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Abstract—This paper presents a grid-tied reconfigurable 
battery storage system, which consists of a single-phase two-stage 
bidirectional PWM converter and a reconfigurable battery pack 
(RBP). The two-stage PWM converter provides an interface 
between the AC power grid and the RBP and operates in two 
different modes: (1) grid to battery (G2B) mode, in which the 
RBP is charged from the AC power grid; and (2) battery to grid 
(B2G) mode, in which the RBP delivers the stored energy to the 
grid. In the RBP, fault tolerance and state of charge (SOC) 
equalization among battery cells can be realized by dynamically 
configuring the connections of battery cells, no additional SOC 
equalization circuit is required. A laboratory prototype of the 
proposed battery system was designed and fabricated. 
Experimental results on the prototype are provided to validate 
the features of the proposed battery system.  

Keywords—Fault tolerance; grid-tied converter; reconfigurable 
battery system; state of charge (SOC) equalization. 

I.  INTRODUCTION 

Rechargeable battery systems have been widely applied in 
electric vehicles, microgrids, renewable energy storage, home 
appliances, etc. [1]-[14] Multiple battery cells are connected in 
series and/or parallel to comprise the battery systems used in 
these applications to satisfy the voltage, current, and capacity 
requirements. However, the mismatch of battery cells inside 
the battery packs, such as different impedances, capacities, 
aging processes, self-discharging rates, etc., will lead to state 
of charge (SOC) imbalance among individual battery cells 
during the repeated charging/discharging operations. To 
mitigate the impact of SOC imbalance, equalization circuits 
are commonly used for the battery systems with battery cells 
connected in series to balance their SOCs [17], [18]. However, 
the use of an additional equalization circuit increases the cost, 
complexity, and energy loss of the battery system. 

Distributed battery systems consisting of multiple battery 
units connected in parallel and/or series to form a DC bus are 
presented in [19]-[23]. Each unit is composed of a battery cell 
and a bidirectional DC/DC converter, which controls the 
battery cell independently. Thus, overcharge or overdischarge 
could be avoided. However, a huge number of DC/DC 
converters are required as the number of the battery cells 
increases, which increases the cost, volume, and power loss of 
the battery system. References [24]-[27] introduce another 
kind of battery system based on multilevel converters, which 
generate staircase output waveforms with lower total harmonic 
distortions (THDs), device stress, and instantaneous rate of 
voltage change dv/dt. For those battery systems using 

multilevel converters, each H-bridge or half-bridge submodule 
was used to control a battery cell separately to realize SOC 
balance in both charge and discharge operations.   

This paper proposes a grid-tied reconfigurable battery 
storage system, which consists of a single-phase two-stage 
bidirectional PWM converter and a reconfigurable battery 
pack (RBP). The two-stage converter consists of a full-bridge 
converter and a buck-boost bidirectional DC-DC converter. 
The full-bridge converter works as a power factor correction 
(PFC) boost converter in the grid to battery (G2B) mode to 
achieve an AC-DC power conversion and as a buck inverter in 
the battery to grid (B2G) mode to achieve a DC-AC power 
conversion. The bidirectional DC-DC converter is used to 
regulate the charging voltage and current of the RBP in the 
G2B mode and to provide the desired DC-link voltage in the 
B2G mode. The reconfigurable design of the RBP has the 
inherent features of high reliability and fault-tolerant 
capability. In case one or multiple cells fail, the faulty cell(s) 
can be quickly disconnected from the battery system by a 
proper control action without interrupting the operation of the 
system. In the proposed system, the SOCs of different battery 
cells can be balanced by properly controlling each individual 
cell in the G2B and B2G modes. A laboratory prototype of the 
proposed battery storage system is constructed. Experimental 
studies are carried out on the prototype to validate the 
proposed battery storage system. 

II. SYSTEM CONFIGURATION AND OPERATION PRINCIPLE 

The proposed grid-tied reconfigurable battery storage 
system is shown in Fig. 1, in which the first stage AC-DC full-
bridge converter and the second stage buck-boost DC-DC 
converter form a two-stage bidirectional PWM converter. The 
battery system has two operation modes: the G2B mode and 
the B2G mode. The operation of the system in each mode is 
explained in the following subsections. 

A. G2B Mode 

In this operation mode, the full-bridge converter operates 
as a PFC boost rectifier to realize a high power-factor and a 
low THD as well as to provide the required DC-link voltage. 
The DC-DC converter operates as a buck converter to provide 
the required charging current and voltage for the battery pack. 

1) Full-Bridge Converter 

In the G2B mode, the full-bridge converter works as a PFC 
boost rectifier for AC-DC power conversion. There are two 
switching patterns during the positive half cycle of the AC 
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grid voltage. In the first switching pattern, the inductor L1, the 
device S2, and the diode D4 form a boost converter. Only one 
device S2 is switched on/off with at a high frequency to shape 
the input AC current into a sinusoidal waveform that is in 
phase with the grid voltage. When the device S2 is turned on, it 
conducts current with the diode D4. When the device S2 is 
turned off, the current freewheels through the diodes D1 and 
D4. In the second switching pattern, the inductor L1, the device 
S3, and the diode D1 form another boost converter. Only one 
device S3 is switched at a high frequency. When the device S3 
is turned on, it conducts current with the diode D1. When the 
device S3 is turned off, the current freewheels through the 
diodes D1 and D4. Since the two switching patterns are 
equivalent to generate the same terminal voltage uab, one of 
the two patterns could be selected to implement in a PWM 
period. Similarly, there are two similar switching patterns 
during the negative half cycle of the AC grid voltage. In each 
switching pattern, only one of the four devices operates in a 
switching frequency, leading to a reduced switching loss 
compared to the unipolar modulation with two devices and the 
bipolar modulation with four devices operating in a switching 
period for the full-bridge converter [29], [29]. 

2) DC-DC Converter 

In the G2B mode, the DC-link voltage udc is higher than 
that of the battery pack; and the DC-DC converter operates as 
a buck converter in which only one device S5 is switched 
on/off at a high frequency while the device S6 is always off. 
Usually, a battery pack is charged with a constant current (CC) 
constant voltage (CV) method. In the CCCV method, the 
battery pack is first charged with a CC until it reaches the 
recommended maximum voltage and then charged with a CV; 
and the DC-DC converter is necessary to regulate the battery 
charging current and voltage because the voltage of the battery 
pack varies when it is in charge or some battery cells fail. 

3) RBP 

The RBP uses a modular switching circuit with m × (n +1) 
controllable switches to manage m × n battery cells [30]. Each 
battery cell uses only one controllable switch, e.g., the switch 
Qij for the battery cell Bij (i = 1, ···, m and j = 1, ···, n), which 
turns on/off alternately to connect/cut off the battery cell from 
the RBP. Each switch and the corresponding battery cell form 

a building block for the RBP, as shown in Fig. 1, which can be 
easily plugged in/out for maintenance. In the RBP, n building 
blocks are connected in parallel to form a battery bank to 
provide a desired current; m battery banks are connected in 
series to provide a desired voltage at the terminals of the RBP; 
and an additional controllable switch Qi (i = 1, ···, m) is placed 
in parallel with each battery bank. When a certain number of 
building blocks in the ith bank fail such that the bank cannot 
be charged with the required current, the bank will be 
bypassed by turning on the switch Qi, which will provide a 
path of current flow for the battery cells B(i+1)1, ···, B(i+1) n, ···, 
Bm1, ···, Bmn in the lower banks. Otherwise, even if some of 
the building blocks in the ith bank fail but the remaining 
building blocks can still be charged with the required current, 
the switch Qi will turn off. 

In the G2B mode, the battery management system (BMS) 
monitors the voltage, current, temperature, and SOC of each 
cell. If any battery cell has an abnormal condition, such as 
overvoltage, overcurrent, overtemperature, overcharge, 
overdischarge, etc., it will be disconnected from the system 
immediately. The remaining cells can still be charged to store 
energy. The SOC of a battery bank is the average SOC of all 
the cells in the bank. If a cell is cut off, then its SOC is zero. 
The SOCs of the available banks are calculated. All of the 
available banks are charged at first. When the SOC of a bank 
reaches the maximum value allowed, the bank will be 
bypassed by turning off all the switches within the bank and 
turning on the corresponding switch in parallel with the bank. 
Finally, all of the available banks will be charged and their 
SOCs will be balanced. Although the RBP is illustrated for 
cell-level implementation, it is also applicable to module-level 
implementation by replacing each battery cell in Fig. 1 with a 
battery module that consists of multiple cells connected in 
series and/or parallel.   

B. B2G Mode 

In the B2G mode, the two-stage PWM converter sends the 
energy stored in the RBP back to the AC power grid. The full-
bridge converter operates as a buck inverter for DC-AC power 
conversion and the DC-DC converter operates as a boost 
converter to provide the required DC-link voltage for the full-
bridge converter. 

1) Full-Bridge Converter 

In the B2G mode, the full-bridge converter works as a 
buck inverter for DC-AC power conversion. There are two 
switching patterns during the positive half cycle of the AC 
grid voltage. In the first switching pattern, the inductor L1, the 
devices S1 and S4, and the diode D2 form a buck converter. 
Only one device S1 is switched on/off at a high frequency to 
shape the input AC current into a sinusoidal waveform that is 
out of phase with the grid voltage. When the device S1 is 
turned on, it conducts current with the device S4. When the 
device S1 is turned off, the current freewheels through the 
device S4 and diode D2. In the second switching pattern, the 
inductor L1, the devices S1 and S4, and the diode D3 form 
another buck converter. Only one device S4 is switched on/off 
at a high frequency. When the device S4 is turned on, it 
conducts current with the device S1. When the device S4 is 
turned off, the current freewheels through the device S1 and 

 

Fig. 1.  Proposed grid-tied reconfigurable battery storage system. 
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diode D3. Since the two switching patterns are equivalent to 
generate the same terminal voltage uab, one of the two patterns 
could be selected to implement in a PWM period. Similarly, 
there are two similar switching patterns during the negative 
half cycle of the AC grid voltage. In each switching pattern, 
only one of the four devices is switched on/off at a high 
frequency, leading to a reduced switching loss compared to the 
unipolar modulation with two devices and the bipolar 
modulation with four devices operating with a high switching 
frequency for the full-bridge converter. 

2) DC-DC Converter 

In the B2G mode, the DC-link voltage udc is higher than 
that of the battery pack; and the DC-DC converter operates as 
a boost converter in which only one device S6 is switched 
on/off at a high frequency while the device S5 is always off 
with the antiparallel diode D5 of the device S5 to provide the 
conducting path. The battery pack is discharged. The DC-DC 
converter is necessary to regulate the DC-link voltage by 
controlling the battery discharging current and voltage because 
the voltage of the battery pack varies when it is in discharge or 
some of the battery cells fail. 

3) RBP 

All of the available banks are discharged at first. When the 
SOC of a bank reaches the allowed minimum value, it will be 
bypassed by turning off all the switches within the bank and 
turning on the corresponding switch in parallel with the bank. 
Finally, all of the available banks will be discharged and their 
SOCs will be balanced.  

III. CONTROL SSHEMES FOR THE BATTERY SYSTEM 

Since the control schemes of the proposed grid-tied 
reconfigurable battery system operated in the G2B mode and 
the B2G mode are different, they are introduced separately in 
this section.  

A. G2B Mode 

1) Control of Full-Bridge Converter 

In the G2B mode, a dual-closed-loop control scheme is 
designed for the bidirectional full-bridge converter. The outer 
control loop is utilized to regulate the DC-link voltage while 
the inner control loop is used to shape the input current, as 
shown in Fig. 2, where dcu∗  is the DC-link voltage command, 

udc is the measured DC-link voltage, gi
∗ is the AC grid current 

command, and ig is the measured grid current. The difference 
of the DC-link voltage command and the measured value is 
fed to a proportional-integral (PI) controller to generate the 
magnitude Ig of the grid current command, which is multiplied 
by the unit sinusoidal function with the phase θ of the grid 
voltage ug to produce the current command gi

∗ . The digital 

phase-lock-loop (PLL) is used to obtain the phase information 
[31]. In the inner loop, the difference between the current 
reference and measured current is provided as the input of 
another PI controller. The output of the PI controller is 
compared with the triangle carrier waveform to generate the 
gate signals for the full-bridge converter. 

A feedforward compensator is added to the output of the 

current controller to improve the external disturbance rejection 
capability and system dynamic performance. The duty ratio 
Drec of the feedforward compensator can be written as 

                                1
g

rec
dc

u
D

u∗= −                                     (1) 

During a heavy load condition, the DC-link voltage may 
contain a large voltage ripple with a frequency that is twice the 
fundamental frequency. This will distort the current reference 
generated by the outer-loop DC-link voltage controller. 
Therefore, a low-pass filter (LPF) is needed to attenuate the 
ripple of the measured DC-link voltage in the outer voltage 
control loop. 

2) Control of DC-DC Converter 

Usually the DC-link voltage udc is higher than that of the 
battery pack, and the bidirectional DC-DC converter is used as 
a buck converter. In this paper, the RBP is charged with the 
CC method, since the battery cells can be charged in a 
relatively short time with the CC method. A PI controller is 
used to regulate the duty cycle of the device S5 to make the 
charging current to be constant, as shown in Fig. 3. A 
feedforward compensator is applied to the current control loop. 

 

Fig. 2.  Control scheme for the AC-DC converter in the G2B mode. 
 

 

Fig. 3.  Control scheme for the DC-DC converter in the G2B mode. 
 

 

Fig. 4.  Operation flowchart of the RBP in the G2B mode. 
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The duty ratio Dbuck of the compensator can be expressed as  

                               bp
buck

dc

u
D

u∗=                                          (2) 

where ubp is the terminal voltage of the RBP, as shown in Fig. 
1. 

3) Control of RBP 

Fig. 6 shows the operation flowchart of the RBP in the 
G2B mode. Based on the voltage and current of the battery, 
the SOC balance can be achieved by properly connecting the 
battery cells and banks using the switching circuit inside the 
RBP. The SOC of a battery cell can be estimated with the 
coulomb counting method [30] 

                 
0

0
0

1
( ) ( ) ( )

3600

t

t
SOC t SOC t i d

Q
τ τ= −                    (3) 

where SOC(t0) is the initial SOC of the battery cell, i(τ) is the 
instantaneous charging current flowing through the battery cell, 
and Q0 is the rated capacity of the battery cell. Due to the 
current sensing noise, battery self-discharging effect, battery 
internal temperature variation, etc., the initial SOC at time t0 is 
updated to improve the SOC estimation accuracy by 
measuring the open circuit voltage (OCV) of the battery cell 
when the battery cell is under rest for a period of time. 

At first, all available battery banks are connected in the 
circuit to store the energy from the power grid. If the SOC or 
charging current of a bank reaches or exceeds the maximum 
limit, respectively, the corresponding bank is cut off from the 
circuit. The process continues until all of the battery banks are 
charged. Finally, the SOC equalization is completed.  

B. B2G Mode 

1) Control of Full-Bridge Converter 

In the B2G mode, the full-bridge converter works as a 
buck inverter for DC-AC power conversion. A single closed 
current control loop is designed to shape the AC grid current. 
The grid current reference is determined by the desired power 
injected into the grid, grid voltage ug, and phase θ of the grid 
voltage [32]. 

A feedforward compensator with the duty ratio Drec 
described as follows is added to the current control loop 

                               
g

inv
dc

u
D

u∗=                                          (4) 

2) Control of DC-DC Converter 

In the B2G mode, the DC-link voltage udc is provided by 
the battery pack, and the DC-DC converter is operated as a 
boost converter. A dual-closed-loop control strategy is 
designed for the DC-DC converter, where the outer loop 
controls the DC-link voltage and the inner loop controls the 
current through the RBP using PI controllers. A feedforward 
compensator with the duty ratio Dboost expressed as follows is 
used in the outer control loop. 

                         1 bp
boost

dc

u
D

u∗= −                                          (5) 

3) Control of RBP 

At the beginning of the B2G mode, all available battery 
banks are connected in the circuit to deliver energy to the 
power grid. If the SOC or discharging current of a bank 
reaches or exceeds the limit, respectively, the bank will be 
disconnected from the circuit. The procedure continues until 
all of the battery banks are discharged. Eventually, the SOC 
balance is achieved. Due to the limited voltage boost 
capability of the buck-boost DC-DC converter, there is a 
requirement for the minimum number of battery banks to be 
connected in the circuit to generate the desired DC-link 
voltage. To reduce this requirement, some DC-DC converters 
[33] with voltage gains higher than that of the buck-boost 
converter should be considered.  

IV. EXPERIMENTAL RESULTS 

A laboratory prototype, as shown in Fig. 5, is constructed 
to verify the proposed battery system. The key parameters of 
the prototype are given in Table I. The grid-connected single-
phase two-stage bidirectional PWM converter is implemented 
using three insulated-gate bipolar transistor (IGBT) modules 
(MG1275S-BA1MM). These modules are driven by the gate 
driver HCPL-316J. The battery pack consists of 3×2 (i.e., m = 
3 and n = 2) lithium-ion battery modules (e.g., B11 in Fig. 1) 
with the nominal voltage of 25.9 V, the capacity of 12.6 Ah, 
and the power rating 326 Wh. The switches in the RBP are 
implemented using power MOSFETs (IRFP4668PBF) with 
the on-resistance of 9.7 mΩ, which are driven by the gate 
driver ADUM3221ARZ. The switching frequency of the two-
stage PWM converter is fs = 20 kHz. A programmable AC 
source (Chroma 61512) is used to simulate a power grid. The 
voltages in the system are sensed by voltage transducers 
LV20-P. The currents are measured by current transducers 
CKSR 6-NP. The control schemes are implemented in a Texas 
Instruments (TI) floating-point DSP TMS320F28335 with a 
clock frequency of 150 MHz. A 14-bit analog to digital (A/D) 
converter AD7657BSTZ-ND is used to sample the analog 
signals. All the analog signals are sampled at the peak of the 
triangular carriers. The sampling frequency is the same as the 
switching frequency. 

A. G2B Mode 

Fig. 6 shows the grid voltage and the phase of the grid 
voltage estimated using a digital PLL. The zero-crossing 

 

 
Fig. 5.  Laboratory prototype of the proposed grid-tied reconfigurable battery 
storage system with the test setup. 
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points of the voltage waveform coincide with the zero points 
of the estimated phase. Therefore, the PLL tracks the phase of 
the grid voltage very well in the range between zero and 2π 
and there is no difference between the estimated phase and the 
actual phase. 

Fig. 7 shows the grid voltage, gate signals of the devices S2 
and S4, and AC terminal voltage uab of the AC–DC boost 
converter in the G2B mode. The amplitude of the emulated 
grid voltage is 100 V with the line frequency fg = 50 Hz. The 
device S2 is modulated with a switching frequency fs = 20 kHz 
while the device S4 is always off during a positive half-cycle of 
the grid voltage. The device S4 is modulated with the same 
switching frequency while the device S2 is always off during a 
negative half-cycle of the grid voltage. It can be seen that the 
AC terminal voltage uab has three levels of udc, 0, and −udc 
with the DC-link voltage udc = 150 V. 

Fig. 8 shows the grid voltage and current as well as the 
charging voltage and current of the battery pack supplied by 

the two-stage PWM converter in the G2B mode in a steady 
state. Three, two, and one battery banks are connected in the 
battery pack for the results shown in Fig. 8(a), (b), and (c), 
respectively. The THDs of the grid current ig in Fig. 8(a), (b), 
and (c) are 2.5%, 3.0%, and 4.2%, respectively, which meet 
the power quality standard of IEEE 519 that the THD should 
be less than 5%. The grid current is in phase with the grid 
voltage, and the PWM converter has the unity power factor. 
The charging current ibp of the RBP is maintained to be 
constant at 5.6 A to meet the 2.8 A charging current for each 
battery module recommended by the manufacturer.  

Fig. 9 shows the grid voltage and current as well as the 
charging voltage and current of the RBP supplied by the two-
stage PWM converter in the G2B mode in a dynamic state. 
The charging process starts with three banks connected in the 
RBP, as shown in Fig. 9(a). Then, the SOC of one battery 

 
TABLE I:  

PARAMETERS OF LABORATORY PROTOTYPE. 

Parameter               Value Parameter          Value 

ug (amplitude)        100 V L1                   1.2 mH 

udc                         150 V C1                   2200 uF 

fg                           50 Hz L2                    1.5 mH 

 fs                          20 kHz  C2                      10 uF 

   ibp (recommend)     5.6 A  Bij       12.6 Ah, 25.9 V 

 

 
Fig. 6.  Grid voltage and estimated phase of the grid voltage. 

 

 

Fig. 7.  Grid voltage, gate signals, and AC terminal voltage of the full-bridge 
converter in the G2B mode. 

 

 
(a) 

 
(b) 

 

(c) 

Fig. 8.  Grid voltage and current as well as charging voltage and current of 
the battery system with: (a) three banks, (b) two banks, and (c) one bank 
connected in the battery pack. 
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bank reaches the allowed maximum value. Therefore, the 
battery bank is bypassed, as shown in Fig. 9(b). Finally, the 
SOC of another battery bank reaches the maximum value. 
Therefore, that battery bank is also bypassed, as shown in Fig. 
9(c). When one or two banks are bypassed, the remaining 
bank(s) are still charged to store energy. Eventually, the SOCs 
of the battery modules are balanced in the G2B mode. At the 
moment when a battery bank is bypassed, the grid current 
changes quickly and smoothly; and the charging current of the 
RBP is controlled to be constant. Therefore, if a battery bank 
fails, it can be bypassed by the switching circuit quickly 
without interrupting the operation of the battery system, 
showing a fault tolerance capability of the battery system. 

Fig. 10 shows the SOCs of the three banks in the charging 
mode. The results clearly show that the battery banks in the 
charging process are balanced well with the proposed balance 

control algorithm when the initial SOCs of the three banks are 
different. A charging limit is set in the G2B mode to avoid 
overcharge. When the SOC of a battery bank reaches the 
upper limit, it is bypassed by the switching circuit. 

B. B2G Mode 

In the experiment of the B2G operation, a 2.5-kW resistive 
load with a 5-Ω resistance is connected in parallel with the AC 
source. The resistive load is necessary in this test because the 
programmable AC power source cannot absorb the active 
power generated by the PWM converter. 

Fig. 11 shows the grid voltage and current as well as the 
discharging voltage and current of the battery pack in the B2G 
mode in a steady state. There are three, two, and one battery 
banks connected in the pack for the results shown in Fig. 11(a), 
(b), and (c), respectively. The THDs of the grid current ig in 
Fig. 11(a), (b), and (c) have the same value of 2.7%. The grid 
current is 180o phase shifted from the grid voltage and is 
maintained to be constant, which is determined by the desired 
power delivered to the grid. The battery discharging current ibp 
is changed to satisfy the grid power demand when the terminal 
voltage of the battery pack varies. 

Fig. 12 shows the grid voltage and current as well as the 
discharging voltage and current of the RBP in the B2G mode 
in a dynamic state. Before discharge, the battery banks are 
connected one by one to charge the DC-link capacitor. Then, 
the discharging process starts with three banks connected in 
the RBP, as shown in Fig. 12(a). Then, the SOC of one battery 
bank reaches the allowed minimum value so the bank is 
bypassed, as shown in Fig. 12(b). Finally, the SOC of another 
battery bank reaches the allowed minimum value so the bank 
is also bypassed, as shown in Fig. 12(c). When one or two 
banks are bypassed, the remaining bank(s) are still discharged 
to deliver energy. Eventually, the SOCs of the battery modules 
are balanced in the B2G mode. At the moment when the 
battery bank is bypassed, the discharging current of the battery 
pack changes quickly to control the grid current to meet the 
grid power demand. 

Fig. 13 shows the SOCs of the three banks in the 
discharging mode. The results clearly show that the battery 
banks are balanced well at the end of the discharging process 
with the proposed balance control algorithm when SOC 
imbalance among the three banks occurs. An SOC limit is set 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 9.  Grid voltage and current as well as charging voltage and current of the 
battery system with: (a) three banks, (b) three banks changing to two banks, 
and (c) two banks changing to one bank in the battery pack. 

 

 

Fig. 10.  SOCs of the battery banks in the G2B mode. 
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for the B2G mode of operation to extend battery life cycles 
and avoid overdischarge, because the depth-of-discharge has 
an impact on the battery lifespan. When the SOC of a battery 
bank gets to the lower limit, it is bypassed. 

V. CONCLUSION 

This paper has presented a grid-tied reconfigurable battery 
storage system, which consists of a single-phase two-stage 
bidirectional PWM converter, a RBP, and a central digital 
control unit that controls the operation mode of the battery 
system. The circuit configuration, operation principle, and 
system control schemes were described. Because of the novel 
switching patterns, the switching loss of the full-bridge 
converter is reduced compared to the unipolar or bipolar 
modulation of the converter, and the shoot-through issue of the 
two semiconductor devices in the same leg is eliminated. With 
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(c) 

Fig. 11.  Grid voltage and current as well as discharging voltage and current of 
the RBP with: (a) three banks, (b) two banks, and (c) one bank connected in the 
battery pack. 
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Fig. 12.  Grid voltage and current as well as discharging voltage and current of 
the RBP with: (a) three banks, (b) three banks changing to two banks, and (c) 
two banks changing to one bank in the battery pack. 

 

 

Fig. 13.  SOCs of the battery banks in the B2G mode. 
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the reconfigurable feature of the RBP, the SOC balance can be 
achieved in both the G2B and B2G modes; no extra SOC 
equalization circuit is required. Moreover, if one or more 
battery cells or modules failed, they can be disconnected from 
the battery pack by the switching circuit quickly without 
interrupting the system operation, which enabled the fault-
tolerance capability and improved the system reliability. With 
the proposed closed-loop control schemes, the AC grid current 
has a low THD and unity power factor. A prototype with 
lithium-ion battery modules was constructed. Experimental 
results on the prototype validated the aforementioned features 
of the proposed battery storage system. 
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