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Abstract – This paper introduces two new hybrid 

architectures for active balancing of serially connected 

batteries string. These architectures feature simple 

sensorless implementation, modularity, design flexibility 

and reduced component count. The key point of the 

balancing concept is that by merging two active balancing 

approaches, additional power paths between batteries cells 

are created, but without the penalty of extra conversion 

stages. Furthermore, the balancing systems operate in 

DCM and energy is transferred according to voltage 

difference between the cells. Therefore, no energy 

circulates in the system when the cells are balanced, 

resulting in expedited convergence and low power losses. 

Experimental results have been obtained by a prototype of 

six serially connected batteries; demonstrate the 

superiority of the new balancing system by comparison to 

conventional approaches.   

I. INTRODUCTION 

Batteries have been widely used in various applications as 

an energy storage element and a power source. To achieve the 

high voltage and high power required in applications such as 

electric vehicle (EV) and its derivatives, large number of 

batteries cells are connected in series [1]-[5]. Several potential 

flaws may lead to imbalances along the string, among them 

degradation with aging, charging and discharging, thermal 

conditions and internal impedance imbalance. These non-

idealities also reflect on the cells’ lifetime and lower the 

string’s performance reliability and efficiency [6]. Therefore, 

strings of serially connected batteries must be assisted by a 

balancing circuit to minimize imbalances and improve the 

overall performance [7], [8]. 

In the majority of commercial battery balancing 

applications, primarily due to cost and simplicity the passive 

balancing approach is predominant [9]. There, the excess 

energy of each cell dissipates through either a resistor or 

transistor. From an energy efficiency perspective, this concept 

is lossy and the seek for alternatives, sustainable, balancing 

options has been widely investigated in recent years [10]-[27]. 

In the active balancing approach, power converters are 

employed to evenly distribute the energy along the series 

string. Typically, energy is transferred from cells of higher 

voltage to the lower ones, or in more sophisticated designs by 

cell’s State-of-Charge (SOC) [28], [29]. Active balancing can 

be realized in a variety of ways for example using switched-

capacitors converters (SCC) [10]-[12], switched inductor 

converters [13]-[24], or multi-winding transformer based 

converters [25]-[27]. 

Another important classification of active balancing 

circuits is in the power flow architecture, i.e., series balancing, 

parallel balancing and hierarchical balancing. In series 

balancing, e.g. as in [11]-[12] and [21]-[22], 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 [30]-[32]. 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. 

Hierarchical balancing e.g. as in [33], enables more power 

flow paths by a combination of series and parallel setups and 

by doing so can expedite the convergence speed. However, it 

comes at the cost of an extra conversion stage that affects the 

efficiency of the system and component count. 

The objective of this study is to introduce new hybrid 

balancing architectures with a simple sensorless 

implementation and reduced component count. The new 

approach incorporates the advantages of the hierarchical 

balancing but without the penalty of additional conversion 

stages. The new architectures, shown in Fig. 1 and Fig. 3, 

equalizes the voltage of all cells to their average value using 

serial differential power processor (DPP) [34] and a common 

bus capacitor for the parallel power flow. The parallel 

balancing is facilitated by utilizing conduction paths of a 

neighboring module to link with the energy buffer. An 

additional significant advantage of the new topology is that the 

quiescent power loss is minimal since no energy circulates in 

the system when the batteries are balanced. 

The necessity of multiple energy paths for the action of 

balancing dc sources stems primarily from the tradeoff 

between the complexity of the system and the convergence 

characteristics (e.g., losses, duration etc.). The use of a hybrid-
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type balancing architecture enables the flexibility in modular 

operation without extra conversion stages. This advantage 

becomes further apparent for cases that long strings are 

considered. In this paper, two types of hybrid balancing 

alternatives are considered, one is a series balancing with a 

parallel link whereas the second setup serially links parallel 

modules. The primary aim in the context of this study is to 

utilize the link between modules without interference of the 

primary power flow and minimal hardware addition. In the 

following, each string consists of n cells and balanced using m 

modules where each module is in charge of balancing k cells, 

hence n=mk. 

The rest of the paper is organized as follows: The new 

hybrid balancing architectures are presented in Sections II 

and III. Section II describes a series balancing setup with a 

parallel link whereas a series link to a parallel setup is detailed 

in Section III. Experimental results and comparison to 

conventional architectures are provided in Section IV. Section 

V concludes the paper. 

II. SERIES BALANCING WITH A PARALLEL LINK 

The balancing system depicted in Fig. 1 describes an 

option to add a parallel power path to an already existing series 

balancing architecture. As can be observed, the string is being 

balanced using a serial DPP that is realized by switched 

capacitor converter (SCC). The parallel link is facilitated by 

connecting the primary side of a transformer to the switching 

nodes of a SCC module via an inductor (can be replaced by 

the transformer’s leakage inductance), whereas the secondary 

side of the transformer connects to an energy buffer capacitor 

through a bridge rectifier assembly. By doing so, the energy 

buffer links to other modules and additional energy path is 

created that potentially expedites the balancing speed and 

reduces the amount of conversions to equalize distant cells. It 

should be noted that the primary side of the parallel link can 
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Fig. 1. Hybrid Battery balancing system for n serially connected batteries 

using SCC combined with a parallel link. 
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Fig. 2. Parallel link for SCC half-bridge based configuration. 
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Fig. 3. Hybrid Battery balancing system for n serially connected batteries 

using resonant-type parallel modules linked through SCC. 
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be realized in a variety of ways, for example as a full-bridge 

assembly as shown in Fig. 1, or in case that the DPPs are 

synchronized, a half-bridge configuration is sufficient as 

depicted for example in Fig. 2.  

The principle of operation is described for the system 

shown in Fig. 1. The switching frequency is set the same for 

the SCC and for the parallel link. To avoid a scenario that the 

inductor of a parallel link connects to a cell with a nonzero 

current, the operation of these modules is set to DCM. This 

further simplifies the required circuitry for bidirectional 

operation without sensors and use of smaller magnetic 

elements. For reasons of symmetry, the parallel circuits have 

been assigned to the middle cells of each module. The bus 

capacitor holds the average voltage of the pack Vbus, which is 

the common voltage for all modules. Assuming that a one 

parallel link is used every k=3 cells, Vbus and can be expressed 

as:            

 
bus cell,3 1

1

1




 
m

k

k

V V
m   (1)   

It should be noted that since isolation is used and each of the 

secondary circuits has an independent rectifier, the balancing 

action per cell is independent of the other cells in the string. 

This means that no synchronization between modules is 

required. The SCC can be activated in several operation 

modes, namely complete-charge, partial-charge or no-

charge [35]-[36]. The operation of the SCC as DPP forces 

voltage equalization between adjacent cells, is described in 

depth in the literature [37]-[39]. 

The details for the balancing operation of one module with 

3 battery cells are described through the sub-circuits in Fig. 4 

and assisted by the corresponding simplified circuits 

illustrated in Fig. 5. To distinguish the contribution of the 

series and parallel balancers, the current flow per mode and 

direction are highlighted in Fig. 4 for each time interval, for a 

case that Vcell,2 > Vbus, Vcell,1 > Vcell,2 > Vcell,3. isw represents the 

current that is processed by the series path and the inductor 

current iL indicates the current that flows through the parallel 

link. The switching period is divided into two equal intervals, 

t1 = ton1 + toff1 and t2 = ton2 + toff2. In the first half-cycle t1, the 

switches S1, S3, S6, S8, S9 and S12 are turned on for ton1  (see Fig. 

4(a)), allowing the current to flow in both directions. During 

this interval, the current flows from cell,1 to Csw1, from Csw2 

to cell,3 and from cell,2 to the bus capacitor. Simplified 

equivalent circuits for the operation of the parallel link and the 

SCC are depicted in Fig. 5(a) and Fig. 5(b), respectively. In 

the following time interval, toff1 (see Fig. 4(b)), the switches 

are turned off, isw is zero and iL flows through the body diodes 

of S4, S5, S9 and S12.  In the second half-cycle, t2, switches S2, 

S4, S5, S7, S10 and S11 are turned on for ton2 (see Fig. 4(c)) so that 
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Fig. 4. Balancing operation of one module with 3 battery cells for the case Vcell,2 > Vbus, Vcell,1 > Vcell,2 > Vcell,3: (a) ton1, (b) toff1, (c) ton2, (d) toff2. Red arrows 

mark currents directions. 
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Fig. 5. Voltage equalizing mechanism for the balancing system in Fig. 1 

and for the case Vcell > Vbus and Vcell,i > Vcell,i+1: (a) battery cell and the bus 

capacitor during t1, (b) battery cell and switched capacitor case during t1, (c) 
battery cell and the bus capacitor during t2, (d) battery cell and switched 

capacitor case during t2. 
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cell,1 and cell,3 are idle and cell,2 is being balanced. 

Throughout this interval current flows from Csw1 to cell,2, and 

from cell,2 to Csw2 and to the bus capacitor. Fig. 5(c) and Fig. 

5(d) show the equivalent circuits during this interval. In the 

next time interval, toff2 (Fig. 4(d)), the switches are turned off, 

isw is zero and iL flows through the body diodes of S3, S6, S10 

and S11 until it becomes zero, and it remains zero until the next 

switching period. The balancing current for SCC depends on 

the voltage difference between nearby cells whereas for the 

parallel link it depends on the voltage difference between cell 

and the bus capacitor voltage. The resulting current for the 

parallel link can be expressed as:     

        

int
L

V

L
i t

              (2)   

where the index int={on1, off1, on2, off2} refers to the 

time interval of operation and ΔVint refers to the applied 

voltage on the inductance of the parallel link, reflected to the 

primary side. Fig. 6 shows a typical waveform of the current 

that is processed through the parallel balancer for a case that 

Vcell > Vbus. As implied from (2) and can be observed from Fig. 

6, the current slope during the on times is a function of the 

voltage difference between the cell and the bus. However, at 

the off intervals it is proportional to the sum of voltages and is 

much steeper than the one of the on time. This means that its 

effect on the total charge per cycle is small and can be 

neglected for the design of the circuit.  

Fig. 7 shows convergence results of the balancing 

architecture that have been obtained through simulation. A 

pack of six batteries (emulated by large capacitances) has been 

preset to different voltages. By the balancing action, their 

voltage converge to the average value of the pack validating 

the operation of the system.  

The system shown in Fig. 2 represents another possibility 

to facilitate the parallel link. In this case a resonant-type 

conversion, similar to the one described in [32], is used. The 

current that flows through the parallel link is resonant and 

therefore ZCS is obtained. In this system the bus capacitor 

holds half of the middle cells’ average voltage and can be 

expressed as:  

 
1

bus cell,3 2

0

1

2







 
m

k

k

V V
m

  (3) 

 The switching cycle, Ts, is set longer than the resonant period 

and is divided into two equal intervals, t1 = ton1 + toff1 and t2 = 

ton2 + toff2, where 𝑡𝑜𝑛1 = 𝑡𝑜𝑛2 = 𝜋√𝐿𝑟/𝐶𝑟 . In the first half-cycle t1, 

the switches S1, S3, S5, S7 and S10 are turned on for ton1, 

allowing the current to flow in both directions. During this 

interval (and for the case that Vcell,2 > 2Vbus, Vcell,1 > Vcell,2 > 

Vcell,3), the current flows from cell,1 to Csw1, from cell,2 to Csw2 

and to the bus capacitor. Simplified equivalent circuits for the 

operation of the parallel link and the SCC are depicted in Fig. 

8(a) and Fig. 8(b), respectively. In the following time interval, 

toff1, the switches are turned off, and no current circulates in 

the system.  In the second half-cycle, t2, switches S2, S4, S6, S8 

and S9 are turned on for ton2 so that current flows from Csw1 to 

cell,2, from Csw2 to cell,3 and resonant current discharges the 

resonant capacitor. Fig. 5(c) and Fig. 8(d) show the equivalent 

circuits during this interval. In the next time interval, toff1, the 

switches are turned off and the current is zero. The current 

remains zero until the next switching cycle. 

III. PARALLEL BALANCING WITH A SERIES LINK 

The second balancing architecture of this study is shown 

in Fig. 3. In this system, as opposed to the setup in Fig. 1, the 

balancing core consists of parallel modules for the primary 

energy flow and SCCs serially link between them. This creates 

an additional path for the energy to flow between adjacent 

cells of neighboring modules. The balancing system is divided 

into m modules, each is constructed of k=4 cells. The two inner 

cells are connected to a parallel balancing circuit whereas the 

top and bottom cells use the series link to equate their voltages 

with the middle cells and the outer cells of the adjacent 
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Fig. 6. Waveform of the current through L for the case that Vcell > Vbus. 
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Fig. 7. Simulation results for 6 batteries cells (2 modules) emulated by 
large capacitors. 
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Fig. 8. Voltage equalizing mechanism for the balancing system in Fig. 2 

and for the case Vcell > Vbus and Vcell,i > Vcell,i+1: (a) battery cell and the bus 

capacitor during t1, (b) battery cell and switched capacitor case during t1, (c) 
battery cell and the bus capacitor during t2, (d) battery cell and switched 

capacitor case during t2. 
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modules. This way, the primary energy flow of the string as 

well as the differential energy paths are intact. 

Among the variety of options to realize a parallel balancing 

circuit, this study employs a resonant converter approach 

recently presented in [32] and demonstrated benefits of ZCS, 

no quiescent power loss, relatively low component count and 

very simple control without synchronization between 

modules. The parallel balancer is constructed of two cells, 

each of them is connected to a half bridge transistor assembly 

that connects to the primary side of the transformer via a series 

resonant network. The secondary side connects to the bus 

capacitor via a full bridge transistor assembly. In a similar 

manner to the configuration of Fig. 1, the bus capacitor voltage 

is common for all modules and can be expressed as:            

 
1

bus cell,4 2 cell,4 3

0

1
( )

4



 



 
m

k k

k

V V V
m

  (4) 

The switching frequency fs is set lower than the resonant 

frequency fr (i.e. fs < fr) to allow operation in DCM [32]. By 

doing so, ZCS is obtained for the parallel balancing circuit. 

The balancing time is shared equally between the top cells and 

bottom ones, that is cell,1 and cell,2 are being balanced for 

some period of time (several switching cycles) and then cell,3 

and cell,4 are balanced for the same period of time. The details 

of the balancing operation for one switching cycle are 

provided using the sub-circuits in Fig. 9 and assisted by the 

corresponding simplified circuits illustrated in Fig. 10. One 

module with 4 battery cells and for the case 0.5Vcell,2 > Vbus, 

0.5Vcell,3 < Vbus, Vcell,1 > Vcell,2 > Vcell,3 > Vcell,4 is considered.  

The currents flow are also highlighted in Fig. 9; for the parallel 

part it is represented by resonant current iL, and for the series 

link - by isw. The switching cycle is divided into two intervals, 

t1 and t2, as described in Fig. 9(a) and Fig. 9(b) for the top 

cells, and in Fig. 9(c) and Fig. 9(d) for the bottom ones. In the 

first interval t1 (see Fig. 9(a)), switches S1, S3, S9 and S12 are 

turned on, allowing the current to flow in both directions. 

During this interval, the current flows from cell,1 to Csw1 

(series link), and from cell,2 to the bus capacitor (parallel 

link). The equivalent circuits for the operation of the parallel 
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Fig. 9. Balancing operation of one module with 4 battery cells for the case 0.5Vcell,2 > Vbus, 0.5Vcell,3 < Vbus, Vcell,1 > Vcell,2 > Vcell,3 > Vcell,4: (a) t1 for top cells 
balancing, (b) t2 for top cells balancing, (c) t1 for bottom cells balancing, (d) t2 for bottom cells balancing. Red arrows mark currents directions. 
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Fig. 10. Voltage equalizing mechanism for the case Vcell > Vbus and Vcell,i > 

Vcell,i+1: (a) battery cell and the bus capacitor during t1, (b) battery cell and 

switched capacitor case during t1, (c) battery cell and the bus capacitor during 
t2, (d) battery cell and switched capacitor case during t2. 
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link and the SCC are depicted in Fig. 10(a), Fig. 10(b), 

respectively.  

During t2, switches S2, S4, S10 and S11 are turned on 

(see Fig. 9(b)). Throughout this interval the current flows from 

Csw1 to cell,2, and resonant current flows to the bus capacitor 

that discharges the resonant capacitor Cr. Fig. 10(c) and Fig. 

10(d) show equivalent circuits during this interval. At the end 

of this time interval both currents (iL and isw) becomes zero, 

and remain zero until the next switching period. For the 

bottom cells, the operation is mirrored as illustrated in Fig. 

9(c) and Fig. 9(d). 

The balancing current for the parallel circuit for one 

switching period is depicted in Fig. 11. It is a function of the 

voltage difference between the cell and the bus capacitor, and 

can be expressed as:       

  

2

2

4

( ) sin(2 )

(1 )










rf t
Q

L r

Q

r

V
i t e f t

e Z






  (5)                                        

where, Zr = √𝐿𝑟/𝐶𝑟 is the characteristic impedance of the 

resonant tank, ΔV = 0.5Vcell - Vbus is the voltage applied on the 

resonant network, Q is the quality factor of the resonant tank, 

and fr is the resonant frequency, given by        

 
1

2
r

r r

f
L C

  (6) 

Fig. 12 shows convergence results of the balancing 

architecture that have been obtained through simulation. A 

pack of eight batteries (emulated by large capacitances) has 

been preset to different voltages, by the balancing action their 

voltages converge to the average value of the pack, validating 

the operation of the system.  

IV. EXPERIMENTAL VERIFICATION 

To demonstrate the balancing operation and verify the 

theoretical analysis and simulation results, several 

experiments have been carried out using two modules of the 

series balancing system with parallel links as described in Fig. 

1 and Fig. 2. Each module consists of three battery cells and 

all six-battery cells are connected in series. Table I shows the 

components types and values of the experimental setup 

described in Fig. 1. Table II summarizes the experimental 

parameters for the prototype described in Fig. 2.  The 

hardware prototype is shown in Fig. 13. 

Fig. 14Fig. 15 and Fig. 15 present the steady-state 

operation current waveforms in L1 and L2 in case of 

unbalanced cells for the parallel links shown in Fig. 1 and Fig. 

2 respectively. For the parallel link shown in Fig. 1 ton1= 

ton2=0.4Ts, whereas for the resonant link ton1= ton2=0.45Ts. In 

both cases, since Vcell,2 > Vcell,5, current is flowing from cell,2 

to the bus capacitor and from the bus capacitor to cell,5. As 

can be observed, since Vcell,2–Vbus=Vcell,5–Vbus, the inductors 

currents are equal in magnitude. The phase of the currents is 

shifted since there is no synchronization between the modules. 

This is in agreement with the analysis and simulations 

provided earlier. 
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Fig. 11. Waveforms of the current across L for the case that 0.5Vcell > Vbus. 
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Fig. 12. Simulation results for 8 batteries cells (2 modules) emulated by 

large capacitors. 
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Fig. 13. Hardware prototype of a series balancing with a parallel link as 
described in Fig. 1. 

 TABLE I – EXPERIMENTAL PROTOTYPE VALUES 

Component Value 

Batteries (emulated by large capacitors) 45 mF 

Transformer leakage inductances L1, L2 2 μH 

Transformer magnetizing inductances Lm1, Lm2 2.5 mH 

SCC capacitors 10 μF 

MOSFETs Sm1-Sm12 30V, 5.7mΩ 

Bus capacitor Cbus 15 mF 

Switching frequency fs 200 kHz 

TABLE II – EXPERIMENTAL PROTOTYPE VALUES – 

RESONANT LINK 

Component Value 

Resonant inductances Lr1, Lr2 

Resonant capacitance Cr1, Cr2 

Resonant frequency fr 

45 mF 

150 nF 

220 kHz 
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Fig. 16 and Fig. 17 show the batteries voltages over a 

longer period, with initial voltages pre-charged to different 

values, for the hybrid balancing architectures depicted in Fig. 

1 and Fig. 2 respectively. As can be observed, the voltages of 

all six cells converge to their average value. It can also be 

observed that once balance has been obtained, the current 

decays to zero since the voltage difference between all cells is 

zero. A comparison in terms of balancing speed between a 

series balancing architecture and both hybrid architectures 

also has been carried out. Fig. 18 shows the convergence of 

six cells with the series setup. It can be seen that convergence 

to voltage difference of 300mV took 240ms, where with the 

hybrid configurations, the duration has been trimmed down by 

37.5% to 150ms and by 12.5% to 210ms. It should be noted 

that the faster convergence time is obtained by the system that 

is equipped by the parallel link described in Fig. 1. This is 

because the converter topology, used for parallel link in this 

architecture, has higher current sourcing capabilities, i.e. 

higher current can processed for a given voltage difference 

between the cell and the bus.  

V. CONCLUSION 

In this work, two new hybrid balancing architectures for 

serially connected batteries string have been introduced. Fast 

convergence of the cells, compared to traditional series active 

balancing system, is achieved by a combination of series and 

parallel balancing techniques with low voltage bus capacitor 

that is common for all the modules. Each of the balancing 

modules is in charge of balancing k cells and therefore enable 

flexibility in the system design. The fact that no energy 

circulates in the system when the cells are balanced, results in 

extremely low quiescent power loss. The operation of the 

modules is simple and does not require any current or voltage 

sensors to regulate or control the system. The results of the 

iL1

iL2

 

Fig. 14.  Typical current waveforms for the parallel balancing link. Current 
scale: 500mA/div. Time scale is 2μs/div. 

iL2

iL1

 

Fig. 15.  Typical current waveforms for the resonant parallel balancing 

link. Current scale: 500mA/div. Time scale is 2μs/div. 

iL1

iL2

Vcell,1=4V

300mV

150ms

Vcell,2=3.8V
Vcell,3=3.6V
Vcell,4=3.4V
Vcell,5=3.2V
Vcell,6=3V

 

Fig. 16.  Experimental results of voltage equalization with the hybrid 

architecture (series balancing with a parallel link). Voltage scale: 0.5V/div. 
Current scale: 2A/div. Time scale is 50ms/div. 

210ms

300mV

iL2

iL1

Vcell,1=4V
Vcell,2=3.8V
Vcell,3=3.6V

Vcell,4=3.4V

Vcell,5=3.2V
Vcell,6=3V

 

Fig. 17.  Experimental results of voltage equalization with the hybrid 

architecture (series balancing with a resonant parallel link). Voltage scale: 
0.5V/div. Current scale: 2A/div. Time scale is 50ms/div. 

300mV

240ms

Vcell,1=4V
Vcell,2=3.8V
Vcell,3=3.6V
Vcell,4=3.4V
Vcell,5=3.2V
Vcell,6=3V

 

Fig. 18.  Experimental results of voltage convergence with a series 

balancing architecture using SCCs only. Voltage scale is 0.5V/div. Time scale 
is 50ms/div. 
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experimental prototypes have been found in excellent 

agreement with the theoretical analysis and showed fast 

convergence of the cells to negligibly small voltage 

difference. 
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