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Abstract – This paper introduces a new topology for 

parallel balancing of serially connected batteries string. The 

main advantage of the balancing concept 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 DCM and features zero current 

switching (ZCS). Another attractive feature is that one 

transformer for two cells is used, as opposed to conventional 

isolated topologies that require a transformer per cell. The 

realization is simple and requires simple current polarity 

detector. Experimental results have been obtained by a 

prototype of two series connected batteries, which 

demonstrates the balancing capabilities of the system.   

I. INTRODUCTION 

Serially connected batteries strings have been used for many 

high voltage DC applications. Among them, electric vehicles 

(EV) [1], hybrid electric vehicles (HEV) [2], plug-in hybrid 

electric vehicle (PHEV) [3] and other battery powered 

applications [4], [5]. 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 [6]. 

Therefore, a charge equalizer (i.e., balancing circuit) is essential 

to reduce the imbalances and consequently to improve the 

overall performance of the system [7], [8]. 

Several balancing circuits have been investigated over the 

recent years [9]-[33]. These can be generally classified into two 

main categories: passive and active. Passive balancing features 

simple design and implementation and relatively low cost [9], 

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 

[10]-[12], isolated and non-isolated unidirectional and 

bidirectional DC-DC converters [13]-[24], and multi-winding 

transformer-based converters [25]-[27]. The main challenges of 

the active solutions often relate to implementation issues such 

as high component count and complex control algorithms [28], 

[29]. In addition, increasing the balancing speed is traded for 

quiescent power loss, i.e. losses that exist when no balancing 

action is required. 

Recent studies have reported improved balancing schemes 

that are based on parallel balancing techniques [30], exhibiting 

higher equalization speed when compared to series balancing 

techniques. One particular challenge of the parallel balancing is 

the complexity in implementing large arrays. This has been 

addressed by a modularization concept presented in [31]-[34]. 

There, n batteries string is divided into M modules, each of them 

is balancing K cells so that n=M*K. This concept has 

established a solid foundation for a parallel balancing 

architecture, allowing higher efficiency that is pursued in this 

study.  

The objective of the study is to introduce a new active 

balancing converter topology for series connected batteries 

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 

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. The converter is controlled by simple control 

method and can be easily scaled up and modularized.  
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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 double-cell 

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 balancing module, 

built 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 the common voltage for all of 

the m double-cell modules and acts as a “link” that is used to 

transfer energy between the cells. As a result of the 

transformer’s 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 voltage and is 

independent on the number of cells in the string. The switching 

frequency fs is set to be lower than the resonant frequency fr (i.e. 

fs<fr) to allow operation in DCM with ZCS. 

The balancing action for each battery cell is divided into two 

steps: current polarity detection and then directional energy 

transfer based on the polarity. The operation of the switches is 

described in Fig. 2 for the upper cell, assisted by the current and 

voltage waveforms which are depicted in Fig. 3. In the first step, 

switches Sm1, Sm3, Sm5 and Sm8 are turned on at t=t0, and remain 

on for t0<t<t1 ((Fig. 2(a), Fig. 2(d)), where t1<t0+1/2fr, allowing 

bi-directional current flow. During this interval, the current 

polarity sensor determines the current direction in the resonant 

tank. The current direction depends on the 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, whereas Vcell,n-1<2Vbus, 

results in a negative current direction. In case that the cell 

voltage equals twice the bus capacitor voltage (Vcell,n-1=2Vbus), 

i.e., no balancing is needed, the current is zero and no energy is 

transferred in either direction. The current polarity is detected 

by a sensor at the primary side, as shown in Fig. 2(a) and in Fig. 

2(d), that determines the consecutive switching sequence in the 

second step. It should be noted that the switching configuration 

at the beginning of the switching cycle (t0<t<t1) is similar 

regardless of the difference between the cell and the bus 

voltages, that is for both positive and negative current. 

In the second step, after the current polarity has been 

detected, the operation resembles a conventional resonant 

converter in DCM. For positive detected current, Sm5 and Sm8 

turn off at t1, and their body diodes are conducting until the 

current becomes zero at t=t0+1/2fr (Fig. 2(b)). It should be noted 

that turning Sm5 and Sm8 off at a low, nonzero current (before t1) 

further allows ZVS at turn off. The current remains zero until 

half of the switching period t2=t0+1/2fs. At t2, Sm1 turns off and, 

followed by a short dead-time, Sm2 turns on (Fig. 2(c)). This 

discharges the resonant capacitor with a negative current during 

t2<t<t2+1/2fr and then the current is discontinued by the body 

diodes of Sm6 and Sm7 until the next switching cycle at t3=t0+1/fs. 

For a negative detected current at t0<t<t1, the operation is 

mirrored with respect to the cell and the bus side. Sm1 is turned 

off at t1, as shown in Fig. 2(e). The switches Sm5, Sm8 are turned 

off and Sm6, Sm7 are turned on (after a short dead-time) at t2 (Fig. 

2(f)). It should be noted that the switching timing can be loosely 

set. ZCS is naturally obtained by the body diodes as long as the 

switches have been turned off prior to the zero crossing point 

[35].  

Simulated typical convergence during balancing operation 

of the system is presented in Fig. 4, where four battery cells 

(emulated by large capacitances) have been preset 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 the 

average of half the voltage levels of the cells in the pack, and is 

given by 

 bus cell,
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To derive the expressions for the system’s key waveforms 
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Fig. 1. Battery management system for n serially connected batteries. 
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steady-state value of half the cell voltage, i.e. VCr=0.5Vcell. It is 

further assumed that the charge capacity 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 voltage 

difference ∆V=0.5Vcell-Vbus during steady-state. Due to 

symmetrical operation, the derivations are applied for the case 

that Vcell>2Vbus. 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:  
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and, Lr and Cr are the resonant network components and R is 

the total parasitic or stray series resistance in the resonant 

network. 

Sm7

Sm8

Sm1

Sm2

Vcell,n-1

Sm3

Sm4

Vcell,n

Sm5

Sm6

Tm

1:1

Cr Lr

CbusVbus

t1<t<t2

ir

(e)

Vcell,n-1

Sm7

Sm8

Sm1

Sm2

Sm3

Sm4

Vcell,n

Sm5

Sm6

Tm

1:1

Cr Lr

CbusVbus

t0<t<t1

ir

(a)

Current 

Polarity 

Sensor

Sm7

Sm8

Sm1

Sm2

Vcell,n-1

Sm3

Sm4

Vcell,n

Sm5

Sm6

Tm

1:1

Cr Lr

CbusVbus

ir

(d)

Current 

Polarity 

Sensor

t0<t<t1

Sm7

Sm8

Sm1

Sm2

Vcell,n-1

Sm3

Sm4

Vcell,n

Sm5

Sm6

Tm

1:1

Cr Lr

CbusVbus

t2<t<t3

ir

(f)

Sm7

Sm8

Sm1

Sm2

Vcell,n-1

Sm3

Sm4

Vcell,n

Sm5

Sm6

Tm

1:1

Cr Lr

CbusVbus

t1<t<t2

ir

(b)

Vcell,n-1

Vcell,n

Sm7

Sm8

Sm1

Sm2

Sm3

Sm4

Sm5

Sm6

Tm

1:1

Cr Lr

CbusVbus

t2<t<t3

ir

(c)

 
Fig. 2. Modes of operation: (a), (b) and (c) when Vcell,n-1>2Vbus, (d), (e) and (f) when Vcell,n-1<2Vbus. (a) and (d): current polarity detection at t0<t<t1, (b), (c), (e) and 

(f): energy transfer. 
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Fig. 3. Typical waveforms of the resonant inductor current and resonant 
capacitor voltage during balancing for the case when Vcell,n-1>2Vbus. 
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From (2), the peak amplitude of the resonant current and the 

average current flowing through the cell can be expressed as: 
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where δ=0.5fs/fr. The voltage swing of the resonant capacitor 

∆VCr during one switching cycle Ts=1/fs can be expressed as: 

 
peak2

rC rV I Z    (6) 

where, VC0 and VC1 are the initial and final voltages (Fig. 3), 

respectively, given by: 
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The power processing efficiency for a given voltage 

difference of ∆V can be expressed as: 
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As mentioned earlier and expresses by (1), the bus voltage 

converges to half of the cells 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 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 for a reasonable setting of the resonant parameters of Q>4, 

(8) can be approximated to: 

 
cell

1 1.273
2

V

V





  , (9) 

which highlights that the efficiency depends primarily on the 

cells’ status and is virtually independent on the system 

parameters. A clear advantage in a balancing system or any 

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 depicted in Fig. 5. The battery cell side 

is built around a conventional resonant half-bridge 

configuration whereas the bus capacitor side is constructed by 

a standard full-bridge rectifier configuration. As a result, the 

design of the MOSFET’s gates drivers is standard low-side and 

bootstrapped pairs. The design of the resonant inductance and 

transformer follows a classical LLC magnetic element design, 

where Lr can be the leakage inductance Llkg of the transformer 

which has been estimated as described in [36]. 

A. Design Considerations 

The analysis derived earlier established 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.  

Given: Target average current per cell Icell for maximum 

setting of ∆V; the switching frequency fs and quality factor Q>4.  

a. Calculate the expression 

  
4

41

Q

Q

e
F Q

e













  (10) 

Sm7

Sm8

Vcell,n-1

Vcell,n

Sm5

Sm6

Tm

1:1

Cr Llkg

Cbus

Sm1

Sm2

Sm3

Sm4

ir

1:k

VCC

VCC

VCC

Out-

Out+

cmp1

cmp2

amp1

R
3R

R

R

Rs

R

R

R1

Vbus

 

Fig. 5. Implementation of each of the m balancing circuits including the 

current polarity detection circuitry.  
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Fig. 4. Simulated convergence of cells with different initial voltage preset.  
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b. From (5), (10), and considering δ < 1/2, Lr and Cr can be 

selected according  to 
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c. Verify that the resonant tank’s series resistance R satisfies 

 rZ
R

Q
  . (13) 

If (13) does not hold, iterate (11) and (12). 

d. The transformer’s area of product A'
p (without the leakage 

inductance consideration) should be selected according to 

 
bus peak
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where ∆B is the magnetic flux density at saturation, J is the 

current density and K is the winding fill factor. 

e. To achieve the desired leakage inductance Llkg the 

transformer’s windings configuration should be designed as 

illustrated  in Fig. 6 (for an E-type magnetic core). As 

prescribed in [36], the leakage inductance in E core can be 

estimated by 

  
2

0 1 2( )
3

lkg

n ATL b b
L c H

a

 
  ,  (15) 

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, b1 and b2 are the thicknesses 

of the primary and secondary winding, respectively, and c 

is the distance between the primary and the secondary 

winding. All lengths are assigned in mm. 

 In this study, the transformer is with a 1:1 turns ratio and 

therefore b1=b2=b. 

f. Adjust the area product to include the addition of the 

leakage inductance by 
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c
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. (16) 

B. Practical implementation  

The current polarity detector circuitry (Fig. 5) is realized 

using a current transformer, summing amplifier and two 

comparators, as depicted in Fig. 5. Three operation modes are 

detected – positive, negative and zero current. The current is 

considered zero if its absolute maximum value, measured 

within t0<t<t1, is less than the threshold determined by the 

following expression: 
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where d=R / R1, k is the turns ratio of the current transformer, Rs 

is the sense resistor at the secondary side of the current 

transformer, R>>Rs, and R>R1. The outputs of the comparators 

determine the polarity of ir as detailed in Table I. 

TABLE I – CURRENT POLARITY SENSOR DETECTION 

Out+ Out- Current Polarity 

1 0 ir > 0 

0 1 ir < 0 

0 0 ir ≈ 0 

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. 
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Fig. 7. Modularization of the balancing system for four battery cells. 
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Fig. 6. Conventional transformer winding configuration for an E-core. 
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The isolation between the bus capacitor and the battery cells 

provided by the transformer enables the topology to be 

extended, as demonstrated in Fig. 7, for four battery cells. This 

modularization, as mentioned in [31], provides another stage of 

balancing and enables the operation at lower voltage stress 

which can expedite the balancing speed since higher current can 

be delivered for the same power dissipation. 

IV. EXPERIMENTAL VERIFICATION 

In order to demonstrate the balancing action and to verify 

the analysis and simulation results, experiments have been 

carried out using two large capacitors (emulating the batteries 

operation, in order to shorten the convergence time) as two cells 

in series. Table II shows the component types and values used 

in the experimental prototype. Fig. 8 presents the measured 

waveforms of the resonant tank during the balancing operation. 

Based on the principle of operation described earlier, the 

balancing time is shared equally between the cells. The duration 

of each cell-balancing has been set to 10 switching cycles. The 

procedure is demonstrated in Fig. 9, where the resonant current 

and the capacitor voltage are measured over 20 switching cycle. 

During the first 10 switching cycles the cell having the higher 

voltage is balanced (i.e. connects to the bus via the converter), 

whereas in the next 10 switching cycles the balancing is done 

for the cell with lower voltage. Convergence of the resonant 

capacitor voltage to the steady-state value can be observed in 

Fig. 9, supporting the analysis conjecture that the majority of 

energy transfer operation is carried under steady-state 

conditions. 

Fig. 10 shows the cells’ (realized by large capacitors to 

allow timely convergence) voltages and the tank’s resonant 

current over a long period of time when cells are pre-charged to 

different voltages. As can be observed, the voltages of the two 

cells are equalized one to another and the current decay to zero.  

Similar experiment was carried out using two 12 V, 7Ah, 

Lead-Acid batteries. Fig. 11 shows the batteries voltages over a 

long period of time when pre-charged to different voltages. As 

can be observed, the voltages of the two batteries are being 

balanced up to a small voltage difference. 

TABLE II – EXPERIMENTAL PROTOTYPE VALUES 

Component Value 

Cells: Batteries 12 V, 7Ah 

          When realized by capacitors 100 mF 

Transformer’s leakage inductance Llkg 5 μH 

Resonant tank capacitor Cr 5.7 μF 

Transformer’s magnetizing inductance Lm 3 mH 

MOSFETs Sm1-Sm8 Si4178DY 

Bus capacitor Cbus 15 mF 

Resonant frequency fr 30 kHz 

Switching frequency fs 20 kHz 

12.3V

11.7V

ir

 

Fig. 10. Experimental results of voltage convergence of two cells with different 
initial voltages, and the tank’s resonant current. Time scale 2s/div, Cells 

voltages 200mV/div, tank’s resonant current 500mA/div.  

 

Fig. 8. Experimental results of resonant tank current (top) and resonant 
capacitor voltage (bottom) during balancing operation. Current 200mA/div, 

voltage 500mV/div, time scale 20μs/div. 

 

Fig. 9. Resonant tank current (top) and resonant capacitor voltage (bottom) 

during balancing of upper and lower cells with different voltages, each of them 
is balanced for 10 switching periods. Current 500mA/div, voltage 500mV/div, 

time scale 100μs/div. 

807



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 topologies. Another significant advantage of the 

topology is the extremely low quiescent losses due to the native 

behavior of the converter where no current circulates through 

the system when the cells are balanced.  

The balancing operation is facilitated by a simple current 

polarity detection and does not require synchronization between 

modules. Furthermore, the topology can be easily scaled-up and 

modularized for as many cells as required. 
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