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Abstract 
Due to the continuous deterioration of the climate environment, new energy power 
generation technology has been rapidly developed. This paper studies the core energy 
storage device in the new energy power generation system, traditional energy storage 
devices have the disadvantages of polluting the environment, slow charging rate, and 
poor reliability in a zero-carbon environment. For a zero carbon environment, new 
energy storage device supercapacitors are studied. The voltage of the supercapacitor 
cells is unbalanced when the supercapacitor bank is charged. To solve this problem, the 
principle of supercapacitor charging and discharging has been deeply studied, a new 
control strategy is proposed-hierarchical voltage equalization control strategy based on 
flying capacitors and switching inductors. And use MATLAB for simulation verification, 
the simulation results show that the layered voltage equalization control strategy based 
on flying capacitors and switched inductors is effective, it can well solve the problem of 
supercapacitor voltage equalization in a zero-carbon environment, and it has good 
engineering reference value. 

Keywords 
Supercapacitor; Zero Carbon; Flying Capacitors; Switching Inductor. 

 

1. Introduction 

Over the past three decades, the climate has been increasingly harsh, people have to pay attention to 
the environment on which human beings live. The 26th UN Climate Change Conference in 2021 
reached a consensus to “ensure global net-zero emissions by mid-century to maintain a rise within 
1.5°C”[1-2]. 

To achieve zero carbon emissions, countries around the world vigorously develop clean energy. In 
new energy power generation, wind and solar power generation are intermittent and unstable, the 
energy storage device can solve this problem very well. The main function of the energy storage 
device, track planned output to reduce the impact of curtailment of wind and solar on power 
generation companies; optimizing the output of new energy power stations to stabilize fluctuations; 
reliable power supply guarantee for microgrid system. However, with the continuous advancement 
of the zero-carbon environment, traditional energy storage devices such as nickel-cadmium batteries, 
lead-acid batteries, etc., show varying degrees of deficiencies in terms of environmental friendliness, 
charging rate, reliability, and operating temperature range[3]. In this paper, a new energy storage 
technology, supercapacitor energy storage, is studied for a zero-carbon environment.The charging 
and discharging characteristics of supercapacitors have been deeply studied, and give a solution to 
the problem of unbalanced charging and discharging when super capacitors are connected in series 
and parallel, and carry out simulation verification, in order to make the supercapacitor energy storage 
system more suitable for energy storage applications in a zero-carbon environment[4]. 
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2. Research on Charge and Discharge Characteristics of Supercapacitors 

2.1 Analysis of Supercapacitor Charging Characteristics 

Take electric double layer capacitors as an example, supercapacitors store energy by moving charges, 
as the charging work continues, the charge continues to move to both ends of the supercapacitor, so 
the terminal voltage of the supercapacitor increases linearly with the continuation of the charging 
time until the supercapacitor is fully charged. Similar to the battery charging method, there are three 
charging methods for supercapacitors, 1.Constant current charging, using a large current to charge it 
with constant current greatly improves its charging efficiency, and can fully charge the supercapacitor 
in a short time, so that the terminal voltage reaches the rated voltage value. However, if the 
supercapacitor that has reached the rated voltage continues to be charged with the original constant 
current, it will be damaged. 2.Constant voltage charging, charge the supercapacitor with a constant 
voltage value, the selected voltage value is generally its rated voltage. As the charging progresses, 
the terminal voltage of the supercapacitor continues to rise, approaching the voltage value of the 
constant voltage source, and the charging current continues to decrease until the terminal voltage of 
the supercapacitor rises to the rated value, the charging current decreases to zero, and the charging is 
completed. 3.Pulse charging, intermittently charging supercapacitors, this method is often used in 
high-power fast charging systems. In practical applications, combined charging methods are often 
used, such as constant current and then constant voltage.  

2.2 Analysis of Discharge Characteristics of Supercapacitors 

Do When the supercapacitor is discharged, it can be equivalent to an ideal capacitor and an equivalent 
series resistance, as shown in Fig.1.  
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Fig.1. Supercapacitor discharge equivalent circuit diagram 

 

When the supercapacitor discharges, the formula for the terminal voltage is: 

 

CESC iRUU                                          (1) 

 

The supercapacitor terminal voltage consists of the ideal capacitor terminal voltage minus the voltage 
drop across the equivalent series resistance ESR . In practical application, it can be ignored when the 
voltage drop across the equivalent series resistance is much smaller than the voltage across the 
capacitor ESR , a supercapacitor can be equivalent to an ideal capacitor. Currently, the equivalent 
series resistance of supercapacitors is generally tens of milliohms, so when its small current 
discharges, CES iR   cannot be ignored. If it is a large current discharge, the voltage drop across ESR  
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cannot be ignored, discharge will stop when there is still energy in the supercapacitor, ESR  prevents 
the effective release of its stored energy, the effective efficiency of the supercapacitor is thus reduced.  

3. Supercapacitor Voltage Equalization Design 

When supercapacitors are used in high-voltage and high-power applications, a large number of 
supercapacitors are often used in series and parallel. However, due to the limitations of the production 
process, even when the same manufacturer produces the same specification of supercapacitor cells, 
it cannot guarantee that the actual capacity, voltage or internal resistance of the supercapacitor cells 
produced are the same. Therefore, during the charging process, the supercapacitor cell with a large 
capacitance value in the supercapacitor group will not be fully charged, which will reduce the use 
efficiency of the supercapacitor cell; The supercapacitor cell with small capacitance in the 
supercapacitor group will have overvoltage, which will greatly damage the supercapacitor cell, and 
even crack, leak, etc., so the supercapacitor voltage equalization in the supercapacitor module is Very 
necessary[5-6]. 

In this paper, the layered control method is used to control the voltage equalization of the 
supercapacitor cells in layers. In this way, the control range is greatly reduced, the workload of the 
processor is reduced, the speed and accuracy of voltage equalization are accelerated, the power supply 
problem of the system is solved, and the modular management of the energy storage system is 
facilitated. 

The controlled object will be marked hierarchically in the hierarchical control method. In the 
supercapacitor layered voltage balancing system, supercapacitor cells are marked in layers. It is a 
two-layer supercapacitor voltage balancing system that is shown in Fig.2, the supercapacitors are 
divided into N groups, each group contains M supercapacitor cells. First, the voltage equalization 
control is performed on the N groups of supercapacitor groups until the terminal voltages of each 
module in the n groups of supercapacitor modules are balanced; Second, voltage equalization among 
m supercapacitor cells in each group of the second layer. 
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Fig. 2 Schematic Diagram of Two-layer Supercapacitor Voltage Balancing System 

 

Based on the hierarchical control method, in this paper, a new control strategy is proposed, which is 
based on the hybrid layered voltage equalization control technology of flying capacitors and switched 
inductors. The structure diagram of the multi-flying capacitor voltage equalization method is shown 
in Fig.3, Cf is flying capacitor, C is the super capacitor, K is a single pole double throw switch, 
working principle: when the pulse generator sends a rising edge drive signal, the SPDT switches are 
all closed to the left, at this time, Cf1 is connected in parallel with C1, Cf2 is connected in parallel 
with C2, Cf3 is connected in parallel with C3...C(fn-1) is connected in parallel with Cn-1, during this 
period, energy flows between the supercapacitor and the parallel flying capacitor until the terminal 
voltages of each other are equal. When the pulse generator sends a falling edge drive signal, the SPDT 
switches are all closed to the right, At this time, Cf1 is connected in parallel with C2, Cf2 is connected 
in parallel with C3, Cf3 is connected in parallel with C4...C(fn-1) is connected in parallel with Cn, 
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after a period of time, the voltage values of the capacitor terminals connected in parallel with each 
other are equal again. After such operations are repeated several times, the terminal voltages between 
the supercapacitor cells will be equal. 
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Fig. 3 Structure Diagram of Multi-Flying Capacitor Voltage Equalization Method 

 

The structure diagram of the switching inductor equalizing method is shown in Fig.4, The switching 
inductance equalization method consists of the medium device inductance, the voltage detection link 
and the controllable switch. When the system is working, the voltage detection link will always detect 
the terminal voltage of the supercapacitor cell, and transfer the energy from the supercapacitor cell 
with high terminal voltage to the supercapacitor cell with low terminal voltage through the inductive 
element until the terminal voltage of the capacitor group is equal. 
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Fig. 4 Structural Diagram of Switching Inductance Equalization Method 

 

The topology diagram of the layered voltage equalization control technology based on flying 
capacitor and switched inductors is shown in Fig.5, the supercapacitor cells C1 to C5 are grouped 
into a group, and the supercapacitor cells C6 to C10 are grouped into a group. The first-layer voltage 
equalization system uses the switched inductance equalization method to balance the terminal voltage 
between the two groups of supercapacitors; The second-layer voltage equalization system uses the 
multi-flying capacitor voltage equalization method to balance the voltage of the five supercapacitor 
cells in each group. As shown in Fig.6,supercapacitor voltage equalization control flow chart. Start, 
the core controller controls the voltage detection module to detect the terminal voltage CU  between 
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the two groups of the supercapacitor array in real time, if the test result shows that the voltages of the 
first array and the second array of a layer of supercapacitors are not equal, the switching inductor 
voltage balancing module starts. Use the switched inductance equalization method to equalize the 
voltage of the two arrays of supercapacitors, and transfer the energy from the high-voltage array to 
the low-voltage array until the voltages of the two arrays are equal;If the result shows that the voltages 
of the first array and the second array are equal, the first layer voltage equalizing system is suspended 
and the second layer voltage equalizing system is started, use the Duofeidu capacitor voltage 
equalization method to equalize the voltage of a single supercapacitor cell in the array until the 
terminal voltage of each supercapacitor cell is equal. If the test result shows that the terminal voltages 
of the supercapacitors of the first array and the second array are equal and have reached the rated 
voltage, the voltage equalization process of the supercapacitor energy storage system ends.  
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Fig. 5 Structural Diagram of Supercapacitor Voltage Equalization Control Method 
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Fig. 6 Supercapacitor Voltage Equalization Control Flow Chart 
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4. Supercapacitor Voltage Balancing System Simulation 

Table 1. Super Capacitor Monomer Value Table 

Capacitance Capacity/F Initial voltage/V Capacitance Capacity/F Initial voltage/V 

C1 80 0 C2 82 0.2 

C3 84 0.4 C4 86 0.6 

C5 88 0.8 C6 90 1 

C7 92 1.2 C8 94 1.4 

C9 96 1.6 C10 98 1.8 

C11 100 0 C12 102 0.2 

C13 104 0.4 C14 106 0.6 

C15 108 0.8 C16 110 1 

C17 112 1.2 C18 114 1.4 

C19 116 1.6 C20 118 1.8 

 

 
Fig. 7 Simulation Model Diagram of Super Capacitor Voltage Balancing System 

 

In this paper, the hybrid voltage equalization method of Feidu capacitor and switching inductor is 
used to equalize the voltage of the supercapacitor energy storage system. The simulation model 
diagram of the supercapacitor voltage balancing system is shown in Fig.7. The supercapacitor cells 
are first connected in parallel every two, and then ten pairs are connected in series to form a 
supercapacitor group, the rated voltage of each supercapacitor cell is 2.7V, rated capacity is 100F, 
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the equivalent series internal resistance is 1mΩ, the specific values of the super capacitor monomer 
are shown in Tab.1.During simulation, the switching frequency of one layer of supercapacitor 
balancing system is 20kHz, the on-duty ratio of the switching device is 45%, the charging current is 
approximately 1.8A, and the inductance is 90μH; The switching frequency of another layer of 
supercapacitor balancing system is 10kHz, the on-duty ratio of the switching device is 25%, and the 
on-resistance  01.0mR , 7000fC μF,  005.0dR . 

The waveform of the supercapacitor cell voltage equalization is shown in Fig.8, as the charging 
progresses and the voltage equalization control functions, the terminal voltage difference between the 
supercapacitor cells decreases. It is proved that under the action of voltage equalization control, 
energy flows from the supercapacitor cell with high terminal voltage to the cell with low terminal 
voltage, realize dynamic supercapacitor voltage equalization effect. The voltage equalization 
waveform of the super capacitor group is shown in Fig.9, as the charging progresses, the energy in 
the supercapacitor continues to accumulate, and the terminal voltage of the supercapacitor group 
continues to rise. It can be clearly seen that the total voltage of the supercapacitor group under the 
equalization control is significantly higher than the terminal voltage of the supercapacitor group 
without equalization control. Significantly improved capacitor efficiency. In summary, the principle 
of the layered voltage equalization control strategy based on flying capacitors and switching inductors 
designed in this paper is correct and feasible. It has a faster voltage equalization speed, which can 
improve the voltage imbalance between the supercapacitor cells and has high application value. 

 

 
Fig. 8 Supercapacitor Cell Voltage Equalization Diagram 

 

 
Fig. 9 Voltage Equalization Diagram of Super Capacitor Group 
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5. Conclusion 

Aiming at the problems of high pollution, low reliability and slow charging rate of traditional energy 
storage devices in new energy power generation systems in a zero-carbon environment, the author 
conducts research on new energy storage device supercapacitor, design a layered voltage equalization 
control strategy based on flying capacitors and switching inductors, and use Matlab simulation 
software to simulate charging test, The simulation results show that the control strategy designed by 
the author can effectively solve the problem of uneven charging of super capacitor banks. 
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