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Abstract -- This paper introduces a new zero current
switching (ZCS) topology for parallel balancing of serially
connected batteries string. The main advantage of the balancing
concept in this study is that energy is transferred only when the
cells are unbalanced. As a result, the power losses are
significantly reduced since no current circulates through the
system when balanced. This has been enabled by a modification
of an isolated series-resonant converter operating in
discontinuous conduction mode (DCM). A single transformer
for two cells is used, as opposed to conventional isolated
topologies that require a transformer per cell. The realization is
simple and sensorless. Experimental results have been obtained
by a prototype of two modules balancing 4 series connected
batteries.
Index Terms--Batteries, balancing, soft switching, resonant
converter.

I.

INTRODUCTION

Serially connected batteries strings have been used for
many high voltage DC applications. Among them, electric
vehicles (EV) [2], hybrid electric vehicles (HEV) [3], plug-in
hybrid electric vehicle (PHEV) [4] and other battery powered
applications [5], [6]. Due to manufacturing and
environmental variances, degradation with aging, internal
impedance difference and thermal conditions, the charges
transferred to or consumed from each battery are not equal.
As a result, the lifetime and efficiency of the batteries string
are reduced. Moreover, the overcharge of the batteries in the
string can cause explosion or fire in the case of sensitive
batteries cells [7]. Therefore, a charge equalizer (i.e.,
balancing circuit) is essential to reduce the imbalances and
consequently to improve the overall performance of the
system [8], [9].
Several balancing circuits have been investigated over the
recent years [10]-[34]. These can be generally divided into
two main categories: passive and active. Passive balancing
features simple design and implementation and relatively low
cost [10], but due to inherent energy loss, it is less attractive
in terms of energy saving. The active balancing architectures
include variety of topologies such as switched-capacitor
converters [11]-[13], [38], isolated and non-isolated
unidirectional and bidirectional DC-DC converters [14]-[25],
and multi-winding transformer-based converters [26]-[28].

An important classification of the active balancing circuits
is in the power flow architecture, i.e., series balancing and
parallel balancing. In series balancing, e.g. as in [12]-[13] and
[22]-[23], energy is transferred from one neighboring cell to
another using a power converter that links between two
adjacent cells, and acts as a local bypass to the energy flow,
in case a cell is damaged or has lower energy. Parallel
balancing is assisted by a small energy storage component,
typically a capacitor, and often referred as energy buffer,
which is used as a link to transfer energy from a charged cell
to the cell that needs to be charged without the need to
process the energy through the whole batteries string [25],
[31]. Therefore, an apparent advantage of the parallel
balancing approach is the fewer amount of conversions to
balance the string and as a result faster balancing with higher
efficiency especially in large arrays. However, the penalty is
often the requirement of high component count and complex
control algorithms which increase the complexity (and cost)
of the solution. In addition, increasing the balancing speed is
traded for quiescent power losses, i.e. losses that exist when
no balancing action is required. Similar parallel balancing
concepts were reported for PV solar panels equalization
under different names, [39]-[41], such as “returned path” in
[39] and “DC power optimizers” in [40]. However the
principal of operation, and consequently the advantages and
the down sides of the parallel balancing converter whether it
is implemented using a switched capacitor, switched
inductor, or transformer based converter are similar to each
other.
Improved balancing schemes that are based on parallel
balancing techniques, exhibited higher equalization speed
when compared to series balancing techniques [31]. One
particular challenge of the parallel balancing concept is the
complexity in implementing large arrays. This has been
addressed by a modularization concept presented in [32]-[35].
There, n-batteries string is divided into M modules, each of
them is balancing K cells so that n=M∙K. It would be a further
value if the balancing concept can be realized by converter
configurations of lower quiescent power consumption and
reduced component count. This has been pursued in this
study.
The objective of this study is therefore to introduce a new
converter topology for active parallel balancing of serially
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connected battery string, as detailed in Fig. 1. The concept is
realized by a modification of an isolated series-resonant
converter such that one transformer is used to balance two
cells, reducing the component count and complexity of the
system. The converter operates in DCM and therefore ZCS is
assured. Balancing occurs only when necessary, i.e. energy
does not circulate through the system when the batteries are
balanced. As a result, the quiescent power loss is minimal,
which contributes to the current balancing architecture
efficiency. The balancing circuit is sensorless and the
balancing control is simple. Moreover, the converter can be
easily scaled up and modularized.

to be lower than half the resonant frequency fr (fs<fr) to allow
operation with ZCS.
The balancing time is shared equally between the odd and
even numbered cells, i.e. the odd numbered cells are enabled
to balance for a number of switching cycles and then the even
numbered cells are enabled to balance for the same number of
switching cycles, as shown in Fig. 2.
Balancing Enable for n-1th cell
Balancing Enable for n th cell

t

k - switching cycles

Fig. 2. Time shared cell balancing enable signals.

Fig. 1. Battery balancing system for n serially connected batteries.

The rest of the paper is organized as follows: Section II
describes the topology, its principle of operation and the
major features of it, Section III delineates the system’s
implementation and provides design guidelines. Experimental
results and conclusion are then provided in Sections IV and
V, respectively.
II.

PRINCIPLE OF OPERATION

The system in Fig. 1 can be divided into m = n/2 doublecell modules, where each module is constructed of a top cell
(odd-numbered cells) and a bottom cell (even-numbered
cells). Each of the m double-cells is balanced using a module,
constructed of a half-bridge loaded by a resonant tank in
series with the primary side of the transformer. The
secondary side connects to the bus capacitor via a full-bridge
transistor assembly. The bus capacitor is common for all of
the m double-cell modules and acts as a “link” that is used to
transfer energy between the cells. Utilizing the isolation, each
of the n battery cells can be equalized independently of the
action in other cells, that is, no synchronization between the
modules is required, and therefore the complexity of the
system is significantly reduced. Additionally, due to the
transformer’s isolation, the voltage stress on the switches is
no more than the cell’s voltage and is independent on the
number of cells in the string. The switching frequency fs is set

The balancing action resembles a conventional resonant
converter in DCM. The operation of the switches is described
in Fig. 3 for the upper cell, assisted by the switch sequences
and current and voltage waveforms of Fig. 4. In the first step
(time interval of half-switching period), switches Sm1, S m3,
S m5 and S m8 are turned on at t=t0, and remain on for t0<t<t1
(Fig. 3(a), Fig. 3(e)), where t1<t0+1/2fr, allowing bidirectional current flow. The current direction depends on the
voltage difference between the battery cell voltage Vcell,n-1 and
the bus voltage reflected to the primary (Vbus for the unity
transformer ratio). Cell voltage that is higher than twice the
bus capacitor voltage (Vcell,n-1> 2Vbus) results in a positive
current ir (Fig. 3(a); k=1 in Fig. 4), whereas Vcell,n-1<2Vbus,
results in a negative current (Fig. 3(e); k=-1 in Fig. 4). In case
that the cell voltage equals twice the bus capacitor voltage
(Vcell,n-1=2Vbus), no balancing is needed, the current is zero
and no energy is transferred in either direction.
In the second step (the second time interval of halfswitching period), Sm1, S m5 and S m8 are turned off at t1. For
positive current (Vcell,n-1> 2Vbus), the body diodes of S m2, S m5
and Sm8 are conducting until the current becomes zero at
t1=t0+1/2fr (Fig. 3(b)). It should be noted that turning S m1, S m5
and Sm8 off at a low, nonzero current (prior to t1) further
allows ZVS at turn off. Assuming that the voltage difference
between half the cell voltage and the bus voltage, reflected to
the primary, is small enough, the current remains zero until
half of the switching period t2=t0+1/2fs. At t2 (See Fig. 3c)),
S m2, Sm6 and Sm7 are turned on and remain on for t2<t<t3,
where t3<t2+1/2fr. This discharges the resonant capacitor (Fig.
4). At t3 (See Fig. 3(d), S m2, S m6 and Sm7 are tuned off and, if
some residual current exists, it flows via the body diodes of
S m1, Sm6 and S m7 until it becomes zero. The current remains
zero until the next switching cycle at t4=t0+1/fs.
When Vcell,n-1< 2Vbus, the resonant current during the time
interval t0<t<t1 is negative and the operation is mirrored with
respect to the cell and the bus side (See Fig. 3(e) - Fig. 3(h);
and the case of k=-1 in Fig. 4). The body diodes of S m1, S m6
and S m7 are conducting for t1<t< t0+1/2fr, as shown in Fig.
3(f), and the diodes of S m2, S m5 and S m8 during t3<t<t3+1/2fr
(Fig. 3(h)). It should be noted that the switching sequence is
similar regardless the difference between the cell and the bus
voltages, for both positive and negative current. As a result, a
sensorless operation can be utilized. In addition, the
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switching timing can be loosely set, because ZCS is naturally
obtained by the body diodes as long as the switches have
been turned off prior to the zero crossing point [36].
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It should be stressed that all the switches in the proposed
balancing circuit are operated under soft switching conditions
at both turn-on and turn-off. Moreover, virtually no current is
circulating in the circuit when the cells are balanced. This is
unlike many balancers, described in the prior art, where the
current is going back and forth even when the cells voltages
are equal. Putting this in other words, during the equalization
phase, the losses in the proposed balancer are similar to those
found in isolated resonant converter, operated below the half
of the resonant frequency (DCM). When the cells are
balanced, the only losses present are hysteresis losses of the
isolation transformer, as no current is circulating in the
system.

t3<t< t4

Lr

Vcell,n-1

Fig. 3. Modes of operation: (a), (b), (c) and (d) when V cell,n-1 >
2Vbus, (e), (f), (g) and (h) when Vcell,n-1 < 2Vbus.
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Fig. 4. Switching sequences and typical waveforms of the resonant
inductor current and resonant capacitor voltage during balancing.
k=1 when Vcell,n-1 > 2Vbus and k=-1, when V cell,n-1 < 2V bus.

0093-9994 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2019.2920227, IEEE
Transactions on Industry Applications

From (2), the peak amplitude of the resonant current and the
average current through the cell can be expressed as:
p

-

I peak

2 ( 0.5Vcell - Vbus ) e 4 Q
,
=
p
Zr
2Q
1- e
-

Fig. 5. Simulated convergence of cells with different initial
voltage.

Simulated typical convergence during balancing operation
of the system is presented in Fig. 5, where four battery cells
(emulated by large capacitances) have been charged to
different voltages. As can be observed, the cells voltages
converge to the average of the initial voltages, validating the
balancing operation of the system. The bus voltage converges
to average of half the voltage levels of the cells in the pack,
given by
Vbus =

1
2N

N

åV
k =1

cell, k

.

(1)

To derive the expressions for the system’s key waveforms
and parameters, it is assumed in the following analysis, that
the
cell voltage (Vcell) and the bus voltage Vbus are constant and
that the average voltage across the resonant capacitor has
reached a steady-state value of half the cell voltage, i.e.
VCr=0.5Vcell. The cell is considered to be fully balanced when
its voltage is equal to the twice the bus voltage, that is
0.5Vcell=Vbus. Consequently, during the balancing operation,
the normalized cell-to-bus voltage difference, which is
defined here as ∆V=0.5Vcell-Vbus, gradually decreases. It is
further assumed that the capacitance of the bus capacitor is
significantly lower than the cells’ capacity. As a result, the
bus voltage rapidly converges to the half of the average cells’
voltages as in (1), which translates to a relatively small
normalized cell-to-bus voltage difference during steady-state.
The resonant current ir can be expressed as
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where, the resonant tank’s characteristic impedance Zr,
resonant frequency fr and the quality factor Q are
Lr
1
1 Lr
Zr =
; fr =
;Q=
(3)
Cr
R Cr
2p Lr Cr
and L r and C r are the resonant network components and R is
the total parasitic or stray series resistance of the resonant
loop.

(4)

p

d 0.5Vcell - Vbus 1 + e 2 Q
,
(5)
I cell =
p
p
Zr
2Q
1- e
where δ=fs/fr. The voltage swing of the resonant capacitor
∆VCr during one switching cycle Ts=1/fs can be expressed as:
D V C r = 2 ( 0.5V ce ll - V b us

)

1+ e
1- e

-

p
2Q

-

p
2Q

(6)

where, VC0 and VC1 are the initial and final voltages (Fig. 3),
respectively, given by:
(7)
VC0 = 0.5(Vcell - DVCr ), VC1 = 0.5(Vcell + DVCr ).
Assuming some given normalized cell-to-bus voltage
difference ∆V, and considering that its change over the
switching cycle is negligibly small, the power processing
efficiency, defined over the switching period, can be
expressed as
P
P
8Q 2 DV
(8)
h = 1 - loss » 1 - cond = 1 Pcell
Pcell
1 + 4Q 2 Vcell
where Pcond is the conduction losses and Pcell is the power
generated by the cell.
As mentioned earlier and expressed by (1), the bus
voltage converges to half of the cell’s average voltage. This
process can be assumed instantaneous when compared to the
rate that cells’ voltages vary. As can be seen in (8), the power
processing efficiency linearly depends on ∆V, which reflects
on the voltage difference between the cells. This implies that
when balance is achieved the converter exhibits ideal power
processing efficiency, a consequence of the fact that no
current circulates through the system when balanced. It
should be further noted that setting the resonant parameters
reasonably high, (Q > 1.6), (8) can be approximated to:
-1
(9)
.
h = 1 - 2 D V × Vcell
This highlights that the efficiency depends primarily on the
cells’ status, and is virtually independent on the system
parameters, which is a clear advantage in any system and in
particular for a system that comprises multiple converters or
converters’ string.
III. IMPLEMENTATION, DESIGN CONSIDERATIONS AND
TOPOLOGY EXPANSION

Implementation of each of the m modules in Fig. 1 is
straightforward and is shown in Fig. 6. The battery cell side is
built around a conventional resonant half-bridge converter
topology whereas the bus capacitor side is constructed by a
standard full-bridge rectifier. As a result, the design of the
MOSFET’s gate drivers is standard and comprises low-side
and bootstrapped pairs. The design of the resonant inductance
and transformer follows a classical integrated magnetic
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element design, where Lr can be the leakage inductance L lkg
of the transformer which has been estimated as described in
[37].
Sm1

C r Llkg

Vcell,n- 1

Tm
1:1

Sm2

Sm3

Sm6

ir

Vcell,n

Sm 7
Vbus
Sm 8

Sm5

thicknesses of the primary and secondary winding,
respectively, and c is the distance between the primary and
the secondary windings. All lengths are assigned in mm. In
this study, the transformer has a 1:1 turns ratio and therefore
b 1=b2=b.

C bus

Sm4

Fig. 6. Implementation of each of the m balancing circuits.

A. Design Considerations
The analysis derived earlier establishes the main attributes
of the converter. Utilizing the above derivations, calculations
of the key components of the converter can be established by
the following procedure.
1. Choose target average current per cell Icell for maximum
setting of ∆V; the switching frequency fs and the quality
factor Q (Q should be larger than 1.6).
2. Calculate the expression
F ( Q ) = (1 + e

p
2Q

)(1 - e

p
2Q

) -1 .

(10)
3. From (5), (10), and considering δ < 1/2, L r and Cr are
selected according to
F ( Q ) DV
(11)
Lr <
(2p ) 2 I cell f s
and
2

æ p I cell ö
æ 1 ö 1
(12)
,
çç
÷÷ Lr < Cr < ç
÷
è 2p f s ø Lr
è F ( Q ) DV ø
respectively.
4. Verify that the resonant tank’s series resistance R satisfies
Z
R< r .
(13)
Q
If (13) does not hold, iterate (11) and (12).
5. The transformer’s area of product A'p (without the leakage
inductance consideration) should be selected according to
Vbus × I rms
(14)
Ap' >
DB × J × K × f s
where ∆B is the magnetic flux density at saturation, J is the
current density and K is the winding fill factor.
6. One convenient way to achieve the desired leakage
inductance L lkg of the transformer is to place the windings as
illustrated in Fig. 7 (for an E-type magnetic core). As
described in [37], the leakage inductance in this case can be
estimated by
m n 2 ATL b1 + b2
(15)
Llkg = 0
(
+ c) [ H ] ,
2

a

3

where µ0 is the permeability constant, n is the number of
turns in the primary winding, ATL is the average length of
turn, a is the winding height (see Fig. 7), b1 and b 2 are the

Fig. 7. Conventional transformer winding configuration for an Ecore [37].

7. If c in (15) is non-zero, adjust the area product by
c ö
æ
A p = A¢p ç 1 +
÷.
bø
2
è

(16)

B. Practical implementation
The voltage stress of the transistors is the cell voltage for
the cell side transistors and the bus capacitor voltage for the
bus side. The lower voltage stress allows transistors with
lower RDS(on) per silicon area. Current stresses depend on the
desired
convergence speed. The isolation between the bus capacitor
and the battery cells, provided by the transformer, enables the
topology to be extended, as demonstrated in Fig. 8, for four
battery cells. This modularization, as mentioned in [32],
provides another stage of balancing which can expedite the
balancing speed for the same power dissipation.

Fig. 8. Modularization of the balancing system for four battery
cells.

Another option to implement the balancing architecture is by
a multi-winding transformer for all or part of the modules as
shown in Fig. 9 (instead of a transformer for each module). In
this configuration, the overall component count of the system
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Cbus
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Connection to FPGA Controller

Secondary MOSFETs

Fig. 10. Hardware prototype modules of the balancing system

Fig. 9. Battery management system for n serially connected
batteries, where multi-winding transformer is used for all modules.

is further reduced, where there one full bridge converter
connects to the bus capacitor and one magnetic core
(assuming the leakage inductance for each winding plays the
role of the resonant inductor). The same principle of
operation, expressions and parameters as described in Section
II are applicable to the multi-winding configuration
alternative. It should be noted however, that a design of such
transformer may be complex in case that very large array is
considered. To alleviate the challenges in construction of
large arrays, multi-winding transformers can be designed for
portions in the array, combining few modules together and
utilizing modularization as described earlier by Fig. 8.
IV. EXPERIMENTAL VERIFICATION
The verification work of this study includes two levels of
experimentation. One set of experiments has been conducted
on a single module, to demonstrate the balancing action and
verify the analytical predictions as well as the simulation
results. This set uses two modules of the balancing system as
described in Fig. 6. Each module consists of two battery cells
(emulated by large capacitors). The modules are connected in
series. The second set of experiments aimed at a larger scale,
i.e. over several charging-discharging cycles, used to evaluate
and quantify the benefits of the new balancing architecture. In
these experiments, the battery string has been monitored for
several cycles of ‘routine’ operation with and without the
balancing system. To monitor the results over a wide time
frame (approximately 40 hours per experiment), capture and
log the data for variable charging and discharging patterns, an
automated testing setup has been developed.
Experimental prototypes of two modules (Fig. 10) have
been built and tested. Table I summarizes the component
types and values used in the experimental prototype.

The measured waveforms of the resonant tank during
steady-state of the balancing operation are presented in Fig.
11. Based on the principle of operation described earlier, the
balancing time is shared equally between the odd (cell,1 and
cell,3) and the even (cell,2 and cell,4) numbered cells. The
duration of each cell-balancing has been set to 200μs (i.e., the
balancing time for the odd and even numbered cells), and
cells’ voltages have been preset to: Vcell,1 = 12V, Vcell,2 =
12.15V, Vcell,3 = 11.3V, Vcell,4 = 12.4V, therefore the average
voltage of the pack is 11.95V. The procedure is demonstrated
in Fig. 12, where the resonant current and the resonant
capacitor voltage of both modules are measured over 500μs
to include the balancing operation for the odd and the even
numbered cells.
TABLE I
EXPERIMENTAL P ROTOTYPE PARAMETERS
Component
Cells: Batteries\capacitors
Transformer Tm, leakage inductance Llkg
Resonant tank capacitor Cr
Transformer magnetizing inductance Lm
MOSFETs S m1-Sm8
Bus capacitor Cbus
Resonant frequency fr
Switching frequency fs

Value
12 V, 5Ah \ 45mF
3.6 μH
250 nF
0.8 mH
Si4178DY
15 mF
168 kHz
130 kHz

Quantity
2
1
1
8
1 shared
-

During the first 200μs (second to fifth division in Fig. 12) the
even numbered cells are balanced and the odd numbered cells
are balanced in the successive 200μs. It can be seen that
throughout the balancing of the even-numbered cells, the
balancing current for cell,2 is lower than the balancing
current for cell,4, since the voltage difference between Vcell,4
to the average voltage is greater than the respective voltage
difference of Vcell,2. In the successive 200μs, cell,1 and cell,3,
it can be observed that the balancing current of cell,1 is zero,
since Vcell,1 equals to the average voltage of the string. Fig. 13
shows the cells’ (realized by large capacitors to allow rapid
convergence) voltages and the tanks’ resonant currents over a
long period of time when cells are pre-charged to different
voltages. It can be observed that, the voltages of the four cells
are equalized one to another and the currents decay to zero,
verifying the analysis and simulation.
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Fig. 14. A conceptual scheme of the automated setup used to
generate the charge-discharge patterns, capture an log the data.
Fig. 11. Experimental results of resonant tank current (top) and
resonant capacitor voltage (bottom) during balancing operation.
Current 500mA/div, voltage 2V/div, time scale 5μs/div.

Electronic Load
Power Supply
Scope

DMMs

Balancing Module #1
Balancing Module #2

Battery Cells

PC

Fig. 15. Workstation of the automated testing setup for consecutive
charge-discharge cycles.
Fig. 12. Resonant tank current (top) and resonant capacitor voltage
(bottom) during balancing of upper and lower cells with different
voltages (V cell,1 = 12V, V cell,2 = 12.15V, Vcell,3 = 11.3V, Vcell,4 =
12.4V), each of them is balanced for 200 μs. Current 500mA/div,
voltage 2V/div, time scale 50μs/div.

Fig. 13. Experimental results of voltage convergence of 4 cells with
different initial voltages (F1 – Vcell,1, C2 – Vcell,2, M3 – Vcell,3, M4 –
V cell,4, C4 – iL1, M2 – iL2), and the tanks’ resonant current. Time
scale 200ms/div, Cells voltages 500mV/div, tanks’ resonant current
500mA/div.

The speed of cells convergence is regulated by the dead
time between the charge/discharge instances of the resonant
tank. The longer the dead time, the slower the speed of
convergence. For wide time frame charging and discharging
cycles experiments, four 12V, 5Ah (nominal), Lead-Acid
batteries have been used as the series-connected battery
string. An automated test bench as illustrated in Fig. 14, has
been constructed to control the charging and discharging
cycles and to acquire data from the battery string and from
the balancing modules. The string has been tested with and
without the balancing circuits. Fig. 15 shows a photograph of
the automated testing setup.
Matlab code, running on the PC, controls the acquisition
instruments, which comprises five DMMs measuring cells
and bus voltages, programmable power supply for charging
the entire string, an electronic load discharging it, and two
current probes, connected to the scope measuring the
balancing current of each balancing module. Lab equipment
types that were used for this setup are detailed in TABLE II.
TABLE II
AUTOMATED S ETUP INSTRUMENTS
Testing device
DMM
Power Supply
Electronic Load
Scope

Model
Fluke 8845A
TDK Lambda Gen100-7.5
BK Precision 8502
Lecroy HDO 4034
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are virtually equalized. Table III summarizes the amount of
energy extracted from the battery string with and without the
balancing circuits.

Fig. 17. Experimental results of the charging current for 4 LeadAcid batteries string during charge-discharge cycles
Cell voltage [V]
15
V1
14

V2

13

Fig. 16. Flow chart of MATLAB routine code.

A flow chart of the Matlab code routine that controls the
charging and discharging cycles of the series-connected
battery string with and without the balancing modules is
shown in Fig. 16. C refers to the charging current that will
charge a fully discharged cell to it’s full capacity (5Ah in this
case) in one hour. ICC refers to a constant charging current
provided to the cells. The cut-off voltages for charging and
discharging are Vth,Hi (14.8V) and Vth,Lo (10.5V), respectively.
Prior to the following experiment, that utilizes the flow
described in Fig. 16, each battery is charged to its maximum
(CC/CV charging method). Then, the batteries are
individually fully discharged. By doing so and bearing in
mind that the initial SoC for all the cells is virtually identical,
their actual capacity could be extracted. It is found to be
approximately 3.1Ah. In the next step, the cells are charged
with different amount of charge: cell,1 = 0.525Ah, cell,2 =
0.35Ah, cell,3 = 0.175Ah and cell,4 is not charged at all. This
is intentionally done to set different SoC values for each cell.
The constant current for charging and the discharging is set to
0.2C (1A).
The experiment includes 5 charge/discharge cycles. In the
first cycle (cycle 0), the balancing circuit is turned off, during
the rest of the cycles (cycle 1 to cycle 4) the balancing circuit
is active. One-hour idle time is added between the cycles to
allow cell relaxation processes to conclude so that cell’s SoC
could be reliably estimated from open-circuit cell voltage
readings. The charging current and the cells’ voltages are
shown in Fig. 17 and Fig. 18 respectively. Once the balancing
circuits are turned on, cycle 1, the voltages begin to converge
to each other, and during the last cycle, cycle 4 the voltages

V3

12

V4
11
t [h]
10

0 2

4

6

8 10 12 14 16 18 20 22 24 26 28 30

Fig. 18. Experimental results of the cell voltages of 4 Lead-Acid
batteries string during charge-discharge cycles with and without
balancing system.
TABLE III
E NERGY IMPROVEMENT PER CYCLE
Cycle

Discharge
Time [h]

0
1
2
3
4

1.58
2.02
2.14
2.17
2.19

Extracted
Energy
[Wh]
78.55
99.92
106.21
107.81
109.1

Improvement
over preceding
cycle [%]
27.2
6.3
1.5
1.1

Overall
improvement
[%]
0
27.2
33.5
35
36.1

Cycle 0 (the balancing circuits are deactivated) is used as
a reference. Immediately with activation of the balancing
circuits, at cycle 1, the energy that was extracted from the
string was increased by 27.2% as compared to the reference
cycle. In the next cycle, cycle 2, 6.3% more energy was
extracted than in cycle 1, and in cycle 3 and cycle 4 1.5% and
1.1% more energy was extracted than in the preceding cycle
respectively. Overall, the activation of balancing circuits have
improved battery string performance in terms of energy
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extraction by 36.1% after the 4th cycle, comparing to the
capability of the battery string without the balancing
circuitry, i.e. the energy extracted during cycle 0.
V. CONCLUSION
In this work, a new soft switched isolated balancing
topology and operation method have been introduced. The
circuit is based on a modified series resonant converter
operating in DCM. The new balancing circuit uses one
transformer for balancing of two neighboring cells and as a
result, less magnetic components are required compared to
other isolated balancing topologies. Another significant
advantage of the topology is the extremely low quiescent
losses and as a result balancing system efficiency due to the
native behavior of the converter where no current circulates
through the system when the cells are balanced. Furthermore,
the topology can be easily scaled-up and modularized for as
many cells as required. A hardware prototype has been built
and tested verifying the balancing operation, analysis and
simulation. For an actual unbalanced batteries string,
substantial improvement, in terms of discharged energy and
discharge time, is observed after applying the balancing
circuit.
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