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Abstract—The main objective of this paper is for the battery energy storage system to propose a bidirectional single-stage
grid-connected inverter (BSG inverter). This is composed of multiple bidirectional buck-boost type dc—dc converters
(BBCs) and a dc-ac unfolder. single-stage power conversion, low battery and dc-bus voltages, pulsating
charging/discharging currents, and individual power control for each battery module are the advantages of the proposed
BSG-inverter include:. Therefore, the equalization, lifetime extension, and capacity flexibility of the battery energy
storage system can be achieved. Based on the developed equations, the power flow of the battery system can be controlled
without the need of input current sensor. Also, with the interleaved operation between BBCs, the current ripple of the
output inductor can be reduced too. The computer simulations and hardware experimental results are shown to verify the
performance of the proposed BSG-inverter.

I. INTRODUCTION

BECAUSE of the fossil fuel exhaustion and global warming issue, renewable energies such as the photovoltaic (PV)
power and wind turbines are more and more popular recently. However, the fluctuations of the high penetration
renewable energy will cause the negative impact to the grid voltage and frequency stabilization. A battery energy
storage system is a promising candidate to increase the penetration rate of the renewable energy. For the microgrid
application, the battery energy storage system is essential not only for controlling and managing the energy of
distributed generation units such as PVs, wind turbines, and microturbines for the stability of the power system, but
also for protecting loads from grid fault conditions. As shown in Fig. 1, the conventional battery energy storage
system consists of a battery array, which is formed by many battery modules connected in series or parallel, and a
bidirectional grid-tied dc—ac inverter as a full-bridge inverter [1]-[3

Battery Array

Barttery Battery Y Battery
Module Modude NModule
Battery Battery | o o o Battery AC mains
Medule Madule Module

- - - I A

- - - * =

. - s Bi-directional

grid-tied inverter

Battery Battery RSN Battery
Madule Modubs Michula

Figure 1. Conventional battery energy storage system

Circuit simplicity is the main advantage of this type of battery energy storage system but the total power capacity
may be easily reduced by a particular overcharging/discharging battery module due to the battery tolerance, unequal
battery losses, and so on. In order to maximize energy storage, the voltage of the individual battery module
connected in series to form a dc bus as the input of the grid-tied inverter must be equalized with each other. The
general solution to solve the battery capacity reduction problem is to use extra balancing circuit to connect each
battery module and balance the charge of all battery modules. However, the balancing circuit may result in the
reduction of total efficiency and the increase of cost and circuit complexity.
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Il. PROPOSED BSG-INVERTER

The circuit diagram of the proposed BSG-inverter, which is composed of m sets of distributed buck—boost type dc—
dc converters (BBCs) and a dc—ac unfolder, is shown in Fig. 4. Each BBC consists of two switches, two diodes, and
one inductor. It can convert the dc current generated by the battery module into a high frequency pulsating dc
current. This high frequency pulsating output current of the BBCs will be converted into sinusoidal one with utility
line frequency by the dc—ac unfolder of four active switches operated at low switching frequency and an LC filter.
The proposed BSG-inverter will comply with the power commands, which is coming from the central control unit of
the BMS, to charge or discharge the battery modules. The power flow from each battery module is transferred to the
ac mains by means of single-stage power conversion. Also, the BBCs can be operated with interleaving to reduce
the current ripple of the output inductor.
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Figure.2 — circuit diagram for the proposed BSG inverter

A. Discharging Mode Operation

For battery discharging mode of the first BBC set in Fig. 4, the switch Sc1 is always turned off and the gate signal of
Sd1 can be generated by comparing the rectified sinusoidal signal Vsin with the saw-tooth carrier signal Vsaw with
discontinuous current mode (DCM) operation as shown in Fig. 5(a).Because of the rectified sinusoidal pulse
widthmodulation (SPWM) control with DCM operation, the waveform of the inductor current, iL1 , has an envelope
of the rectified ac mains. During the half-cycle of the grid line, the total switching numbers N can be expressed as
follows:

where fs is the switching frequency and f is the grid frequency. Typical waveforms of the inductor current, iL1 , and
output current, iol , for the DCM operation during the kth switching cycle are shown in Fig. 5(b)
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figure.3 - Control signal generation and input inductor current waveform of
the first BBC in battery discharging mode. (a) Control signal generation.
(b) Typical input inductor current and output current waveforms of the

(b)

first BBC during the kth switching cycle

B. Charging Mode Operation
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For battery charging mode of the first BBC set in Fig. 4, the switch Sd1 is always turned off and the gate signal of
Scl can be generated by comparing the reference signal Vref with the saw-tooth carrier signal Vsaw with DCM
operation as shown in Fig. 6(a). In Fig. 6(b), dcl is defined as the charging duty ratio of the input inductor L1 and
dc2 [K] is defined as the discharging duty ratio of the input inductor L1 of the kth switching period Ts . For the first
BBC set, during the charging period of the input inductor L1 , the active switch Scl is turned on and the voltage
potential across the input inductor L1 is equal to the capacitor voltage Vcf which can be assumed to be the rectified
ac mains because of the dc—ac unfolder. When the switch Scl is turned off, the voltage potential across the input

inductor L1 is reversed and equal to the battery voltage Vb1 Which results.
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Battery Discharging Operation
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Figure.4 - Control signal generation and input inductor current waveform
of the first BBC in battery charging mode. (a) Control signal generation.

Also, the battery charging power can be determined without measuring the battery current. The control block
diagram of the first BBC set, as an example, is shown in Fig. 7. The discharging/charging and power commands,
D/C and Pbl, are generated by the BMS and are sent to the controller of the BSG-inverter. The duty cycle signals,
Dpl and dcl, can be determined by using the derived (8) and (11). For the battery discharging operation, the unity
sinusoidal function with the grid frequency, sinwt, can be via a phase-locked loop and is used to obtain the reference
signal Dplsinwt. The gate signal of Sd1 can be generated by comparing Dplsinwt with the saw-tooth carrier signal
Vsw . Also, the gate signal of Scl can be generated by comparing the duty cycle dcl with the saw-tooth carrier
signal Vsw for the battery charging operation. The dc—ac unfolder is realized by four active switches operated at low
switching frequency and an LC filter. It can convert the high frequency pulsating dc current generated by the BBCs
into a sinusoidal one with utility line frequency. During the positive half-cycle of the ac mains, the switches SA and
SD are turned-on while SB and SC are off. For the negative half-cycle, switches SB and SC are ON and SA and SD
are OFF. Since the unfolder is switched at the ac line frequency, its switching loss is very low and can be neglected.
Therefore, the proposed BSG-inverter only has one high-frequency PWM signal and can be categorized as a single-
stage inverter. For the proposed BSG-inverter, the m-sets of BBCs can operate in the interleaving fashion. The
required synchronization signal for the interleaving operation can be easily obtained from the ac line voltage and no
extra communication between BBC is required. By shifting the duty cycles of adjacent channels with 360°/m, the
total current ripple of the output inductor can be greatly reduced.

I1l. COMPUTER SIMULATIONS AND EXPERIMENTAL RESULTS

A prototype of the proposed BSG-inverter with two BBCs is built and tested. To achieve the desired output power,
the component values and parameters must match the equations derived in previous sections. For the 110
Vac,rms/60 Hz utility line, the specifications of the battery modules are listed in Table I. From (4), the maximum
duty ratio in battery discharging mode can be obtained
Dpl < 0.757.

From (10), the duty ratio in battery charging mode can also be obtained dcl < 0.243. (23) The input inductor Lm as
the functions of the switching frequency fs can be illustrated in Fig. 10 from (8) and (11). It implies that a small size
inductor is possible and the weight of the proposed BSG-inverter can be reduced. However, a high switching
frequency implies a large switching loss and the tradeoff between the inductance reduction and the switching loss
increment needs to be carefully judged. As shown in Fig. 10, there is no obvious reduction in input inductance when
the switching frequency is higher than 20 kHz. Therefore, the switching frequency is selected as 20 kHz for the
prototype circuit. From (17) and (21), the maximum output current ripple as a function of Cf and Lf is illustrated in
Fig. 11. The lower output current ripple implies the larger size of Lf and Cf . However, the output capacitor value Cf
is limited by the decrease of the power factor at rated power [17]. Therefore, the tradeoff between output current
ripple and the LC filter size need to be considered while designing BSG-inverter. Based on the derived mathematical
equations in previous sections, specifications of the prototype BSG-inverter can be determined as follows.
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1) Input inductor L; = La = 180 uH.

2) Battery module rating voltage V;,; = 50 V.
3) AC mains = 110 V. /60 Hz.

4) Switching frequency f, = 20 kHz.

5) Output capacitor Oy = 2 uF.

6) Output inductor L, = 1.5 mH.

ISSN NO : 2249-7455

With the design procedure presented in pervious sections, the output current of the proposed BSG-inverter can be
well controlled. Computer simulations shown in Fig. 12(a) and Fig. 12(b) are the key waveforms of the proposed
BSG-inverter for battery discharging and charging operations, respectively. It is obvious that the input inductor
current iL1 has an envelope of rectified sinusoidal waveform and an almost sinusoidal output current is generated. In
Fig. 12(a), the output current iac of the BSGinverter has a peak value equal to 1.5 A in battery discharging mode,
where the rms value of the ac mains voltage vac is 110 V. In Fig. 12(b), the peak value of output current iac is

reversed and equal to 1.5 A in battery charging operation.
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Figure.6 - Computer simulations of ac main voltage (top), ac output current
(middle), and input current (bottom) for the BSG-inverter with battery
discharging and charging operations. (a) Battery discharging operation.

(b) Battery charging operation.
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Figure-7 -Experimental waveforms of ac main voltage, ac output current,

and input current for BSG-inverter with battery discharging and charging

operations. (a) Battery discharging operation. (b) Battery charging

operation.
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Figure.8 - Measured output power curves of two battery modules with
different power commands of the proposed BSG-inverter.

Volume 8, Issue X11, DECEMBER/2018

ISSN NO : 2249-7455

Page N0:3823



International Journal of Management, Technology And Engineering ISSN NO : 2249-7455

94
Discharging mode
-
£ 90
;>-3' Charging mode
5]
g b I S S e T
BO P oo oo o o o o o o o
84 . :

0 20 40 60 80 100 120 140 160 180 200
Charging/Discharging Power (W)
Figure.9- Power conversion efficiency of the proposed BSG-inverter.

IV. CONCLUSION

A novel BSG-inverter, which consists of multiple distributed BBCs and a dc—ac unfolder, for the battery energy
storage system has been proposed in this paper. The proposed BSG-inverter has individual power control capability
for each battery module while fulfills the functions of battery charging and discharging by using pulsating current.
Eventually, the equalization, lifetime extension, and capacity flexibility of the battery energy storage system can be
achieved. According to the developed mathematical equations, the power control capability of each individual
battery module can be achieved without the need of input current sensor. Also, with

the interleaved operation, the current ripple of the output inductor can be reduced significantly. A design guide line
of the proposed BSG is presented. Finally, computer simulations and hardware measurements are shown to verify
the validity of the proposed BSG-inverter.
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