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Abstract—In this paper, battery charge and discharge 
simulation are shown for one battery energy storage system. For 
this purpose, the two-stage bidirectional power converter is used 
to achieve power conversion from battery storage to the grid in 
one, and from the grid to the battery storage in another case. 
Operation principles of a full bridge rectifier and full bridge 
three-phase AC/DC converter are explained, and the waveforms 
for both, battery charge and discharge modes are shown. The 
simulation model is done in MATLAB SIMULINK software, 
where simulation results are obtained and analyzed for both 
operation modes of the system. 
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I. INTRODUCTION  

Demand for electrical energy is increasing every year, so 
more energy needs to be generated to meet the growing 
consumption [1]. Compared with the electrical energy 
generated from the conventional fossil fuels, the Renewable 
Energy Sources (RES) such as solar, wind, geothermal, etc. 
are dominant these days due to the smaller impact on the 
carbon footprint [2], [3]. The major drawback of using the 
common RES – solar, is the intermittent nature of energy 
production which lowers the quality and stability of the 
electric power distribution grid [4]. To solve that problem, the 
stationary Battery Energy Storage Systems (BESS) on the 
low-voltage side are proposed [5]. Apart from usage in RES, 
BESS are used in many other applications for utility grid like 
load leveling, voltage regulation, peak reduction, emergency 
backup, and other [6]. 

The BESS for solar RES consists of control and 
monitoring, as well as the power part, as presented in [7]. The 
control of BESS monitors the whole system, or yet better to 
say, the power segment of BESS, which are the battery and 
the power converter. This paper deals with the central part of 
the BESS system which is power converter and thus, the 
BESS control/monitoring analysis will not be studied now. 
However, the power electronic converter control will be 
presented.  

There are many different types of power converter 
topologies used in BESS, including single-stage single-phase 
and three-phase, two-stage single-phase and three-phase 
converters, ZVS inverter, etc. as presented for example in [8]–
[11]. All power converters used in BESS need to meet the 
most important criterion which is – bidirectional power 
conversion possibility. This means that the power can flow in 
both directions: from the grid to the BESS and vice versa. 
Therefore, when there is a surplus of electrical energy in the 
grid, it can be stored in the BESS and used later if energy 
demand increases during the day.  

What differs this paper from other research is the analysis 
of power conversion steps between two converter stages for 
bidirectional energy flow with different control methods, but 
with the same topology of the converter. 

II. BIDIRECTIONAL POWER CONVERTER 

 In battery energy storage systems, a bidirectional power 
converter is essential to interface and transfer energy from the 
grid to the battery. Power conversion can be divided into a 
single-stage and two-stage. Single-stage power conversion is 
done via single AC/DC conversion process, as shown in Fig.1.  

 
 

 

 

 

Fig. 1. Bidirectional single stage converter [8] 

The two-stage conversion on the other hand has an additional 
cascaded DC/DC conversion, as shown in Fig. 2. 

 

  

Fig. 2. Bidirectional two stage converter [8] 
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In this paper, two-stage three-phase power converter is 
selected because it is widely used due to the simple, yet 
reliable topology. The charging operation mode is initiated in 
the case when energy flows from the grid to the BESS. The 
DC/DC converter stage is used for boosting the voltage to the 
desired level and interface grid with battery storage system. 
DC/AC converter works as a rectifier in that case. During the 
discharge mode when energy flows from BESS to the grid, 
DC/DC converter scales down voltage and DC/AC converter 
works as an inverter [8]. 

 The DC/DC converter increases or decreases voltage level, 
depending on the operating conditions, so that the AC/DC 
converter can be directly interfaced to the low voltage grid [8]. 
It is a type of circuit that makes it possible for power to flow 
bidirectionally with the same polarity of input and output 
voltage and the variable polarity of input and output current 
[12]. 

 For DC/DC converter stage full bridge or H-bridge 
topology, shown in Fig. 3, with IGBTs as switches was chosen 
due to its widespread use, easy control in both directions of 
power flow and bidirectional feature.  

 

 

 

 

 

 

 

 

 

 

Proposed bidirectional AC/DC converter is a three-phase full 
bridge topology, represented in Fig. 4, also with IGBTs as 
switches [8]. 

 
Fig. 4. Three-phase full bridge converter [8] 

III. MODES OF OPERATION 

There are two modes of operation in bidirectional power 
converters. One case is when power flows from the grid to 
battery, battery charging, and the other is reversed, from the 
battery to the grid, battery discharging [9]. For this purpose, 
battery model was used and voltages of 50 V and 100 V mean 
values and other parameters were selected arbitrarily to show 
working principle of DC/DC converter stage modes.  

A. Battery charge mode 

In this mode of operation, power flow is from a grid to the 
battery storage. AC/DC power converter works as a rectifier. 
IGBTs, which are represented as switches, are all turned off, 
only antiparallel diodes are active [13]. Thusly, three phase 
voltage waveform when rectified, has six pulses in one  period 
as it is shown in Fig. 5. 

 

 
Fig. 5. Input and output of a three-phase rectifier [9] 

 Next is cascaded full bridge DC/DC converter stage which 
works in boost mode, represented in Fig. 6.  The first interval 
lasts for a dT and it is shown in Fig. 8. For boost mode to be 
enabled, transistor S1 and transistor S4 are initiated and 
marked red and blue in Fig. 6. In the second interval, also 
lasting for a dT, diode of S2 is active, marked green and 
transistor S4, marked blue. It is clear that IGBT S3 is always 
off and transistor S4 is active in both intervals. 

 
Fig. 6. Full bridge DC/DC converter boost mode [13] 

When IGBTs are regulated by PWM, input voltage is 
increased as it is shown in Fig. 7. Top diagram represents 
DC/DC converter stage input, while lower represents DC/DC 
converter stage output voltage.        

 
Fig. 7. Input and output of a DC/DC converter stage in boost mode 
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Fig. 3. Full bridge DC/DC converter stage [13] + 
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PWM is used to generate signals for driving IGBTs to ensure 
boost mode, with duty cycle around 0.5. Gate signals are 
shown in Fig. 8 [13]. This control algorithm was selected due 
to its simplicity, but it is not optimal algorithm because S3 is 
never used and is producing switching losses. 

B. Battery discharge mode 

During the battery discharge mode, battery voltage has to 
be reduced so it can be interfaced with the DC side of inverter. 
Power now flows from battery storage to the grid. DC/DC 
converter stage, presented in Fig. 9, must now switch to the 
buck mode operation. During the first interval, diodes of 
switches S1 and S4 are active and marked red and blue. In the 
second interval, transistor S2 is active, marked green, and 
diode S4, marked blue. Switch S3 in this mode is always off. 

 

With the right control of IGBTs, it is possible to reduce 
input voltage to desired value. Fig. 10 shows DC/DC 
converter stage input on top diagram and DC/DC converter 
stage output on lower diagram during the buck mode 
operation. 

 

 
Fig. 10. Input and output of a DC/DC converter stage in buck mode 
 
To achieve buck mode IGBTs are driven by PWM with duty 
cycle around 0.5, already shown in Fig. 8 [13]. 

 
 To connect output of buck converter to the grid, an inverter 
is needed, as shown in the schematic in Fig. 2. In this case,  
DC voltage has to be transferred into sinusoidal to distribute 
energy from battery storage to the consumers.  Three phase 

inverter used in this paper has the same topology as rectifier 
mentioned earlier in this chapter and it is represented in Fig. 
4. The main difference now is that IGBTs are driven by Sine 
PWM [14], thus delivering phase to phase voltage, colored in 
red as shown in Fig. 11 which is obtained from simulation 
model with an ideal voltage source and without any load and 
filters. Since it is in idle operation, phase current is zero. 

 In this chapter, operation principle of a two stage, three-

phase bidirectional power converter was analyzed. Selected 
topology was presented as well as some crucial waveforms to 
explain bidirectional nature of the power converter which are 
going to be compared with simulation results in the following 
chapter. 

IV. SIMULATION RESULTS 

The simulation model, represented in Fig. 12., consists of 
a battery model connected to the DC side and a three-phase 
source simulating a grid, connected to the AC side. To 
interface such systems, there is a cascaded full bridge buck 
boost converter and a three-phase full bridge DC/AC 
converter, using IGBTs as switches in both. 

Simulation parameters are given in  table 1. Selection of 
parameters was made to be similar to the physical three-phase 
bidirectional converter which has not been designed and 
manufactured yet, but it is planned to be, in scope of 
“Connected Stationary Battery Energy Storage” project. 

TABLE I. SIMULATION PARAMETERS 

Battery voltage [V] 800 

R1 [Ω] 6 

C1 [µF] 80 

L [mH] 1.7 

R2 [Ω] 0.1 

C2 [µF] 100 

Switching frequency PWM [kHz] 10 

Switching frequency SPWM [kHz] 4 

Grid source resistance [Ω] 0.893 

Grid source inductance [mH] 16.58 

Grid frequency [Hz] 50 

Phase to phase voltage [V] 400 

 

Grid parameters are taken from real grid. Phase to phase 
voltage and grid frequency are set in three-phase source block, 
nominal battery voltage in battery model and passive 
components values for each respectively.  

 
Fig. 9. Full bridge DC/DC converter stage buck mode [7] 
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Fig. 8. Gate signals for IGBTs boost mode [13] 

 
Fig. 11. Inverter output phase to phase voltage waveform 
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A. Battery charge simulation mode 

In a battery charge simulation, energy flows from the grid 
to the battery, as it was explained before. DC/AC converter in 
this case works as a rectifier and output voltage waveform is 
represented in Fig. 13, top diagram. 

 

 
Fig. 13. Output and input voltage of a three-phase rectifier 

One period of 20 ms was taken into consideration which is 
equal to a frequency of 50 Hz. As it can be seen, during that 
period, voltage has six pulses which corresponds to the 
theoretical output voltage waveform shown in Fig. 5. 

 In Fig. 14, diode voltages were shown for IGBTs 
antiparallel diodes in S2, S4 and S6 during battery charging or 
boost mode. Phase shift between diode voltages is 120°. 

 
Fig. 14. Diode voltages for switches S2, S4 and S6 

Peaks of the sinusoidal sine waves were cut due to the realistic 
distribution grid parameters shown in table 1. 

 Input and output voltages of a DC/DC converter stage in 
boost mode, obtained by simulation model are presented in the 
following Fig. 15. 

 

 

 

Fig. 15. Input and output voltage of DC/DC converter in boost mode 

Top diagram represents input voltage of a DC/DC converter 
stage (which is output of AC/DC converter working as a 
rectifier) and lower is output voltage that charges the battery.  

 During boost mode, battery is charging and state of charge 
percentage is increasing over time as it can be seen in Fig. 16.   

 
Fig. 16. Battery state of charge in boost mode 

Initial battery model state of charge in simulation is set to 50 
% arbitrarily. 

B. Battery discharge mode 

During this mode, power flows from battery to grid. Thus, 
first converter which is initialized is DC/DC converter stage 
in buck operation mode. Topology is full bridge, the same as 
for boost mode. 

Input and output voltages are shown in Fig. 17, where top 
diagram represents output voltage of a DC/DC converter 
stage, fed to the inverter, while lower is input of a DC/DC 
converter stage supplied from the battery.  
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Fig. 12. System configuration  
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Fig. 17. Input and output voltage of DC/DC converter in buck mode 

As the battery is discharging in buck mode, so does the 
state of charge decreasing over time, as can be seen in Fig. 18. 

 
Fig. 18. Battery state of charge in boost mode 

The following stage of conversion is from DC to AC, 
using DC/AC power converter as an inverter. By applying 
Sine PWM to the gates of IGBTs, that kind of conversion is 
possible. In Fig. 19, phase to phase voltage and line current 
waveform, obtained by simulation model were shown. 

 
Fig. 19. Inverter phase to phase voltage and line current waveform 

As expected, the voltage is similar to one presented in the 
former chapter, with ripples influenced by simulation model 
elements and the current, in this case, is not zero because 
inverter is not in idle operation. THDI factor of 1.4 % is 
acceptable and is obtained by THD block from Simulink 
library for one line current with a sample time of 2 µs. 

V. CONCLUSION 

In this paper simulation of battery charging and battery 
discharging modes were shown. In battery charging mode, it 
can be seen that in AC/DC power converter, only diodes are 
active, rectifying sinusoidal voltage. Next converter is 
DC/DC boost converter which is fed from the output of 
AC/DC converter and is increasing voltage to the battery 
level so it can be charged. When the power is needed in the 
grid, battery is discharging. Firstly, voltage level is decreased 
and sent to the inverter to be transformed by using Sine PWM 
to the sinusoidal waveform which can be used by grid. 
Diagrams with state of charge percentage clearly show 
battery discharge in buck mode and charge in boost mode. 

Output voltages of a rectifier, when compared, show how 
many influence filter capacitor has. So, in order to reduce 
ripple, right capacitor must be selected. 

Inverter output voltage simulated in idle operation and one 
simulated with other elements has differences in voltage 
waveform, which is expected due to the inverter input voltage 
ripple, grid and other passive and active elements.  
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