high.

In [21], a diode-clamped series resonant converter with res-
onant valley compensator is proposed. Due to the zero current
switching control, switching loss is decreased. However, in-
creased elements and converter complex control are the main
issues for this topology. In [32], a resonant converter with ZVS
capability and simpler structure with rather complex control
has been presented. Meanwhile, CE is not considered in these
structures.

A hybrid multilevel converter topology for EV applications
is proposed in [33]. The proposed converter achieves multilevel
voltage via bypassing and/or connecting battery cells in series.
Because of the modular design of the converter, the reliability is
increased and also CE capability during V2G and G2V modes
is another advantage of this structure. Although this converter
could be utilized as battery charger, due to the high ripple of
charging current, battery cells life time is decreased. Further-
more, efficiency reduces due to increased switching frequency.
Another problem for this application is considerable number of
switches in a three-phase structure. In this topology, there are 2n
+ 4 switches for single-phase topology and 6n + 12 switches
in three-phase topology.

A dc/dc converter for CE is proposed in [10]. The CE is
realized using buck—boost operation. In this topology, 2n + 2
unidirectional switches are needed. This topology has the ca-
pability of CE in charging, discharging, and idle modes, but
it does not have ability for bypassing the possible damaged
battery. Furthermore, the required independent inductance in-
creases the volume, weight, and overall cost of the complete
charger structure.

In [26], an active charge equalizer for cascaded lithium bat-
tery cells using a supercapacitor (SC) as an intermediate device
is proposed. The system initially stores charge drawn from a
cell in the SC and then the charge is transferred to another cell
with lower state of charge (SOC). The proposed topology re-
quires at least 2n 4 2 switches. Utilization of SC has improved
conduction and switching losses. Since battery module voltage
is relatively larger than the rated voltage of SC cells, the overall
cost is increased.

In [34], aprocedure is proposed to select batteries with similar
electrochemical characteristics. This procedure has two screen-
ing process: 1) capacity screening that matches the open-circuit
voltage (OCV) to achieve balance SOCs; and 2) resistance
screening that facilitate selection of batteries with similar pa-
rameters in the battery equivalent circuit model. However, as

2135

the batteries age and degrade, their chemical characteristics can
vary significantly.

A battery system with a modular design is reported in [35],
where each battery cell and a small bidirectional converter are
integrated to form a module. These modules can be easily con-
nected in series to form a battery pack. This technique can
realize CE and reduces the voltage stresses of the power elec-
tronic devices. The modular design improves system reliability
and controllability, while the overall costs are increased. Fur-
thermore, in this structure, the ac—dc interface between the grid
and battery pack is not considered.

Another challenge of the battery systems is the time-
consuming process of CE. To increase equalization speed, a
multilayer CE control is proposed in [23]. In [23], the need
to balance the charge one by one between the battery cells is
satisfied using parallel architectures. The main problem is that
an independent CEC is necessary for each layer. Also, in [27], a
similar approach to improve CE flexibility has been proposed.

In this paper, a three-stage bidirectional charger/CEC is devel-
oped. In the proposed topology, the number of battery modules is
connected in series to realize CE procedure. The proposed con-
trol algorithm for charge balancing with constant current mode is
discussed. The main contributions of this paper are: 1) develop-
ment of a bidirectional charger structure with CE capability; and
2) introducing an integrated control strategy to improve overall
system performance and flexibility. The charger structure is de-
veloped to enhance battery life cycle and the control strategy is
designed to provide desirable charger-CEC interaction during
V2G, G2V.

Some of the main features of the proposed structure are de-
scribed as follows:

1) it has active and reactive control in G2V and V2G opera-

tion;

2) it offers CE capability during V2G and G2V operation;

3) it increases battery life time with low ripple charge and

discharge battery current;

4) control strategy of the CEC is fully integrated into charger

control algorithm;

5) due to modular structure reliability and flexibility is in-

creased.

The proposed structure and control are simulated in MAT-
LAB/Simulink software and a low-scale prototype is imple-
mented at the lab. The performance of the system is evaluated in
different conditions by some simulations and experiments. The
results verify the performance of the developed topology and
control algorithm.

II. CHARGER-CEC TOPOLOGY AND OPERATION

Fig. 1 represents the developed bidirectional converter with
the integrated CEC topology for a three module battery system.
However, the proposed modular CEC could be developed for
any number of battery modules to accommodate desired ratings,
straightforwardly. The bidirectional converter consists of two
power conversion stages. The first stage is an ac—dc H-bridge
converter followed by a large dc link. The second stage of power
conversion is a dc—dc bidirectional buck/boost converter.
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Fig. 1. Bidirectional charger/CEC topology.

charging
discharging

Fig. 2. Current path during G2V operation: (a) Vs > 0; (b) V5 < 0.

Since most on-board chargers have power levels of one or
two [4], they need to be compatible with residential or private
installations, hence a single-phase structure is considered. The
structure shown in Fig. 1 has two modes: 1) V2G and 2) G2V.
Operation of the structure during each mode is explained in the
following section.

A. G2V Mode

In this mode, ac—dc converter operates as a boost rectifier
to provide the needed dc voltage and the dc—dc converter is
a current-controlled step-down converter to control the battery
charging current.

1) H-Bridge Converter Operation and Analysis: In the G2V
mode, H-bridge works as a boost rectifier with sinusoidal input
current and controlled reactive power. Compared to a full-bridge
diode rectifier, it has lower harmonic distortion and improved
PE. To reduce switching losses, the switching pattern used in
[39] is utilized. It has the advantage of only one switching in
each cycle. Depending on the input voltage sign, there are two
conditions.

1) Vi > 0:First, Sy is switched ON and L, is charged via S5

switch and So» diode. Then, the S;5 is switched OFF and
L4 is discharged via Sq; diode, C, and S5 diode path. In
Fig. 2, current path during Ly charging and discharging
is shown. There is another scenario where S;; is used
to control charging and discharging of Ly. In [39], more
detailed analysis of this mode has been presented.

2) V; < 0: For negative input voltages, the procedure is sim-

ilar. First the S99 switch is turned ON and L is charged via
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S99 switch and S5 diode path. When the So5 is turned OFF,
the Loy discharges via So; diode and S, diode. Fig. 2(b)
shows the current path of Ly when V, < 0.

If D is the duty cycle of the conducting switch, then consid-
ering ideal components, output voltage can be calculated using
(1). According to (1), for D = 1, the dc-link voltage should
be Vy. = oo, but due to nonideal elements, this is not realized.
Equation (2) represents Vg, as a function of D, considering
inductor, switch, and diode resistances. For driving (2), each
diode or switch is modeled by a voltage source in series with an
internal resistance

Vie 1
= 1
Vs 1-D M
Vs —2(1— D) Vig + D (Vo + Vid
‘/dc: 5 Ti ) i ( DQ(T‘H)-F’I“d) (2)
1_D+1—D+(1_D)2Td+ﬁ

where 77, 14, and r4 are per unit values of inductor, diode, and
switch resistances, respectively, which are based on Rj,se =
% Here, R}, is considered to be 100 ). Moreover,
Vs is the instantaneous magnitude of the ac voltage. Due to
high switching frequency, the input and output voltages of the
converter can be considered to be constant during a switching
cycle.

In Fig. 3(a) and (b), Vy./Vs ratio versus r;, and D using (1)
and (2) are illustrated. Here, the value of ; and r; are considered
equal to 0.2 .

2) DC-DC Converter: During G2V mode, S35 switch is
always OFF and the dc—dc converter operates as a buck converter
with pulse width modulation (PWM) of S3; to control battery
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3 module connected hlp 7} 2 module connected
Ls . Ls

Fig. 4. Current path during the G2V mode: (a) three modules connected; (b)
two modules connected.

charging current. Again, considering nonideal components,
Vhatt as a function of D, considering inductor, switch, and
diode resistances is as follows:

DVdc - DV;W + (]- - D) vad

Vhatt = .
batt 1+ D%ry+(1—D)>2rqg+m

3)

Fig. 3(c) and (d) shows the ideal and nonideal output curves
of the buck converter. Similarly, the input and output voltages
of the dc—dc converter are considered to be constant during a
switching cycle. It can be observed that here the problem of
voltage drop is not as acute as the boost converter.

3) CEC Operation and Analysis: This circuit provides CE
during battery charging. Charging starts with one module and
other modules are switch in, one by one. To connect a module
to the stack, hip is switched ON and hin is switched OFF, where i
is the module number. For example, in a three-module system,
current path during charging is illustrated in Fig. 4, where all
three modules are connected at first and then one module is
bypassed.

The modular structure of the battery pack provides possibility
of bypassing a damaged module without interruption of any
main function. This ability improves the reliability of the overall
system. In case of a damaged module, its low-side switch (hin)
is permanently turned ON, while the high-side switch is OFF.
Therefore, the faulty module can be easily replaced at a suitable
time.

B. V2G Mode

In this mode, the charger-battery system returns the stored
energy back to the grid. The amounts of the needed active and
reactive power are determined by the smart grid controller. The
CEC determines the battery stack configuration considering CE,
the dc—dc converter boosts the voltage to obtain required voltage
level at the dc link, and the H-bridge converter inverts the voltage
to ac.

1) CEC Operation and Analysis: Here, based on the needed
active and reactive power, the CEC determines the minimum
number of the required battery packs to obtain the minimum
voltage limit. Then discharging starts with the minimum num-
ber of batteries with the highest SOC. Each time the lowest SOC
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(b)

Fig. 5. Current path of H-bridge in V2G mode: (a) V5 > 0; (b) Vg < 0.

in the connected batteries reaches a battery SOC that is currently
bypassed, the bypassed battery is switched into the stack and
this procedure continues until all the batteries are switched in. If
there is no limit to the number of connected batteries, discharg-
ing starts with one battery that has the highest SOC. There-
fore, complete CE is possible. If current directions in Fig. 4 are
reversed, the current paths in V2G mode with three and two
connected modules can be determined straightforwardly.

2) DC-DC Converter Operation and Analysis: In V2G
mode, the dc—dc converter operates as a single-switch boost
converter. Here, the S3; is always OFF and the S3o with the
antiparallel diode of the S3; forms a boost converter. Battery
discharge current and dc-link voltage are regulated with PWM
switching of the S3o. Again, considering nonideal switches, the
Vi as a function of D, considering inductor, switch, and diode
resistances is calculated using (4). Its output curve is similar to
Fig. 3

‘/:ic _ Vbattm (]- D)vad -vaswl)2 ) (4)
1—D+1_D+(1—D)rd+1_D

3) AC-DC Converter Operation and Analysis: Here, the ac—
dc converter operates as a single-phase full-bridge inverter. The
switching is controlled in a way that the output current is si-
nusoidal and output PF is regulated. Similar to G2V mode, the
single switching pattern proposed in [39] is utilized. In Fig. 5,
current paths for V; > 0 and V; < 0 are illustrated. The Vs as a
function of D, considering nonideal full-bridge buck is

Ve — Dvdc 72DKV\' - (1 *D) (%d +‘éw)
ST 1+ +2D%r, + (1— D)2 (rs +1a)

Ts

(&)

III. SYSTEM CONTROL ALGORITHM

In this section, system control algorithms are presented. For
better understanding, control system is divided into G2V and
V2G modes.

A. G2V Mode

There are some requirements in G2V mode that need to be
satisfied. Sinusoidal input current with low harmonic distortion
(less than 5% [30]) is the first requirement. In order to have
suitable control over the charging current of the battery stack,
a low ripple dc-link voltage is essential. In [40], an optimized
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charge strategy based on the battery’s temperature is proposed,
that has lower energy losses. Since optimization of energy loss
is not a goal in this paper, in order to improve battery life cycle,
constant-current constant-voltage (CC-CV) charging strategy
is chosen and temperature variations are not considered. For
safety issues, a temperature sensor should be used in order to
ensure battery operation within acceptable range. If temperature
exceeds the permissible limit, the charger is disabled [41]. In
the following, control algorithms for each stage of the charger
are presented.

1) AC-DC H-Bridge Converter Control: To obtain a low
ripple dc output and low harmonic input current, dual-loop PI
controller is considered. The first loop calculates the required
input active power and a reference sinusoidal current signal to
achieve the desired output voltage. In the second loop, the dif-
ference between measured and reference currents are calculated
and the switching signals are generated.

A phased-locked loop (PLL) drives the in-phase and quadra-
ture signals of the input voltage. In Fig. 6(a), block diagram of a
single-phase PLL is illustrated. When the PLL is synchronized,
1o and ig are the direct and quadrature components of the input
ac voltage with unity amplitude. They are used to synthesize the
active and reactive components of the reference current.

As shown in Fig. 6(b), first the difference between the mea-
sured and desired dc voltage is passed through a PI controller to
calculate the needed reference power. Next, reference power is
divided by the rms voltage to calculate rms value of the active
component of the current signal. To obtain the active component
of current signal, it is multiplied to the in-phase component of
the PLL with amplitude equal to /2. Reactive power reference
is considered an input value set by the grid, but the same proce-
dure should be followed to obtain the reactive component of the
reference current. If a specific value is not provided by the smart
grid controller, Q)...¢ is considered to be zero. Since the converter
has power limits, a limiter is used after the PI controller.

Using the reference current and the measured current, the er-
ror signal is calculated. The error is fed to a second PI controller.
The output of the controller is compared to a triangle waveform
to obtain the PWM control signals. The control diagram of the
reduced switching controller for V2G and G2V operation is
shown in Fig. 6(c), in which 4, and ¢, are active and reactive
components of reference current signal. In G2V, P, is positive,
hence the mode value is 1 and the upper AND gates for each
switch may have nonzero outputs. In V2G, P, is negative and
mode value is zero, hence the lower AND gates are generating
the switching pulses.

2) DC-DC Converter Control: The dc-link voltage is higher
than the battery pack voltage; hence the dc—dc converter is in
buck operation. To improve battery life time, CC-CV charging
strategy is chosen. It means that battery is charged with constant
current until its voltage reaches its rated value (depending on the
battery type), then battery is charged in CV mode. The desired
output voltage of the dc-dc converter during CV charging is
selected based on the nominal voltage of the battery modules.
Usually it is a little above the open-circuit terminal voltage of
the battery pack, when it is fully charged. As shown in Fig. 6(d),
the dc-dc converter uses the voltage/current feedback to adjust
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Fig. 6. AC-DC converter controller: (a) single-phase PLL; (b) reference cur-
rent control diagram in G2V mode; (c) current loop and switching control
diagram; (d) control block diagram of the buck converter.
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the duty cycle of the S3; switch. The PWM frequency is 20 kHz.
The saturation block is used to limit the maximum and minimum
duty cycle of the PWM controller.

3) CEC Control: The main function of the CEC controller
is to reconfigure the battery stack based on the modules” SOC in
order to realize CE. In Fig. 7, flow chart of the CEC controller
is shown.

The SOC estimation method is a combined method of OCV
and Coulomb Counting (CC) method. Hence, first the OCV of
the batteries are measured to update the SOC estimation based
on CC method. Then the battery module with the lowest SOC
is determined (SOCy). To obtain the gate signals of the hip and
hin switches, the SOC of each battery is compared to SOCy, as
shown in Fig. 7. If the two SOCs are close to each other, the
battery module is switched in. Next, the increased Ampere-hour
in the last cycle is calculated to update the SOC estimation. This
procedure continues until all the battery modules are charged.
When a module is completely charged, it is bypassed and CE
continues for the rest of battery modules. CE is finalized via
bypassing the fully charged modules.

B. V2G Mode

In this mode, ac-dc converter acts as a full-bridge inverter with
controlled output current and the dc-dc converter is a step-up
converter to increase battery voltage levels to the dc-link refer-
ence voltage. Also, CEC reconfigures the battery pack structure
to obtain the required voltage levels and realize CE.
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Fig. 8.  V2G mode: (a) schematic of the reference current control in the V2G

mode; (b) schematic of the step-up converter control during V2G mode.

1) AC-DC H-Bridge Converter Controller: Control dia-
gram of this mode is shown in Fig. 8(a). The ac-dc converter is
in inverter-buck operation with controlled output current. In this
mode, the required active and reactive powers are considered
as input variables, which are determined by the smart grid con-
troller. Because of charger power limitations, the input powers
are limited using the relevant limiters. Since power is injected
back to the grid, power sign is negative in the block diagram
and hence the calculated reference current has 180-degree phase
difference with the grid voltage. The current loop and switching
control diagram is the same as Fig. 6(c), but since the P is
negative, the converter is in inverter mode. Again switching fre-
quency in this mode is 20 kHz. Control diagram of the PLL and
switching pattern is similar to Fig. 6(a) and (b), respectively.

2) DC-DC Converter Controller: The output voltage of the
boost converter is controlled using PI controlled PWM switch-
ing. To improve the battery life time, batteries are discharged
using constant current. As seen in Fig. 3(a), a nonideal step-up
topology has limited capability in boosting battery pack voltage.
Based on (4), considering typical values for internal resistance
of the inductor, switches, and diodes, maximum voltage ratio 3
is considered. Therefore, to limit the maximum required voltage
ratio, the minimum number of required battery modules can be
calculated. Dual-loop control diagram of the boost converter is
shown in Fig. 8(b). A low-pass filter (LPF) for the measured
voltage is used to reduce system fluctuations.

3) CEC Controller: Main function of this controller is to
reconfigure the battery stack in order to obtain the minimum
input voltage needed for the boost converter and at the same
time realize CE during the discharging procedure. First, the
controller identifies the battery modules SOC and the minimum
number of battery modules with the highest SOC is switched in
the pack and the others are bypassed. After every prespecified
time interval, the SOC estimations for all modules are updated
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Fig. 9. CEC control algorithm during V2G mode.

and SOC of the selected modules are compared with the highest
SOC of the bypassed ones. When SOC of the selected modules
become lower than the highest SOC of the bypassed modules,
the module with the highest SOC is switched in. The procedure
is similar for other bypassed modules, until all of them are
switched into the battery pack.

If there is no limit to the minimum number of connected mod-
ules, total CE is possible. Similar to the CEC control algorithm
in G2V mode, control algorithm of the CEC in V2G mode is
shown in Fig. 9. To prevent overdischarging, the modules are
bypassed and removed from the CE procedure when their SOC
reaches the lower permissible limit. It should be noted that if
number of the connected modules becomes lower than the mini-
mum required modules, the charger performance can be effected
and complete CE may not be possible.

IV. SYSTEM DESIGN CONSIDERATIONS

Table II shows specifications of the simulated and imple-
mented battery charger system. The built prototype charger has
one-fifth of the simulated ratings. Since this topology is pro-
posed as an on-board single-phase charger, power level is in

TABLE II

BATTERY CHARGER SPECIFICATIONS

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 3, MARCH 2017

Simulations Experiments
Parameters Value Unit Value Unit
Input ac voltage (RMS) 220 \% 36 \%
AC input frequency 50 Hz 50 Hz
Maximum input ac current (RMS) 23 A 8 A
Maximum input current ripple 0.65 A 0.1 A
Desired dc-link voltage 400 v 80 v
Output dc voltage ripple 8 v 3 v
Maximum battery current in CC mode 10 A 3 A
Maximum output dc current ripple 0.2 A 0.05 A
Desired output voltage in CV mode 281 \ 40 \%
Maximum Output Power 5 kW 500 w
Maximum/minimum battery stack voltage ~ 290-85 \Y 40-10 \Y
PWM switching frequency 20-30 kHz 30 kHz
Power factor at full load 0.99 — 0.97 —
THD full load 3 % 5 %

range of 3 to 5 kW. Maximum current and voltage ripple is con-
sidered to be about 2%. The LC filters and other components
are designed accordingly.

With the maximum power of 5 kW and input voltage of 220V,
the maximum peak current is 32 A. Considering maximum 2%
current ripple, the Ay ax is 650 mA. With the dc voltage of
400 V and switching frequency of f; = 30 kHz, the inductance
voltage Lo can be calculated. During inductor charging, using
KVL we have

Vi, =Vs — Rils. (6)
By substituting the Vg from (2), we have
rL D%(rg +1q)
=Vic |1 =D 1—-D)2 R E——
Vs = Ve +1_D+( )2rq + D
(N

where —2 (1 — D) Vg + D (Viw + Via) compared to Vg, is
negligible.

Furthermore, considering Is = {i , Is can be calculated
using e
I Vdc
S = 2
rL . D?*(ry +1q)
Rigaq |1 — D + 1-D +(1_D)2’rd+71,D
(3)
Using (7) and (8), (6) can be written as
r
Vi, = Vae [A- ] ©)
where A=1- D+ 725 + (1 — D)2rq + % and 7,
= Rl/Rload .
AC current ripple can be calculated using
Vi, DT
Ajg = 22275 (10)
Lo
Hence, Aig can be calculated using
. V:ic Tl
Aig = D{A——}. (1)
T Lofs A
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TABLE III
BATTERY MODULE SPECIFICATIONS

Simulations Experiments
Battery cell  Battery type ~ Nominal voltage ~ Rated capacity — Internal resistance (rgsr )  Nominal voltage ~ Module capacity Battery cells
Cell 1 Li-Ion 80V 25 Ah 0.02Q 12V 5.2 Ah 3 x 3.7V -5.2 Ah (in series)
Cell 2 Li-Ton 80V 22.5 Ah 0.03 Q2 12v 5.2 Ah 3 x 3.7V -5.2 Ah (in series)
Cell 3 Li-lon 80V 27.5 Ah 0.02 Q 12V 5.2 Ah 3 % 3.7V -5.2 Ah (in series)
Considering typical values for the switch and diode resis- TABLE IV

tances, maximum value for D (A — &) can be calculated to
be around 0.33 for D = 0.85, hence maximum Ai, can be cal-
culated. From (11), Ly can be calculated to be 12.7 mH. With
neglecting the switch and diode resistances, Ly can be calcu-
lated using (12), which results in Ly = 5.1 mH. In this paper, a

12.7 mH inductor is selected

Vac

T Ixhis < L (12)

Ly

In order to charge and discharge batteries, with low ripple

current, a constant dc-link voltage is essential. The dc-link

capacitor acts as a filter and damps any sudden voltage

fluctuation due to inductor charge and/or discharge. DC-link
capacitor can be calculated using [29]

2 X VS,rIns X IS,rms
Cy =
ws X Avge X Ve

13)

where AV is dc voltage ripple ws = 2 X T X fsource- Using
(13), dc-link capacitor (Cy) is 10 mF, where a 12 mF value is
selected.

To design the dc—dc output filter, low ripple charging current
is essential. The LC filter can be calculated using

(1-D)x D x Vg

L3C3 = - .
8 X f2 X rgsr X Alpatt

(14)

The worst case in calculating L3 and Cj is related to the
condition, in which only one battery module is charging. To
obtain maximum value of Cj3, considering D = 0.5, maximum
rpsr value of 0.1 Q and ripple current of 0.2 A, L3 and C5 can
be calculated. If L3 is 500 pH, then C5 would be 1.38 mF. Also,
to design L; and C LPF parameters, (15) can be used

1
CO8xmEX f2x Ly

C (15)
Selecting L; to be 100 uH, C; would be about 140 nF and
two 330 nF polyester capacitors in series were utilized.

V. SIMULATION AND EXPERIMENTAL RESULTS

To verify the system analysis, the proposed charger and CEC
are simulated in MATLAB software. The design specifications
for the simulated and implemented systems are tabulated in
Table II. The battery pack consists of three different modules.
Battery pack characteristics are presented in Table III. Table IV
presents utilized components for the simulation and low-scaled
prototype.

CHARGER/CEC UTILIZED PARAMETERS IN SIMULATION AND EXPERIMENTS

Simulations Experiments
Component Value/type ~ Unit  Value/type  Unit
Ly 100 nH 100 nH
TL1 0.1 Q 0.1 Q
C 150 nF 150 nF
Ly 12.7 mH 11.5 mH
r1 o (Lo resistance) 0.1 Q 0.1 Q
Cs 10.1 mF 11.9 mF
Lj 500 wH 600 ;4
rr 3 (L3 resistance) 0.1 Q 0.1 Q
Cs 1.4 mF 1 mF
IGBT — - BUP314D -
IGBT resistance 0.03 Q 0.05 Q
Current sensor - - ACS712 —
dsPIC controller — — 30F4011 —

gate

driver
circuits

Fig. 10. Implemented system in the laboratory.

As seen in Table III, in simulations, each battery module
has slightly different capacity and state of charge. The charger
should estimate the SOC of each module and reconfigure the bat-
tery stack according to operation mode. The proposed controller
is implemented using dsPIC30F401 1. To obtain the required dc-
link capacitor, three electrolyte 3300 ©F/100 V capacitors are
utilized in parallel combined with two 1-mF ceramic capaci-
tor. In Fig. 10, the implemented system is shown and the main
components are depicted.

A. G2V Mode

In Fig. 11, simulation result for SOC of the modules during
CE is shown. Since module 2 has the lowest SOC, the charging
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Fig. 12.  Simulation and experimental results for ac—dc converter in G2V
mode: (a) simulation result for Vg and Ig with PF = 1; (b) simulation result
for Vg and Ig with PF = 0.9; (c) experimental results for with PF = 1; (d)
experimental results for PF = 0.9.

procedure starts from this module. When SOC of module 2
reaches module 1, module 1 is switched in. This procedure is
repeated for module 3, too. When all the modules have the same
SOC, CE is complete. After the CE is complete, if the batteries
are not charged, completely, the charging continues. As shown
in Fig. 11, each battery that is charged completely would be
bypassed. When the batteries voltage reaches a certain level,
CV charging starts. Here, CV charging starts at 3000th s, where
the charging slope changes.
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In Fig. 12(a), simulation results for input ac voltage and cur-
rent during the G2V mode with unity PF are shown. Fig. 12(b)
shows simulation results for ac side with PF = 0.9. Fig. 12(a)
and (b) shows ac input current. It is obvious that /g is sinusoidal.
Experimental results for the G2V mode is shown in Fig. 12(c)
and (d). It can be observed that maximum current ripple is 5%
and PF is about 0.99.

The dc-link voltage is kept constant with 2% ripple. In
Fig. 13(a), dc-link voltage at startup and in Fig. 13(b) dc-link
voltage during CE are shown. As depicted, the dc link has good
response time and low ripple. When a module is connected,
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Fig. 14. G2V operation: (a) simulation results for battery modules voltage
and current; (b) experimental battery voltage for modules 1 and 2.

60 batt 1 4
batt 2

X 50 batt 3 |

O

=} . .

@ 40 Discharge Limit

300 T N R S R W .
0 100 200 300 400 500 600 700 800 900
time [sec]
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since the output power is increased, there is a momentary volt-
age drop at the dc link, but the controller would compensate the
voltage drop by increasing the input power. Similarly, when a
module is bypassed, there is a temporary increase in the voltage.
In case of the module insertion, maximum voltage drop is less
than 5%, while it is less than 2% at steady-state operation.

The battery charging current and input voltage is shown in
Fig. 14. Here, positive current is considered to be the battery
discharging current. Since SOCy; < SOCS; < SOCs3;, order of
charging is module 2, module 1, and module 3. Batteries are
charged with constant current equal to 10 A during the CC
mode with maximum current ripple of 2%. When the batteries

are charged to a certain level, charge strategy changes to constant
voltage.
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pack currents.

B. V2G Mode

Considering the maximum boosting ratio equal to 3, the min-
imum number of required modules is 2. Modules 1 and 2 are
selected and module 3 is bypassed. When the SOC of the mod-
ule 2 reaches the SOC of the module 3, it is added to the battery

pack. In Fig. 15, SOC of the modules during CE in V2G mode
is shown.
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In order to enhance battery pack life cycle and prevent
overdischarging the battery cells, a discharge limit is selected
during V2G operation. When SOC of a module reduces to the
lower limit, it should be bypassed by the CEC. Here, 30% is se-
lected as the minimum permissible SOC. At about 670 and 730,
modules 2 and 3 are discharged to their limit and are bypassed by
the CEC. At 730, since only one module is connected, the boost
converter cannot maintain the desired output voltage during the
full load, as shown in Fig. 16(a) and (b), and voltage drops.

The dc—dc converter boosts the battery pack voltage to achieve
the required dc voltage. The dual-loop control of the dc—dc
converter discharges the battery pack with constant current,
while holding the dc-link voltage constant. In Fig. 16(c) and
(d), discharge current of the battery modules are shown. During
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normal operation, with 4.7 kW output power, maximum current
ripple is about 8%. In comparison with the single-loop boost
control addressed in [29], the ripple has decreased more than
50%. Since the injected power to the grid is constant, any time
a module is switched in or out, the discharge current changes
to accommodate the power variation. As the modules are dis-
charged, their terminal voltage decreases. Therefore, their cur-
rent is increased to maintain the power constant. Also, in this
mode, dc-link voltage ripple is less than 2%.

The controller of the ac—dc converter calculates the [,.¢ re-
quired providing the specified active and reactive powers. In
Fig. 17(a), ac-side voltage and current with Q. = 0 are shown,
while the result in PF = 0.9 is shown in Fig. 17(b). From
Fig. 17(c), it can be observed that Ig follows the I..¢ accu-
rately and the output current has acceptable ripple about 3%.
Also, in Fig. 17(d), an experimental result for the V2G oper-
ation mode is shown. Here, PF is more than 0.96 and THD is
lower than 5%.

Converter efficiency can be analyzed for both modes of op-
eration. In order to analyze system efficiency, there are some
assumptions: 1) converters are assumed to operate in CCM; 2)
PF is assumed to be unity; 3) dc-side voltage is assumed to be a
dc voltage with negligible ripples; and 4) efficiency of 100% is
assumed. Battery charger efficiency is analyzed using the pre-
sented method in [42], [43]. Considering the simulated system
parameters, battery charger efficiency curve based on the ac
current is shown in Fig. 18.

Furthermore, input and output power of the battery charger
was measured and the combined efficiency of the ac—dc and
dc—dc converters with unity PF was about 95% and 94% for
G2V and V2G operation, respectively. Although measuring the
efficiency of the CEC is not possible, based on the presented
efficiency analysis, the CEC efficiency was calculated to be
about 98% and 99% during G2V and V2G operation. Therefore,
total efficiency of the charger is about 92% for both operations.

VI. CONCLUSION

In this paper, an on-board single-phase battery charger with
integrated modular CEC is developed. The operation principle
and control algorithms are explained in detail. In addition to inte-
grated CE capability, the developed charger has advantage of low
THD input current with active and reactive power control. The
ability of charging/discharging the battery with constant current
improves battery pack life cycle. Because of the implemented
switching pattern, the switching loss is reduced. Furthermore,
due to the modular structure, the CEC can bypass damaged
modules without interrupting the charge/discharge procedure. It
should be noted that the CEC efficiency reduces as the module
number increases, however the CE capability improves. There-
fore, usually there is a tradeoff between maximum number of
battery modules, overall efficiency, and costs should be made. To
evaluate the performance of the proposed charger, some simula-
tions and experiments are carried out. The results confirm the ca-
pabilities of the proposed method. The batteries are charged with
maximum ripple 2% and discharged with maximum ripple 8%.
Also, ripple of the input ac current is less than 3%. THD of the
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input current is less than 3%, in which harmonics third and fifth
have the highest amplitude about 2% and 1.5%, respectively.
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