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Abstract— The paper deals with the design of an active battery
charge balancing system for Li-ion batteries. The Li-ion batteries
are sensitive to series connection and thus some sort of balancing
system must be implemented in battery packs and modules. An
active system for batteries balancing based on flyback converter is
chosen to deal with this issue. In the first part of the paper a brief
presentation of the issue and proposal of system solution is given
along with simulation verification. The second part of the paper
provides insight into a design together with a hardware and
software solutions, mainly focusing on subsystems and initial
choice of components. Finally, an experimental verification is
conducted for presented design approval.

Danijel Topić
Department of Power
Engineering
Faculty of Electricity
Engineering, Computer Science
and Information Technology
Osijek
Osijek, Croatia
dtopic@ferit.hr

Bernard Tomašević
Rimac Automobili d.o.o.
Components Department
Osijek, Croatia
bernard.tomasevic@rimacautomobili.com

and beside variations of physical implementation the
fundamental difference is in logic and energy flow management
[11], [15]–[17].
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I.

INTRODUCTION

In today world, high-power lithium-based (predominantly
cylindrical Li-ion) rechargeable batteries are widely used in
transportation industry, RES (Renewable Energy Source)
microgrids, UPS (Uninterrupted Power Supply) systems, etc.
[1], [2]. Basic unit of battery is called battery cell. By
combining fixed number of battery cells in series and/or
parallel, a battery module can be obtained. Finally, by
combining more battery modules with various control and
protection system, a battery pack can be achieved [3]. The same
type of Li-ion battery cells and modules with same rated voltage
can be connected in parallel without any additional
management circuit [4]. Battery cells/modules connected in
series must be connected to the BMS (Battery Management
System) in order to avoid potential problems and to prolong
battery life [5]–[9]. The causes of series battery cells imbalance
are shown in Fig. 1 [10]. BMS can be classified into two main
categories: passive and active [11]. Most commonly used
system is passive BMS which dissipates the excess of the
energy from the battery with highest voltage into the heat [12].
This is a cheap and effective solution but at the same time
inefficient and slow. On the other hand, an active BMS
redistribute energy from highest voltage cell to other cell/cells.
Thus, such system is faster and more efficient compared to the
passive BMS [13]. In the paper [14] authors presented different
passive and active cell balancing topologies. This paper deals
with an active BMS solution based on a flyback converter.
There are few variations of BMS based on a flyback converter,
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Fig. 1. Battery module disbalance causes

II. DESIGN OF PROPOSED ACTIVE BALANCING TOPOLOGY
Basic schematic of system used in this paper is shown in
Fig. 2. Every cell (or parallel connected cells) has dedicated
flyback converter with the primary of the flyback transformer
connected to dedicated cells and secondary connected to the
battery pack.

Fig. 2. Used active battery balancing topology

When the transistor of the cell/cells with highest voltage in
series is on, the energy of the cell is stored in the primary of the
transformer. In this interval, the diode is off. When transistor
switches off, the energy stored in primary is transferred to the
secondary of the transformer and then to the battery pack
through the diode.
A. Components
Every battery balancing system must be designed according
to the battery pack specifications. The battery pack used in this
system is designed as four 18650 Li-ion batteries connected in
parallel, which makes a single battery module. For simplicity,
module consisted of paralleled batteries can be observed as
single cell with high capacity. Further, total of five modules are
connected in series which makes the battery pack. Thus, the
battery pack is in 4P5S configuration (4 batteries in parallel – 1
module; with 5 modules in series) with 20 18650 Li-ion
batteries in total.
Flyback transformer. The main component of every
flyback converter is flyback transformer which is chosen
according to the system demands. According to the battery pack
configuration, the single cell to battery pack voltage ratio is 1:5.
Thus, the chosen flyback transformer would have the same
primary to the secondary winding ratio.
Switching regulator. When the flyback transformer is
chosen, the next step is to choose the primary switch. The
choice here is an integrated logic circuit with embedded
transistor, which is specifically designed for the flyback
converters. This IC is powered by the single cell and has the
option of the output voltage regulation via auxiliary resistors,
feedback and the transformer ratio. Since the upper fullycharged battery cell voltage limit is 4,2 V, for the battery in
4P5S configuration, the output voltage of minimum 22 V (21 V
plus 1 V of diode voltage drop) must be ensured. Further, an
optocoupler is connected on certain pins to control the IC (start
and stop balancing function). Also, a maximum balancing
current can be adjusted arbitrarily via auxiliary resistor, and in
this case it is set to 3,4 A. It is needed to be mentioned that the
switching frequency of the converter is determined by
transformer primary inductance, and it cannot be further
adjusted.
Snubber circuit. During transistor off switching transient,
flyback converter generates a voltage spike due to transformer
leakage inductance. To protect the transistor from the damage,
the transient voltage spike must be clamped. This can be
achieved in multiple ways by the snubber circuits such as RC
snubber, Zener diode voltage clamp, etc. In this case, an RCD
snubber circuit is used.
Diode. To rectify the voltage of the transformer secondary,
a diode needs to be used. Any diode which meets the
requirements can be used. In this case, a Schottky diode (3 A
40 V) is implemented.
Operational Amplifier. A control circuit of the Flyback
transformer needs a voltage feedback of every cell for proper
operation. To measure individual battery cell voltage, a
differential operational amplifier is used due to its simplicity.

Thermistor. For the temperature measurement, an NTC is
used. For proper operation, calibration or linearization of the
temperature must be done.
Microcontroller. Flyback converter control is done via
development board system based on embedded 10-bit
microcontroller. The microcontroller must provide adequate
number of inputs/outputs for the desired battery pack
configuration. Furthermore, additional pins in this case are
required for an LCD monitor which provides real-time
individual cells voltage readings as well as the reading of the
battery pack temperature. An LCD is connected to the
microcontroller via I2C connection.
B. Simulation
Before making a physical model, the design of a converter
must be simulated to proof the concept and to test chosen
components. The simulation is developed and carried out in
LTSpice software which schematic is shown in Fig. 3. Used
component models are directly downloaded from manufacturer
or are modeled to describe the real components as close as can.

Fig. 3. LTSpice simulation schematics

Simulation results for the flyback converter for periodical
mode of operation in steady state are shown in the Fig. 4.

Fig. 4. Simulation results

Simulation results (Fig. 4) shows two work intervals,
and , . In first interval
, , (transistor is on;
) the current flows through the primary winding of the
transformer, while energy is stored in the form of magnetic
energy in the core of the transformer. The current is defined by
the expression:
,

⋅

(1)

– transformer primary current,
– input (cell)
where:
voltage and
– primary winding inductance. At the same
time, the diode blocks the current of transformer secondary due
to specific winding of the flyback converter. In , transistor
switches off. In , simulation shows instantaneous surge of
current . This is due to energy conservation law applied to
magnetic flux. A magnetic flux must remain same right before
and after the transistor switches off. Thus, primary and
secondary current of the transformer in the moment right after
transistor switches off are related as:
0

⋅

(2)

where are:
– transformer secondary current, – ratio of
the primary to the secondary and
– transformer primary
current in the moment . In the second interval ,
when
transistor switches off, the diode in the secondary winding
circuit starts conducting. The current of secondary winding in
this interval is given by the expression:
⋅

⋅

voltage difference of certain voltage followers. The operating
amplifiers are powered via battery pack.
Microcontroller. With using above stated subsystems, the
microcontroller reads voltage level of all cells using an AD
converter, and with implemented logic it controls the balancing
process by sending digital signals (HIGH or LOW) to the
optocoupler.
PCB. Two-layer PCB design is used in the design. The size
of the two-layer PCB is optimized with taking into
consideration adequate spacing between components for
inevitable troubleshooting and parts replacement. A required
power and signal line width has been calculated with software
intended for this function. The wider the lines, the heating of
the PCB and of the line resistance decrease. Since the line
resistance is proportional to its length, it was necessary to keep
it as short as possible, especially the lines connected to the
transistor to minimize EMC and voltage spikes. It is also
important to leave adequate distance between the lines and
connection points to reduce the risk of short circuit when
manufacturing the PCB. In addition to being used as an
electrical connection between the upper and lower layers vias
are also used as a heat dissipators. The final assembled active
battery balancing system is shown in the Fig. 5.

(3)

where are:
– voltage of the load (battery module) and
– secondary winding inductance. The second interval ends at
0. At the same moment, transistor
when
momentarily switches on. The cycle repeats.
C. Hardware
After simulation validation, the next step is to design a PCB.
During the PCB design, a hierarchical schematic structuring is
used.
Balancing subsystem. A balancing subsystem consists of a
power and control section. The power section consists of an
input capacitor, snubber circuit, flyback transformer, diode and
output capacitor. The control section consists of an optoisolator, switching regulator and the rest of the passive
components.
Voltage measurement. The issue with voltage measurement
of series connected cells is that the reference point remains at
the same potential. For example, if five cells of the same
voltage level (4 V) are connected in series and if development
board is used to measure the voltages, only measurement of the
first cell voltage will be accurate. For other cells in series the
measured voltage will be summed up by the voltage of the cells,
preceding the cell observed. For this reason, the voltage
measured on the fifth cell will be 20 V. Therefore, differential
amplifiers are used to deal with this issue.
Two-channel operational amplifier for every cell is used.
First channel is used as a voltage follower and the second as a
differential amplifier. The voltage follower (since it has a very
high input impedance) uses very low current, thus preventing
the unwanted influence of the cell energy consumption during
voltage measurement. The differential amplifier measures the

Fig. 5. Assembled active battery balancing system

D. Embedded Software
The two main points of the embedded software (firmware)
are flexibility and sustainability. The flexibility refers to
software applicability i.e. the ability of adaptation to hardware
upgrades with minimal system changes. The sustainability
refers to simplicity of error detections and debugging.
Following these two points, functions, variables and constants
follows coherent code structure. Embedded software logic
sequence is as follows:
1. Sending digital HIGH signal to optocoupler during
battery install which disables cell balancing during
this process,
2. Single cells voltage and battery pack temperature
readout from analog pins,
3. The nonlinearity of the NTC transfer function
reducing, to increase the measurement accuracy,
4. Scaling the input voltage to the range of 0 – 5 V.
Since the embedded microcontroller uses a 10-bit AD
converter, the expected resolution is slightly below 5
mV,

5.
6.
7.

Individual cell voltage comparison with objective
function to find the cell with the highest voltage,
Digital LOW signal send to the optocoupler of the
cell with the highest voltage. In this point the
balancing, i.e. the energy transfer is carried out,
The process is repeated after five seconds of
balancing period and one second of idle.
III.

EXPERIMENTAL VERIFICATION

After PCB assembling and code installing, the next step is
system testing. In process of battery pack assembling, batteries
of various capacities, state of charge and internal resistance are
used intentionally to provide significant imbalance of
individual battery cells. The system operation is easier observed
in the worst-case scenario of battery imbalance. The system is
tested in the cycle of charging. The test circuit is connected
according to the schematic from Fig. 1. To determine the
system operation frequency, the waveform of the transistor is
recorded. The transistor output voltage in steady state operation
is shown on the Fig. 6.

Calculated duty cycle for the converter equals to 48,31 %.
The thermal image of the system and battery pack during
the balancing process is shown on the Fig. 7. Further, by
comparing the temperature recorded with thermal camera and
the temperature displayed on the LCD screen, it is confirmed
that temperature linearization is done with reasonable accuracy.
The temperature of the system is displayed on the Fig. 7 – left,
while the temperature of the battery is displayed on the Fig. 7 –
right.

Fig. 7. Thermal image of the system during balancing process

The cooling of operational amplifiers should be improved
in future design, since PCB heating has a negative impact on
system performances. The temperature hotspots of the system
are in the operation amplifiers area. Workplace is shown in the
Fig. 8 – left. The individual cell voltage is shown on the Fig. 8
– right.
voltage spike

Fig. 6. Flyback converter transistor voltage waveform

The effect of snubber circuit is apparent on the Fig. 6. It
shows voltage spike less than 15% of the voltage amplitude,
which is well below the maximum of 60 V for what the
converter is designed.
The switching period and frequency are
1,78μs and
562 kHz, respectively. The relationship between input and
output voltages can be described as follows:
⋅

1

The time needed for cells balancing was approximately 160
minutes. The battery was charged with a laboratory power
source with a voltage limit of 21 V and a current limit of 400
mA. Measurement results of balancing process are given in the
Tab. 1.
TABLE I.

⋅

(4)

100%

where:
– battery pack voltage,
– single cell voltage,
– number of cells in series, – duty cycle. The duty cycle is
defined as the ratio between the transistor ON time and
switching period:
;

Fig. 8. Working place. Individual cell voltage before (left) and after (right)
balancing

0

1

(5)

Time
[minute]
0
20
60
90
130
150
160

Cell 1
[V]
3.88
3.90
3.93
3.95
3.98
3.99
3.99

MEASUREMENTS DURING BALANCING PROCESS
Cell 2
[V]
3.83
3.86
3.89
3.92
3.96
3.98
3.99

Cell 3
[V]
3.87
3.90
3.93
3.95
3.98
3.99
3.99

Cell 4
[V]
3.85
3.87
3.90
3.93
3.97
3.99
3.99

Cell 5
[V]
3.90
3.91
3.93
3.95
3.98
3.99
3.99

Temperature
[°C]
26.3
26.2
26.1
25.9
25.9
25.8
25.8

A chart representation of the results is given on the Fig. 9.
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Fig. 9. Measurement results chart

The chart on the Fig. 9 shows that the system slows the
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operation.
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make the price per unit go above the price of the passive
systems. Developed system needs design improvements
regarding better cooling to minimize losses.
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