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Abstract—The article presents the development of a DC-DC converter for active battery balancing systems in the format
of student competition. Active balancing, which ensures stable energy transfer between battery cells, is critically important
for optimizing their operation and extending their service life. Various topologies of DC-DC converters, in particular SEPIC,
Push-Pull and DAB, are analyzed, their advantages and disadvantages are shown. The results of the work contribute to
increasing the efficiency of battery balancing systems, extending their service life and developing students’ technical skills.
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l. INTRODUCTION

In the modern world, there are many applications for
battery packs, such as portable devices, electric vehicles,
micro-transport, spacecrafts, stationary energy storage,
and others [1]. A battery pack is a complex system con-
sisting of smaller elements — modules, which, in turn,
consist of identical individual elements — cells. For any
application, a long service life of the battery pack is
important, and extending this life is a very important and
relevant task [2].

Many methods for extending the life of battery packs
are known. One of them is balancing the cells of the bat-
tery pack. During the operation of a battery pack, an
imbalance in charge levels may occur between the cells.
To counteract this effect, battery management systems
(BMS) are used, one of the functions of which is to bal-
ance the energy between the buttery cells. Depending on
the type of balancing, BMS are divided into two main
types: passive and active. The passive balancing method
consists in discharging the more charged cells by shunting
the cell with a resistor. This method cannot be considered
as effective one because the excess energy of cells is dis-
sipated on resistors as heat. The active balancing method
consists in exchanging energy between a cell with
a higher charge level and a cell with a lower charge level.
This method is more efficient, but less common due to
more complex technical implementation [3].

According to the sources [3], [4], the studies in
the field of active balancing systems are quite promising
and relevant now. In the course of such studies,

the authors faced the task of developing a DC-DC (Direct
current) converter for the active balancing system. It is
known, that one of the effective tools for solving tech-
nical issues is to conduct professional competitions
(hereinafter referred to as hackathons), since many
involved and motivated participants must solve the task
during a limited time.

The task of the authors was to choose the optimal to-
pology of the DC-DC converter as a part of the battery
balancing system and to develop a prototype of this con-
verter, holding a student hackathon.

1. HACKATHON CONDITIONS

The hackathon was held at the Igor Sikorsky Kyiv
Polytechnic Institute on the technical base of Depart-
ment of Electronic Devices and Systems and Noosphere
Engineering School KPI. It was dedicated to the develop-
ment of DC-DC converters for the battery active balanc-
ing system, which is structurally shown in Fig. 1.

The presented circuit has significant potential as
a modern solution to replace existing modular BMS with
passive balancing used in electric vehicles now. If imple-
menting in new BMS with active balancing the same form
factor, connection method, and the data exchange inter-
face, they can be used in electrical vehicles instead of
passive BMS, which are currently common. [5]. Such
modernization will significantly extend the service life of
battery packs of existing electric vehicles and energy
storage systems.
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Fig. 1 Active Balancer Structure
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Fig. 2 Active Balancer PCB for Test Bench

This topology of the active balancer supports several
modes of operation, in particular cell-to-cell balancing,
cell-to-module balancing and vice versa. The basic struc-
ture of the system uses a module consisting of serially
connected Li-lon cells with a voltage of one cell in
the range from 3.2 to 4.2 V. According to the hackathon
conditions, the minimum number of the cells in the bal-
ancer is three, but the system is designed in such a way
that its topology can be easily scaled to work with
a larger number of cells, which is an important aspect for
participants in the competitions.

The authors carried out a preliminary analysis and
narrowed the choice of DC-DC converter topologies to all
those with galvanic isolation. In addition, the following
topologies of such converters were considered: Flyback
Converter, Forward Converter, Push-Pull Converter, Half-
Bridge Converter, Full-Bridge Converter. For the task-at-
hand, the authors concluded that the Full-Bridge topol-
ogy in the modification of a converter with two active
bridges (Dual Active Bridge, abbreviated as DAB) is
the most suitable, since this topology has the greatest
functionality.

Based on the preliminary analysis of possible options
for completing the task, the organizers allocated an initial
set of components, with the help of which it was possible
to implement any topology of the DC-DC converter. Also,
teams were allocated an additional financial fund for the
purchase of components that were not in the initial set.
To speed up the development and to ease the testing,
participants were provided with a printed circuit board
of the active balancer for the test bench, which is shown
in Fig. 2. It contains a holder for three 18650 form-factor
lithium-ion cells, a relay-based switch system, and termi-
nals for disconnecting an external DC-DC converter.
The switches are controlled using 5 V logic voltage levels.
The switch control board and the type of DC-DC con-
verter should be chosen by the teams independently in
order to determine the optimal configuration of the sys-
tem.

The criteria for evaluating the work results were as
follows:

e  Workability of the prototype.

e Possibility of working in all balancing modes.
e  Converter efficiency.

e Bidirectional energy transfer.

e Simplicity of the converter design (number of
components, dimensions).

e  Ability to work with a larger number of cells.
e User interface quality.

e Balancing speed.

e Balances of the additional fund.

The value of these criteria was arranged so that the
1st criterion was the most significant, and the 9th was
the least significant.

1. OVERVIEW OF PRESENTED CONVERTERS
AT THE HACKATHON

Twenty students took part in the hackathon. They
were divided into five teams, 3 of which coped with
the task and took prize places, demonstrating the practi-
cal implementation of a DC-DC converter for operation in
an active battery balancing system. According to
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the evaluation criteria, the results were distributed as
follows: the third place was taken by the team that used
the SEPIC topology, the second place — Push-Pull, and
the first place — DAB. Let's consider the topologies of DC-
DC converters that were used by the members within
the hackathon.

A. SEPIC topology

SEPIC (Single-Ended Primary Inductor Converter) is
a single-ended DC-DC converter that can provide both an
increase and decrease in output voltage. This makes
SEPIC especially useful in active battery balancing sys-
tems with large variability of charge between individual
cells [6]. The main advantage of SEPIC is its ability to
maintain stable operation with fluctuations in input volt-
age. This is important for battery systems, as operating
conditions can change and the voltage in the system can
fluctuate [7]. A model of the SEPIC converter can be seen
in

The converter has two operating phases, the first
phase the switch Q1 is on-state, and the second phase
the switch Q1 is off-state.

When the switch Q1 is on-state, the current passes
through the inductor L1, accumulating energy in
the magnetic field, the primary winding of the trans-
former accumulates energy, creating a variable magnetic
flux that induces a voltage in the secondary winding, di-
ode D1 is closed, and capacitor C2 powers the load R.

When the switch Q1 is off-state, the energy which ac-
cumulated in the magnetic field of inductor L1 begins to
be transferred to the output through the transformer, di-
ode D1 opens, the current passes through it and charges
the output capacitor C2, as well as powers the load R.
The operation of the converter in time intervals can be
seenin
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To calculate the dependence of the input and output
voltage on the duty cycle of the SEPIC converter, it is nec-
essary to know the duty cycle D, which is determined by:

ton
t,n— the switch on-state time; T — full switching period.

It is also necessary to know the transformation ratio
N, which is determined by the formula:

_M

N - N1: (2)
where N; —the number of turns of the primary winding
of the transformer; N, —the number of turns of the sec-

ondary winding of the transformer.
The output voltage V,,,; of the converter is calculated
as follows [6]:

D-N-Vi,
1-D

Vout =

where V;,, —the input voltage.

) (€)

This formula shows that the output voltage can be
regulated both by changing the duty cycle D and
the transformation ratio N, and therefore they determine
the converter operating mode, increasing (Boost) or
decreasing the voltage (Buck).

When D increases, the output voltage V,.: increases
too. The closer D to 1, the more the voltage increases.
However, some negative effects, such as oversaturation
of the inductor, arise as well, that causes a drop in effi-
ciency.

When D decreases, the output voltage V,,: decreases
too, which allows it to work as a buck converter. For sta-
ble operation, D should be in the range: 0.2<D<0.8. This
minimizes losses and ensures stable operation of
switches and inductors. The transformation ratio N
makes it possible to change the output voltage even with
a fixed D, at N>1 the transformer increases the voltage,
at N<1 the transformer decreases the voltage, at N=1
the transformer only provides isolation without changing
the voltage. The choice of optimal values of the coeffi-
cients D and N affects not only the output voltage of the
converter, but also its stability and efficiency [10].
The SEPIC converter can be adapted for two-way power
transfer by making modifications to the original circuit.
The advantage of this topology is the small number of
components, but this converter has difficulties in match-
ing the component base for stable operation.

B. Push-Pull topology

The Push-Pull converter ( ) uses a transformer
with a center tap on the primary winding, which allows
two switches (transistors) to work alternately to transfer
energy from the input source to the transformer. Diodes
are used on the output side to rectify the alternating cur-
rent that is transferred from the secondary winding of
the transformer [11].
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The primary winding of the transformer is divided
into two equal parts with a center tap. When one of
the switches (transistors) is on-state, current passes
through the half of the primary winding of the trans-
former, generating a magnetic flux in the core. During
the operation of the first switch, one part of the trans-
former is magnetized, and this ensures an increase in
the magnetic flux in the core. Then the first switch is off-
state, and the second switch is on-state, and the current
passes through the other half of the primary winding,
generating a flux in the opposite direction. This ensures
symmetrical use of the magnetic material of the core,
which makes the transformer more efficient. The second-
ary winding of the transformer receives energy both
during the operation of the first switch and the second,
and thus, a continuous supply of energy to the output
occurs [12].

The following formula is used [12] to calculate

the output voltage in Push-Pull:
Vour =2-N-D -V, 4)

The control is carried out by switches Q1 and Q2.
They provide four modes of the circuit operation (M 1-
4), which include alternating operation of the switches
and rectification of the voltage on the secondary side.
When one transistor opens, the energy is transferred
through the transformer to the corresponding diode (D1
or D2) on the secondary side. These processes are shown
in

The transformer provides isolation between the pri-
mary and secondary sides, and changes the voltage level
according to the transformation ratio. The output induc-
tor and capacitor form a filter that provides ripple
smoothing and output voltage stability.

C. DAB topology

A DC-DC converter based on the DAB topology con-
sists of two full-bridge inverters separated by a high-
frequency transformer. shows the diagram of this
converter.

Two active bridge inverters are placed on the primary
and the secondary side of the transformer. Each of them
consists of four switches that allow controlling the direc-
tion and the level of energy flow. The primary inverter con-
verts the DC voltage into a high-frequency alternating volt-
age, which is supplied to the primary winding of the trans-
former. The secondary inverter restores the DC voltage at
the output of the converter, which may be higher or lower
than the input voltage [14] [15].

There are several modes of DAB control. The partici-
pants of the hackathon chose to implement the Single-
Phase Shift (SPS) mode. It is based on regulating
the phase shift between the signals of the inverter’s
switches on the primary and secondary sides of
the transformer to control the energy transfer [16] [17].

In this mode, the output voltage is determined as:

L-P
f'¢'(1—¢))’ )

where L — leakage inductance of the transformer;
P — power of energy transfer; f — switching frequency;
¢ — phase shift between the signals of the primary and
secondary inverter.

Vou = N - (Via =

N1:N2

L
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Fig. 8 Diagrams of DAB DC-DC converter in SPS modulation mode [19]
[13]

Based on the previous simulations in the MATLAB
Simulink environment, the team of participants chose
a fixed switching frequency of 50 kHz for controlling
the switches. Phase shift between the control signals of
the inverters — controlling the phase shift between
the primary and secondary inverters regulates
the amount of energy transferred from the primary to
the secondary side of the transformer. The operating
mode of the converter depends on the phase shift,
including bidirectional energy transfer. When ¢ < 0.5,
the energy is transferred partially. At the optimal value of
¢ = 0.5, maximum power is transferred, and the maxi-
mum efficiency mode is achieved. At ¢ > 0.5, the reverse
energy transfer occurs [18]. The converter operation pro-
cess is shown in time in Fig. 8.

A two-channel oscilloscope was connected to
the working prototype of the DAB converter, the results
of the measurements during testing are shown in Fig. 9.
The image contains four oscillograms, which illustrate
different aspects of the converter's operation.

In Fig. 9a, two signals, the control of the switches, are
shown. Channel 1 (CH1) with an amplitude of 2 V/div
shows the signal on switches Q1 and Q4. The signal volt-
age is 3.8 V, and the frequency is 50 kHz. Channel 2 (CH2)
with an amplitude of 2 V/div shows the signal on switches
Q2 and Q3. The signal is the same as on switches Q1 and
Q4, 3.8 V frequency 50 kHz, but has a shift of ¢ = 0.25.
This shows that the converter is working in the direct
mode, transferring energy from the input to the output.

In Fig. 9b, two control signals are shown, similar to
the previous Fig. 9a, but there is a difference, the phase
shift ¢ = 0.75, which indicates the operation of the con-
verter in reverse mode, energy is transferred from
the output to the input.

In Fig. 9¢, channel 2 shows the current of the second-
ary winding of the transformer in the direct mode of
energy transfer. This oscillogram shows that the current
of the secondary winding of the transformer is different
from the idealized one, which means that the converter
is working in the wrong mode of operation. This worsens
the characteristics of the converter, which can affect its
overall efficiency.

Siglent

Siglent  IEEEEN

-
AV=184V
CurB=-156V

IR 50.0mv

M5.00us MPos14¥ns

Fig. 9 Diagrams obtained during testing, a) Control of switches during
direct energy transfer, b) Control of switches during reverse energy
transfer, c) Current on the secondary side of the transformer.
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The scope measurements confirm the correctness of
the converter control system settings, but the output cur-
rent has a form different from the correct one, which
means that the prototype converter is not operating in
the most efficient mode. This may be explained by
the incorrect choice of the component base, and some
faults in making the transformer. In the future, it is nec-
essary to select the component base more correctly to
achieve greater converter efficiency.

When one cell with a voltage of 4.1 V was connected
to the input of the converter and a second cell with
a voltage of 3.6 V was connected to the output of
the converter, the process of energy transfer from
the input to the output of the converter took place, thus
the charging current of the cell at the output was
750 mA, which means the conversion power is ~ 3 Watts.
The phase shift was also implemented, due to which
the mode of reverse energy transfer was achieved.

Despite the complexity of the circuitry and the time
constraints, the participants of the hackathon were able
to implement a working prototype of the converter, and
therefore the judges awarded them first place.

Results of the Conducted Hackathon

The participants of the hackathon created 3 working
prototypes of a DC-DC converter for operation in an
active balancer. In practice, the authors' hypothesis
regarding the choice of topology was confirmed. A gen-
eralized comparison of the considered topologies is given
in Table 1.

The SEPIC converter has advantages of simple design,
wide range of input voltages, and low cost. The disad-
vantages of this converter include high ripple of the out-
put current, complexity of setting up and selecting com-
ponents for stable operation.

The Push-Pull converter has the advantage of com-
pactness due to the use of a small transformer, but has
a disadvantage in the complexity of balancing
the switches to avoid transformer saturation.

The DAB converter has high efficiency, flexibility of
settings, bi-directionality, but is complex to control and
requires complex control circuits. The DAB is ideal for

active balancers with a large range of voltage differences
between the cells, but requires precise synchronization
of the switches and feedback implementation to ensure
stable current.

TABLE 1 COMPARATIVE ANALYSIS OF TOPOLOGIES
SEPIC Push-Pull DAB

Control complexity Average High Highest
Bi-directionality No No Yes
Number of switches | 1 2 8
The complexity of | Low Average High
the circuitry
Efficiency High High High
Price Low Average High
Input voltage range Wide Narrow Widest

The disadvantage of DAB converter is its high cost
caused by the large number of the circuit components,
however, in mass production, this disadvantage may
have a small impact. Therefore, DAB converter topology
may be considered as the best option for use in active
balancer.

CONCLUSIONS

The hackathon helped the authors to analyze the to-
pologies of DC-DC converters and to confirm their char-
acteristics in a limited time. This allowed verifying
the preliminary hypothesis regarding the choice of
a DC-DC converter topology for use in a particular active
balancer.

The DAB topology of the DC-DC converter proved its
advantage for use in a specific topology of an active bal-
ancer compared to other topologies, due to the possibil-
ity of operating in a wide range of input-output voltages,
high efficiency, and bi-directionality. The combination of
these factors makes it possible to fully implement
the functionality of this active balancer.

The results of the study may contribute to increasing
the efficiency of active balancing systems, which in turn
will help to extend the life of battery packs.
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Po3po6bKa DC-DC nepetBoptoBaya
ANA BUKOPUCTAHHA B CUCTEMAX aKTUBHOIO
H6anaHCcyBaHHA aKyMynsaTOPHUX BaTapen
y dopmaTi CTYAEHTCbKUX 3MaraHb
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HauioHanbHUI TEXHIYHWUI YHiIBEpCUTET YKpPaAiHK

«KMIBCbKUIM NONITEXHIYHUI IHCTUTYT imeHi Iropsi CikopcbKoro» R 00syn5v21
Kuis, YKpaiHa

AHomayia—BUpo6HULTBO aKyMynATOPHUX 6aTapen y CBiTi CTPIMKO 3pOCTaE, L0 NOB’A3aHO i3 PO3BUTKOM €/1eKTPOTPaHCNo-
PTY Ta anbTepHaTUBHOT eHepreTUKU. AKYMynAaTopHi 6aTapei matoTb CBili 06meXKeHui pecypc, a AOCTYNHOI TeXHOAOriT yTuAi3auii
AKYyMyNAaTopHUX 6aTapeii Ha AaHMI Yac Hemae. fiBuLle AucbanaHcy Ay)Ke HEraTMBHO BN/IMBAE Ha pecypc aKyMynAaTopHUX 6ata-
pei, npoTe 3acTocyBaHHA cuctem 6anaHCyBaHHA NPOTUAIE LboMy edeKTy, TUM caMuM 36inbLuyoun 3araNbHUA pecypc akymy-
naTopHoi 6atapei. MokpaleHHA cuctem 6anaHCyBaHHA MOXKe NO3UTUBHO BIJIMHYTM HA pecypc akyMynAaTopHux 6atapeii, Ta Big-
TepMiHyBaTK yac ix ytunisauii

Y cratTi npeactaBneHo po3pobKy DC-DC nepeTBoptoBaya AN1A CUCTEM aKTMBHOrO 6anaHCYBaHHA aKyMynATOpHUX b6atapei
y ¢dopmarti CTyaeHTCbKMX 3maraHb. ABTopamu 6yna BUCyHyTa nonepepgHaA rinotesa, Bubopy ontumanbHoi Tononorii DC-DC
nepeTBOpPIOBaYa A8 BUKOPUCTAHHA B NeBHOMY aKTUBHOMY 6anaHcupi. A niaTBepAXKeHHA i€l rinotesu, 6yna cdpopmoBaHa
3a4a4a ANA CTYAEHTCbKUX 3MaraHb, a came nobyaosa isonboBaHoro DC-DC nepeTBoploBaya, Wo mir 61 npawoBaTi B AaHOMy
NPoOTOTUNI aKTMBHOro 6anaHcupa. AKTMBHUIA 6anaHcUp po3paxoBaHUii HA 6aslaHCyBaHHA aKyMynATOpPHOI 6aTapel, Wo cknaga-
€TbCA 3 TPbOX NOCNILOBHO NiAKAOUYEHUX KOMIPOK. YyacHMKam 6yno HagaHo Habip KOMNOHEHTIB, a TAKOX A404aTKOBUIA diHaH-
coBuii GOHA, ANa Npuab6aHHA [O0AATKOBUX KOMMNOHEHTIB HEOBXiAHMX ANA NpPaKTUYHOI peanisauii DC-DC nepeTBoptoBaya. 3ma-
raHHA NPOBOAWIUCD B PEXKUMi 06MeKEeHOro yacy, i Ha BUKOHaAHHA 3aBAaHHA 6yno BuaineHo 48 roguH. Kputepii ouiHlOBaHHA
6ynn UiTKO BUAINEHHI, @ roNoBHUM KpuTepiem 6yno npauespaTtHictb DC-DC nepeTsoptoBaya. 3 n’ATM KOMaHA, TPU BNOPAAUCH i3
3aBAAHHAM, Ta 3alHANM NPU30BI Micus.

Ha ocHOBI cTygeHTCbKMX 3maraHb 6yn0 npoaHanisoBaHo pi3Hi Tononorii isonboBaHux DC-DC nepeTsoploBayis, 30Kpema
SEPIC, Push-Pull Ta DAB, noKa3saHo npuHUun iXx po60TH, po3rnsHyToO Nnepesaru Ta Heaosiku. Ocob6auBy yBary npugineHo Tono-
norii DAB, Aika 6y/n1a BU3HaHa HaMKpaLMM BapiaHTOM A1 BUKOPUCTAHHA B f@aHOMY aKTUBHOMY 6anaHCcUpi 3aBAAKN MOXKIUBOCTI
po60TK B LUMPOKOMY Aiana3oHi BXigHUX-BUXIAHUX HANpYr, BUCOKIA epeKTUBHOCTI Ta ABOHanpaB/ieHoCTi. B cratTi HaBegeHo
pe3ynbraTtv BUMipIOBaHb, NpoBeAeHUX Ha npoTtoTuni DAB nepeTBoploBaya, Ta 06roBopOOTLCA CKAAAHOLL MOro peanisauii.

TaKum UMHOM, pe3ynbTaT po60TH CNPUAIOTL NiABULLLEHHIO €(PEKTUBHOCTI aKTUBHUX CUCTEM BanaHCyBaHHA aKYMYNATOPHUX
6aTapeil, NOAOBKEHHIO TEPMiHY iX CNYXK6M Ta PO3BUTKY TEXHIYHMX HAaBUYOK CTYAEHTIB.

Kmrouoei cnoea — DC-DC nepemeoprosay; akmueHuli 6anaHcup; akymynamopHa 6amapes; nepemeopeHHs NomymHocmi;
60/10HCYB8AHHSA.
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