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Abstract—Lithium-ion battery (LiB) technology is 

extensively used in energy storage systems (ESS), electric 

vehicles, and portable devices. Optimal cell balancing 

techniques for a battery management system are essential for 

the operation of the Li Battery. This paper proposes a new 

passive and active-based hybrid cell balancing technique 

integrating switched resistor balancing technique and switched 

capacitor balancing technique to achieve less balancing time and 

less power dissipation with simple control and hardware. The 

proposed system has been mathematically modeled and 

simulated, and the results show a 30 % increase in the balancing 

time compared to the conventional capacitive balancing 

technique. Also, the control algorithm can adaptively operate to 

achieve better performance of the circuit. The simulation is done 

in the MATLAB Simulink environment. 
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I. INTRODUCTION 

Utility grid energy storage is playing a major role in the 
current renewable energy integration as distributed energy 
resources (DER). The technologies of energy storage systems 
(ESS) are evolving to address the key issues of integrating 
DERs with the existing grid. Therefore, due to the benefits of 
lithium-ion battery (LiB) technology such as high energy 
density, low self-discharging rate, and longer life cycle, it is 
extensively used in electric vehicles and large-scale battery 
energy storage systems. Lithium-ion battery technology 
gained over 97% share of the U.S. energy storage 
deployments in 2020 and over 90% global grid battery storage 
market[1]. These ESSs are integrated from modules consisting 
of cells that are either connected in series or parallel. The 
capacity of a cell may vary depending on the lithium-ion 
technology and the manufacturer. Although all cells are 
manufactured in the same way, there are differences in each 
cell such as cell total capacities, self-discharging rates, and 
internal resistances[2]. These differences will create 
unbalances in the cells which are led to reducing the battery 
pack performance, life cycle, and safety. Battery Management 
Systems (BMS) is essential to overcome these challenges and 
it is integrating with the features of cell balancing such as state 
of charge (SOC), state of health (SOH), remaining useful life 
(RUL) estimation, thermal monitoring, short circuit 
protection, Over/undercharge protection, etc. Cell balancing 
plays a vital function in the BMSs, and it is an essential 
growing requirement for all the kWh, MWh, GWh scale 
battery packs. BMSs are equipped with different cell 
balancing techniques to overcome over/undercharging of 
cells, maximum utilization of SOC, and avoid thermal 
runaway of the battery storage system[3]. 

Cell balancing techniques are broadly categorized as 
passive (dissipative) cell balancing and active (non-

dissipative) cell balancing. Passive cell balancing is the most 
used method which has a resister parallel with each cell to 
dissipate excess energy of the cells with higher capacities or 
bypass the balancing current when charging the battery pack. 
Although this technique is simple and inexpensive, a major 
drawback is the larger integration of cells causes an 
uncontrollable increase in temperature and would result 
thermal runaway and cell degradation.  

Alternatively, active cell balancing is developed to try to 
preserve energy by exchanging it between higher energy cells 
with lower energy cells by using capacitors, 
inductors/transformers, or converter circuits [2]. Active cell 
balancing circuits can effectively balance cells, but complex 
algorithms and larger hardware components would result less 
commercially viable products. 

Optimizing the cell balancing technique would lead to 
maximizing the SOC in each cell, reduction of cell 
degradation by improving performance, avoiding thermal 
hazards, and longer lifetime. Moreover, balancing time, power 
loss, and temperature rise should consider when implementing 
a better-optimized cell balancing algorithm.  

This paper is organized as follows. Overview of the cell 
balancing technique is explained in section 2, discussing 
existing cell balancing techniques. In section 3 proposed cell 
balancing method is explained with the algorithm. Results and 
the conclusion is discussed in section 4 and 5 respectively. 

II. OVERVIEW OF THE CELL BALANCING 

TECHNIQUE 

A. Existing passive and active cell balancing techniques 

There are numerous studies on cell balancing techniques 
to accurately balance the lithium-ion pack. Moreover, the 
passive balancing technique is widely used and optimized 

Fig.1. Balancing circuits (a) Switched resistor (b) Switched capacitors 



even though there are various active cell balancing methods. 
A passive balancing circuit is either a fixed shunt resistor or a 
switch shunt resistor which has been used in all related 
research studies. Therefore, the studies are more focused to 
accomplish a better equalization method by improving the 
control strategy or the algorithm. Switched shunt resistor 
method is improved by continuously monitoring each cell 
parameter and optimally bypassing charging current or 
discharging current or dissipating required cell energy to 
ultimately have a balanced battery pack. In [4] paper was 
proposed to use the internal resistance of the switching 
MOSFET as the balancing resistor. It has the advantage of 
having fewer balancing components and therefore reduces the 
size of the BMS hardware. There are different control 
strategies such as real-time Outlier detection, sequential 
difference algorithm [5], PWM controlled methods, and also 
machine learning approaches [3] to reduce balancing time, 
heat dissipation, and temperature rise of the battery system. 

The active balancing method is transferred the energy 
between cells by an external circuit to balance the battery 
pack. It reduces the thermal energy dissipation, 
charging/discharging time, and energy loss of the battery pack 
[6]. There are multiple classification methods for active 
balancing techniques which can be categorized as a capacitor, 
inductor or transformer, and converter-based topologies. 
Basic capacitor or inductor based balancing circuits has a 
larger balancing time, therefore multilevel or multistage 
advancement of the circuit topologies have been proposed to 
address the issues [7].  

Active balancing circuits are developing with the 
advancements to achieve better balancing capability to the 
lithium-ion module. DC-DC converter-based equalizers 
integrate power electronic circuits to ensure transfer of the 
excess energy within cells. There are different methods such 
as Cuk, flyback, ramp, buck/boost and switched matrix, but all 
these methods required an additional DC power supply to 
operate. Similarly, capacitor and inductor/transformer based 
methods have been developed with multiple techniques. They 
can be identified as double tired, modularized, chain structure, 
coupling and series-parallel implementations of the 
conventional system[6]. This causes complexities in hardware 
as well as control algorithms. Therefore, the proposed method 
has simple hardware components and simple control 
algorithms which is more beneficial for commercial products.  

B. Shunt resistor and switched capacitor balancing 

The shunt resistor method is developed as a fixed shunt 
resistor method and switched shunt resistor methods. A fixed 
resistor is linked in parallel with each battery cell in fixed 
shunting resistor equalizers. Due to the lack of an external 
control mechanism, this equalizer's control method is simple. 
The amount of current drawn by the shunt resistor is 
proportional to the cell voltage, therefore as the cell voltage 
rises, so does the amount of current provide to the shunt 
resistor. The high-voltage cells are discharged in this way until 
all the cells are balanced. The quantity of current drawn by the 
shunt resistor, on the other hand, is unregulated. As a result, 
the voltages in the cells are not entirely regulated and they 
dissipate heat after the cells have balanced. 

The switched shunting resistor cell equalizer is a shunting 
resistor equalizer with control switches. Figure 1(a) shows the 
circuit schematic of a typically switched shunting cell 
equalizer. Each shunt resistor is linked in parallel with the 
relevant cells and is connected in series with a switch. This 

topology can be operated in two different ways. The first is 
basic control mode, which uses a single on/off signal to 
control all switches. The whole resistors are connected or 
disconnected from the relevant cells at the same time in this 
process. Another mode is the detecting mode, which 
continuously monitors the voltage of each cell. 

 

III. PROPOSED CELL BALANCING METHOD 

The characteristics of the lithium-ion battery have a non-
linear relationship between terminal voltage and charging 
capacity. “Fig. 3” shows the generalized variation of discharge 
capacity vs terminal voltage. 

 

It can be seen the voltage of the lithium-ion cell is steeply 
changing at the beginning and end of the discharge or charge 
(regions A and B). This creates high stress in the switched 
capacitor balancing circuit where the high current occurs with 
the increase of the voltage gradient of the cell and capacitance 
operation is terminated during the constant voltage charging. 
Also, a conventional switched resistor circuit is used only for 
charging mode. But the capacitive presence gives the 
flexibility to achieve cell balancing during discharge and idle 
mode. 

Fig.2. The proposed hybrid balancing circuit 
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Fig.3. Variation of terminal voltage with discharge capacity 



A. The Basic structure of the proposed hybrid cell 

balancing circuit 

As depicted in “Fig. 2” the circuit consists of two parts, 
which are switched capacitor circuit and switched resistor 
circuit. The control of the capacitors is done by a PWM signal 
which automatically changes between the upper cell and the 
lower cell. The balancing resistor of each cell can control 
individually to achieve optimum balancing in different 
scenarios. The block diagram of the circuit is illustrated in 
“Fig. 4” and the equivalent circuit for two cells is illustrated 
in “Fig. 5”. 

 

 

The proposed circuit is an advancement to the switched 
capacitor balancing topology. Parameter selection of 
balancing circuits is crucial to optimize both circuits. There 
are mainly four factors that need to consider in developing a 
better-switched capacitor balancing circuit which is switching 
resistance (Rsw), balancing capacitances(C1,C2), switching 
frequency, and balancing resistance(Rb1,Rb2,Rb3). 

 

Mode 1: Passive balancing 

A balancing resistor is used to dissipate the excess energy 
of a cell during the charging process. The resistor balancing is 
done during the final stage of charging where the cell terminal 
voltage has reached its upper level. NCR18650GA battery is 
used for the simulation, and it has a 4.2V maximum charging 
voltage considering the rated charging current of 1.475A the 
balancing resistor is selected as 2.84Ω with 10W. The 
balancing current through the resistor will change according 
to the charging current of the battery “Fig. 6”. The operation 

time is controlled by the switching of the respective MOSFET 
switch. 

Mode 2 and 3: Hybrid and switched capacitor balancing 

The operation of the switched capacitor and hybrid 
balancing is derived by using the equivalent circuit in “Fig 
7(a)”. Switching resistances, capacitances, and switching 
frequency are needed to optimize for achieving the best 
balancing. “Fig. 7(b)” shows the simplified circuit where the 
analog resistance (Req) can be approximated by the operation 
of the resistors and capacitors. The following factors have 
been considered to solve the theoretical operation of the 
proposed system. 

1. R1 and R2 are the switching resistance of the 
MOSFETs and assume they are approximately equal. Fig.4. Block diagram of the proposed system 

Fig.5. Equivalent circuit for 2 cells 

Fig.6. Switched resistor balancing current 

Fig.7. Simplified equivalent circuit (a) Hybrid operation mode (c) Derived 
simple circuit 

Fig. 8. Capacitor balancing current (a) Complete charge (b) Partial charge 
(c) No charge 



2. Req is represented as an analog resistance that can 
equally modify the circuit considering Kirchhoff’s 
circuit laws. 

A capacitor can be operated in 3 different ways 
considering the time constant compared to the switching 
frequency as shown in “Fig. 8” which are complete charge, 
partial charge, and no charge. The switching frequency and 
the balancing capacitor value are determined by analyzing the 
behavior in each mode. For the complete charge operation 
where the switching frequency is less than the time constant 
((R1+R2)×Cbal) balancing current(Icf) can be expressed as, 
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Considering the “Fig. 8(a)” power during the interval 
T/2(Ti) is 
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Since T/2 >> 1/(RTCbal), 
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Considering the “Fig. 7(b)” circuit, 
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By equating (2) and (3) equations we can get the Req for the 
complete charge operation, 
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Similarly, by considering the no charge operation where 
switching frequency(f) is larger than the time constant. 
Similarly considering no charge mode, 

�() � 4��                                        (5) 

 
The better switching frequency values are lies around fc 

where capacitance and switching resistance can be optimally 
utilized. Therefore, taking the Req variation with frequency 
the optimum switching frequency could be selected by the 
following equation. 

Start

Read cell voltage

Discharging

/ Idle mode

Capacitor Cell 

Balancing

If Δvcell,max > 

Vthreshold_3

Hybrid Balancing

If Δvcell,max < 

Vthreshold_2

Battery pack 

balanced

Yes

No

Cell Protection 

(Warning)

No

Yes

Yes

No

No

If Vcell,_avg > 

Vthreshold_1

No

Yes

Yes

Yes

Normal 

Cells?

Unbalanced 

Cells?

Charging 

mode

Yes

Passive Balancing

End

No

No

If Δvcell,max < 

Vthreshold_2

Hybrid Balancing

Yes

No

Fig.9. Proposed algorithm 

Fig. 10. Matlab Model 
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So, the switching frequency and the capacitance are 

50kHz and 1µF used for the proposed system. 
 

B. Proposed control algorithm 

 
Control strategy and algorithm are crucial for achieving 

minimum balancing time, and high conversion efficiency of 
the balancing circuit. Therefore, the control algorithm is 
designed to optimize the balancing time and efficiency of the 
hybrid balancing operation. Cell terminal voltage is used as 
the input for the charge equalization of the simulation. The 
flow chart of the algorithm is designed to achieve multiple 
cells balancing optimally selecting the switched resistor and 
the switched capacitor circuit or both as summarized in the 
“Fig. 9”.  

When the unbalanced cells are detected by taking the 
terminal voltages of each cell balancing control checks the 
battery pack is in the charging or discharging/idle mode. There 
are two threshold values are taken to optimally select the 
suitable balancing circuit operation. Vthreshold1 is taken to 
determine the “A” region of “Fig. 3” where the final stage of 
the charging of the battery cells. Vthreshold2 is taken to check the 
voltage difference of the cells is small and the battery pack is 
balanced.  Similarly in the discharge and idle modes threshold 

values determined the operation of capacitor balancing and 
hybrid balancing. 

IV. SIMULATION AND RESULTS 

In order to simulate the proposed system, the circuit is 
developed in the MATLAB Simulink environment. The 
circuit is analyzed for charging and discharging modes and 
compares the obtained results with the conventional balancing 
circuits. The modeled system is depicted in “Fig. 10”. Each 
lithium-ion cell is modeled as 2RC Thevenin equivalent. 
Selected parameters for the simulation are summarized in 
Table I. 

TABLE I. SELECTED PARAMETERS FOR SIMULATION 

 

“Fig. 11(d)” is showing the balancing operation of the end 
of the charging process where the switched resistor operation 
is dominated. The obtained waveforms depict the charging of 

Parameter Value 

Cell Ah 3300mAh 

Rated charging current 1475mA 

Switching resistor value 3Ω 

Capacitor value (C1,C2) 1µF 

Switching frequency 50kHz 

Fig.11. Simulation results (a) Idle mode capacitor balancing (b) Idle mode hybrid balancing (c) Charging mode hybrid balancing (d) Charging mode 
switched resistor balancing (0.5C) 



each cell. “Fig. 11(a) and (b)” depict the simulation results of 
idle cells with hybrid cell balancing and switched capacitor 
cell balancing. Capacitor balancing has taken more than 6 
hours to balance because it tends much slower when the cell 
voltage difference is smaller. Therefore, hybrid balancing has 
reduced the balancing time by half. The cell equalization 
operation in the middle of the charging of the cells is analyzed 
in the “Fig. 11(c)”.  It also shows better balancing time with 
the hybrid operation. 

V. CONCLUSION 

In this paper, a novel active and passive-based hybrid 
circuit is proposed to improve battery cell balancing speed and 
efficiency. It combines the conventional SC circuit along with 
the switched resistor passive balancing circuit. The equivalent 
model of the proposed circuit is established and analyzed. 
Comparative analysis shows the balancing speed of the 
proposed circuit is twice that of the optimized SC circuit. 
Simulation with two cases is carried out in MATLAB. 
Simulation results show the proposed circuit can increase the 
balancing speed significantly compared with the conventional 
SC circuit and passive balancing circuit. The balancing time 
of the proposed circuit is reduced to the half comparing with 
the optimized SC circuit under both different numbers and 
different initial voltages of battery cells. In addition, the 
balancing speed of the proposed circuit is independent of cell 
number increase and cell initial voltage variation. 
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