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A B S T R A C T   

With the development of electric vehicle (EV) technologies, efficient and reliable use of rechargeable batteries 
(RBs) has become the key subject for automotive manufacturers. Among RBs, lithium-ion battery technology is 
the most prominent about high specific energy and specific power. The lithium-ion battery pack consists of 
battery cells with low terminal voltage connected in series to meet the voltage requirement of the EV system. 
However, the useable capacity of the battery pack is restricted by the low charge cell among the string. The 
manufacturing inconsistency and different operating conditions of each cell cause the charge imbalances in the 
battery pack. These imbalances lead to the reduction of the useable capacity, acceleration of cell degradation, 
and, more importantly, serious safety hazards like overcharging. In all EVs and hybrid electric vehicles (HEVs) 
using lithium-ion battery systems, the cell balancing controller is an essential task which managed by the battery 
management system (BMS) to improve battery life cycle and safety. This paper presents a comprehensive 
overview of the DC-DC converter-based battery balancing system because of the impactful contribution to the 
charge balancing control and the design of balancing control algorithms. Moreover, other BMS functions such as 
state of charge (SOC) estimation, which affects balancing performance, are handled in this review.   

1. Introduction 

The extensive use of fossil fuels such as gasoline, diesel oil, liquid 
petroleum gas (LPG) in internal combustion engine vehicles leads to 
serious consequences such as greenhouse gas emission due to the 
emerging of the CO2. Also, the depletion of fossil fuel fuels in the world 
and consequently rising crude oil prices are an important challenge for 
the automobile industry. HEV, plugin hybrid electric vehicle (PHEV) 
and, pure electric vehicle or battery electric vehicle (BEV) technologies 
have become attractive choices thanks to providing solutions to the 
problems posed by fossil fuel vehicles [1–3]. In this context, the current 
demand for EVs has been increasing. Worldwide plug-in (BEV&PHEV) 
deliveries 2.264.400 units in 2019, reaching a significant number. This 
has been almost 9% higher than in the previous year [4]. Total plug-in 
vehicle sales for selected regions and global sales, between 2014 and 
2019 are illustrated in Fig. 1. 

With the widespread use of EVs, rechargeable battery technologies 
and their management system have become an important issue. Various 
types of battery technologies such as lead-acid, nickel-cadmium 

(Ni–Cd), nickel-metal hydride (Ni-MH), sodium-sulfur (Na–S), lithium- 
ion (Li-ion) are used in EVs. Among them, Li-ion batteries are prom-
ising energy storage technology that has a higher energy density, spe-
cific energy and, specific power characteristics compared to other 
batteries. Also, because of having no memory effect, long life cycles and, 
no toxic materials such as lead, cadmium that will affect the environ-
ment, the lithium-based battery is rapidly increasing its market growth 
[5–7]. 

EV applications need higher voltage than a maximum of 4.2 V pro-
vided by a single Li-ion battery cell. For this reason, a number of cells are 
connected in series to meet the voltage requirements of EVs. However, 
the inter-cell inconsistency is becoming an inevitable problem that in-
creases with the increment of the number of cells in the battery pack, 
which gets worse with the repeated charge/discharge cycle. The reasons 
for the inconsistency are categorized in mainly two groups: internal 
inconsistency factors and external inconsistency factors. Internal factors 
are arising from the imperfection of production and assembly of cells 
and causing variations in the initial conditions such as internal resis-
tance (Ri), capacity, coulomb efficiency (CE), state of charge (SOC), self- 
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discharge rate (SD-rate) [8,9]. Such inconsistency is unavoidable and 
constitutes the initial imbalance throughout the battery pack. On the 
other hand, external factors arising from the different cooling potential 
of each cell, localization of cells in the battery pack and, charge/di-
scharge current lead to variations on temperature and depth of discharge 
(DOD) [10,11]. However, it is quite difficult to explain the causes of the 
pack inconsistency because of the mutual effect among the internal 
factors or external factors, also between both of them [12]. The main 
factors causing widespread inconsistencies, the relationship of these 
inconsistencies with each other, and further analysis of the propagation 
mechanism were made in Ref. [13]. According to this, variations in 
temperature influence almost all other battery parameters. For instance, 
internal impedance is affected strongly by the temperature and there is 
an inverse relationship between each other [14]. So, variations on 
temperature produce deviations in the internal impedance, moreover, 
cause current differences in the parallel-connected branches. Besides, 
the variations on the SOC are reflected in the variations of internal 
resistance, as SOC affects the polarization resistance of the cell [15]. On 
the other hand, SOC inconsistency results from changes in CE, which has 
a direct relationship with temperature, from capacity variations influ-
enced by changes in SD-rate, and current differences in parallel branches 
[16]. 

The results of these interaction mechanisms, combined with the 
initial conditions, lead to gradually increasing inconsistencies that incur 
the undesired consequences. It causes the cell to undergo the over-
charged or over-discharged due to exceeding the voltage thresholds of 
the cell as illustrated in Fig. 2. Overcharged cell causes an explosion and 
even fire while exposing to over-discharged accelerates the battery 
aging and reduces charge capacity [17–19]. Secondly, the charge level 
of the battery pack is determined by the cell in which the battery pack 
has the lowest charge capacity from the cells connected in series. 
However, if safe operating voltage limits are exceeded, the charging or 
discharging process is terminated to prevent the battery from safety 
hazards. This early charge termination leads to a considerable drop in 
the useable capacity which affecting the overall service performance of 
the battery pack [20]. To overcome these problems, control, and man-
agement units called a battery management system (BMS) is required for 
each cell in the battery pack to operate under favorable conditions. An 
efficient BMS is built to manage crucial tasks as the monitoring of bat-
tery, estimating battery states, protecting the battery, controlling facil-
ities, recording the key data, and communication as illustrated in Fig. 3 
[21–23]. Among these key functions of the BMS, the battery balancing 
system (BBS) is an important and mandatory part of the BMS that 

controls the battery system to ensure efficient use of the battery pack 
and prevent malfunctions in line with information from the monitoring, 
state estimation, and data recording units [24]. 

BBS consists of two-part as the balancing circuit and the balancing 
control strategy. Balancing circuits can be divided into two categories as 
passive and active circuits, depending on the techniques of charge 
transfer [25,26]. In the passive balancing, the excess energy in the cell in 
a high charge state is converted into heat through the resistance until it 
is equalized with the cell with a low charge state. Passive balancing is 
simple, easy to apply, and a low-cost method, but it suffers from low 
balancing efficiency and large heat generation [27,28]. The active 
balancing is based on the principle of transferring the energy in the cell 
with a high charge state to a low-charge cell through an additional 
balancing circuit. Active balancing circuits are classified into three 
groups as capacitor-based, DC-DC converter-based, and 
transformer-based depending on the circuit topology used during the 
transfer of energy [25]. And it can be performed in different energy flow 
modes such as adjacent cell-to-cell (ACTC), direct cell-to-cell (DCTC), 
cell-to-pack (CTP), pack-to-cell (PTC), and cell-to-pack-to-cell (CTPTC). 
Since this advanced balancing method has very high conversion effi-
ciency according to passive balancing, it provides a noticeable 
improvement in the range of the EV by increasing the useable capacity of 
the battery pack [20]. 

Besides the hardware design of BBS, the design of the balancing 
control strategy is of great importance because of affecting balancing 
speed, and also the overall conversion efficiency of the balancing circuit 
[29,30]. In the existing literature, the researchers generally classify the 
balancing strategies into three classes as SOC-based, cell voltage-based, 
and, capacity-based according to the control variable [31,32]. However, 
there are many studies that use the same variable but their control 
strategies completely different from each other. 

This paper presents a comprehensive overview of the DC/DC con-
verter based-active BBS. Although there are a few studies in the litera-
ture which gives the review of all of the active balancing topologies, they 
have not dealt with the operating principle of DC-DC converter-based 
balancing topologies and their balancing control strategies in detail [20, 
25]. The main goal of the paper is to provide the detailed topological 
examination as well as to present a more understandable classification 
by handling balancing strategies not only in terms of control variables 
but also by two different control levels. Also, SOC is one of the input 
variables of balancing control strategies widely used in the current 
literature, indicating the degree of inconsistency among the battery 
cells. An expanded examination of SOC estimation techniques is 

Fig. 1. Plug-in electric car sales [4].  
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introduced to the researchers in the SOC-based balancing strategy part. 
The rest of the paper is organized as follows: DC-DC converter to-

pologies for active battery balancing topologies are detailed in Section 2. 
Examination of control strategies for the DC-DC converter based- 
balancing circuit are analyzed in Section 3. Finally, a comparison of 
existing converter-based BBS in Section 4. Challenges and future trends 
associated with DC-DC converter based- BBS are discussed in Section 5 
and concluded in Section 6. 

2. DC-DC converter-based active balancing topologies 

Maximization of the balancing efficiency and balancing speed are 
two significant challenges of the BBS which vary according to the 
balancing hardware [33,34]. In the hardware design of BBS, active 
battery balancing topologies (ABBT) stand out in terms of providing 
high energy gain. ABBT can be constructed in different ways in terms of 
the energy transfer circuit. Among them, DC-DC converter-based 
balancing circuits have prominent advantages of compact design, 
low-cost, high balancing efficiency, and high balancing speeds 
compared to the other balancing circuits such as capacitor-based and 
transformer-based [20,25]. On the other hand, another criterion that 
affects the balancing topology design is the direction of energy flow. 
Each converter can work in order with appropriate energy flow mode 
[35]. 

In this section, the most common DC-DC converter-based active 
balancing topologies in the existing literature has been classifying based 
on energy flow topologies and the converter type in the balancing 
circuit. 

2.1. Classifying based on energy flow topologies 

Active cell balancing can be performed in different energy flow to-
pologies such as adjacent cell-to-cell, direct cell-to-cell, cell-to-pack, 
pack-to-cell, and cell-to-pack-to-cell [35]. This subsection introduces the 
advantages and disadvantages of energy flow topology. 

2.1.1. Adjacent cell-to-cell 
ACTC methods perform energy transfer between two adjacent cells. 

These topologies are designed as N-1 individual cell equalizers (DC-DC 
converter) for N cells. input and output terminals of the DC-DC converter 
are connected to detected cells. ACTC method has the advantages of 
allowing integrated infrastructure, easy application, and low control 
complexity. However, the transfer of energy requires a great deal of 
time, when the source and target cell are on opposite ends of the battery 
pack and, this results in drawback for conversion efficiency [36,37]. 

2.1.2. Direct cell-to-cell 
DCTC methods eliminate the disadvantage of the ACTC method in 

that it performs the charge balancing between any two cells. DCTC 
methods are realized with a common DC/DC converter circuit with se-
lection switches array. Although its balancing speed higher than the 
ACTC method, there are too many switching elements in the balancing 
circuit which causes the balancing efficiency of the system is very low 
[38,39]. 

2.1.3. Cell-to-pack 
CTP methods transfer the energy from the most charged cell to the 

whole battery pack through a single DC/DC converter. Input and output 
terminals of the DC-DC converter are connected detected cell and the 
battery pack, respectively. CTP methods have low balancing efficiency 
because of the transformer losses. But equalization speed is generally 
high according to the other methods because of the large voltage dif-
ference between a cell and battery pack [40]. 

2.1.4. Pack-to-cell 
In the PTC method, the charge is transferred from the pack to the 

least charged cell in the battery pack. Input and output terminals of the 
DC-DC converter are connected battery pack and detected cell respec-
tively. The outstanding features of the pack-to-cell technique are almost 
the same as the cell-to-pack [41]. 

Fig. 2. Charge imbalances among the N-cells. b) Charge balancing of a Li-ion pack.  
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Fig. 3. The general structure of BMS.  
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2.1.5. Cell-to-pack-to-cell 
CTPTC methods can be implemented in two different ways. Firstly, 

excessive energy is temporarily stored on a coil or capacitor and then 
transferred to the less charged cell. This way is similar to the DCTC 
method. Secondly, CTP balances if the voltage or SOC of a cell is greater 
than the reference value, while PTC balances if the voltage and SOC of 
the cell are smaller than the refraction [42]. CTPTC method has a higher 
balancing speed than CTP and PTC methods. However, its disadvantage 
is the bulky size and high cost. 

2.2. Classifying based on DC-DC converter type 

The DC-DC converter is a power circuit that provides energy transfer 
between cell/pack and pack/cell in a balancing system. There are some 
parameters to select appropriate DC-DC converter topologies such as the 
number of circuit components, galvanic isolation, power rating, energy 
conversion efficiency, and voltage conversion ratio. The number of 
circuit components significantly affects the system complexity and 
straight reflected in the cost and size. The conversion efficiency of the 
DC-DC converter will directly contribute to balancing efficiency. 
Although DC-DC converter-based topologies which making PTC or CTP 
balancing need a converter with high voltage conversion ratio, con-
verters with low voltage conversion are sufficient in CTC topologies [43, 
44]. 

DC-DC converters vary depending on whether the energy trans-
mission is bidirectional or unidirectional. Unidirectional DC-DC con-
verter transfers the power one direction as from supply to the load, 
however, in bidirectional DC-DC converter energy flows both directions. 
Additionally, DC-DC converters can also be examined in two main 
classes as isolated and non-isolated converters depending on the pres-
ence of a transformer in the power circuit. Isolated DC-DC converters 
provide galvanic isolation between source and load thanks to high- 
frequency transformers. Flyback converter, push-pull converter, for-
ward converter, dual half-bridge converter, and dual active bridge 
converter are the most widely used isolated DC-DC converter structures 
for balancing topologies [45,46]. Thanks to the high voltage conversion 
rates, they are used in CTP and PTC balancing methods where the 
voltage difference between the input and output terminals is high. 
However, the disadvantages of the isolated converter as the exposure to 
high-voltage stresses, larger size, the high number of switching ele-
ments, and the high cost increase the interest in non-isolated DC-DC 
converters. Among them, buck-boost, Cuk, quasi-resonant/resonant 
DC-DC converters are the more appropriate candidates for balancing 
system hardware [47,48]. 

In this section, commonly utilized DC-DC converter-based balancing 
topologies for active BBS will be examined in terms of their operating 

principle and design properties. 

2.2.1. Bidirectional buck-boost converter 
A bidirectional balancing circuit that is based on buck-boost con-

verter topology is shown in Fig. 4. The balancing circuit consists of an 
inductor and two power MOSFETs with body diodes. Buck-boost con-
verter is one of the most common converter types used in ACTC 
balancing topology. For N battery cells, N-1 buck-boost converters are 
used. 

In the balancing operation, the switch of the high-charged battery 
cell, M11 for Cell1 or M12 for Cell2, turn on and the energy is stored in the 
inductor. When the inductor current reaches the peak, this switch is 
turned off and the energy on the inductor is transferred to the low- 
charge cell via the body diode of MOSFET of the low-charge cell. This 
condition continues until the charge states of the two cells are in a 
reasonable range [49]. 

Some studies have derived the buck-boost converter to increase 
conversion efficiency, protection capability, etc. In Ref. [50], balancing 
topology is proposed that uses only one MOSFET for each cell to increase 
overall efficiency and reduce the cost of the circuit, unlike typical 
buck-boost converter. However, control complexity has increased 
significantly. In Ref. [51] an isolated buck-boost converter developed 
using a transformer instead of a coil is proposed to provide the isolation 
between battery cells. This prevented the transfer of faults in any cell to 
other series-connected cells, thus increasing the circuit’s ability to pro-
tect. In Ref. [52], a buck-boost converter with four switches is used as an 
alternative to the conventional type. 

Buck-boost converter-based balancing topologies have advantages of 
allowing individual cell balancing, simple execution. The voltage at the 
terminals of the buck-boost converters is at most the maximum cell 
voltage. For this reason, the power rate is very low, hence power loss is 
negligible. However, it suffers from low balancing speed and cost and 
size due to the high number of the converter circuit. 

2.2.2. Bidirectional cuk converter 
As illustrated in Fig. 5, bidirectional modified Cuk converter consists 

of an energy transferring capacitor C, two uncoupled inductors L1 and 
L2, and two MOSFETs M11 and M12 with body diodes. The inductors 
behave like a filter to prevent the harmonics. Output voltage magnitude 
can be either higher or lower than the input in both directions. Cuk 
converter balancing circuit has a working principle which is mainly the 
same as buck-boost topology. Unlike the buck-boost topology where 
energy transfer is associated with the inductor, the capacitor is 
responsible for energy transfer for the Cuk converter [53]. 

Assuming SOC1>SOC2, cell1 will be discharged. In the initial con-
dition, the capacitor voltage equals the (Vcell1+Vcell2). So, M11 is turned 
on and the energy of the capacitor is transferred to the Cell2 and the 
inductor L1 stores the energy from Cell1 during the turn-on time of M11. 

Fig. 4. The bidirectional buck-boost converter-based battery balancing circuit.  Fig. 5. The bidirectional Cuk converter-based battery balancing topology.  
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During the other period of the PWM signal, M11 turns off, the body diode 
of M12 turns on, the capacitor is charged by L1, and stored energy in L2 
continuous to charge Cell2. Cuk converter has been utilized as a 
balancing circuit for the battery balancing system in Ref. [36,54–57]. 
These studies focus on controller improvements rather than topological 
improvements. 

Cuk converter balancing circuit has all the advantages of ACTC 
charge transfer topology. Also, the use of a capacitor for energy storage 
less expensive than the inductor. It has a low ripple in the input and the 
output currents. However, the volume of topology is higher due to the 
number of the circuit component. 

2.2.3. Resonant converter 
Resonant converters are circuits designed to reduce switching losses. 

Thanks to the resonant tank in their structure which consists of an 
inductor and capacitor connected in series or parallel, it minimizes the 
switching losses by limiting the current and voltage rising speeds during 
the turn-on and turn-off processes of the switching elements. Zero 

current switching (ZCS) and zero voltage switching (ZVS) which are 
known as soft-switching methods during the turn-on and turn-off pro-
cess, respectively are implemented [58,59]. 

In [60], as shown in Fig. 6, a buck-boost converter is integrated with 
a parallel resonant tank increasing balancing efficiency. However, sys-
tem complexity and cost of balancing circuit has increased according to 
the conventional buck-boost converter. In Ref. [61], it has proposed an 
integrated converter based on a bidirectional buck converter with a 
series-resonant voltage multiplier. This integrated architecture has 
offered the PTC method without any multi winding transformer hence it 
has achieved simple circuit design at a reasonable volume. In Ref. [62], 
DCTC balancing topology has been offered based on a quasi-resonant 
converter, which is assigned by integrating the serial LC resonant tank 
and the boost dc-dc converter as illustrated in Fig. 7. High balancing 
efficiency has been achieved thanks to the ZCS. 

Non-isolated resonant converters provide high energy efficiency 
thanks to ZCS and ZVS, however, execution difficulty is slightly high. 

2.2.4. Flyback converter 
The flyback is an isolated DC-DC converter that has been derived 

from the buck-boost converter. Unlike the buck-boost converter, the 
magnetization inductance of the transformer is used as an energy stor-
age element [63,64]. It has fewer circuit components that provide 
charge transfer by a transformer and a switch for the unidirectional type 
or two switches for the bidirectional type as shown in Fig. 6. Flyback 
converter-based balancing topology is generally designed by integrating 
with switch array to select the cell with undercharged or overcharged. 

Flyback converters are more widely used in unidirectional or bidi-
rectional energy transferring modes such as PTC, CTP, and CTPTC 
balancing topology. In bidirectional flyback structure, voltage, or SOC of 
any individual cell is higher than the averaged voltage/SOC of the 
battery pack, CTP mode balancing is selected. The switch M1 is turned 
on and M2 is turned off at a certain time of switching period. The cell 
energy is stored in the magnetization inductor (Lm). In the remainder of 
the switching period, the switch M2 is turned on and M1 is turned off, 
hence, the energy stored in the Lm is transferred to the secondary 
winding to charge the battery pack. Otherwise, voltage or SOC of any 
individual cell is lower than the averaged voltage/SOC of the battery 
pack, PTC mode balancing is selected. The switch M2 is turned on and 
M1 is turned off at a certain time of switching period. The cell energy is 
stored in the magnetization inductor (Lm). In the remainder of the 
switching period, the switch M1 is turned on and M2 is turned off, hence, 
the energy stored in the Lm is transferred to the secondary winding to 
charge the detected cell [65]. 

In [41], the unidirectional flyback converter allows only PTC 
balancing, CTP balancing has been implemented in Ref. [40]. On the 
other hand, in Refs. [66,67] the bidirectional flyback converter is 
implemented for the CTPTC balancing operation. Fig. 8 (a) and Fig. 8 (b) 
illustrate the unidirectional and bidirectional flyback, respectively. In 
Refs. [65,68], two unidirectional flyback converters in which one 
transfers the energy from the PTC and the other from CTP has been 
proposed for with the switch array. Control complexity has been 
reduced according to the bidirectional flyback-based balancing topol-
ogy. However, size increases because of the two transformer usage. In 
Ref. [69,70], multiple flyback topology is proposed for ensuring CTP 
balancing. The primary and secondary of each converter are connected 
to the cell terminal and the ends of the battery pack, respectively. Using 
the flyback converter as many as the number of cells has considerably 
increased the circuit size and cost even though the switch array has been 
removed. 

The fact that the flyback converter based balancing topology has few 
circuit components reduces circuit complexity. Also, it has the all ad-
vantages of CTP and PTC balancing. However, circuit size is larger than 
buck-boost and Cuk converter type because of the transformer which 
also causes increasing the cost. 

Fig. 6. Parallel LC converter-based balancing topology presented in Ref. [56].  

Fig. 7. Series resonant LC converter-based balancing topology presented in 
Refs. [58]. 

A. Turksoy et al.                                                                                                                                                                                                                                



Renewable and Sustainable Energy Reviews 133 (2020) 110274

7

2.2.5. Cascade full-bridge (H-Bridge) multilevel converter 
When renewable energy sources such as wind and sun are connected 

to the grid, the fluctuations they produce at the output need to be 
reduced. For this, battery energy storage systems (BESS) are used, which 
consist of a large number of Li-ion battery cells. The imbalance cells in 
BESS cause transferring harmonic to the grid and decrease the available 
capacity. Cascade full-bridge multilevel converters (CFBMC) are the best 
candidate for cell-equalization of grid-connected BESS and it can be used 
in EVs [71–73]. As illustrated in Fig. 9, to balance for N battery cells, a 
CFBMC with 2 N + 1 level N individual H-bridges have been designed. 

This converter type is well for high power applications and high 
equalization speed, and modular structure, but it has high voltage/ 
current stresses, bulky size and, expensive cost because of the huge 
number of switches. 

2.2.6. Dual active bridge converter 
The dual active bridge (DAB) power converter provides considerable 

advantages such as galvanic isolation, high voltage range and power 
transfer capability, achieving soft-switching for higher losses in the 
transformer, and modular structure, etc., [47,74,75]. DAB converter 
consists of a transformer with high leakage inductance and two 
H-bridges which include four switching elements on both sides of the 
transformer as shown in Fig. 10. The transformer provides galvanic 
isolation and voltage synchronization the between low-voltage side and 
the high-voltage side. The energy is instantaneously stored in the 
leakage inductance of the transformer [76]. DAB converters can be 
operated in both buck and boost modes. In this way, it was easily applied 
to PTC and CTP topologies. First H-bridge in buck (PTC) mode, second 
H-bridge in boost (CTP) mode are operated [77,78]. The working 
principle of these switches will be described in detail in Section 5. 

DAB-based balancing topologies are commonly used in literature. In 
Ref. [78,79], the DAB converter is used in the proposed balancing to-
pology to obtain a high power output. It is also proposed that two 

Fig. 8. a) Unidirectional flyback-based balancing topology is presented [40,41]. b) bi-directional flyback topology is presented in Ref. [66].  

Fig. 9. CFBMC for battery balancing topology.  

Fig. 10. DAB converter-based battery balancing topology.  
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reversing switches are implemented to reduce the number of switching 
elements. In Refs. [80,81], unlike typical DAB based topology, the DAB 
converter has been connected between each cell in the battery pack and 
the common low voltage bus. The proposed modular topology ensures 
easy to control however, balancing system size and cost have been 
significantly increased because of utilizing the N DAB converter for N 
cell. 

DAB converter-based balancing topology is well suited for battery 
pack with a large number of cells and provides high balancing speed, but 
it suffers from the bulky size and high-cost. 

2.2.7. Dual half-bridge converter 
A dual half-bridge converter (DHB) converter shown in Fig. 11 is 

suitable for high voltage balancing applications. Also, the operating 
principle of the DHB converter is the same as for the DAB converter. 
Compared to DAB, the number of switching elements has been reduced 
by half and the output voltage is half of the DAB converter because of 
using a capacitive voltage divider at the input. Also, the DHB converter 
generates less current fluctuations and is a topology suitable for ZVS. In 
Ref. [82], after the first stage balancing is made in the module, this 
module is connected to the input terminal of the DHB converter. The 

output terminal is connected in parallel to a single LV bus, such as DAB. 
Although DHB converters transfer the energy in both directions (i.e. 
bidirectional), in Ref. [83], a unidirectional HB converter is designed for 
CTP balancing. 

2.2.8. Push-pull converter 
The push-pull converter as illustrated in Fig. 12 is another DC/DC 

converter which has transformer isolation. This converter is derived 
from a step-down (buck) converter [84]. The unidirectional topology 
consists of the two switches, a transformer, and two diodes. Switches 
adjust according to the trigger signal the voltage polarity that will fall on 
the primary winding of the transformer. With suitable switching signals, 
this voltage is an alternating pulse waveform. The secondary diodes 
rectify this voltage waveform and send it to the output. Operating 
principle, the same as the unidirectional full-bridge and half-bridge 
converter [85]. 

In [86], a topology using a unidirectional push-pull converter with a 
switch network is proposed for the DCTC balancing system. A balancing 
circuit that operates as multiple transformers are designed with a bidi-
rectional push-pull converter in Ref. [87]. In Ref. [88], as a special 
structure, the converter topology, which hybridizes the push-pull and 
full-bridge converters, have been designed to transfer the energy from 
the CTP and the PTC. 

2.2.9. Forward converter 
The forward converter is another type of magnetically coupled 

converter that increases or decreases the output voltage. Although the 
output of the forward converter is analyzed to the buck converter, it 
includes the turn ratio of the transformer. When the switch is closed, the 
first and second windings of the transformer transfer the energy from the 
source to the target, while the third winding forms a path to the 
magnetization current when the switch is turned on. Similar to a flyback 
converter, these converters are capable of performing PTC or CTP 
balancing when unidirectional [89] and CTPTC balancing as illustrated 
in Fig. 13 when bidirectional operation [90]. However, having more 
circuit elements than flyback converters complicates the system. So the 
conduction losses which cause the reduction of balancing efficiency are 
higher than the flyback converter. 

3. Control system for the DC-DC converter-based BBS 

The balancing control system (BCS), which is the software part of 
BBS, manages the balancing circuit by a certain control strategy to meet 
the expectations from BBS. Balancing strategies can be designed by 
considering parameters such as the mathematical model of balancing 

Fig. 11. DHB converter based balancing topology.  

Fig. 12. Unidirectional Push-pull converter topology.  

Fig. 13. Bidirectional forward converter based battery balancing topology.  
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Fig. 14. Overall operations of BCS.  
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system, balancing objective, stability, and convergence to provide high- 
performance [91]. The mathematical model defines the output of the 
BCS. In BCS, the output is always balancing current which passing over 
the converter during the balancing process. It is described by the elec-
trical components of the circuit (coil, capacitor, resistance) and 
controller parameters such as the duty cycle of PWM signal and 
switching frequency. However, the input variables of the control system 
can be terminal voltage, OCV and SOC, or capacity. The main objective 
of the balancing control strategies is to eliminate the inconsistency in the 
battery cells with minimum balancing time and also minimum power 
loss. On the other hand, performance indicators of the control system 
such as convergence speed and stability are directly related to the pa-
rameters of the controller. Designed control strategies process input data 
and adjust the balancing current to achieve the balancing objective 
using a variety of control algorithms and controllers that have different 
tasks as illustrated in Fig. 14. 

In this section, control strategies are first classified by control vari-
ables to examine the effects of control variables on BCS. It was then 
divided into two control levels, the high level that examines the control 
algorithms and task, and the low level that examines the function and 
design differences of the controller, to provide detailed information 
about BCS development. 

3.1. Classification by control variable 

The control variables, which are the input of the control strategy, 
give information about the size of the imbalance of the cells in the 
battery pack. They can be terminal voltage, OCV and SOC, and capacity. 
Determining the input variable is the main factor that directly affects the 
accuracy of balancing strategies. In this subsection, control variables 
and their pros and cons are discussed. 

3.1.1. Terminal voltage-based control strategies 
Terminal voltage (VT) based balancing strategies transfer energy 

among cells according to the voltage differences of the cells. The battery 
balancing system starts the balancing process by comparing the voltage 
differences between cells to a threshold voltage. If the differences are 
greater than the pre-set threshold, cells with lower voltage charged via 
cells with higher voltage in the battery pack [60–62,92,93]. Control 
strategies based on the balancing of VT are easy to apply thanks to 
measuring voltage directly during the balancing process. However, it 
leads to some balancing errors arising from internal resistance and, ca-
pacity fading due to aging. According to the battery’s Thevenin equiv-
alent circuit, the terminal voltage of a battery cell is expressed by the 
cell’s OCV, polarization voltage, and voltage drop on internal resistance 
[130]. However, there is only a complete relationship between OCV and 
SOC, which means that the cells with the same SOCs have almost the 
same OCVs. However, inconsistencies in internal resistance lead to 
variation among the cells will make a difference in terminal voltages 
even if their SOCs are the same [94]. In this case, even if the cells are 
balanced concerning their terminal voltages, the useable capacities of 
the cells will not be the same. Additionally, when a cell is charged or 
discharged in actual vehicle operation, the terminal voltage increases or 
decreases instantaneously, respectively. Determining the proper voltage 
differences is difficult in these circumstances. Consequently, over 
equalization occurs hence the power consumption increases signifi-
cantly. Balancing current can be lowered to overcome the 
over-equalization. But, it causes increasing balancing time and 
balancing cycles [58,95]. In Ref. [96], the charging voltage cell curve 
theory is proposed to eliminate the drawbacks of voltage-based control 
strategies. Also, the capacity maximization of the battery pack is 
realized. 

On the other hand, Li-ion batteries, there is a flat voltage range 
where the small difference in cell voltage corresponds to the high dif-
ference in the releasable capacity of the cell. In this plateau, cells with 
the same voltage have a different capacity or SOCs [66]. To eliminate 

this plateau effect, final voltage based balancing strategies that operate 
the same manner are developed that work at the end of charge instead of 
working at all times. Its major drawback is that lots of waiting times 
[97]. 

3.1.2. OCV- and SOC-based control strategies 
SOC-based balancing strategies use the SOC information of the bat-

tery cell as an input variable. It transfers energy from the cell with high 
SOC to the cell with low SOC to bring the SOC levels in the package to a 
reasonable level during both charging and discharging operations. 
Thanks to the direct relationship between open circuit voltage (OCV) 
which reflects the internal condition of the battery and SOC, it provides 
more accurate balancing than terminal voltage-based strategies. Be-
sides, even if there are total capacity variations between cells, SOC- 
based balancing control algorithms provide the cells to be fully 
charged or fully discharged, thus, full pack energy to be utilized. 

SOC is expressed as the ratio of the releasable capacity of the battery 
to its nominal capacity and cannot be measured directly on the battery 
using a sensor [98]. Some researchers have been identified as the SOC of 
the battery cell using the relationship between OCV and SOC. This 
method has a less computing load. However, OCV is a variable that 
prolongs the SOC estimation process because it is information that can 
be obtained during the resting time of the cell [99]. Therefore, besides 
the OCV-based methods, it is necessary to estimate the SOC by using 
measurable values. However, due to uncertainties such as the non-linear 
characteristics of the Li-ion battery, the effect of temperature, changing 
power demand, and aging of the battery, it is difficult to estimate the 
exact charge state. However, the accuracy of the SOC estimation plays a 
critical role in completing the balancing process with minimal error. 
There are many methods developed for the SOC estimation and they can 
be implemented to the balancing algorithms. 

In the literature, several methods for estimating the SOC of the li-ion 
batteries are proposed and they can be categorized as light-weighted 
algorithms and complex ones. Direct measurement-based methods 
such as coulomb counting (CC), OCV, electrochemical impedance 
spectroscopy (EIS); methods using learning algorithms such as fuzzy 
logic (FL), neural network (NN), support vector machine (SVM), 
nonlinear observers such as Luenberger observer, sliding mode observer 
(SMO) and sigma-delta observer are included in the light-weighted 
estimation class, while adaptive filter-based SOC algorithms such as 
Kalman filter (KF)-family, particle filter (PF), H-infinity have a more 
complex estimation process. 

The CC method calculates SOC by the integration of the battery 
charge/discharge current over time. It is simple and very easy to apply in 
calculating the SOC of the battery. However, it needs the initial value 
information of the SOC. Also, the accumulation of errors due to mea-
surement errors, uncertain disturbances, and noise causes significant 
inaccuracies [100]. EIS refers to SOC according to the impedance value 
obtained by examining the electrochemical reactions of the battery. It is 
a low-cost method and can operate online. The effect of battery aging 
and temperature variations on the impedance prevents the SOC from 
being a good indicator [101]. Learning-based SOC estimation methods 
such as NN, FL, ANFIS, and SVM are required to appropriate training 
dataset to describe the nonlinear battery system without the need for a 
battery model. Since it needs information from other estimation 
methods such as EIS, CC to obtain datasets, it has all the disadvantages of 
these methods [102–105]. Luenberger observers have a wide range of 
applications in linear, nonlinear, and time-varying systems. In battery 
with nonlinear characteristics has been obtained good results in the 
estimation of its SOC [106]. SMO is a good candidate for nonlinear 
observer methods that overcome the model uncertainties, external dis-
turbances, and measurement noise. SMO needs battery dynamics to 
describe the switching gains, chattering magnitude, and SMO parame-
ters [107,108]. 

Advanced SOC estimation methods such as an adaptive filter algo-
rithm are proposed to overcome the insufficiencies of previous methods 
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and provide online, high accurate SOC estimation [109]. When the 
literature is examined, it is seen that the most commonly used adaptive 
filter algorithm is the KF and its derivatives [110]. In a dynamic system 
such as the battery indicated by the state-space model, the KF-based 
algorithm estimates the states of the system by using the input and 
output information of the battery model and previous estimation. For 
updating the algorithm, the model voltage is compared to measurement 
voltage, and this difference is scaled to a factor known as Kalman gain. 
This is then fed back into the model as an input to improve the next 
estimations [111]. However, the KF can only be used for linear systems, 
so different KF forms have been developed for the SOC estimation of the 
battery with non-linear characteristics. These are extended KF (EKF) 
[112,113], unscented KF (UKF) [114,115], sigma point KF (SPKF) 
[116], double expanded KF, adaptive EKF (AEKF) [117], adaptive UKF 
[118], and each of them uses a different filtering process. In Ref. [110], 
KF family-based SOC estimation algorithms have been extensively 
analyzed the filtering process of them and a review has been presented. 
PF which is one of the other filter-based methods, uses the approach of 
the non-linear system (battery) to the probability density function, while 
the H-infinity filter predicts the situation by considering the change of 
the battery model parameters over time [119–121]. 

Adaptive filter and nonlinear observer-based SOC estimation 
methods need a certain battery model that reflects the characteristics of 
the battery. In the previous studies, the terminal voltage of the battery 
has been expressed using different battery models. These modeling 
techniques can be classified as an empirical, electrochemical, equivalent 
circuit, and data-driven models [122]. Empirical models treat the output 
of the battery as a function of SOC and current. Electrochemical models 
created to define the charge transfer process and battery kinetics are 
expressed by nonlinear partial differential equations (PDEs). Due to the 
heavy computational burden of the separation of nonlinear PDEs and the 
problems caused by the complex model structure, it is not suitable to be 
used in the practical applications of EV vehicles. Pseudo-2D (P2D) and 
its simpler form, single particle model (SPM) are commonly used types 
of electrochemical models in model-based SOC estimation techniques 
[123–125]. The battery model created with an equivalent circuit model 
(ECM) enables mathematical operations and increases the accuracy 
performance of the battery model. There are several ECMs used in the 
literature: Rint model, PNGV model, and Thevenin model [116]. Among 
them, Thevenin equivalent circuit-based battery models have good 
features in terms of computational burden and precision, making them 
widely used in EV applications. To approximate the battery cell dy-
namics, the equivalent circuit consists of an internal resistance (R0), 
controlled voltage source (UOCV) directly related to the SOC, and resis-
tor/capacitor (RC) networks [107,112,126,127] Finally, data-driven 
battery modeling is a method that relies on building the battery model 
by establishing a relationship between terminal voltage output variable 
and input variables such as current, SOC and temperature through a 
machine learning algorithm. Machine learning methods facilitate the 
battery modeling process. There is a need for sufficient training samples 
obtained from the historical data of the measurement. Conventional NN 
algorithm, radial basis function neural network (RBFNN), SVM, extreme 
learning machine (ELM) based data-driven models are proposed, how-
ever, the accuracy of these models highly depends on the training 
dataset. 

The major problem of the model-based SOC algorithms mentioned 
above is that the identification of the model parameters. There are two 
parameter identification techniques: 1) online identification, 2) offline 
identification [128]. In offline identification, the model parameters 
obtained after applying the several battery tests remain constant during 
BMS operation. However, it is known that these model parameters 
change depending on factors such as temperature, battery aging, and 
capacity degradation. Therefore, the offline parameter identification 
causes model errors that are reflected in model accuracy. Consequently, 
it results in the SOC estimation losing its robustness. It is best to update 
the parameters during battery operation. 

There are different methods for online identification of model pa-
rameters. These can be classified into three groups as adaptive filter- 
based methods, least square (LS) and its derivatives, and model- 
migration-based methods. EKF, UKF, and SPKF estimation techniques 
are used for the co-estimation of SOC and model parameters. With the 
RLS algorithm designed to estimate the model parameters, EKF in Refs. 
[128,129], AEKF in Ref. [130], and H∞ in Ref. [131] have been applied 
for SOC estimation. In Ref. [127], the model-migration-based parameter 
identification technique is proposed, which is based on the creation of a 
new battery model with less data than the basic battery model derived 
from a significant amount of experimental data. Here, the migration 
coefficient for online parameter definition, using the Bayes Monte Carlo 
method, has been adaptively determined. In Ref. [132], researchers 
have adjusted the migration coefficient with the PF technique. 

Electrochemical models such as P2D, PSM of li-ion batteries contain 
a huge number of physical parameters that make it difficult to use in 
online applications. A small number of parameters have been estimated 
in Ref. [133,134], but these were not sufficient to fully characterize the 
battery. In Ref. [135,136], identification of a large number of parame-
ters has been provided with limited data, but in this situation, an ac-
curate prediction can be performed under special operating conditions. 
Consequently, it is very difficult to obtain the all parameters of elec-
trochemical models under all ambient temperatures and operating 
conditions. For this reason, recent researches show that the trend for 
ECM-based battery models with fewer parameters and thus not a com-
plex model is quite high [137]. 

Besides all advantages, SOC-based balancing control strategies also 
have significant disadvantages. Firstly, online SOC estimation is a very 
difficult process in real-time applications. Second, SOC has high signif-
icant computational complexity and affected by errors in voltage and 
current measurement noise [138–140]. Also, the flatter range of the 
SOC-OCV curve in LFP batteries leads to inaccurate SOC estimation, 
making balancing inefficient in such batteries [141]. In Ref. [142], the 
dual-circuit state observer-based SOC algorithm which consists of a 
closed-loop PI observer and open-loop current integrator has been pro-
posed to achieve SOC estimation with less error in LFP batteries. In 
Ref. [138], researchers have proposed an online estimation algorithm 
for SOC and parameters of batteries to develop the estimation accuracy 
for battery SOC and battery terminal voltage. This method has updated 
the parameter identification at certain intervals via real-time current 
and voltage measurements and was able to estimate the real SOC of LFP 
batteries with an error of 2%. In Ref. [143], the algorithm based on 
balancing current ratio (BCR), which makes the balancing in the plateau 
and the voltage-based algorithm that is responsible for balancing the 
outside plateau has been fused to overcome the cause of the flat 
OCV-SOC curve of LFP batteries. 

3.1.3. Capacity-based control strategies 
Capacity (C)-based balancing strategies use the rechargeable, 

releasable, and total capacity information of battery cells as input var-
iables. In voltage-based and SOC based balancing, even if the SOC or 
voltage values of the cells in the battery pack are equal, the releasable 
capacities of these cells differ from each other due to internal resistance 
and capacity variations. For example, when the battery reaches the cut- 
off voltage, the cell with a larger total capacity will have the more re-
sidual capacity. This will lead to decreasing in the energy utilization 
efficiency of the battery and thus the reduction of the life cycle. 

In C-based control strategies, the balancing controller uses the 
rechargeable capacity during charging, the capacity released during 
discharge, as a control variable to effectively balance the cells, regard-
less of total capacity variations. In Ref. [144], the capacity of the cells 
was taken as the control variable, and the balancing current was 
checked. The voltage-based balancing algorithm and the proposed 
control method were compared in accordance with the experimental 
results and it was concluded that using the capacity as the control var-
iable improves the useable capacity. In Refs. [145], the proposed 
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remaining capacity-based control algorithm eliminated over-balancing. 
However, due to the error in the accuracy of the capacity prediction 
algorithm, the difference between the theoretical results and the 
balanced capacity at the end of balancing was observed. These varia-
tions have minimized with the fuzzily balancing algorithm developed 
based on the charge curve. Inter-cell variations need to be considered for 
high accuracy capacity estimation. In Ref. [94] estimated the releasable 
capacity based on the variations of internal resistance and used it as the 
input data of the balancing current controller to maximize the capacity. 
In Ref. [66], the rechargeable and discharge capacity of the LFP battery 
was estimated using SOC and transferred charge. The balancing process 
in the flat voltage range has been achieved successfully and equalization 
time has remained at a reasonable value. 

C-based control strategies have prominent advantages. Firstly, it 
provides maximum energy utilization. Maximizing useable capacity 
increases the total lifetime of the battery, which is of immense impor-
tance to provide cost-efficient EVs. However, estimating the capacity of 
each cell in real-time has a computational burden on the hardware 
component of BMS. The need for SOC information to estimate the ca-
pacity will increase the computational complexity. 

3.2. Classification by control level 

Balancing control strategies vary according to their design objec-
tives. All of them are aimed at eliminating the imbalance between the 
control variables of the cells and keeping them within a reasonable 
range. And they also have major goals such as balancing time minimi-
zation, energy consumption minimization, and capacity maximization. 
The selection of the most suitable current path and keeping the 
balancing current at the highest possible value within certain limits 
achieve at least energy consumption in the shortest balancing time. 

Several algorithms in the literature achieve these goals in different 
ways. These algorithms diverge in design complexity, stability, and ac-
curacy. In this section, balancing control strategies to analyze in detail 
are divided into two categories as a high-level control algorithm and a 
low-level control algorithm. 

3.2.1. High-level control strategies 
High-level control algorithms (H-LCA) are responsible for generating 

control signals of the cell selection switches to ensure energy flow be-
tween the selected cell and the DC-DC converter. Each cell in a battery 
pack is charged or discharged for a certain period for ensuring final 
consistency. Generally, in the active balancing method, the most 
charged cell transfers the energy to low-charged cells or all cells in the 
pack. Each balancing process consists of a certain number of steps. If 
each step is considered to be a discharge or charge of a cell, for an 
efficient balancing process it is expected to complete balancing in 
minimal steps. Additionally, the time taken to bring the difference be-
tween the control variables of the cells into the acceptable range is the 
sum of the total charge or discharge times of each cell (i.e. duration of 
each step) [146]. This balancing time which affects also the balancing 
efficiency varies depending on the designing procedure of the high-level 
control algorithm used. 

In H-LCA, after monitoring and recording cell control values which 
can be any of VT, SOC, and C, the H-LCA finds, sorts and, compares the 
variations of balancing variables and decides the energy flow direction 
(i.e. current path) [91]. There are different control algorithm ap-
proaches for the designing of H-LCA in terms of the energy flow topol-
ogies as ACTC, DCTC, CTP, PTC, CTPTC, and balancing objective. In this 
section, these approaches are divided into four subsections as the 
mean-difference algorithm, maximum-minimum algorithm, cell differ-
ences algorithm, and heuristic algorithms. 

3.2.1.1. Mean difference algorithm. The mean difference algorithm is 
developed for realizing the balancing process generally at CTP, PTC, 

CTPTC topologies which consist of a DC-DC converter such as flyback, 
DAB converter, a dual half-bridge converter with cell selection switches. 
In the mean-difference algorithm, the average of the battery pack is 
calculated then the difference between all cells and mean value is ob-
tained. If any cell variation greater than the threshold, the balancing 
process starts and it continues until lower than the threshold [79]. 

In [65], CTP balancing for a flyback converter was carried out when 
the difference between an overloaded cell and the average is greater 
than the threshold. Turn-on signals have been sent to the switches of the 
detected cell to make the current path from cell to DC-DC converter. On 
the other hand, PTC balancing was realized, if the difference between 
the underloaded cell and the average is greater than the threshold value. 
The switches of the detected cell were turn-on and the energy has been 
transferred from the PTC via the DC-DC converter. In Ref. [67], the high 
level balancing control algorithm has been divided into two parts to 
fulfill the principles of discharging the first high SOC cell, charging the 
first low SOC cell. Firstly, weak cells are charged by transferring the 
energy from PTC until the difference between their SOCs and the 
average SOC is less than the threshold. After this process, the strong cells 
are discharged by transferring energy from the CTP until they reach the 
upper band of the average SOC. 

3.2.1.2. Maximum-minimum algorithm. A maximum-minimum algo-
rithm based balancing strategy has been generally proposed for making 
the energy path of DCTC topologies. The cells with the maximum and 
minimum control variable are detected and the switches of the highest 
energy cell and lowest energy cells are a turn-on and the energy is 
transferred from stronger cell to the weak cell via a DC-DC converter 
[38,39]. 

3.2.1.3. Cell differences algorithm. Finally, in ACTC, energy flow control 
is not provided with selection switches. In this type of balancing to-
pology, the difference between the control variables of adjacent cells 
(cell1 to cell2, cell2 to cell3 … celln-1 to celln) is calculated, and control 
signals are sent to DC-DC converters between the cells exceeding the 
threshold value. While the turn-on signal is sent to the switch on the cell 
side with the highest energy in the cell pairs, the switch belonging to the 
low energy cell is turned off [36,54,55]. 

In all of the balancing control strategies, the difference falls below 
the threshold, the balancing process is stopped. However, choosing a 
single and constant threshold is an inefficient situation, especially in 
CTC balancing topologies, leading to unnecessary energy transfer cycles 
and consequently increased energy consumption. However, in many 
studies, two threshold values are applied, high and low. When imbal-
ances greater than the high threshold are detected, this imbalance is 
eliminated until it falls below the low threshold value. Thus, unnec-
essary energy transferring cycles or repeated balancing are largely 
eliminated and more efficient balancing is achieved [147]. 

3.2.1.4. Heuristic control-based algorithms. There are various heuristic 
algorithms available in the literature. Some types of these algorithms 
have been used to construct the control strategies of the battery 
balancing process. Good candidates of the heuristic algorithm such as 
genetic algorithm (GA), particle swarm optimization (PSO) are pre-
sented in this subsection. 

3.2.1.4.1. Genetic algorithm-based balancing control. Firstly, a ge-
netic algorithm (GA) is a local search and optimization method that 
works similarly to the evolutionary process observed in nature. It works 
iteratively on the principle of survival of the best in multi-dimensional 
state space. The main process of a GA consists of 5 basic steps [148]. 
(1) Creating the population: It is the first generation of the initial 
balancing current range. (2) performance evaluation of each individual 
utilizing fitness function: the objective function of balancing is devel-
oped with upper and lower bounds. (3) selection: the selection of 
stronger individuals (balancing current) and produce a new population. 
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(4) crossover is a step for generating new individuals, the genetic in-
formation of two individuals is transferred to each other. (5) The mu-
tation operation randomly appoints one of the equalizing currents to 
another with a mutation rate. In Ref. [149] GA-based heuristic balancing 
control algorithm is proposed for minimum energy consumption and 
minimum balancing time. The selection of parameters that will mini-
mize the objective function which is the energy consumption within a 
limited balancing time has been taken as an optimization problem. The 
proposed method has exhibited better performance which is compared 
with mean-difference algorithms with respect to the low energy con-
sumption and time effectiveness. In Ref. [150], SOC-based balancing by 
GA has been developed to increase the consistency, as well as the energy 
and time efficiency of the battery. Experimental results have revealed 
that SOC consistency and efficiency are higher than the control strategy 
made with the FLC-based control algorithm. 

3.2.1.4.2. Particle swarm optimization-based balancing. PSO is the 
most widely used heuristic algorithms that can give good results with 
few variables. In PSO, each individual is called a particle, and a popu-
lation of particles is called a swarm. Each particle adjusts its position to 
the best position in the swarm, using its previous experience. The pur-
pose of the PSO is that position of the individuals in the swarm has been 
brought closer to the individual of the swarm that has the best position. 
The proximity to the solution of all particles is measured in each itera-
tion via a fitness function. Then the best local end global values updated. 
Then the movement of each particle is determined with the rate of 
change function and new states are set [151]. 

In [146], researches have been proposed the PSO-based balancing 
control algorithm to obtain a global optimal solution for decreasing the 
balancing time. In each iteration, they have determined the balancing 
steps by obtaining the best current direction and showed that this con-
trol algorithm achieves the balancing at a shorter time than the 
mean-difference. 

3.2.2. Low-level control strategies 
Maximization of the balancing current provides the minimization of 

total balancing time. The balancing current is controlled by adjusting 
the duty cycle of the PWM signal sent to the switches of the DC-DC 
converter. Some studies have kept this duty cycle constant [34,42,54, 
152]. However, the voltage difference between the target and source 
cells or pack will decrease during the balancing process which causes 
reducing the balancing current. In this case, the PWM with a fixed duty 
cycle signal will cause the balancing time to increase gradually. For this 
reason, the balancing current should be controlled according to the 
voltage changes of the cells. Taking into consideration to balancing 
objective, in low-level control, different controllers have been proposed 
to keep the balancing current constant by adjusting the duty cycle of the 
PWM signal. 

In literature, there are various low-level control techniques such as 
PID, model predictive control, sliding mode control, fuzzy logic control, 
ANFIS, etc. This section presents a detailed insight into low-level control 
algorithms. 

3.2.2.1. Traditional PID control. Proportional Integral Derivative (PID) 
controller method is a widely used traditional feedback controller 
method. A PID controller continuously calculates an error value, that is, 
the difference between the desired system state and the current system 
state. The controller attempts to minimize the error by adjusting the 
process control input. 

As shown in Fig. 15, the PID algorithm controls three fixed param-
eters to reduce the error value: proportional, P integral, derivative 
values. Intuitively, these values can be interpreted in terms of time, 
taking into account the current change; P depends on the current error, I 
is the sum of past errors and D is an estimate of future errors. The process 
controlled by the weighted sum of these three actions is used to set the 
desired level [153,154]. In Ref. [62], a PI controller with a fixed KP and 
KI parameter has been employed to control the output voltage of the 
boost DC-DC converter which is the input source voltage of the resonant 
tank. It has regulated the equalization current according to the voltage 
differences. 

However, fixed KP, KI, and KD values negatively affect the stability of 
the system against the disturbances. Therefore, the adaptively change 
the PID control parameters with an optimization algorithm will make 
the control system is more stable. In Ref. [68], the PI controller based 
control algorithm is proposed to estimate equalization time with respect 
to the equalization current and SOC variation. The PSO algorithm has 
generated optimum PI controller parameters to minimize the error of 
cells’ SOCs. The proposed control strategy has provided excellent 
equalization speed and low power consumption. 

Balancing strategies based on PID has advantages of simple execu-
tion, fast speed, and high efficiency. However, dynamic PID controller 
design has computational complexity due to the optimization algorithm. 

3.2.2.2. Model predictive control. The model predictive control (MPC) 
shown in Fig. 16 is a controller structure in which the control parameters 

Fig. 15. Structure of the PID controller.  

Fig. 16. Schematic representation of MPC.  
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are easily adjusted in systems where it is difficult to control and where 
the classical PID controller is inadequate. MPC is based on the logic of 
estimating the output by applying the control signal calculated within 
the control horizon along a prediction horizon using the model of the 
system. The estimation of the output depends on the input (control 
signal) and measured output values in the past and the input value that 
is planned to be implemented in the future. The control signal to be 
applied in the future is calculated to bring the output values closer to the 
reference value and minimize the determined cost function. The control 
signal is calculated to the end of the control horizon and is assumed to be 
constant for the time between the control horizon and the prediction 
horizon. Only the first of the calculated control signals are sent to the 
system. In the next time step, new values of the measured output are 
obtained, the control horizon is shifted one step forward and the same 
calculations are repeated [155–157]. 

In [69], the fast MPC algorithm has been proposed based on the 
minimum balancing time as a performance metric. By keeping the 
balancing current at the maximum possible value, the single point of 
convergence of the SOC, which is the control variable, is ensured. 
Balancing time has been reduced significantly, hence, the minimum 
energy to balance the cells is consumed. In Refs. [158], Two MPC al-
gorithms have been proposed to provide optimum balancing time and 
balancing current. In Ref. [159], nonlinear MPC has developed for multi 
objectives active balancing strategies as minimizing the total energy loss 
and minimizing the balancing time. In Ref. [160], the frequency and 
duty cycle (D) of the PWM signal is used as the input signal and ΔSOC is 
controlled at the output. This charge difference was minimized and the 
SOC balancing between cells was achieved. 

3.2.2.3. Sliding mode control. The sliding mode control (SMC) is an 
effective technique for nonlinear systems has advantages of fast 
response and insensitivity to changes in system parameters and distur-
bances [161,162]. Classical SMC takes place in two stages; i) defining a 

stable sliding surface, ii) determination of the control signal that will 
bring the system from any starting point to the sliding surface, and keep 
on it [163]. In the balancing algorithm scheme, firstly state-space rep-
resentation is obtained for control state variables of the system. The 
control signal is obtained using the rule given by in Ref. [164] on the 
selected sliding surface. Once the system reaches the sliding surface, the 
system becomes independent of parameter changes and any disturbing 
effects that may occur. 

When designing the control of nonlinear systems with sliding mode, 
it is sufficient that the system states the only approach and remain 
around the selected sliding surface. This band formed around the sliding 
surface is called quasi sliding mode band (QSMC). In Ref. [36], a 
discrete-time QSM-based algorithm is designed to keep the balancing 
current within the desired limits. 

3.2.2.4. Fuzzy logic control. It is appropriate to use intelligent algo-
rithms such as fuzzy logic controller (FLC) to control systems that are 
difficult and complex to develop mathematical models. The robust FLC 
can adaptively and efficiently control the nonlinear behavior of the 
battery balancing process. FLC based balancing algorithms are designed 
to control the equalizing current flowing like other controllers. As shown 
in Fig. 17, the FLC consists of the fuzzifier, inference engine, rule base, 
and defuzzifier. Fuzzifier is the process of converting input information 
from the system into symbolic values, which are linguistic qualifiers. 
Rule base characterizes the control rules which are the connections 
between the input and output defined by the information of the battery 
balancing process. The inference engine unit operates the fuzzy values 
with fuzzy rules then sends the defuzzifier to create the actual values 
[165]. 

FLC has been used commonly in balancing algorithm design because 
it does not require a mathematical representation of the system and easy 
to implement. FLC inputs can be voltage difference, cell voltage, SOC 
difference, and average SOC which are used to adjust the balancing 

Fig. 17. Schematic representation of FLC.  

Fig. 18. The general structure of the ANFIS.  
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current and balancing period. In the latest phase of the control, the 
balancing current which is the output of the FLC is converted into duty 
cycles corresponding to the PWM driving signal of the battery balancing 
circuit. 

In [54,95], the voltage differences and voltages of the cells in the 
battery string are used as the inputs of the FLC to adjust the battery 
balancing current. The inference engine of the FLC controller has pro-
duced the larger balancing current with a larger voltage difference and 
cell voltage. The proposed FLC-based control algorithm speeds up the 
balancing process. In Refs. [70], the adaptive FLC balancing control 
algorithm is proposed, which adjusts the duty ratio of the PWM signal to 
be sent to switch off the flyback converter to keep the balancing current 
constant. Battery pack voltage and cell voltage to be balanced are used 
as the inputs of FLC. In Ref. [166], the FLC-based control algorithm is 
proposed where voltage difference and its derivative are used as FLC 
inputs. Adjustment of the balancing switching period, which consists of 
balancing time and dwell times, is a critical issue. Setting a long 
switching time and a short dwell time in a switching cycle will shorten 
the balancing time, but will result in over equalization, vice versa, over 
equalization is prevented but balancing time significantly increases. In 
Ref. [58], it is recommended that the self-learning FLC adjust the online 
balancing period according to the voltage difference and cell voltages, 
which are the inputs of the FLC. This proposed control algorithm has 
advantages of high balancing accuracy and high robustness. In Ref. [49] 
two-stage balancing algorithm based on FLC is proposed to control the 
balancing current according to SOC differences and SOC average of the 
adjacent cell in the battery string. It has been demonstrated with both 
experimental and simulation results that balancing efficiency increases. 
Fuzzy rules are determined according to the changes of fuzzy inputs and 
outputs in a certain range. In Ref. [167], SOC difference and SOC 
average have been used as the input variable of proposed FLC balancing 
algorithms. The balancing period in a switching cycle has been changed 
according to the input changes to decrease the energy consumption of 
the balancing system. In Ref. [57], variable universe FLC, which can 
shrink or expand the range according to input changes, has been pro-
posed. By taking the voltage difference and voltage average of adjacent 
cells as input variables, the balancing current has been adjusted more 
precisely than fixed-range FLC based algorithms. 

3.2.2.5. Adaptive neuro-fuzzy inference system control. The adaptive 
neuro-fuzzy inference system (ANFIS) is an intelligent control technique 
that combines a neural network with FLC to define and adjust the pa-
rameters and structure of the fuzzy inference system based on available 
data. Thus, neuro-fuzzy systems increase the accuracy of fuzzy models. 
In FLCs, creating the rules which are the connections between the inputs 
and the output it is a time-consuming and error-prone process. Addi-
tionally, precise adjustment of fuzzy rules for small voltage variations is 
challenging with conventional FLC, and this condition makes system 
stability is difficult. ANN has some advantages such as the capability of 
non-linear modeling, the ability of learning, parallel data processing, 
and adaptation. This learning process is applied to the fuzzy system and 
allows adaptive adjustment of the fuzzy rules [168,169]. 

A typical structure of an ANFIS is illustrated in Fig. 18, each layer has 
a particular function for the control system. The first layer generates the 
membership function assigned to each input. In the second layer, the 
firing strength of each rule is identified. The third layer normalizes the 
firing level of the rules. In the fourth layer, the output functions of 
associated input signals are calculated with the normalized firing 
strength of each rule, which is the output of the previous layer. As a 
result of the fifth layer, the total output value is obtained from all 
incoming signals [170]. 

In [55,171] cell voltage-based balancing has performed using with 
ANFIS control algorithm for ensuring the consistency between neigh-
borhood cells within the battery pack. It has used voltage difference and 
its derivatives for inputs and, then the output of the ANFIS controller 

which is balancing current has adjusted the period of the PWM signal for 
the switching elements of the balancing hardware. 

3.2.2.6. Phase shift control. All bridge converters (CFBMC, DAB, DHF) 
use a unique control structure called phase shift control (PSC). Switching 
components of each H-bridge is turn on with a duty cycle of 50% then 
operates with a phase shift angle between the two sides of the trans-
former. In the applied switching frequency, balancing current is deter-
mined as follow [77], 

Ibal =
nV1

2fsL
D(1 − D) (1)  

where D is the phase angle, n is the transformer turns ratio, V1 is the 
terminal voltage (cell voltage for CTP or pack voltage for PTC), L leakage 
inductance. 

This phase angle is the range of 0.5–0.8 in CTP (boost) mode, range 
of 0–0.5 in PTC (buck) mode [78]. V1 voltage drops during the balancing 
process. To keep the balancing current at a constant value, the phase 
shift angle in boost mode is reduced in proportion to the voltage change. 
Otherwise, the phase angle is increased in buck mode. 

PSC method was used to control the switches of all bridge converters 
described in Section 4.2. 

4. Comparison of relevant studies 

In this section, a comparison of the relevant studies is conducted to 
provide an assessment of the DC-DC converter based BBS and is pre-
sented in Table 1. These studies were carried out with different numbers 
of cells with different maximum voltage difference. However, balancing 
speed varies depending on these two factors. For this reason, the 
maximum variance between the initial control variables is given for a 
better comparison. 

Given the average switching cycle used to complete charge transfer 
and the efficiency of the topology, the CTP or PTC topologies that have 
flyback, forward and bridge converter based balancer circuit out-
performs among the other topologies in terms of the balancing time. It 
also provides module-based control for a large battery pack. However, 
the cost problem caused by the large circuit size especially which in-
cludes the transformer is the most significant disadvantage of this 
method. 

The ACTC and DCTC topologies which include buck-boost and Cuk 
converter based balancer circuit have remarkable advantages of 
modular design, easy control, and allowing individual charge equal-
ization circuitry. It also has satisfactory balancing speed and balancing 
efficiency. However, they need N-1 balancer for N cells, hence, greatly 
increasing the size and cost of BBS. 

Resonant converters are important balancing circuit topologies that 
achieve soft-switching methods such as ZVS and ZCS which prevent 
switching losses by utilizing high switching frequency. But, circuit de-
signs are quite complicated. 

5. Challenges for the realization of BBS 

The present development of DC-DC converter-based active BBSs is 
not sufficient for their commercializing. Because these BBSs realizations 
suffer from certain challenges such as conversion efficiency and cost. 

The conversion efficiency of the converters mainly depends on the 
number of passive components and the switching frequency of the 
control signal. The reduced number of components will also provide a 
reduction of switching elements, which will increase the overall sys-
tem’s efficiency since switching-related losses seriously affect the 
overall system. On the other hand, the converter circuits are operated at 
high switching frequency to reduce the size of circuit components. 
However, in this case, losses on the switching elements will also 
increase. 
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Table 1 
Comparison of DC-DC converter based active balancing topologies.  

Ref. DC-DC converter topology Balancing 
Method 

Balancing Control Algorithm Performance parameter 

Control 
variable 

SOC estimation 
method 

Control 
algorithm 

# of 
cell 

Max. initial 
difference 

Max. 
Efficiency 

Balancing time 
(s) 

Cost Size Efficiency Speed Control 
complexity 

[62] Quasi-resonant LC converter 
&boost converter 

DCTC Cell voltage – PI&FLC 8 0.259 V 98% 3200 VH VH E E M 

[58] Resonant-LC and Buck 
Converter 

PTC Cell voltage – FLC 8 0.422 V 88% 3800 H H G S M 

[49] Buck-boost converter ACTC SOC EKF FLC 8 20.5% 97.37% 1150 VH VH E E H 
[172] Buck-boost converter ACTC SOC OCV Fixed duty cycle 8 22.4% 82.5% 4450 VH VH S G H 
[60] Quasi-resonant buck-boost 

converter 
ACTC Cell voltage – Fixed duty cycle 3 1 V 85.6% 3000 VH VH G VG M 

[95] Cuk converter ACTC Cell voltage – FLC 3 0.6 V NA ~2300 VH VH – VG H 
[171] Cuk converter ACTC Cell voltage  ANFIS 2 0.25 V NA 3000 VH VH – VG H 
[54] Cuk converter ACTC Cell voltage – FLC 3 0.75 V 61.8% 7000 H H S P H 
[57] Cuk converter ACTC Cell voltage – Modified FLC 4 0.323 V NA 4437 VH VH – G H 
[36] Cuk converter ACTC SOC SMO QSMC 4 11% 87.8% 2286 VH VH G E VH 
[40] Unidirectional flyback 

converter 
CTP SOC NA Fixed duty cycle 4 26% 88% 5500 H H G S M 

[173] Bidirectional flyback 
converter 

CTPTC SOC OCV NA 8 14.4% 80.5%– 
82.7% 

1800 H M S E H 

[42] Bidirectional flyback 
converter 

CTPTC SOC NA Fixed duty cycle 88 20% 81.6% 3600 H H S VG H 

[69] Bidirectional multiple 
flyback converter 

CTPTC SOC NA MPC 6 27% %90 ~1500 VH VH VG E H 

[149] Bidirectional flyback 
converter 

CTPTC SOC NN-FLC GA 48 43% %93.1 1002 H H VG E VH 

[65] Two unidirectional Flyback CTP-PTC Cell voltage – Fixed-duty cycle 10 NA NA NA H H NA E H 
[68] Two unidirectional Flyback CTP-PTC SOC OCV PI 90 20% 91.96%- 

92.68% 
5040 H H VG E H 

[146] Dual active bridge converter CTP-PTC SOC  PSO/phase shift 12 20.5% NA 3522 H H NA E VH 
[81] Dual active bridge converter DCTC SOC EKF Mean 

difference/PSC 
8 10% NA ~1500 VH VH NA E VH 

[83] Half-bridge converter CTP SOC NA PSC 6 23% %95.3 10,800 VH VH E P VH 
[86] Push-pull converter DCTC Cell voltage – Heuristic 12 0.2 V NA 2820 VH VH – E M 

E: Excellent, VG: Very Good, G: Good, S: Satisfactory, P: Poor. 
VH: Very high, H: High, M: Medium. 
NA: Not available. 
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Flyback and forward converter contain fewer switching elements, 
especially compared to buck-boost and Cuk converter-based balancing 
circuits. And these converters are well suited for soft switching tech-
niques which reduce the switching losses by utilizing the high switching 
frequency. On the other hand, to meet the power demand of an EV, a 
large number of battery cells are needed. For example, Tesla Model 3 
uses a battery pack consisting of the organization of 4416 Li-ion battery 
cells [174]. In this case, the batteries are divided into modules consisting 
of a certain number of cells to reduce the control complexity of the 
battery BBS. However, the DC-DC converter used in CTC topologies 
cannot perform module-based balancing. 

When the list of the available commercialized active balancing cir-
cuit reference design is examined, it can be seen that the BBS has been 
designed using flyback and forward converters with conversion effi-
ciency between 80% and 93% as demonstrated in Table 2. Moreover, the 
high balancing current the range of the 2 A–5 A shows that they have a 
high balancing speed compared to other balancing topologies. 

According to Table 2, it is clear that topologies that will transfer 
energy from PTC or CTP will be of great interest, using appropriate 
bidirectional converters such as flyback, forward, and DAB. 

Considering that bidirectional active balancing integrated circuits 
(ICs) can be used for up to a certain number of Li-Ion batteries connected 
in series, this seems to be a major cost issue as the number of cells 
increases. 

6. Conclusion 

In this study, a comprehensive evaluation of DC-DC converter-based 
active BBS, which is an obligatory process for improving the service life 
of serially connected battery packs and preventing unwanted situations 
such as overcharge and over-discharge, has been made. 

To improve the efficiency and reliability of the balancing unit, the 
effect of other functions of BMS such as SOC estimation was compiled by 
examining. Various DC-DC converter-based balancing topologies are 
presented by comparing the number of circuit elements, cost, efficiency, 
balancing time. Power converters allow the design of a large number of 
charge balancing circuits according to the optimum design criteria 
which provide the desired specifications. Determining and implement-
ing the balancing control strategy after the selection of components for 
suitable topology is another important step. So, this study evaluates the 
battery balancing control strategy of the DC-DC converter-based 
balancing system. From this study, it is concluded that energy storage 
systems must have control and management facilities for reliable and 
efficient use even if they have the best battery technology. Of these, the 
developments of charge balancing control which is handled the solution 
to the aforementioned challenges have become an important research 
topic, especially in the rapidly increasing EV market. 
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Abbrevations 

ACT adjacent cell to cell 
AEKF adaptive extended kalman filter 
ABBT active battery balancing topology 
ANFIS adaptive neuro fuzzy inference system 
BBS battery balancing cell 
BCS balancing control system 
BESS battery energy storage system 
BEV battery electric vehicle 
BMS battery management system 
CC coulomb counting 
CC/CV constant current/constant voltage 
CE coulomb efficiency 
CFBMC cascade full-bridge multilevel converter 
CTC cell to cell 
CTP cell to pack 
CTPTC cell to pack to cell 
DAB dual active bridge 
DCTC direct cell to cell 
DHB dual half bridge 
DOD depth of discharge 
EIS electrochemical impedance spectroscopy 
EKF extended kalman filter 
EV electric vehicle 
FL fuzzy logic 
GA genetic algorithm 
H-LCA high-level control algorithm 
KF kalman filter 
MPC model predictive control 
NN neural network 
OCV open-circuit voltage 
P2D pseudo two-dimensional 
PDE partial differential equation 
PF particle filter 
PID proportion integration differentiation 
PSC phase shift control 
PSO particle swarm optimization 
PTC pack to cell 
PWM pulse width modulation 
RB rechargeable battery 
SMC sliding mode control 
SMO sliding mode observer 
SOC state of charge 
SOH state of health 
SPKF sigma-point kalman filter 
SPM single particle model 
SVM support vector machine 
UKF unscented kalman filter 
ZCS zero current switching 
ZVS zero voltage switching 
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