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Abstract: This paper proposes a new battery balancing control strategy based on state of charge (SOC) for 

addressing the problem of cell-to-cell differences in lithium-ion battery systems. The strategy utilizes a 

reconfigurable converter system to transfer energy from high-SOC battery modules to low-SOC battery 

modules and allows balancing the battery modules while they are powering the load. A MATLAB/Simulink 

simulation model with five batteries was built to validate the effectiveness of the proposed balancing strategy 

under unloaded and loaded conditions. The simulation results demonstrate that the proposed strategy 

achieves more efficient and accurate battery module balancing compared to the previous balancing modes, 

thus increasing the overall lifespan and safety of the battery pack. 

Keywords: reconfigurable battery; balancing; integrated converter; state of charge (SOC) 

 

1. Introduction 

Due to the cell-to-cell variation in lithium-ion battery systems, individual cells may become 

overcharged or over-discharged during charging and discharging processes. Failure to perform 

timely and effective balancing may result in decreased battery pack lifespan, reduced capacity, 

performance degradation, and even safety hazards such as fire [1,2]. Therefore, battery balancing 

plays an important role in improving overall battery pack lifespan, ensuring battery safety and 

reliability, and increasing energy utilization efficiency [3,4]. 

Battery balancing methods can be classified into passive balancing and active balancing 

depending on whether energy dissipation is involved [5]. 

Passive balancing mainly utilizes resistors to bypass discharge energy from cells with higher 

energy levels, consuming their excess energy in the form of heat to achieve energy consistency among 

all cells. The advantages of passive balancing include simple and feasible circuit structure, low cost, 

small circuit volume, and easy control. However, since energy is dissipated in the form of heat, the 

overall energy utilization efficiency of the battery module is relatively low [6,7]. 

Active balancing mainly utilizes energy storage components such as capacitors and inductors to 

transfer energy between cells, which can be achieved with different circuit structures. Active 

balancing has high energy utilization efficiency, high balancing efficiency, and fast balancing speed. 

However, it usually comes with complex circuit structures and control strategies, resulting in higher 

implementation costs [8]. 

Currently, reconfigurable battery energy storage systems have attracted increasing attention due 

to their ability to dynamically reconfigure the battery topology in real-time to adapt to specific 

application requirements [2,9–13]. This can more effectively utilize battery resources, isolate 

corresponding batteries according to their current state of charge and health status without affecting 

the charge and discharge processes of other batteries, and extend the battery's service life while 

reducing the possibility of module failure [14,15]. 

Since the internal resistance between battery cells is different, using single-cell voltage as the 

balancing index would typically result in errors. Therefore, the state of charge (SOC) of the battery is 
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usually used as the balancing index. The State of Charge (SOC) is commonly used to characterize the 

amount of charge in a battery cell. A battery cell’s SOC is defined by the ratio of the cell’s present 

amount of charge to its rated charge capacity [16]. In [17], the authors proposed an integrated 

reconfigurable converter structure that can be used for high-voltage battery systems. In [18,19], the 

authors proposed load-sharing balancing strategies and distributed balancing control for battery 

modules based on the circuit structure of the integrated reconfigurable converter. In [20], the authors 

improved the structure of the integrated reconfigurable converter system and proposed a new 

balancing strategy. However, this balancing strategy cannot achieve free energy exchange between 

battery modules. 

In this paper, we propose a new charge-balancing strategy based on [20]. This balance mode 

enables high-charged battery modules to transfer energy to low-charged battery modules and 

achieve free energy exchange between battery modules. 

This paper is organized as follows: Section 2 introduces the integrated system of reconfigurable 

battery and converter and illustrates its working principle. Section 3 describes the balancing strategy 

and design of the control system. Section 4 presents simulation experimental results and analysis. 

The last section concludes this paper. 

2. Structure and Working Principle of Integrated Reconfigurable Converter 

The integrated reconfigurable converter is shown in Figure 1, where three battery modules are 

presented for illustration purposes. However, the same configuration can be applied to systems with 

a higher number of battery modules. The entire system consists of a battery module selector and 

boost converters. The Boost converter's configuration is displayed in Figure 2. The battery modules 

can be dynamically reconfigured to select different input voltages. When the input voltage changes, 

the range of output voltage that the Boost converter can provide also changes accordingly. The 

relationship between the output voltage Vout, input voltage Vin, and the duty cycle D of the Boost 

converter is expressed in Equation (1). Table 1 shows the different battery modules that the battery 

module selector can choose from. It is worth noting that due to the need to reduce the number of 

switches, the battery module selector cannot individually connect B1 and B3 to the circuit, which can 

be further improved in future circuit designs. 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

Battery module selector Boost converter&load

D3

D1 D2  

Figure 1. Reconfigurable Battery and Converter Integrated Structure. 
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Figure 2. Boost Converter. 
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Table 1. Different input modes of battery modules. 

Selected module S1 S2 S3 S4 S5 S6 

B1 1 0 0 1 0 0 

B2 0 1 0 0 1 0 

B3 0 0 1 0 0 1 

B1, B2 1 0 0 0 1 0 

B2, B3 0 1 0 0 0 1 

B1, B2, B3 1 0 0 0 0 1 

The Battery Management System (BMS) can identify battery modules with relatively high States 

of Charge (SOC), and the battery module selector prioritizes their discharging by switching 

corresponding switches. The BMS can dynamically reconfigure battery modules to have two different 

working modes: power supply mode and balancing mode. These two modes will be elaborated on in 

detail below. 

2.1. Power supply mode 

Figure s 3 (a) and (b) illustrate the configuration of the battery system when they are powering 

the load. In this mode, the converter operates in boost mode, and the control system can select 

different battery modules through the battery module selector to discharge at different input 

voltages. In case of a failure among the switches S1-S6, a flow path is required to release the energy 

from the inductor to protect the circuit from damage. Figure 4 shows the path where the inductor 

current flows. This path can also be used to return the energy from the inductor back to all battery 

modules, which not only protects the circuit but also avoids wasting energy. 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2

Sb

On

Sb Off  
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(a) 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2

Sb

On

Sb Off  
(b) 

Figure 3. Battery system power supply mode (a) B1 provides power to the load (b) B2 and B3 provide 

power to the load. 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2  

Figure 4. The freewheeling path for the inductor current. 

2.2. balance mode 

The balancing mode enables energy transfer from battery modules with high SOC to those with 

lower SOC, and this energy transfer is achieved by utilizing the inductor L. Figure s 5(a), (b) and (c) 

demonstrate the leftward energy transfer. Figure 5(a) shows the energy transfer between one module 

and another. In this figure, switches Sb and S3 are always on, and by turning on switch S6 and turning 

off switch S4, the energy in B3 shifts to inductor L. Then, by turning off switch S6 and turning on 

switch S4, the energy in inductor L is released and charges B2, achieving energy transfer from B3 to 

B2. The same switching cycle is repeated until the two modules reach equilibrium. Figure 5(b) 

illustrates the energy transfer from one module to two modules, and Figure 5(c) shows the energy 

transfer from two modules to one module. 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2

S6 On

S4 Off
S6 Off

S4On

 
(a) 
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B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2

S6 OnS6 Off

 
(b) 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2

S6 OnS6 Off

 
(c) 

Figure 5. Illustration of balancing mode during one switching cycle. (a) Module to a module (B3 is 

discharged into B2). (b) Module to modules (B3 is discharged into B1 and B2). (c) Modules to a module 

(B2 and B3 are discharged into B1). 

3. Balancing Strategy and Control System Design 

This section describes the system balancing strategy and the design of the control system. 

3.1. balanced strategy 

The proposed new balancing strategy first identifies the battery module with the highest SOC 

and charges the inductor. Since the current flowing through the inductor cannot change immediately, 

the energy on the inductor is transferred to the battery module with the lowest SOC by changing the 

switch status. This balancing strategy can accelerate the balancing speed and can also be applied 

during load usage. The specific balancing strategies for scenarios with and without load usage are 

explained below: 

When there is no load usage, the balancing measure of the battery system is to have the battery 

module with the highest SOC store energy in the inductor, and then change the switch status to 

release the energy stored on the inductor to the battery module with the lowest SOC. As shown in 

Figure 6(a) and (b), when battery module B3 has the highest charge while B2 has the lowest, the 

balancing strategy adjusts such that battery module B3 first charges the inductor through switches 

S3 and S6, then maintains the closure of switch S3 and opens switch S4 to transfer the energy from 

the inductor to S4. Figure 6(b) shows the energy transfer from battery module B3 to battery module 

B1 when B3 has the highest charge while B1 has the lowest.  
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D1 D2
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S4 Off
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(a) 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2

S6 OnS6 Off

 
(b) 

Figure 6. Balancing strategy when not using load: (a) B3 is discharged into B2. (b) B3 is discharged 

into B1. 

When the load needs to be used, a converter is connected, and the balancing measure of the 

battery system is adjusted so that the battery module with the highest charge level supplies power to 

both the load and the inductor, then, by changing the switch status, the energy stored on the inductor 

is released to the battery module with the lowest SOC. As shown in Figure 7(a) and (b), when battery 

module B1 has the highest charge level while B2 has the lowest with the load operating, the balancing 

strategy adjusts such that battery module B1 supplies power to the inductor and the load via switches 

S1 and S4, then maintains the closure of switch S4 and opens switch S3 to transfer the energy from 

the inductor to the load and B2. Figure 7(b) shows the case when battery module B1 has the highest 

charge level while B3 has the lowest. 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2

S1 Off

S3 On

S1 On

S3 Off

Sb

On

Sb Off  
(a) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 May 2023                   doi:10.20944/preprints202305.1966.v1

https://doi.org/10.20944/preprints202305.1966.v1


 7 

 

B1 B2 B3

L

LoadC

S3S2S1

S6S5S4

Sb

D3

D1 D2

S1,S4 Off

S5 On

S1,S4 On

S5 Off

Sb

On

Sb Off  
(b) 

Figure 7. Balancing strategy when using load: (a) B1 is discharged into B2. (b) B1 is discharged into 

B3. 

Figure 8 illustrates the flow diagram of the balancing system: First, obtain and sort all SOC 

values of battery modules to find the module with the highest and lowest SOC levels. If the difference 

in SOC between two modules exceeds the threshold value ∆e, the control system controls the 

corresponding switches of these two modules to transfer excess charge from the high SOC module to 

the low SOC module. If there is no load during the balancing process, switch Sb remains closed. If 

the load is used, a PWM signal is used to control the on/off state of switch Sb to connect the converter, 

ensuring that a single battery module can provide the required voltage. When the SOC difference 

between any two modules is lower than the threshold value ∆e, the balancing process ends, and the 

required battery modules can be connected according to Table 1 to change the working voltage range 

of the boost converter. Once the SOC difference exceeds the threshold value ∆e, the balancing 

procedure starts over. This iterative process ensures effective SOC balancing and prevents 

overcharging or over-discharging, thus improving the overall life and safety performance of the 

battery. 

Measure the battery 
modules' SOC

Find the battery module with 
the maximum and minimum 
SOC, i.e. SOCmax, SOCmin

△SOC=SOCmax-SOCmin

Need to balance, the highest 
SOC battery module is 

discharged into the lowest 
SOC battery module

△SOC<△e Yes
No need for balancing, 

connect the required 
battery modules as 
shown in Table I

No
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Figure 8. Flow diagram of the balancing management system. 

3.2. Control System Design 

This section describes the design of a balancing system with and without load, and the balancing 

system controllers are both PI controlled. 

3.2.1. Controller design for the balancing operation when no load is used. 

The system diagram of the PI controller without load balancing mode is shown in Figure 9. In 

order to design the PI controller, the small-signal modeling shown in Figure 10 is first derived 

PI TpiL
ref

+

-

d
iLModulator

 

Figure 9. Controller design for the balancing operation when no load is used. 

LS4

Sb

LS6

S3

Sb

S3

vi vo

ii io

S6 On

S4 Off
S4 On

S6 Off

 

Figure 10. Simplified topology of the balancing mode when unused load in small-signal modeling. 

The average state equation for balancing mode without load usage is as follows:  

(1 )L
i o

di
L dv d v

dt
= − −  (2)

Introducing ac perturbations into the above equation yields 

    ( ) ( )( ) [1 ( )]( )L L
i i o o

d I i
L D d V v D d V v

dt

+
= + + − − + +  (3)

The small-signal model can then be written as 

    (1 )L
i i o o

di
L dV Dv D v dV

dt
= + − − +  (4)

The above equation can be obtained by applying Laplace transform: 

   (1 ) ( )L i o o isLi Dv D v d V V= − − + +  (5)

The transfer function of the balancing mode when unused load can be obtained from equation 

(5): 




i oL
p

V Vi
T

Lsd

+
= =  (6)

The transfer function of the PWM modulator can be modeled as: 
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
1

mT
V

=  (7)

where  1V = is the peak value of the sawtooth carrier signal. Using the small-signal transfer function 

(6), the PI controller parameters Kp and Ki were calculated to regulate the current on the inductor, 

namely the balancing current, for achieving the desired open-loop phase margin at the required 

cutoff frequency. The Bode plot of the control loop in the charging mode is shown in Figure 13(a). 

From the Bode plot, it can be inferred that the system is stable as the open-loop phase margin (PM) 

at the cutoff frequency is greater than zero. 

3.2.2. Controller design for the balancing operation when load is used. 

In the balancing mode when load is used, the double-loop control system is adopted for 

regulating the Buck-Boost circuit composed of the battery pack, inductor, and diode D2, as shown in 

Figure 11. The inner loop is a high-bandwidth current control loop, while the outer loop is a voltage 

control loop with lower bandwidth and slower response compared to the inner loop. The voltage 

outer loop adjusts the output voltage by providing a reference current signal to the current inner 

loop, which regulates the current on the inductor. Owing to the faster response of the inner loop, the 

outer loop can be treated separately in the circuit design process, in order to simplify the controller 

design. 

iL
ref

PIv PIc Tp1+

-
d

iLModulator Tp2

iL

vo
ref

+

-

vo

 

Figure 11. Controller design for the balancing operation when load is used. 

1. Design of internal current control loop: In order to design the PI controller, the small-signal 

modeling as shown in Figure 12 is first derived. 

B1

L

S1

S4

Sb

S1 On

S3 Off

Sb

On

B2

L

LoadC

S3

S4

D2

S1 Off

S3 On

Sb Off

ii io

 

Figure 12. Simplified topology of the balancing mode when using load in small-signal modeling. 

The average state equation for balancing mode when using load is as follows: 

(1 )L
i o

di
L dv d v

dt
= − −  (8)

(1 )o o
L

dv v
C d i

dt R
= − −  (9)

Introducing ac perturbations into the above equation yields 
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    ( ) ( )( ) [1 ( )]( )L L
i i o o

d I i
L D d V v D d V v

dt

+
= + + − − + +  (10)

   ( ) [1 ( )]( )o o o o
L L

d V v V v
C D d I i

dt R

+ +
= − + + −  (11)

The small-signal model can then be written as 

   (1 ) ( )L
i o o i

di
L Dv D v d V V

dt
= − − + +  (12)

   
(1 )o o

L L

dv v
C D i dI

dt R
= − − −  (13)

The above equation can be obtained by applying Laplace transform 

   (1 ) ( )L i o o isLi Dv D v d V V= − − + +  (14)

   
(1 ) o

o L L

v
sCv D i dI

R
= − − −  (15)

The transfer function can be obtained from equations (15) and (16): 




1
2 2

( ) (2 )

(1 )
o i LL

p

C V V s D Ii
T

Ld LCs s D
R

+ + −
= =

+ + −

 
(16)

Next, the PI controller parameters Kpc and Kic were calculated to obtain the desired phase margin 

for the inner current control loop. The Bode plot of the inner loop is shown in Figure 13(b), and it 

indicates that the system is stable as the open-loop phase margin at the cutoff frequency is greater 

than zero. 

2. Design of the outer voltage control loop: Due to the high-bandwidth and fast current control 

characteristics of the inner loop, the transfer function of the inner current control loop can be 

neglected in the design of the voltage controller. Therefore, the duty cycle D can be assumed 

constant, and its transfer function is: 


2

1
1

o
p

L

v D
T

i Cs
R

−
= =

+

 
(16)

Then calculate the PI controller parameters Kpv and Kiv to obtain sufficient open-loop phase 

margin at the required cutoff frequency. Figure 13 (c) shows the Bode diagram of the external voltage 

control circuit. The phase margin at the cut-off frequency is greater than zero, and the system is stable. 

Parameters of the control system designed as described in Section 3 are given in Table 2. 

Table 2. Parameters of the control system. 

Mode PI controller parameters 

Balancing mode when not using load Kpb=0.35, Kib=320 

Balancing mode when using load 
Kpc=0.15, Kic=132 
Kpv=0.063, Kiv=8.6 
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(c) 

Figure 13. Bode diagrams of (a) Balance mode control circuit when not using load, (b) internal current 

control circuit when using load, (c) external voltage control circuit when using load. 

4. Simulation result 

To verify the effectiveness of the above SOC balancing strategy, a system model with 5 battery 

cells was built and simulated using Simulink for validation, and compared with the balancing 

strategy in [20]. The same settings can be applied to a larger number of battery modules. When the 

control system detects that the difference between the maximum and minimum SOC of the battery 

module exceeds the set value, the balancing starts until the SOC of all battery modules reaches 

equilibrium, and the balancing process ends. The simulation model adopts a lithium-ion battery 

equivalent to the 18650 batteries with a rated voltage of 3.7V and capacity of 2000mAh. The basic 

parameters of various devices are shown in Table 3. 

Table 3. Parameters of simulation experiment. 

Parameters Size 

VB1~VB5 3.7V 

CB1~CB5 2Ah 

SOC1 59.5% 

SOC2 59% 

SOC3 60% 

SOC4 58% 

SOC5 58.5% 

L 2mH 

C 220uF 

R 100Ω 

f 20kHz 

4.1. Balanced simulation when unused load 

When no load is used, the balancing current was set to 1A for the simulation experiment. To 

verify the effectiveness of the proposed new balancing control scheme, a comparison and analysis 

were conducted with the balancing strategy proposed in [20]. The SOC variation and balancing 

current of the battery module under the proposed new balancing strategy are shown in Figure 14, 
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where the battery module SOC reaches equilibrium at about 221s, while the balancing strategy in [20] 

achieves equilibrium at around 336s. The proposed balancing strategy improves the balancing speed 

by approximately 34.2%, with the balancing current remaining stable around 1A and its current 

ripple relatively small, indicating good balancing performance. 

 
(a) 

 
(b) 

Figure 14. Simulation of the proposed balancing strategy without using load(a) Changes in SOC of 

battery modules (b) Balanced current. 

 
(a) 
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(b) 

Figure 15. Balanced simulation of unused load in [20] (a) Changes in SOC of battery module (b) 

Balanced current. 

4.2. Balanced simulation when using load 

When a load is used, the output voltage was set to 15V for the simulation experiment. The SOC 

variation, balancing current, and output voltage of the battery module under the proposed new 

balancing strategy are shown in Figure s 16 and 17. The battery module SOC reaches equilibrium at 

approximately 227s with the proposed new balancing strategy, while the balancing strategy in [20] 

reaches equilibrium at around 226s. Their balancing speed is basically the same. However, the 

balancing current in the proposed new balancing strategy remains stable at around 1.2A, and the 

output voltage stays stable at 15V with relatively small current ripple and voltage ripple. In contrast, 

the balancing current in [20] is approximately 1.3A with large corresponding current and voltage 

ripple. 

 
(a) 
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(b) 

 
(c) 

Figure 16. Simulation of the proposed balancing strategy when using load (a) Changes in SOC of 

battery module (b) Output voltage (b) Balanced current. 

 
(a) 
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(b) 

 
(c) 

Figure 17. Simulation of the balancing strategy when using load in [20] (a) Changes in SOC of battery 

module (b) Output voltage (c) Balanced current. 

5. Conclusions 

This paper described the functions of the integrated reconfigurable converter system and 

proposed a new balancing strategy that can be used both with and without a load. The effectiveness 

of the proposed balancing strategy was verified through MATLAB/SIMULINK simulations, 

demonstrating improved balancing speed and system stability. 
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