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  Abstract 
 Active techniques based on the switched-
capacitor converters (SCCs) are used in recent 
years widely for battery cell balancing 
applications, due to lack of bulky magnetic 
components. In addition, these converters are 
easily be integrated to reduce the volume. 
Despite of all these benefits, SCCs have some 
disadvantages such as number of active 
switches, currents spikes, low balancing 
speed, and high switching losses. In this paper, 
a chain resonant SCC is analyzed which can 
realize soft switching under the ZCS conditions 
to eliminate currents spikes to overcome the 
aforementioned SCCs drawbacks. Also, it has 
been modified to increase balancing speed of 
the Lithium-Ion battery cells. Then, a chain 
resonant SCC for balancing a combination of 
three battery cells with capacity of 2150 mAh 
and nominal voltage of 3.6 V has been 
simulated by MATLAB/SIMULINK and it has 
been implemented at 50 kHz to confirm 
operation of the converter. The simulation and 
experimental results are in good agreement 
with the given mathematical analyses and 
illustrate that the balancing speed has been 
improved more than three-fold, as compared 
with the conventional converter. 
 
Index Terms— Dc-dc power conversion, 
Lithium-ion battery cell, resonant power 
conversion, resonant switched capacitor 
circuit 

I. INTRODUCTION 

ITHIUM-Ion battery cells are one of the most 

suitable rechargeable batteries which are used 

widely in industries due to their valuable 
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advantages such as: high energy density and low self-

discharge rate [1]-[14]. Generally, several batteries 

are connected in series, in practice, to prepare the 

required loads voltages. Therefore, they 1are charged 

and discharged in series connections at the same 

times [3], [26]. In these applications, repeating the 

charge and discharge processes in long time intervals 

in addition to some unavoidable practical mismatches 

in the batteries chemical and electrical characteristics 

such as: production variety, unbalanced aging, and 

temperature distribution, cause some issues. To 

overcome these problems, the Lithium-Ion battery 

cells should be protected from overvoltage and under 

voltage rates. So, there should be balancing circuits to 

avoid the unpredicted events. The balancing circuits 

overcome these unavoidable mismatches, 

significantly. They also, enhance total capacity, 

improve efficiency, and increase batteries lifetimes, 

significantly [4], [18]-[30].  

Different balancing circuits have been introduced in 

the literature in recent years, which can be 

categorized in two separated groups: 1) passive, and 

2) active.  The passive balancing circuits have some 

disadvantages such as energy loss and thermal 

problems [2]-[20]. To overcome these issues, active 

balancing circuits have been introduced, recently, by 

employing active elements such as inductors and 

capacitors in their constructions [2], [15]-[20].  

Usually two types of active converters are used for 

balancing battery cells applications [1], [22]-[29]: 1) 

Switched-capacitor based converters and 2) Inductor 

based converters. Different circuits based on the 

inductive approach have been introduced in literature 

[5]-[8]. But, these circuits have large sizes, high cost, 

and excess losses. Therefore, switched-capacitor 

topologies have been introduced for balancing battery 

cells owing to the fact that they do not use bulky 

magnetic elements such as inductors and 

transformers. These topologies are much more 

compact and can be implemented, easier in practice 

[1], [12], and [13]. But, the SCCs have some 

problems in the battery cells balancing applications: 

1) balancing battery cells needs more time in 

comparison with the inductor based converters, 

especially when number of the cells is increased [1], 

2) switching losses are high due to hard switching 

events [2]-[20], and 3) the circuit currents have 

excessive spikes[1].To increase speed of the SCC 

based balancing circuits, lots of researches have been 
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done, recently. Double-tiered SCC has been 

introduced in [1], [11]. This approach reduces the 

balancing time, strikingly, by employing additional 

bridging. However, due to different gradients of the 

ambient temperature, risks of unbalancing between 

the outer cells are increased, normally [1]. In addition, 

this method is unusable for increasing higher 

balancing speeds. To improve performance by 

increasing the speed especially between outer cells, 

two circuits with chain structure have been studied in 

[1]. Decrease of the farthermost cells to half is one of 

the advantages of this circuit [1]. Therefore, the cells 

balancing speed are significantly increased by this 

chain structure. 

As mentioned above, other main problem of the SCCs 

is due to limitation on accessible size of storage 

elements and dependence of their sizes on switching 

frequency causes to increase switching frequency, 

and it will increase the switching loss due to hard 

switching events. To overcome this problem, the 

resonant SCCs have been introduced [1]-[14].  The 

performance analysis of complex SCCs is introduced 

in [1]-[3]. Specifically, a resonant SCC has been used 

for voltage balancing of series-connected capacitor in 

[2]. Although chain structure SCC [1] has high cells 

balancing speed, there are some problems such as 

high number of switches and hard switching events 

that increases the switching losses. A chain structure 

resonant SCC with zero-current switching (ZCS) 

technique is introduced in this paper. This 

configuration is suitable for series connected battery 

or super capacitor strings to achieve zero-voltage gap. 

High balancing speed, zero voltage gap among the 

cells, low current spikes, and low switching losses are 

main advantages of this converter. In Sec. II the 

conventional resonant switched-capacitor converter 

has been modified. In Sec. III the converter different 

operation modes have been analyzed. In Sec. IV the 

converter balancing time and efficiency have been 

calculated. In Sec. V the conventional resonant SCC 

balancing speed has been analyzed. Two converters 

charge transfer average steps have been compared in 

Sec. VI. Simulation and experimental results are 

given in sections VII and VIII, respectively. Finally, 

conclusion is made in Sec. IX.  

NOMENCLATURE 

Cab Common capacitor 

𝐶𝑟 Capacitance of the resonant capacitor 

𝐶𝑏𝑎𝑡𝑡 Capacitance of battery 

𝐸𝐼𝑚. Unbalanced energy before cell balancing 

𝐸𝑅𝑒𝑠. Remained energy of 𝐸𝐼𝑚.after cell balancing 

𝑓𝑠   Switching frequency 

𝑓𝑟 Resonant frequency 

𝑖𝐿𝑟  Resonant inductor’s current 

𝑖𝐵 Battery average current 

𝐿𝑟  Resonant inductor 

𝑁 Number of batteries 

𝑃 Power transfer rate 

𝑃𝐿𝑜𝑠𝑠 Power losses 

𝑄 Quality factor 

𝑹𝒔𝒘  Switch resistance  

𝑹𝑳𝒊𝒎𝒊𝒕  Inrush current limiting resistor 

𝑅𝐶 Equivalent resistance of the PCB tracks, 

switches, inductors, and resonant capacitor 

𝑇𝐸𝑄 Balancing time 

𝑽𝑪𝒂𝒃 Voltage of the common capacitor 

𝑉𝐿𝑎𝑏  Resonant inductor voltage 

𝑉𝐵1−4 Voltages of cells 1-4 

𝑉𝐵𝑖_𝑠𝑡𝑎𝑟𝑡 Cell voltage of ith cell before cell 

balancing 

𝑉𝐵𝑖_𝑒𝑛𝑑 Cell voltage of ith cell after cell balancing 

𝑉𝑚𝑖𝑛 Minimum voltage before cell balancing 

𝑉𝑑  Voltage drop on each switch 

𝑊 Stored energy in the resonant tank’s 

capacitor 

𝜌 Damping ratio 

𝜂 Power conversion efficiency 

II. MODIFYING THE CONVENTIONAL RESONANT 

SWITCHED-CAPACITOR CONVERTER 

A conventional resonant SCC for balancing battery 

cells is given in Fig. 1 (a). There are four switches in 

this converter which are controlled simultaneously at 

a constant switching frequency. Also, switches are 

connected to up and down battery cells approximately 

with a duty cycle of 50% by considering short dead-

time intervals. There are two different operation 

modes, as illustrated in Fig. 1 (b) and (c). The 

conventional resonant SCC has low balancing speed 

despite of its high efficiency, low switching loss, and 

low edge current.  
 

     

                        (a)               (b)               (c) 

Fig. 1 Conventional resonant SCC [2] (a) circuit 

topology, (b) mode I, and (c) mode II 
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Here, the conventional resonant SCC has been 

modified which has higher balancing speed in 

comparison with the conventional resonant SCC. 

Also, all switches are turned off under the ZCS 

condition, too. The modified converter consists of 

two sections: 1) resonant tank networks for saving 

and transferring energy and 2) switches network for 

connecting the battery cells to the resonant tanks, as 

shown in Fig. 2. 

 
Fig. 2 The modified converter with an additional resonant 

tank network 

III. ANALYZING THE CONVERTER DIFFERENT 

OPERATION MODES 

To simplify analyses of the circuit and describing its 

operation modes, it is assumed that there are two 

battery cells in the string, and the upper cell voltage 

is higher than the lower cell one, as shown in Fig. 3. 

The modified section is used when more than two 

battery cells are connected in series. So, for two 

battery cells, as shown in Fig. 3, there is no additional 

resonant tank circuit. The given analyses can be 

generalized for n battery cells, easily. Here, switching 

frequency is chosen smaller than the converter 

resonant frequency to achieve ZCS soft switching 

under the DCM operation mode and to equalize the 

battery cells voltages, easily without applying any 

closed loop control:  

𝑓𝑠 ≤ 𝑓𝑟 =
1

2𝜋√𝐿𝑟𝐶𝑟
 ,                                              (1) 

The converter different operation modes are given in 

Fig. 3. Mode I or energy saving mode [t0-t1]: switches 

S1 and S3 are turned on during this operation mode to 

connect the resonant tank to the upper battery cell. 

Current flows through the resonant capacitor to 

increase its voltage to maximum value. The 

equivalent circuit during this operation mode has 

been plotted in Fig. 3 (a). When the resonant inductor 

current 𝑖𝐿𝑟, reaches to zero, S1 and S2 are turned off 

under the ZCS condition. Typical current and voltage 

waveforms of the proposed circuit are illustrated in 

Fig. 4.  

   
        (a)                          (b) 

     
                            (c)                        (d) 

Fig. 3 Circuit different operation modes (a) mode I or 

energy store mode, (b) mode II, (c) mode III or energy 

release mode, and (d) mode IV 

 
Fig. 4 Typical current and voltage waveforms of the 

converter during a switching period 

 

Considering Figs. 3 and 4, we can write: 

{
 
 
 

 
 
 𝑉𝐵1 = 𝑣𝐶𝑟(𝑡) + 𝐿𝑟

𝑑𝑖𝐶𝑟(𝑡)

𝑑𝑡
+ 𝑅𝑐𝑖𝐶𝑟(𝑡),

𝑖𝐶𝑟(𝑡) = 𝐶𝑟
𝑑𝑣𝐶𝑟(𝑡)

𝑑𝑡
,                                

𝑑𝑣𝐶𝑟(𝑡)

𝑑𝑡
|
𝑡=0−

= 0,                                    

𝑣𝐶𝑟(𝑡)|𝑡=0−
= 𝑣𝐶𝑟(0

−),                           

           (2) 

 Doing some simple calculations, resonant capacitor 

voltage in Laplace domain is given: 
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𝑉𝐶𝑟(𝑠) =
𝑉𝐵1
𝑠
+ (𝑣𝐶𝑟(0) − 𝑉𝐵1) (

𝑠 + 𝜌

(𝑠 + 𝜌)2 + 𝜔0
2

+
𝜌

(𝑠 + 𝜌)2 + 𝜔0
2),                                     (3) 

Where, 

{
 
 

 
 
𝜔0 = √

1

𝐿𝑟𝐶𝑟
− (

𝑅𝑐
2𝐿𝑟

)
2

,

𝜌 =
𝑅𝑐
2𝐿𝑟

,                          

                                                           (4)    

 Now, the resonant capacitor voltage during 

operation mode I can be expressed as follows in time 

domain: 

𝑣𝐶𝑟(𝑡) = 𝑉𝐵1 − (𝑉𝐵1 − 𝑣𝐶𝑟(0)) (cos𝜔0𝑡

+
𝜌

𝜔0
sin𝜔0𝑡) 𝑒

−𝜌𝑡 ,   0 ≤ 𝑡 ≤
𝜋

𝜔0
             (5) 

 Also, from (2) resonant inductor current can be 

identified in Laplace domain, as follows: 

𝐼𝐿𝑟(𝑠) = (
𝑉𝐵1 − 𝑣𝐶𝑟(0)

𝜔0𝐿𝑟
)

𝜔0
(𝑠 + 𝜌)2 +𝜔0

2  ,               (6)   

 Therefore, the resonant inductor current during 

operation mode I is obtained in time domain: 

𝑖𝐿𝑟(𝑡) = (
𝑉𝐵1 − 𝑣𝐶𝑟(0)

𝜔0𝐿𝑟
) 𝑒−𝜌𝑡 sin𝜔0𝑡 ,   0 ≤ 𝑡 <

𝜋

𝜔0
        (7) 

When the resonant inductor current reaches to zero 

this operation mode is finished and maximum value 

of the resonant capacitor voltage is occurred: 

𝑣𝐶𝑟 (𝑡 =
𝜋

𝜔0
) = 𝑉𝐵1 + (𝑉𝐵1 − 𝑣𝐶𝑟(0)) 𝑒

−𝜋𝜌 𝜔0⁄ ,               (8) 

Mode II [t1-t2]: The equivalent circuit during this 

operation mode has been plotted in Fig. 3 (b). During 

this operation mode, all power switches are off and 

DCM operation mode is occurred. Thus, the capacitor 

voltage is remained constant at its maximum value 

and the inductor current is equal to zero. So, the 

resonant capacitor voltage and inductor current are 

given as follows: 

{
𝑣𝐶𝑟(𝑡) = 𝑉𝐵1 + (𝑉𝐵1 − 𝑣𝐶𝑟(0)) 𝑒

−𝜋𝜌 𝜔0⁄ ,

𝑖𝐿𝑟(𝑡) = 0,                                                      
 
𝜋

𝜔0
≤ 𝑡 <

𝑇𝑠
2
 (9) 

Mode III or energy releasing mode [t2-t3]: switches S2 

and S4 are turned on during this operation mode to 

connect the resonant tank to the lower battery cell. 

Equivalent circuit of the converter during this 

operation mode is given in Fig. 3 (c). When the 

resonant inductor current become zero, S2 and S4 are 

turned off under the ZCS condition. This operation 

mode can be analyzed in a similar approach as done 

in operation mode I. Considering 𝑇𝑠 2⁄  delay time, the 

resonant capacitor initial voltage value of 

𝑣𝐶𝑟(𝑇𝑠 2⁄ )instead of 𝑣𝐶𝑟(0), and 𝑉𝐵2instead of 𝑉𝐵1, 

the resonant capacitor voltage and inductor current 

values are identified respectively by considering (5) 

and (7) as follows: 
𝑣𝐶𝑟(𝑡) = 𝑉𝐵2 + (𝑣𝐶𝑟(𝑇𝑠 2⁄ )

− 𝑉𝐵2)𝑒
−𝜌(𝑡−𝑇𝑠 2⁄ ) (cos𝜔0(𝑡 − 𝑇𝑠 2⁄ )

+
𝜌

𝜔0
sin𝜔0(𝑡 − 𝑇𝑠 2⁄ )),     

𝑇𝑠
2
≤ 𝑡

<
𝑇𝑠
2
+
𝜋

𝜔0
                                                  (10) 

𝑖𝐿𝑟(𝑡) = (
𝑉𝐵2 − 𝑣𝐶𝑟(𝑇𝑠 2⁄ )

𝜔0𝐿𝑟
) 𝑒−𝜌(𝑡−𝑇𝑠 2⁄ ) sin𝜔0(𝑡

− 𝑇𝑠 2⁄ ),     
𝑇𝑠
2
≤ 𝑡 <

𝑇𝑠
2
+
𝜋

𝜔0
                (11) 

Where, 𝑣𝐶𝑟(𝑇𝑠 2⁄ ) or initial condition is identified 

from (9),  

𝑣𝐶𝑟(𝑇𝑠 2⁄ ) = 𝑉𝐵1

+ (𝑉𝐵1

− 𝑣𝐶𝑟(0)) 𝑒
−𝜋𝜌 𝜔0⁄ ,                   (12) 

  Mode IV [t3-t4]: The equivalent circuit during this 

operation mode has been plotted in Fig. 3 (d). Similar 

to operation mode II all power switches are off. The 

resonant capacitor voltage is remained constant at its 

minimum value and the inductor current is equal to 

zero: 

{
𝑣𝐶𝑟(𝑡) = 𝑉𝐵1 + (𝑉𝐵1 − 𝑣𝐶𝑟(0)) 𝑒

−𝜋𝜌 𝜔0⁄ ,

𝑖𝐿𝑟(𝑡) = 0,                                                      
 
𝑇𝑠
2
+
𝜋

𝜔0
≤ 𝑡 < 𝑇𝑠  

 (13) 

Under the quasi steady state condition, resonant 

capacitor voltage values at beginning and end of each 

switching period are approximately equal, i.e., 

𝑣𝐶𝑟(𝑇𝑠) ≈ 𝑣𝐶𝑟(0). Therefore, from (5) and (13) the 

resonant capacitor initial voltage value is obtained: 

𝑣𝐶𝑟(0) =
𝑉𝐵2 − 𝑉𝐵1𝑒

−𝜋𝜌 𝜔0⁄

1 + 𝑒−𝜋𝜌 𝜔0⁄
,                                           (14) 

Ignoring a special case (i.e., 𝑉𝐵2 = 𝑉𝐵1 and 𝑅𝐶 = 0), the 

resonant capacitor initial voltage is generally not 

equal to zero, as can be concluded from (14).  

Substituting (14) into (7) and (11), resonant inductor 

current values during operation modes I and III are 

respectively rewritten as follows:  

𝑖𝐿𝑟(𝑡) =
𝑉𝐵1 − 𝑉𝐵2 + 2𝑉𝐵1𝑒

−𝜋𝜌 𝜔0⁄

𝜔0𝐿𝑟(1 + 𝑒
−𝜋𝜌 𝜔0⁄ )

𝑒−𝜌𝑡 sin𝜔0𝑡 ,   0 ≤ 𝑡 ≤
𝜋

𝜔0
 

      (15) 
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𝑖𝐿𝑟(𝑡)

= (
𝑉𝐵2 − 𝑉𝐵1 + (𝑣𝐶𝑟(0) − 𝑉𝐵1)𝑒

−𝜋𝜌 𝜔0⁄

𝜔0𝐿𝑟
) 𝑒−𝜌(𝑡−𝑇𝑠 2⁄ ) sin𝜔0(𝑡

− 𝑇𝑠 2⁄ ),      
𝑇𝑠
2
≤ 𝑡 <

𝑇𝑠
2
+
𝜋

𝜔0
                                                (16) 

Resonant inductor current rms value during operation 

mode I can be calculated as follows: 

𝑖𝐿𝑟𝑟𝑚𝑠−𝐼 = √
1

𝑇𝑠
∫ 𝐼2𝑒−2𝜌𝑡 sin2 𝜔0𝑡𝑑𝑡
𝜋 𝜔0⁄

0

  ,                        (17) 

To calculate (17), following well-known equations 

must be considered: 

{
 

 ∫cos 𝑎𝑥𝑒𝑏𝑥𝑑𝑥 =
𝑒𝑏𝑥

𝑎2 + 𝑏2
(𝑎 sin 𝑎𝑥 + 𝑏 cos 𝑎𝑥) + 𝐶,

sin2 𝑥 =
1 − cos 2𝑥

2
,                                                            

      (18) 

Substituting (14) into (7) and doing some algebraic 

calculations the resonant inductor current rms value 

during operation mode I can be expressed as follows: 

𝑖𝐿𝑟𝑟𝑚𝑠−𝐼 = √
𝑓𝑠𝐶𝑟
2𝑅𝐶

𝛥𝑉1
2(1 − 𝑒−2𝜋𝜌 𝜔0⁄ ),                          (19) 

Where, 

𝛥𝑉1 = 𝑉𝐵1 − 𝑣𝐶𝑟(0),                                                         (20)  

Also, resonant inductor current rms value during 

operation mode III is written as follows in a same 

manner: 

𝑖𝐿𝑟𝑟𝑚𝑠−𝐼𝐼𝐼 = √
𝑓𝑠𝐶𝑟
2𝑅𝐶

𝛥𝑉2
2(1 − 𝑒−2𝜋𝜌 𝜔0⁄ ),                    (21) 

Where, 

𝛥𝑉2 = 𝑉𝐵2 − 𝑣𝐶𝑟 (
𝑇𝑠
2
),                                                  (22) 

From (19) and (21), the resonant inductor current rms 

value is expressed as follows, easily: 

{
 
 
 

 
 
 
𝑖𝐿𝑟𝑟𝑚𝑠 = √

𝑓𝑠𝐶𝑟
2𝑅𝐶

(1 − 𝑒−2𝜋𝜌 𝜔0⁄ )(𝛥𝑉1
2 + 𝛥𝑉2

2),        

𝛥𝑉1 = 𝑉𝐵1 − 𝑣𝐶𝑟(0) =
𝑉𝐵1 − 𝑉𝐵2 + 2𝑉𝐵1𝑒

−𝜋𝜌 𝜔0⁄

1 + 𝑒−𝜋𝜌 𝜔0⁄
,

𝛥𝑉2 = 𝑉𝐵2 − 𝑣𝐶𝑟 (
𝑇𝑠
2
) = 𝑉𝐵2 − 𝑉𝐵1 − 𝛥𝑉1𝑒

−𝜋𝜌 𝜔0⁄ ,

     (23) 

IV. CALCULATING THE BALANCING TIME AND 

CONVERTER EFFICIENCY 

The stored energy in the resonant capacitor during 

operation mode I is given as follows: 

 𝑊 =
1

2
𝐶𝑟 (𝑣𝐶𝑟

2 (
𝜋

𝜔0
) − 𝑣𝐶𝑟

2 (0)),                                      (24) 

Substituting (8) and (14) into (24) and doing some 

algebraic calculations the stored energy in the 

resonant capacitor during this operation mode is 

rewritten: 

𝑊 =
1

2
𝐶𝑟(𝑉𝐵1 − 𝑉𝐵2) [𝑉𝐵1 (1 + 𝑒

−1.5𝜋𝜌 𝜔0⁄ sech (
𝜋𝜌

2𝜔0
))

+ 𝑉𝐵2 tanh (
𝜋𝜌

2𝜔0
)],                                  (25) 

Some part of this stored energy is dissipated during 

the energy release mode. From (21), the dissipated 

power is calculated: 

𝑃𝐿𝑜𝑠𝑠−𝐼𝐼𝐼 = 𝑅𝐶𝐼𝐿𝑟𝑟𝑚𝑠−𝐼𝐼𝐼
2

= 𝑓𝑠𝐶𝑟𝛥𝑉2
2𝑒−𝜋𝜌 𝜔0⁄ sinh (

𝜋𝜌

𝜔0
)              (26) 

Considering the total stored energy in the resonant 

capacitor and the dissipated power during operation 

mode III, power transfer rate from resonant capacitor 

to the battery cell is achieved: 

𝑃 =
𝑊

𝑇𝑠
− 𝑃𝐿𝑜𝑠𝑠−𝐼𝐼𝐼

= 𝑓𝑠𝐶𝑟 {(
𝑉𝐵1 − 𝑉𝐵2

2
) [𝑉𝐵1 (1 + 𝑒

−1.5𝜋𝜌 𝜔0⁄ sech (
𝜋𝜌

2𝜔0
))

+ 𝑉𝐵2 tanh (
𝜋𝜌

2𝜔0
)]

− 𝛥𝑉2
2𝑒−𝜋𝜌 𝜔0⁄ sinh (

𝜋𝜌

𝜔0
)}                                                     (27) 

On the other hand, by considering the full and poor 

charged battery cells energy values, balancing the 

battery cells lasts until these two cells’ charge become 

equal. Thus, amount of the transferred energy is: 

∆𝐸 =
𝐸1 − 𝐸2 

2
−
𝑅𝐶𝐼𝐿𝑟𝑟𝑚𝑠

2

𝑓𝑠
,                                                    (28) 

Also, by considering the full and poor charged battery 

cell voltage values, these cells’ energy values are 

identified by the following equations: 

{
𝐸1 =

1

2
𝐶𝑐𝑒𝑙𝑙𝑉𝐵1

2 ,                 

𝐸2 =
1

2
𝐶𝑐𝑒𝑙𝑙(𝑉𝐵1 − ∆𝑉)

2,

                                                      (29) 

From (28), the transferred energy is given: 

𝐸1 − 𝐸2 =
1

2
𝐶𝑐𝑒𝑙𝑙[𝑉𝐵1

2 − (𝑉𝐵1 − ∆𝑉)
2] = 𝐶𝑐𝑒𝑙𝑙𝑉𝐵1∆𝑉      (30) 

∆𝐸 =
1

2
𝐶𝑐𝑒𝑙𝑙𝑉𝐵1∆𝑉 −

𝑅𝐶𝐼𝐿𝑟𝑟𝑚𝑠
2

𝑓𝑠
                                             (31) 

Average value of the balancing time can be expressed 

approximately as follows by considering (27) and 

(31): 

𝑇𝐸𝑄 𝑎𝑣. =
∆𝐸

𝑃
=
1

𝑃
(
1

2
𝐶𝑐𝑒𝑙𝑙𝑉𝐵1∆𝑉

− 𝐶𝑟(𝛥𝑉1
2 + 𝛥𝑉2

2)𝑒−𝜋𝜌 𝜔0⁄ sinh (
𝜋𝜌

𝜔0
)) (32) 

Power rating parameter specifies the balancing time 

and power conversion efficiency. Power rating should 
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be high enough to decrease the balancing time value 

as can be concluded from (32). But, efficiency is 

reduced by increasing the power rating. Thus, a 

tradeoff between these two parameters should be 

done. Assuming the equivalent resistance of the PCB 

tracks, switches, inductors, and resonant capacitor 

𝑅𝐶, the power losses is given: 
𝑃𝐿𝑂𝑆𝑆 = 𝑅𝐶(𝑖𝐿𝑟𝑟𝑚𝑠𝐼

2 + 𝑖𝐿𝑟𝑟𝑚𝑠𝐼𝐼𝐼
2 ) = 𝑓𝑠𝐶𝑟(𝛥𝑉1

2 + 𝛥𝑉2
2)      (33) 

Besides, the relationship between losses and 

transferred power to the resonant capacitor can be 

achieved as follows: 

𝑃𝐿𝑂𝑆𝑆 =
2𝜋𝑒𝜋𝜌 𝜔0⁄

𝜔0𝐶𝑟𝑉𝐵1
2 tanh (

𝜋𝜌

2𝜔0
)  sech2 (

𝜋𝜌

2𝜔0
) 𝑃,     (34) 

Thus, the power conversion efficiency is obtained by 

considering (34): 

𝜂 =
𝑃 − 𝑃𝐿𝑂𝑆𝑆

𝑃
   

= 1 −
2𝜋𝑒𝜋𝜌 𝜔0⁄

𝜔0𝐶𝑟𝑉𝐵1
2 𝑡𝑎𝑛ℎ (

𝜋𝜌

2𝜔0
)  𝑠𝑒𝑐ℎ2 (

𝜋𝜌

2𝜔0
) 𝑃                   (35) 

So, the conversion efficiency is decreased linearly by 

increasing the power rating. Thus, although higher 

power ratings cause higher balancing speeds, but, it 

reduces the converter efficiency value. Therefore, 

tradeoff between balancing speed and efficiency must 

be done, in practice. It should be mentioned that when 

more than two battery cells are connected in series the 

same analyses can be done to calculate currents, 

voltages, and power losses of the converter for each 

resonant tank network, as done for two battery cells 

in sections III and IV. Also, when the modified 

resonant tank is included for increasing balancing 

speed of the converter for using more than two battery 

cells, 𝑉𝐵𝐻and 𝑉𝐵𝐿must be used respectively instead of 

𝑉𝐵1and 𝑉𝐵2: 

{
 
 

 
 𝑉𝐵𝐻 = ∑𝑉𝐵𝑖

𝑁−1

𝑖=1

𝑉𝐵𝐿 =∑𝑉𝐵𝑖

𝑁

𝑖=2

                                 (36) 

V. BALANCING SPEED OF THE CONVENTIONAL 

RESONANT SCCS 

In the conventional resonant SCC, given in Fig. 1, 

when voltages of the two adjacent cells are different, 

the charge transfer between these cells is conducted 

by the common capacitor 𝐶𝑎𝑏, for balancing the cells. 

The balancing speed is slow especially when the 

number of cells is increased, because in this converter 

charge is transferred cell by cell. Common capacitor 

between two cells is connected to upper and lower 

cells with a unique duty cycle. Voltage of this 

common capacitor 𝑉𝐶𝑎𝑏, can be calculated, easily. In 

the first switching subinterval the capacitor voltage is: 
𝑉𝐶𝑎𝑏 = 𝑉𝐵𝑎 − 𝑉𝐿𝑎𝑏                                                                 (37) 

In the second subinterval the capacitor voltage is 

equal to:     
𝑉𝐶𝑎𝑏 = 𝑉𝐵𝑏 − 𝑉𝐿𝑎𝑏                                                                 (38)                                                    

Considering (37) and (38) and averaging these two 

voltage values, the capacitor average voltage value 

is identified: 

〈𝑉𝐶𝑎𝑏〉𝑇𝑠 =
1

𝑇𝑠
(∫ 𝑉𝐶𝑎𝑏𝑑𝑡 

𝑇𝑠 2⁄

0

+∫ 𝑉𝐶𝑎𝑏𝑑𝑡
𝑇𝑠

𝑇𝑠 2⁄

)

=
1

𝑇𝑠
(∫ (𝑉𝐵𝑎 − 𝑉𝐿𝑎𝑏)𝑑𝑡 

𝑇𝑠 2⁄

0

+∫ (𝑉𝐵𝑏 − 𝑉𝐿𝑎𝑏)𝑑𝑡
𝑇𝑠

𝑇𝑠 2⁄

),                         (39) 

Inductor average voltage is equal to zero, because the 

inductor current values at the beginning and end of 

the switching period are equal, i.e.,   

𝑖𝐿(𝑇𝑠) = 𝑖𝐿(0) ⟹ 〈𝑉𝐿〉𝑇𝑠 =
1

𝑇𝑠
 ∫ 𝑉𝐿(𝑡)𝑑𝑡

𝑇𝑠

0

= 0       (40) 

Combination of (37)-(39) yields: 

〈𝑉𝐶𝑎𝑏〉𝑇𝑠 =
𝑉𝐵𝑎 + 𝑉𝐵𝑏

2
 ,                                                   (41) 

Each cell is connected to the common capacitor just 

during one subinterval. So, the average current 

entering to the batteries is calculated as follows: 

〈𝑖𝐵𝑎〉𝑇𝑠 =
1

𝑅𝑒𝑞
(
𝑉𝐵𝑎 + 𝑉𝐵𝑏

2
− (

1

𝑇𝑠
 ∫ 𝑉𝐿𝑎𝑏(𝑡)𝑑𝑡

𝑇𝑠

0

) − 𝑉𝐵𝑎)

=
 𝑉𝐵𝑏 − 𝑉𝐵𝑎
2𝑅𝑒𝑞

 ,                                                                              (42) 

Also, in the second switching subinterval, batteries 

average current is equal to: 

〈𝑖𝐵𝑏〉𝑇𝑠 =
1

𝑅𝑒𝑞
(
𝑉𝐵𝑎 + 𝑉𝐵𝑏

2
− (

1

𝑇𝑠
 ∫ 𝑉𝐿𝑎𝑏(𝑡)𝑑𝑡

𝑇𝑠

0

) − 𝑉𝐵𝑏)

=
 𝑉𝐵𝑎 − 𝑉𝐵𝑏
2𝑅𝑒𝑞

,                                                                                  (43) 

According to (42) and (43) each cell current is related 

to the equivalent resistor and the existing voltage 

difference between the two cells. To simplify the 

calculations it is assumed that the most upper cell 

voltage value is bigger than the other cells voltages: 

 
 𝑉𝐵1 > 𝑉𝐵2 = 𝑉𝐵3 = 𝑉𝐵4 ,                                                         (44) 

 

Considering Fig. 1, we can write: 
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[
 
 
 
 
 
 
 𝑉𝐵1 − 𝑉𝐶12 −

1

𝑇𝑠
 ∫ 𝑉𝐿12(𝑡)𝑑𝑡

𝑇𝑠

0

𝑉𝐵2 − 𝑉𝐶23 −
1

𝑇𝑠
 ∫ 𝑉𝐿23(𝑡)𝑑𝑡

𝑇𝑠

0

𝑉𝐵3 − 𝑉𝐶34 −
1

𝑇𝑠
 ∫ 𝑉𝐿34(𝑡)𝑑𝑡

𝑇𝑠

0

0 ]
 
 
 
 
 
 
 

=  [

(𝑉𝐵1 − 𝑉𝐵2)/2)
0
0
0

]

= [

2𝑅𝑒𝑞 + 𝑟𝑝
−𝑅𝑒𝑞
0
0

   

−𝑅𝑒𝑞
2𝑅𝑒𝑞 + 𝑟𝑝
−𝑅𝑒𝑞
0

       

0
−𝑅𝑒𝑞

2𝑅𝑒𝑞 + 𝑟𝑝
0

      

0
0
0
0

] . [

𝑖1𝐴
𝑖2𝐴
𝑖3𝐴
𝑖4𝐴

],            (45) 

[
 
 
 
 
 
 
 

0

𝑉𝐵2 − 𝑉𝐶12 −
1

𝑇𝑠
 ∫ 𝑉𝐿12(𝑡)𝑑𝑡

𝑇𝑠

0

𝑉𝐵3 − 𝑉𝐶23 −
1

𝑇𝑠
 ∫ 𝑉𝐿23(𝑡)𝑑𝑡

𝑇𝑠

0

𝑉𝐵4 − 𝑉𝐶34 −
1

𝑇𝑠
 ∫ 𝑉𝐿34(𝑡)𝑑𝑡

𝑇𝑠

0 ]
 
 
 
 
 
 
 

= [

0
(𝑉𝐵2 − 𝑉𝐵1)/2)

0
0

]

=

[
 
 
 𝑂
0
0
0

   

0
2𝑅𝑒𝑞 + 𝑟𝑝
−𝑅𝑒𝑞
0

       

0
−𝑅𝑒𝑞

2𝑅𝑒𝑞 + 𝑟𝑝
−𝑅𝑒𝑞

      

0
0

−𝑅𝑒𝑞
2𝑅𝑒𝑞 + 𝑟𝑝]

 
 
 

. [

𝑖1𝐵
𝑖2𝐵
𝑖3𝐵
𝑖4𝐵

 ] ,          (46) 

Here, 𝑟𝑝 = 𝑟𝑏 + 𝑟𝑐. Generally, the batteries balancing 

current is expressed as follows [1]: 

[
 
 
 
 
𝐼𝐵1
𝐼𝐵2.
.

𝐼𝐵𝑁−1
𝐼𝐵𝑁 ]

 
 
 
 

=

[
 
 
 
 
 

𝑖1𝐴 + 𝑖1𝐵
𝑖2𝐴 + 𝑖2𝐵.

.
𝑖(𝑁−1)𝐴 + 𝑖(𝑁−1)𝐵

𝑖𝑁𝐴 + 𝑖𝑁𝐵 ]
 
 
 
 
 

=
1

|𝑖𝑁𝐵|
 

[
 
 
 
 
 

𝑋(𝑁 − 1)

𝑋(𝑁 − 2) − 𝑋(𝑁 − 1)
.
.

𝑋(1) − 𝑋(2)
0 − 𝑋(1) ]

 
 
 
 
 

,        (47) 

Where, 

𝑋(𝑁) =  𝛼𝑁−1 − (𝑁 − 2)𝛼𝑁−3 + (∑𝐾

𝑁−4

𝐾=1

)𝛼𝑁−5

− (∑∑𝐾

𝑀

𝐾=1

𝑁−6

𝑀=1

)𝛼𝑁−7 +⋯,                     (48) 

And,  

𝛼 = 2 +
𝑟𝑝

𝑅𝑠𝑤
   ,   𝑎𝑛𝑑      ∑𝑘 = 0

𝑚

𝑘=1

     (𝑚 < 1)           (49) 

In Fig. 5, ratio of the balancing current of the 

farthermost cell to the nearest cell is depicted in terms 

of number of the cells and resistance ratio (𝑟𝑝 𝑅𝑒𝑞⁄ ) 

[1]. By increasing number of the cells and the 

resistance ratio, current of the farthest cell is reduced, 

as illustrated in Fig. 5. Therefore, the conventional 

resonant switched capacitor balancing circuit has a 

slow balancing speed when number of cells is 

increased; in spite of its good efficiency and limited 

edge current. 

 

Fig. 5 Balancing current ratio between the nearest cell 

and the farthermost cell according to the number of cells 

and resistance ratio [1]   

VI. COMPARING TWO CONVERTERS CHARGE 

TRANSFER AVERAGES STEPS  

A comparison between resonant SCC with chain 

structure and conventional resonant SCC is given, 

here. When power ratings of both modified and 

conventional converters are equal, charge transfer 

average steps is a good parameter for comparing 

balancing speeds of the converters. Average steps of 

the charge transfer are identified by calculated the 

necessary steps for transferring energy from one cell 

to the other. For simplicity of analysis it is assumed 

that each battery is composed of N cells connected in 

series which N is an odd number [1], [2]. Average 

steps of the charge transfer can be calculated as 

follows [1], [4]: 

𝑆𝑡𝑒𝑝𝑎𝑣. =
∑𝑆𝑡𝑒𝑝𝑖𝑗−𝑚𝑖𝑛

#𝑜𝑓 𝑐𝑎𝑠𝑒𝑠
,                                 (50) 

  Here, 𝑆𝑡𝑒𝑝𝑖𝑗is the minimum steps necessary for 

charge transfer from cell number i to j, and # of cases 

is the number of whole steps. Minimum steps for 

charge transfer from cell i to cell j are given in tables 

I and II for the conventional and proposed resonant 

SCCs, respectively. According to table I the whole 

number of steps and the total number of minimum 

steps are calculated as follows: 

∑𝑆𝑡𝑒𝑝𝑖𝑗−𝑚𝑖𝑛 = 2(∑∑𝑖

𝐾

𝑖=1

𝑁−1

𝐾=1

)

= ∑𝐾(𝐾 + 1)

𝑁−1

𝐾=1

=
𝑁(𝑁 − 1)(𝑁 + 1)

3
,                                                            (51𝑎) 

𝑋 =
𝑁 − 1

2
,     #𝑜𝑓 𝑐𝑎𝑠𝑒𝑠 = 𝑁(𝑁 − 1),                        (51𝑏) 

Thus, the average steps for the conventional resonant 

SCC is [1]: 

𝑆𝑡𝑒𝑝𝑎𝑣. =
1

3
(𝑁 + 1) ,                                                               (52) 
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According to table II the whole number of steps and 

the total number of minimum steps are calculated as 

follows: 

∑𝑆𝑡𝑒𝑝𝑖𝑗−𝑚𝑖𝑛 = 2(𝑁∑𝐾

𝑋

𝐾=1

) = 𝑁 ∗ 𝑋(𝑋 + 1)

= 𝑁 (
𝑁 − 1

2
) (
𝑁 + 1

2
),                         (53𝑎) 

𝑋 =
𝑁 − 1

2
,      #𝑜𝑓 𝑐𝑎𝑠𝑒𝑠 = 𝑁(𝑁 − 1),        (53b) 

TABLE I. MINIMUM STEPS FOR CHARGE TRANSFER IN 

THE CONVENTIONAL RESONANT SCC [1] 

 
 

TABLE II. MINIMUM STEPS FOR CHARGE TRANSFER IN 

THE PROPOSED CONVERTER  

 

Thus, the average of steps for the proposed 

converter is: 

𝑆𝑡𝑒𝑝𝑎𝑣. =
(𝑁 + 1)

4
 ,                                      (54) 

In Fig. 6, the average steps for charge transfer in each 

converter are depicted. It can be seen that the 

modified converter has lower average steps than the 

conventional converter. Thus, it can be concluded that 

balancing speed of the modified converter is higher 

than the balancing speed of the conventional 

converter. 

 
Fig. 6 Average steps for charge transfer in each converter 

SIMULATION RESULTS 

The proposed resonant SCC has been simulated at 50 

kHz for three battery cells to compare it with the 

conventional converter. For the proposed converter 

the upper cell has an unbalanced voltage equal to 3.56 

V, and the other cells’ voltages are 3.28 V. So, their 

voltage difference is equal to 280 mV. In the dynamic 

model, batteries are considered as series combination 

of large capacitors (50 mF) and a small resistor (2 

mΩ). The converter key parameters are given in table 

III. 

TABLE III. KEY PARAMETERS OF THE CONVERTER 

Parameter Value 

Frequency 50 kHz 

Equivalent resistance ,𝑹𝑪 12 mΩ 

Battery capacitance 50 mF 

Resonant capacitor 1 μF 

Resonant inductor  10 μH 

The simulation results for two converters have been 

plotted in Fig. 7 to compare balancing speed of the 

converters. For a given specified time value equal to 

10 ms, differences between maximum and minimum 

voltages are equal to 49 mV and 19 mV respectively 

for the conventional and proposed circuit. 

 

Fig. 7 MATLAB simulation results for two converters, (a) 

conventional and (b) proposed. 

Thus, the balancing speed of the proposed converter 

is very higher than the conventional one. These 

voltage differences are compared versus balancing 

time in Fig. 8. To achieve less than 50 mV voltage 

difference, 10 ms and 7 ms are respectively necessary 

for the conventional and proposed converters. 

 

Fig. 8 Comparison between voltages differences versus 

time 
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Balancing time and power rating of the proposed 

converter have been plotted in Figs. 9 and versus 

resonant capacitor and resonant inductor values, 

respectively. Although, increasing the resonant 

capacitor value reduces balancing time and increases 

power rating, but, using higher values of the resonant 

inductor increases the balancing time and decreases 

the power rating, as can be concluded from Figs. 9 

and 10, respectively. 

 
(a) 

 
(b) 

Fig. 9 Simulation result versus 𝐶𝑟: (a) balancing time and 

(b) power rating 

 
(a) 

 
(b) 

Fig. 10 Simulation result versus 𝐿𝑟: (a) balancing 

time and (b) power rating 

Simulated efficiency curves have been plotted 

versus power rating in Fig. 11 for some values of the 

resonant tank circuit equivalent series resistance. The 

converter efficiency value is decreased by increasing 

its power rating, especially for large equivalent 

resistance and power rating values, as illustrated in 

Fig. 11. 

 
Fig. 11 Simulated efficiency curves versus power rating 

EXPERIMENTAL RESULTS 

To verify the given mathematical and simulation 

analyses, a prototype converter has been 

implemented, as illustrated in Fig. 12. The balancing 

converter has been controlled based on an ARM-

CORTEX-ST/32F407 digital controller. Its control 

program has been written by C programming 

language in IAR Embedded Workbench. To compare 

balancing speed of the proposed and conventional 

converters, maximum and minimum values of the 

voltage differences have been measured, as plotted in 

Fig. 13. After 70 minutes, 15 mV and 0.4 mV voltage 

differences are respectively measured for the 

conventional and proposed converters.  

 
Fig. 12 Prototype for 3 lithium-ion battery cells and 

experimental setup 
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 (b) 

Fig.13 Experimental cells voltages versus time (a) 

conventional converter and (b) proposed converter 

Also, a comparison between voltage differences as a 

function of time spent on balancing process has been 

done, as shown in Fig. 14 which illustrates that the 

proposed approach improves the balancing speed, 

significantly. Resonant tank’s current and gate-source 

voltage of the third switch have been plotted in Fig. 15 

to show realizing the ZCS condition at MOSFETs turn 

off times. But, there are some high frequency ringing 

on the MOSFETs currents due to their hard switching 

turn on events. This is a common phenomenon in the 

resonant SCCs that operate under the DCM conditions 

in their ZCS operation modes.  

  

Fig.14 Comparing voltage differences of the two 

approaches 

   

Fig. 15 Experimental waveforms of the prototype 

converter (up) resonant inductor current and (down) gate-

source voltage 

Energy efficiency is criteria for choosing a method to 

be effective. If the loss of charge transfer become 

high, the method will not be suitable. So, energy 

efficiency for the balance circuits is important. In 

reference [1], [11], two methods for calculating the 

energy efficiency have been presented. Energy 

efficiency is related to the transfer charge. However, 

this parameter is calculated from premised relation as 

follows [11]: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 

∑(
𝑒𝑛𝑒𝑟𝑔𝑦

 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 ) − 
∑ (

𝑙𝑜𝑠𝑠 𝑖𝑛  𝑝𝑎𝑠𝑠𝑖𝑣𝑒
 𝑒𝑙𝑒𝑚𝑒𝑛𝑡

)

∑ (
𝑒𝑛𝑒𝑟𝑔𝑦 

𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 )
(55) 

In the balance circuits, energy efficiency is defined as 

follows [1]:  

𝜂 =
𝐸𝑅𝑒𝑠.
𝐸𝐼𝑚.

=
∑ 0.5𝐶𝑏𝑎𝑡𝑡
𝑁
𝑖=1 (𝑉𝐵𝑖−𝑒𝑛𝑑

2 − 𝑉𝑚𝑖𝑛
2 )

∑ 0.5𝐶𝑏𝑎𝑡𝑡
𝑁
𝑖=1 (𝑉𝐵𝑖−𝑠𝑡𝑎𝑟𝑡

2 − 𝑉𝑚𝑖𝑛
2 )

     (56) 

It should be noted that the controller losses are not 

included, here. From (56), energy efficiency for both 

conventional and proposed methods have been 

depicted versus elapsed balance time in Fig. 16 which 

shows that efficiencies of both approaches are the 

same. Controller has considerable losses due to lot of 

switches that must be turned on and off [1], [4]. 

Increasing the balance speed reduces the energy loss 

in all controllers. Therefore, the proposed converter 

has high efficiency due to its high balance speed. 

 

Fig.16 comparing two converters efficiency values 

VII. CONCLUSION 

To achieve high balancing speed and soft switching 

under the ZCS condition, a chain structure resonant 

SCC has been modified. Its different operation modes 

have been introduced and analyzed, mathematically. 

Besides, effects of the resonant tank’s components on 

the balancing time and power rating have been 

investigated, in details. It has been proved that 

balancing speed can be improved by increasing the 

capacitance of the resonant capacitor and decreasing 

the inductor value, and vice versa. Moreover, 

increasing the power rating decreases the efficiency 

of the converter. The proposed approach improves the 

battery cells balancing speed more than three-fold, as 

compared to the conventional converter. 
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