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In the following article two circuits for simultaneously charging and voltage balancing are 

studied and compared. Simulation and experimental studies have been made. They show the changes, 

which occur during the operating mode of the tested circuits, at charging series connected battery 

cells. Characteristics were derived on the basis of the obtained results, which we use for evaluating 

the qualities of the author-proposed circuits. 
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Introduction 

With the development of the modern technologies 

and the needs of ecological power supplying systems, 

the photovoltaic power supplying systems are more 

and more accessible. The generated energy is 

necessary to be stored. Therefore, we need to use 

elements for energy storage [1]. Such elements are 

lithium rechargeable batteries and supercapacitors. 

The benefits of these elements are known. One of the 

main drawbacks of these elements is the low voltage 

over one cell. For removing this drawback it is 

necessary to connect the cells in series, thus we get the 

desirable voltage. The problem, which appears with 

this series connection, is the need of voltage balancing 

[2], [3]. The unbalancing of the voltage, over the 

series connected cells, leads to many problems like: 

reduced operational life of the cells, incorrect loading, 

possibilities of over charging and over discharging 

and etc.  

The elimination of these problems happens by 

using additional circuits, which in most cases are 

passive or active methods for voltage balancing. 

For charging these elements, there are different 

circuits and methods:       

• Charging by using DC-DC converter: the 

converter mainly works like current regulator 

[4]. So the cells are charging with constant 

current. There are additional circuits, by which 

the charge begins with constant current and after 

that change to charging with constant voltage, for 

the equalization phase. After the cells are 

charged, the charging process stops;   

• Charging with linear regulators: these circuits 

allow both charging modes – charging with 

constant voltage and constant current. The 

drawback of these converters is the low 

efficiency compared to the DC-DC converters.      

Nevertheless which of the two charging techniques 

we choose for charging series connected lithium cells, 

it is always needed voltage equalization over the 

separated cells. Therefore, it is necessary to use 

circuits, which provide simultaneous charging, and 

voltage balancing over the separated cells [5], [6]. 

1. Circuit for charging and voltage balancing 

based on Resonant Inverter with Reverse 

Diodes (RIRD). 

Figure 1 shows the proposed circuit of charging 

and balancing. 

The circuit is based on RIRD with divided power 

source. The circuit works in above the resonance 

frequency mode [7], [8], [9]. The load is connected to 

double - phase half – wave rectifiers, which charges 

the cells of the lithium battery.  
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Fig.1. Proposed circuit for charging and balancing. 

 

1.1 Working principle 

The working principle is the following. The 

voltage, to which the separated cells are charged, is 

the constant DC voltage side. The cell, charged to the 

highest voltage, compared to the other cells, has the 

highest DC voltage. Therefore, through this cell the 

charging current is the lowest. Under certain 

conditions, the charging current does not flow through 

the cell and the relevant diodes are turned off. 

Charging currents flows through the rest of the cells. 

Through the cell with the lowest voltage, flows the 

highest charging current. After voltages are balanced 

and reach the value of the highest charged cell, 

charging current starts to flow through it. This current 

is equal for the three cells and so the voltages are 

balanced.    

1.2 Equivalent circuits 

Figure 2 shows the equivalent circuit of the load 

circuit. 

On the circuit, the resistors represent the internal 

resistance of the following elements: internal 

resistance of the rectifier diodes, internal resistance of 

the transformer windings and internal resistance of the 

cells. 

Figure 3 shows the equivalent circuit of the power 

circuit when one of the power transistor is on. 

During the first cycle, the circuit is supplied by 

the voltage source Ud/2. Switching capacitor is 

represented with its equivalent capacity Ck and 

voltage source Uck, which correspondents to the initial 

value of the voltage, to which the capacitor recharges, 

during the work of the circuit. 

 
Fig.2. Equivalent circuit of the load. 

 

The switching inductor is represented by Lk and 

the voltage source ULk, which represents the initial 

condition of the voltage over the inductor. 
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Fig.3. Equivalent circuit of the power circuit. 
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1.3 Simulation studies 

For conducting, the simulation study, a simulation 

model of the circuit for charging battery cells, has 

been developed. The model is created by using 

LTspice [10]. 

Figure 4 shows the results from charging and 

voltage balancing over the three cells. 

 

 
 

Fig.4. Voltage equalization over the cells. 

 

As we can see from the waveforms the three cells 

are with different initial conditions – each one of them 

is charged to a different voltage value. During 

charging, the voltages over them are equalizing.  

Figure 5 shows the forms of the three charging 

currents, which flows through the energy storage 

elements, before voltage equalization. As it was 

described in 1.1, we can see the working principal – 

through the cell with the highest voltage, initially 

there is no current flow.  

 

 

Fig.5. Waveforms of the charging currents. 

 

Fig.6.Current and voltage of one of the power transistors 

Figure 6 shows the current through one of the 

power transistors - Id(M2) and the voltage over it - 

V(N002, N009). The used simulation model of the 

transistors is with internal revered diodes. 

In this circuit, there is zero current switching and 

zero voltage switching, which is one of the advantages 

of this circuit. 

1.4 Experimental results 

For verification of the simulation studies, 

experimental studies, with two lithium cells, were 

made. 

Figure 7 presents the forms of the charging 

currents through the two cells. One of the cells is 

charged to a higher voltage than the other one.  

 

 
Fig.7.Charge current through the tested cells. 

 

As we can see, the highest current is through the 

cell with the lowest voltage. After voltages are 

balanced, charging currents are also balanced. The 

balanced currents are shown on figure 8. 

 

 
Fig.8.Charge current through the tested cells. 

 

Figure 9 shows the current and the voltage of one 

of the power transistors. 

Figure 10 shows the form of the current in the half 

– bridge. 
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Fig.9. Current and voltage of one of the power transistors. 

 
Fig.10. Waveform of the current in the diagonal  

of the power circuit. 

2. Circuit for charging and balancing based on 

Resonant Inverter with Voltage Limitation 

Over the Commutating Capacitor (RIVLOCC)  

Figure 11 shows another circuit for charging and 

balancing over series connected energy storage 

elements. The circuit is based on RIVLOCC [11], 

working in above the resonance frequency mode with 

divided power source and limitation diodes. Due to 

the limitation diodes, the circuit can provide limitation 

of the voltage over the resonance capacitor Ck. 

2.1 Working principle 

The working principle is similar to the circuit on 

figure 1. The processes that occurs in the load are 

identical to the processes in RIRD – through the cell 

with the lowest voltage flows the highest charging 

current and through the cell, with the highest voltage, 

in the beginning, there is no current flow. After 

voltages are equalized, the charging current is equal 

for all cells and flows through all of them. The 

differences are in the processes that occur in the 

power part of the circuit. This circuit combines the 

working principles of the circuits with reverse diodes 

and limitation diodes. The diodes, limiting the voltage 

over a part of the commutating capacitor Ck, works 

under certain condition and limit its voltage to ±Ud/2. 

The energy transfer from the inverter to the 

rectifiers happens, by using inverter transformer. 

 

 
Fig.11. Proposed circuit for charging and balancing, based on resonant inverter  

with limitation over the commutating capacitor. 
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2.2 Equivalent circuits 

Figure 12 shows the equivalent circuit when one of 

the power transistors is on, without reverse diodes and 

limitation diodes to be working.  

 
Fig.12. Equivalent circuit of the power circuit. 

Figure 13 shows the equivalent circuit when 

reverse diodes and initiation diodes are 

simultaneously on.   
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Fig.13. Equivalent circuit of the power circuit. 

2.3 Simulation studies 

A simulation model for charging battery cells is 

developed.   

Figure 14 shows the simulation results of charging 

and voltage balancing over the three cells.  

 

 

Fig.14. Voltage equalization over the cells 

As we can see, the results are similar to those of 

the other circuit, based on RIRD.  

Figure 15 shows the forms of the charging current 

through the three cells. Here again the results are 

similar to the RIRD circuit. 

Figure 16 shows the current through one of the 

power transistor and its internal diode - Id(M2) and 

the current through one of the limitation diodes Ddoz1  

- I(Doz1). According to the stage of charge, there can 

be one of the following possibilities:  

• Limitation diode turn on before reverse diode; 

• Reverse diodes turn on before limitation diodes. 

 
Fig.15. Waveforms of the charging currents. 

 
Fig.16.Current trough transistor and limitation diode. 

Figure 17 shows current through one of the 

transistors and its internal diode - Id(M2), and the 

voltage over it - V(N002, N010). As we can see, the 

transistor turns on by zero current and zero voltage, 

which is one of the advantages of the circuit. The used 

simulation model of the transistors is with internal 

revered diodes 

 
Fig.17.Current and voltage of one of the transistors. 
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Figure 18 shows the current through one of the 

limitation diodes Ddoz1 – I(Doz1) and the voltage over 

it – V(N006,N002). From the waveforms, we can see 

that the voltage over the limitation diode is equal to 

voltage over the resonance capacitor Ck. 

 

Fig.18.Current and voltage of one of the limitation diodes. 

2.4 Experimental studies 

For verification of the simulation studies, 

experimental studies with two lithium cells are made. 

Figure 19 shows the equalizing charge currents.  

 

 
Fig.19.Charge current trough the tested cells. 

Figure 20 shows the current through one of the 

transistors and voltage over it. As it can be seen, the 

transistor turns at zero current and zero voltage, which 

confirms the simulation results.   

Figure 21 shows the current through one of the 

transistor and the current through one of the limitation 

diodes. The turning on of the reverse diode depends 

from the control system and the parameters of the 

load. The moment of turning on the limitation diodes 

depends on the parameters of the load and the 

distribution of the capacities Ck and Ck1. 

 
Fig.20.Current and voltage of one of the transistors. 

 

 
Fig.21.Current through transistor and limitation diode. 

3. Simulation studies of circuits for charging at 

different values of the voltage over the battery. 

For the assessment of the qualities of the proposed 

circuits, a several simulation studies have been made. 

By using the obtained results, characteristics are built. 

By using these characteristics, the working regimes of 

the converters, in charging mode, are studied.  

Figure 22 shows the characteristic, which presents 

the maximum current through transistor T1 for both 

circuits, according to the voltage of the cells. The 

currents are given in relative units, referred to the 

maximum value of the current through transistor T1. 

The value of this current is for 2,8V over the cell 

(beginning of the charging).  

The dotted line represents the current of the 

RIVLOCC circuit and the solid line represents the 

current of the RIRD circuit. As we can see in the 

circuit with limitation diodes, the maximum current 

through the transistor is almost constant and change a 

bit, during charging 
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Fig.22.Maximum current through transistor T1. 

Figure 23 shows a characteristic, which presents 

the changing of the maximum current through the 

reverse diodes, for different values of the voltage over 

the cells. The characteristic is given for both circuits. 

The currents are given in relative units, referred to the 

maximum value of the current through the reverse 

diodes. The value of this current is for 2,8V over the 

cell (beginning of the charging). The dotted line 

represents the current through the reverse diode of the 

RIVLOCC circuit and the solid line represents the 

current through the reverse diode of the RIRD circuit.   
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Fig.23. Characteristic of the current  

through reverse diodes. 

Figure 24 shows the characteristic that present the 

changing of the source current, during charging, for 

both circuits. The currents are given in relative units, 

referred to the average value of the source current. 

The value of this current is for 2,8V over the cell 

(beginning of the charging). The dotted line represents 

the source current of the RIVLOCC circuit and the 

solid line represents the source current of the RIRD 

circuit. As we can see from the characteristic, the 

RIVLOCC circuit, which is characterized with 

constant power charging, the consumed current is 

constant, unlike the other circuit.   
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Fig.24. Characteristics of the input currents. 

Figure 25 shows the characteristic that presents 

the changing of the maximum value of the charging 

currents through all battery cells, for the RIRD circuit. 

The currents are given in relative units, referred to the 

maximum value of the charging current. The value of 

this current is for 2,8V over the cell (beginning of the 

charging). The solid line represents the current 

through cell 1, the shredded line represents the current 

through cell 2 and the dotted line represents the 

current through cell 3. The characteristic presents how 

the charging current changes, during the charging 

process. After the cell voltages are balanced, charging 

currents are equalized.  
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Fig.25. Characteristics of the charging currents 

Figure 26 shows the same characteristic like the 

one on figure 25, but for the RIVLOCC circuit. The 

currents are given in relative units, referred to the 

maximum value of the charging current. The value of 

this current is for 2,8V over the cell (beginning of the 

charging). The solid line represents the current 

through cell 1, the shredded line represents the current 

through cell 2 and the dotted line represents the 

current through cell 3. 
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Fig.26. Characteristics of the charging currents. 

Conclusion 

1. Simulation studies of changing the working 

regimes of the circuits during charging are made. By 

using these studies, a comparison is made between 

RIRD and RIVLOCC circuits.  

2. Characteristics for evaluation of the properties 

of the proposed circuits are made. 

3. At the circuit with limitation diodes, because 

of its capability of charging with constant power, there 

are little amendments in the maximum current through 

the transistors and the source currents.   
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