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Power-Matching Based SOC Balancing Method 
for Cascaded H-Bridge Multilevel Inverter

Jingrong Yu, Gang Zhang, Mingkai Peng, Dongran Song, and Maoyun Liu

Abstract—A power-matching based balancing method is pro-
posed to solve the unbalanced state of charge (SOC) of the DC-side 
batteries in cascaded H-bridge multilevel inverter (CHBMI). First, 
the essential reason for SOC imbalance in CHBMI with phase 
disposition (PD) pluse width modulation (PWM) is analyzed, and 
the disadvantages of the voltage-matching based SOC balancing 
method are pointed out. Then, from the perspective of power- 
matching, an SOC balancing method is proposed to achieve fast 
SOC balance under arbitrary load characteristics. In addition, 
a power-matching algorithm avoiding zero-crossing detection 
is presented, which brings about accuracy and simplicity of the 
proposed method. Finally, the parameter of the proposed method 
is tuned by taking the switching loss and balancing speed into 
consideration. The simulation and experimental results show 
that the proposed method is of lower switching loss and faster 
balancing rate under arbitrary load characteristics.

Index Terms—Multilevel converter, phase disposition (PD)-pluse 
width modulation (PWM), power-matching, state of charge (SOC) 
balancing.  

I. Introduction

CASCADED H-bridge multilevel inverter (CHBMI) 
constructed by series-connected H-bridges, is a popular 

multilevel topology featuring good redundancy, low switching 
frequency, low loss, and less output harmonics. Compared 
with the diode-clamped [1]–[3] and flying capacitor multilevel 
topologies [4]–[5], the topology of CHBMI is more suitable 
for the systems supplied by multiple independent DC sources. 
Because most DC sources are low voltage, the large number of 
series connected DC sources can be avoided in CHBMI [6]–
[8]. Hence, CHBMI-based energy systems, comprehending 
low voltage DC sources and outputting high AC voltage, such 
as energy storage systems (ESSs), super capacitors systems, 
high-voltage direct current (HVDC) and electrical motors, 
have been widely used in engineering [9]–[10]. In CHBMI-
based systems with batteries or super capacitors as the DC 
sources, the state of charge (SOC) imbalance of batteries or 
super capacitors may occur because of  the different initials, 
the different characteristics of DC sources such as internal 
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impedance, self-discharge rate, and the different modulation 
techniques of the inverters such as phase shift (PS) and phase 
disposition (PD) pluse width modulation (PWM) [11]–[12]. 
Since the SOC imbalance issues will reduce the reliability and 
lifetime of the whole system, many balancing methods have 
been explored for CHBMI-based systems.. 

Among the SOC balancing methods, there is a special one 
called power balancing method, which deals with SOC imbalance 
caused by modulation [13], and achieves power balance 
between modules with modified modulation technique. PS 
and PD PWM are the commonly used modulation techniques 
to achieve power balancing, of which PS-PWM can naturally 
balance the output power, but PD-PWM requires extra 
enhancement. Hence, a simple and effective power balancing 
method based on modified PD-PWM is proposed in [14], 
which rotates the carrier signal of modules in each switching 
cycle. While this power balancing method is only suitable for 
low modulation ratio due to its complexity. Reference [15] 
proposes a method that interchanges the voltage waveform 
of each module in each 1/4 fundamental period and realizes 
power balancing in one fundamental period. However, when 
the number of modules is larger than 2, the output power of 
modules may be roughly balanced. In [16], an approach is 
proposed to deal with the power imbalance problem in every 
3/4 fundamental period of output voltage, but the carriers need 
to be rearranged as the number of the modules increases. It 
should be noted that all power balancing methods are unable to 
deal the SOC imbalance in case of different SOC initial values 
and different charging or discharging characteristics. 

While the SOC balancing methods can deal with the issues 
caused by the different initials, interior impedance and dis-
charging rates of DC sources in CHBMI-based systems, they 
are more advantageous and more useful in engineering. Some 
active SOC balancing circuits have been proposed, in which 
additional circuits are employed. In reference [17], an active 
SOC balancing control strategy for modular super capacitor ESS 
is proposed, which requires a master-slave structure including a 
common DC bus voltage loop and individual slave current loop 
for each sub-module. However, extra control circuits increase the 
system complexity and reduce system efficiency. Considering 
that a practical application requires fast balancing during 
transient disturbances, a balancing control strategy with extra 
degree of freedoms and independent power control capability is 
proposed in [18]–[19], in which a resonant circuit is added in the 
topology of CHBMI to realize SOC balancing by enabling the 
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power exchange among modules under PS-PWM. Although the 
SOC balancing process only requires one extra resonant circuit, 
the control complexity is still challenging. 

Consequently, some passive SOC balancing methods requir-
ing no additional active circuits have been proposed, which 
match the current SOC values with the output voltages of 
the modules, and allocate the working state of the modules 
according to the matching results. Since the matching between 
SOC and voltage is intuitive from the perspective of voltage-
matching, various SOC balancing methods with different 
modulation techniques have been explored. An SOC balancing 
method based on PS modulation is proposed in [20], which 
modifies the control signal in each duty cycle according to the 
energy balance control, while the voltage distortion is relatively 
serious. In references [21] and [22], a balancing method based 
on staircase modulation is proposed with switching sequence 
rotation and sorting redundancy selection approaches. 
However, when the number of modules is small, the switching 
harmonics of output voltage are large. Reference [23] proposes 
a PD-PWM based selective loop bias mapping (LBM) method, 
in which the min and max modules SOC and their index are 
directly selected, and the rest of modules follow the LBM rule 
that will achieve power balancing. While only two modules in 
this method achieve SOC balancing in each switching cycle, 
which will decrease the speed of SOC balancing in high-
voltage applications with more modules and cause unnecessary 
switching during balancing. In reference [24], a fundamental 
frequency sorting strategy with PD-PWM is proposed. When 
there is a phase difference between voltage and current, the 
fundamental frequency sorting cannot achieve a fast and good 
balancing consistency. 

With the above analysis, it can be known that passive SOC 
balancing methods are more favorable for their simplicity, 
of which the PD-PWM based balancing method with higher 
degree of freedom in utilizing redundant switching patterns, 
features good performance in voltage quality and balancing 
speed. However, the existing PD-PWM based balancing 
methods are all based on voltage-matching rule. When there is 
phase difference of load impedance, zero detection circuit or 
algorithm must be required, which will bring about detection 
errors and increase system complexity. 

To solve the issue, an SOC balancing method based on 
power-matching is proposed in this study. By analyzing the 
relationship between the discharge capacity of carriers and the 
DC side SOC of batteries, the issue of the voltage-matching 
based methods is pointed out, and the issue is solved from the 
perspective of power-matching. With the proposed method, 
the SOC balancing speed under arbitrary load characteristics 
can be attained without zero crossing detection. An approach 
of instantaneous power calculation in each switching cycle is 
presented to determine the sorting change in the fundamental 
period. The relationship between key parameters and 
performance of SOC balancing method based on power- 
matching is analyzed, which provides theoretical basis for the 
parameter design of the proposed SOC balancing method. 

The rest of the paper is organized as follows: The principle 

of CHBMI and the voltage-matching based balancing method 
are given in Section II. The proposed method and performance 
analysis are given in Section III. Parameter tuning of the 
proposed method is given in Section IV. The results of simulation 
and experiment are demonstrated in Section V.  Lastly, Section 
VI summarizes the paper. 

II. Principle of CHBMI and the Voltage-Matching 
Based SOC Balancing Method

In this section, the principle of CHBMI is presented, and the 
limitations of voltage-matching based SOC balancing method 
are discussed. 

A. Operating Principle of CHBMI 

The configuration of CHBMI is shown in Fig. 1. The 
CHBMI includes n series-connected H-bridges and n energy 
storage components whose outputs are series connected to the 
load. An output filter consisting of Lr and Cr is paralleled with 
the cascaded H-bridges. 

According to the instantaneous value of voltage reference in 
each switching cycle, the PD-PWM assigns appropriate switch-
ing modes to each cell in a way that the CHBMI synthesizes 
voltage reference at its AC terminals. Possible switching 
modes for ith cell and their corresponding output AC voltages 
are defined in Table I.

The mathematical model of single-phase voltage PWM 
inverter can be expressed as (1)-(3) with state-space average 
method. 
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Fig. 1.  The topology of cascade H-bridge multilevel inverter.

TABLE I
Switching Mode of Modules

Output voltage  Si1 Si2 Si3 Si4 

+Udc 1 0 0 1 

0 1 1 0 0 

0 0 0 1 1 

Udc 0 1 1 0 
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(1)

(2)

(3)

Where Udc is defined as the voltage of DC side, vo is the voltage 
on the capacitor, iL is inductive current, and io is load current. 

Supposing that uref represents the reference voltage of the 
inverter and Uref is the amplitude, n represents the total number 
of modules, Udc1, Udc2, ..., Udcn represents the DC side voltage of 
modules, Ts represents switching cycle; T1, T2, ..., Tn is the run-
ning time of each H-bridge module within a switching cycle, 
the total output voltage of the inverter is:

                               (4)

The reference voltage can be approximated to a constant 
value in one switching cycle:

(5)

When the DC side voltage of each module is equal (Udc1 = 
Udc2 = , ... , = Udcn = Udc), (5) can be obtained: 

             (6)

The region k of uref and the average voltage vci of the ith 

carrier can be calculated as follows:

                         (7)

                   (8)

                              (9)

From (6)-(8), when uref > 0, z modules need to work in the “1” 
state, only one module works in the “PWM” state, and n-z-1 
modules work in the “0” state. Similarly, when uref < 0, z modules 
work in the “-1” state, one module works in the “PWM” state, 
and n-z-1 modules work in the “0” state. 

B. Limitation Analysis of Voltage-Matching Based Method 

PD-PWM is widely used in CHBMI. However, due to the 
modulation or differences between the electrochemical cells, 

the modules may have different duty ratio. Inevitably, some 
modules may work in high duty ratio situation, which will 
increase switching loss and power consumption of modules. 
Thus, the SOC of the battery will be unbalanced. The voltage 
of battery will drop, which reduces the lifetime of DC source. 
According to (3), because of the voltage drop, the gain of the 
control transfer function will decrease, and the actual output 
voltage of the inverter will be lower than the reference value, 
which has side effect on the stability of inverter. 

Fig. 2 shows PD modulation which results in each module 
experiencing different duty cycles. A balancing strategy is 
presented, in which the above property of the multilevel 
converter is used in order to enforce different modules currents 
by controlling the position of each module in the priority list 
L, referred to as module position. Supposing that SOC of 
each module is [90 86 88], the priority list would be [1 3 2]. 
The voltage-matching rule assigns modules with different 
SOC mapping to the carrier with different discharge capacity 
according to the priority list. That is to say, the module 
corresponding to the max of SOC will work in the carrier with 
strong discharge capability.  

It should be noted that when the load is inductive load or 
capacitive load, since there is phase difference between the 
output voltage and the output current (the maximum phase 
difference is 90 degrees). Under this situation, the output 
power is negative in area a. Therefore, the matching according 
to the output voltage may fail when system is running from 
area a to area b, which will result in slower SOC balance speed 
of the battery. To solve the above issue, one solution is to 
reverse the priority list when the direction of current changes. 
For example, the priority list is [2 3 1] in area a. In area b, 
the priority needs to turn into [1 3 2]. The improved voltage-
matching based SOC balancing method considering the current 
direction is demonstrated in Fig. 3. 

In Fig. 3, ΔT is used as the balancing cycle for SOC 
balancing method, which can be designed larger than the 

Fig. 2.  Voltage matching based SOC balancing.

Fig. 3.  Diagram of the voltage-matching considering current direction.
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switching cycle Ts to avoid frequent sorting and carrier 
selection. By calculating the location region k of the 
reference voltage and the voltage of each module, the output 
voltage vci and SOCi for all modules can be sorted, and the 
SOC balancing can be achieved by voltage-matching. It can 
be seen from Fig. 3 that zero detection is required to employ 
different matching rules, which will bring about detection 
errors and increase the system complexity.

III. The SOC Balancing Method Based on Power-Matching

To address the issue of voltage-matching, a novel SOC 
balancing method is proposed from the perspective of power-
matching, in which a power calculation approach is presented 
to provide accurate instantaneous power values of each 
module, and a power-matching approach is employed to 
achieve SOC balancing with fast balancing speed and no zero-
detection. 

A. Framework of the Proposed SOC Balancing Method 

The diagram of the SOC balancing method based on power-
matching is illustrated in Fig. 4, which consists of voltage and 
current double-loop control, the power calculation unit and the 
power-matching unit.

In Fig. 4, the voltage and current double-loop control is the 
classical one for single-phase inverters. In outer loop of voltage 
control, the output voltage vo is compared with its reference 
signal uref, and the error signal between the two is processed 
by the voltage controller PIu to obtain the reference for the 
current loop. In the inner current loop, the output of voltage 
controller is compared with output current io, and the error 
signal is processed by the inner current controller PIi to give 
the modulation wave for PD-PWM.  

Apart from the control part, the SOC balancing method is 
supplemented in Fig. 4. Firstly, power calculation is responsible 
for calculating real-time power of each module, of which the 
instantaneous power (pc1, ..., pcn) of the voltage and current is 
calculated at frequency fs. Then, the SOCs (SOC1, ..., SOCn) 
of all the modules are sampled. In each balancing cycle ΔT, 
the instantaneous power (pc1, ..., pcn) and the SOCs (SOC1, ..., 
SOCn) are sorted and matched. Lastly, according to the power-
matching sequence, the modulation signals will be distributed 
to each module to achieve SOC balance. 

PIu PIi
refu

1Cp 2Cp 3Cp Cnp

Module 1
Module 2

Module k

Module n

state 1, 0, 1
state 1, 0, 1

state PWM

state 1, 0, 1

Power-
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oi

Double-loop control [SOCn]

ov

Load

Fig. 4.  Control system of single-phase inverter with power-matching based 
SOC balancing method.

B. The Power-Matching Algorithm 

Fig. 5 shows the diagram of power-matching based SOC 
balancing method. The SOC and power of each module are 
sorted in ascending order. 

Supposing that SOCerr is the maximum SOC difference, it 
can be defined as:

          (10)

If the SOCerr is greater than the given error coefficient δ, the 
power-matching is updated; otherwise, the original matching is 
maintained.

According to Figs. 3 and 5, it can be seen that with the power-
matching, the balancing method does not need additional zero-
crossing detection circuit. 

The matching rule in the proposed method is developed 
by selecting modules with different SOC corresponding to 
different discharge capacity of the carrier. Taking the nine 
levels inverter with four modules for example, the matching 
process is shown in Fig. 6.

The workflow of the matching algorithm is as follows: 
Step 1: sort array SOCi and array pci to get array A and array 

B, record the original position of each element after sorting and 
generate array C and array D; 

Step 2: establish the one to one correspondence between 
array C and array D; 

Step 3: sort array C to get array E and F; 
Step 4: output array F. 
Hence, the matching algorithm is carried out in each balanci-

ng cycle ΔT with the sorting results of the instantaneous power 
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Fig. 6.  The matching rule for power and SOC.
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(pc1, ..., pcn) and the SOCs (SOC1, ..., SOCn).  

C. The Power Calculation Approach 

It should be noted that the balancing cycle ΔT is designed 
by making a trade-off between balancing speed and switching 
loss, thus it may be variable in different cases, and this point 
will be discussed in next section. 

To provide accurate power values, instantaneous power of 
each module is employed for power-matching, and the deriva-
tion of power calculation of each module is presented here. 

According to the analysis of voltage in (4), the power 
equation can be obtained as (11): 

  (11)

Integrate both sides of (11): 

 (12)

    
Dividing both sides of (12) by Ts, (13) can be derived as: 

                (13)

Where psum is the total output power of the inverter, pc1, pc2, 
..., pcn is the output power of each carrier. Assuming the uref and 
io remain constant within one Ts, according to (6), (7), (9), (11) 
and (12), It is known that the power of each module in Ts is: 

              (14)

According to (5) and (14), the instantaneous power for 
each module can be calculated with the value and the location 
region number k of the reference voltage.  

IV. Parameter Tuning of the Proposed Method

In the digital implementation of the proposed SOC balancing 
method, the performance of switching loss and SOC balancing 
speed should both be considered. For example, when the SOC 
balancing cycle ΔT is equal to the switching cycle Ts, better 
SOC speed can be guaranteed, but higher frequency of power 
sorting and carrier selection will increase the computational 
burden and the switching loss of the inverter. Hence, switching 
loss and balancing speed are discussed here, and the parameter 
of the proposed method is designed by making trade-off 
between the two aspects. 

A. Switching Loss Analysis 

In this paper, the switching loss without SOC balancing is 
called necessary switching loss. While switching loss for SOC 

balancing is called additional switching loss. The additional 
switching loss is discussed here. 

In order to determine the relationship between SOC balanc-
ing cycle ΔT and switching loss, SOC is estimated by: 

                    (15)

Where SOCt = 0 is the initial value of the SOC, Ce is 
the battery capacity, and η is the battery charging and 
discharging efficiency. By setting η to 1, according to (15), 
the SOC variation within an SOC balancing cycle ΔT can be 
summarized as follows: 

                         (16)

The total switching actions of all modules in a fundamental 
wave cycle T can be expressed as: 

            (17)

where nadd is the number of additional switch actions and nneed 
is the number of necessary switch actions. 

According to the PD principle illustrated in Fig. 2, the mini-
mum of nadd is zero, and the maximum is related to the value of 
the modulated wave, which can be expressed as

                           (18)

From (17) and (18), the larger the ΔSOC is, the smaller 
the total switching frequency of modules in a fundamental 
frequency cycle will be. If ΔSOC is not controlled, the total 
switching actions of all modules is equal to the necessary 
switch actions in a fundamental period. While according to 
(16), the larger ΔT is, the larger ΔSOC will be. That means, the 
larger ΔT is, the smaller the additional switching loss is. 

Therefore, the value of ΔT can be appropriately increased 
to reduce the switching loss. Meanwhile, the large value of ΔT 
will decrease the computational burden. 

B. Balancing Speed Analysis 

The SOC balancing speed can be evaluated by the output 
power of each module in a period of given time. Here, the 
output power in half fundamental period of modules is used to 
describe the SOC balancing speed. 

In order to intuitively illustrate the output power of each 
module in half fundamental period, the dual Fourier transfor-
mation is introduced. 

As to PD-PWM, there are n-1 modules under the over 
modulation condition in the case of n modules, and the total 
equivalent voltage of i (i = 1, 2, ..., n-1) modules can be 
expressed as:
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  (19)

where Mi is defined as

                          (20)

By Substituting (20) into (19), the amplitude Vi of vi(t) is: 

 (21)

where Hi is the proportionality coefficient. 
According to PD-PWM principle, the amplitude of output 

voltage for each module is:

                          (22)

The total average power of CHBMI in half fundamental 
period is: 

        (23)

According to (21), (22) and (23), the output power pci of 
the ith module can be derived: 

i i

 
(24)

where φ is the impedance angle of the load. 
It can be known from (24) that the output power of each module 

is proportional to the total power in half fundamental period. 
The maximum difference of the output power among modules 

can be employed to describe the SOC balancing speed. For PD-
PWM, the power difference between the first module and the 
last one is the greatest, thus it is used to judge the balancing 
speed. According to (24), the maximum difference of the output 
power is written as (25).  

                  (25)

According to (25), the relationship of the SOC balancing 

speed, the number of modules, and the modulation ratio m are 
shown in Fig. 7. 

From Fig. 7, when n increases, the balancing speed will 
decrease at the same modulation ratio. On the other hand, the 
unbalance degree increases with the decrease of modulation 
ratio at the same number of modules. 

For the proposed method, when ΔT = 0.5T, the power-
matching of the proposed method cannot change the output 
power of each module in 0.5T. While ΔT < 0.5T, power-
matching will change the output power of each module, thus 
the power difference defined in (26) becomes:

Inductive load:

(26)

Capacitive load:

(27)

By comparing (26) with (25) and (27) with (25), it can 
be seen that the power difference increases when using the 
proposed method. 

C. Tuning of the ΔT 

From the above analysis, it is known that the balancing cycle 
ΔT has effect on the switching loss and the balancing speed. 
So, the tuning of ΔT is very important. 

According to (26) and (27), the maximum of ΔT is 0.5T. 
While in the digital implementation, the minimum of ΔT is the 
switching cycle Ts. The maximum of ΔT is 0.25T in this range, 
and the SOC balancing is convergent under any load condition. 

Thus, ΔT can be chosen as: 
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Fig. 7.  The relationship between the number of modules and the unbalance 
degree under different modulation ratios.
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                     (28)

It should be noted that the instantaneous power is used for 
power-matching in the proposed method. The instantaneous 
power at the phase angle φ should converse. However, the power-
matching is maintained within one balancing cycle ΔT. Hence, 
the part of time that the power-matching is supposed to update is 
called error time of matching Te, which is shown in Fig. 8. 

As shown in Fig. 8, the red part Te needs to be small. At 
this point, the SOC control cycle is selected under the most 
common operating load of the system to achieve the fastest 
balancing speed. 

In case of inductive load:

                     (29)

               (30)

Where mod means remainder after division.  
In case of capacitive load: 

                      (31)

               (32)

It should be noted that ΔT corresponding to the Temin is the 
optimal balancing cycle. If the minimum values are equal, 
according to the previous analysis of switching loss, the large 
one is taken as the optimal balancing cycle. 

In order to ensure waveform output quality and avoid 
frequent power sorting and switching transitions. The proposed 
SOC balancing method in this paper employs a combination of 
short cycle and long cycle switching. The long balancing cycle 
ΔT is responsible for keeping the SOC balanced by sorting the 
power and distributing the modulation signal to each module. 
while short switching cycle Ts is utilized to shape the output 
voltage and current. 

V. Simulation and Experiment Analysis

In order to verify the performance of the proposed balancing 
method based on power-matching, four case studies are developed 

3Udc
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Fig. 8.  Schematic diagram of SOC balancing error.

in this section. The system parameters are detailed in Table II. 

A) Result for Proposed Method  

In case I, an inductive load with impedance is (6 + j7.85) Ω 
is employed to verify the effectiveness of the proposed method. 
The proposed method is enabled at 0.5 s, and the initial values 
of three batteries are equal, SOC1 = SOC2 = SOC3 = 90%, ΔT = 
0.0002 s, Ts = 0.0002 s.

Fig. 9(a) shows the overall power-matching based SOC 
balancing process of each module. Fig. 9(b) shows the overall 

 TABLE II
System Parameters

Symbol Parameters Value 

Udc DC side electromotive force 70 V 
Lf Filter impedance(inductance) 0.8 mH 
Cf Filter impedance(capacitance) 80 μF 
Uref Reference voltage 160 V 
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Fig. 9.  SOCs of the modules before and after the switching proposed method. 
(a) The summary diagram of modules SOC by using power-matching. (b) The 
summary diagram of modules SOC by using voltage-matching. (c) SOC differ-
ence between SOC1 and SOC3.
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voltage-matching based SOC balancing process of each module. 
Fig. 9(c) shows the SOC difference between SOC1 and SOC3. 
The red line is power-matching and the blue line is voltage-
matching. It can be seen that SOC differences gradually 
increase before 0.5 s when the proposed method is not enabled. 
When the proposed method works after t = 0.5 s, the SOC 
differences gradually decrease to 0. By power-matching based 
balancing method, the SOC of each module become balanced 
at 1.07 s. By the voltage-matching based balancing method, the 
SOC of each module become balanced at 1.19 s. 

In case II, a capacitive load with impedance is (8 - j7.85) Ω 
is employed to verify the effectiveness of the proposed method. 
The proposed method is enabled at 0.5 s, and the initial value 
of three batteries are equal, SOC1 = SOC2 = SOC3 = 90%, ΔT =  
0.0002 s, Ts = 0.0002 s.

Fig. 10(a) shows the overall power-matching based SOC 
balancing process of each module. Fig. 10(b) shows the 
voltage-matching based SOC balancing process of each 
module. Fig. 10(c) shows the SOC difference between SOC1 
and SOC3. The red line is power-matching and the blue line 
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Fig. 10.  SOCs of the modules before and after the switching proposed method. 
(a) The summary diagram of modules SOC by using power-matching. (b) The 
summary diagram of modules SOC by using voltage-matching. (c) SOC differ-
ence between SOC1 and SOC3.

Fig. 11.  The THD of output voltage under inductive load. (a) Power-matching 
and (b) voltage-matching.
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is voltage-matching. By enabling the power-matching based 
balancing method at t = 0.5 s, the SOC of each module become 
balanced at 0.97 s. By the voltage-matching based balancing 
method, the SOC of each module become balanced at 1.19 s.

Fig. 11 is the total harmonic distortion (THD) of output 
voltage under inductive load. Fig. 12 is the THD of output 
voltage under capacitive load. Compared by the power-
matching and the voltage-matching, it can be seen that the 
proposed method has the same quality of output voltage. 

According to the simulation, it can be found that power-
matching based SOC balancing is faster than voltage-matching 
based SOC balancing without zero detection circuit. 

B. Comparison of Proposed Method with Different ΔT  

In order to verify the effectiveness of the ΔT setting method 
proposed in this paper, different balancing cycles (ΔT = 0.0004, 
0.0005, 0.001, 0.002, 0.0025, 0.005) are compared. 

In case III: Ts = 0.0002 s, SOC1 = 90.030%, SOC2 = 
90.025%, SOC3 = 90.020%, load impedance for (6 + j7.85) Ω. 
The power difference and SOC difference between SOC1 and 
SOC3 are shown in Fig. 13.

Fig. 13 (a) is the power difference between SOC1 and SOC3. 
The summary of simulation data is shown in Table III case III. 
According to (29), it can be found that the simulation results 
are consistent with the theory. 

Te(ΔT = 0.0005) = Te(ΔT = 0.001) < Te(ΔT = 0.0004) < Te(ΔT = 0.002) < Te(ΔT = 0.0025) 
= Te(ΔT = 0.005). 

J. YU et al.: POWER-MATCHING BASED SOC BALANCING METHOD FOR CASCADED H-BRIDGE MULTILEVEL INVERTER



360 CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 5, NO. 4, DECEMBER 2020

Fig. 12.  The THD of output voltage under capacitive load. (a) Power-matching 
and (b) voltage-matching.
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Fig. 13.  The power difference and SOC difference between SOC1 and SOC3. (a) 
Power difference and (b) SOC difference.
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Fig. 14.  The power difference and SOC difference between SOC1 and SOC3. (a) 
Power difference and (b) SOC difference.

TABLE III
Switching Frequency and Balancing Time

SOC balancing cycle Switching 
frequency 

(Hz) 

Balancing 
time  
(s) 

Power
difference 

(W) 

Case III 
6074 0.47 495 
5864 0.46 500 
5608 0.46 500 
5380 0.56 450 
5248 0.72 340 
5148 0.72 340 

Case IV 
6086 0.37 455 
5896 0.37 455 
5589 0.37 455 
5342 0.37 455 
5250 0.50 365 

ΔT

0.0004  
0.0005  
0.0010  
0.0020  
0.0025  
0.005  

0.0004  
0.0005  
0.0010  
0.0020  
0.0025  
0.005  5180 0.50 365 

In case IV: Ts = 0.0002 s, SOC1 = 90.030%, SOC2 = 
90.025%, SOC3 = 90.020%, load impedance for (8 - j7.85) Ω. 
The power difference and SOC difference between SOC1 and 
SOC3 are shown in Fig.14. 

Fig. 14 (a) is the power difference between SOC1 and SOC3. 
The summary of simulation data is shown in Table III case IV. 
According to (31), it can be found that the simulation results 
are consistent with the theory.  

Te(ΔT = 0.0004) = Te(ΔT = 0.0005) = Te(ΔT = 0.001) = Te(ΔT = 0.002) < Te(ΔT = 

0.0025) = Te(ΔT = 0.005).
The optimal value of balancing cycle is ΔT = 0.0020 s.
According to the simulation, the following conclusions can 

be obtained: With the increase of ΔT, the average switching 
frequency will decrease. In addition, the balancing speed will 
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Although ΔT = 0.0005 and ΔT = 0.001 balance at the same 
time, the switching frequency of ΔT = 0.0005 is higher than 
that of ΔT = 0.001. So ΔT = 0.001 is better.  
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be affected by ΔT. According to the law above, low switching 
loss and fast balancing speed have been achieved by reasonable 
parameters design. 

C. Experiment Results 

In order to further verify the proposed approach, the experi-
mental test is conducted. As shown in Fig. 15, the experimental 
rig is set up according to the system structure in Fig. 1. The 
controller uses TMS320F28335, CPLD is XC9572XL and the 
ADC is AD7580. 

1)Results of Power-Matching and Voltage-Matching Under 
Inductive Load 

The experimental parameters are selected the same as case 
I. SOC initial value setting: SOC1 = SOC2 = SOC3 = 90%. The 

Fig. 16.  The experimental results of SOC balancing. (a) Power-matching and 
(b) voltage-matching.

balancing method is enabled at t = 10 s. Balancing cycle ΔT = 
0.001 s.

As shown in the Fig. 16(a) and (b), the power-matching based 
SOC balancing method achieves SOC balancing at 21.25 s 
and voltage-matching based method achieves SOC balancing 
at 24.25 s. The balancing time of the three modules is reduced 
from 24.25 s to 21.25 s. 

2)Results of Power-Matching and Voltage-Matching Under 
Capacitive Load 

The experimental parameters are selected the same as case 
II. SOC initial value setting: SOC1 = SOC2 = SOC3 = 90%. The 
balancing method is enabled at t = 10 s. Balancing cycle ΔT = 0.002 s.

As shown in the Fig. 17(a) and (b), the power-matching 
based SOC balancing method achieves SOC balancing at 
19.75 s and voltage-matching based method achieves SOC 
balancing at 23.25 s. The balancing time of the three modules 
is reduced from 23.25 s to 19.75 s.  

The experimental results indicate that the individual SOCs 
of the CHMBI based ESS can be effectively balanced with the 
proposed power-matching based balancing method, and fast 
balancing speed is kept. 

VI.  Conclusion

In this paper, a power-matching based SOC balancing method 
is proposed for CHBMI with PD-PWM. Compared to voltage-
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matching based SOC balancing method, this method guarantees 
the balancing speed without zero detection circuit. The 
performance of the proposed method is theoretically analyzed, 
and the parameter design to achieve low switching loss and 
fast balancing speed is given. The simulation and experimental 
results prove the effectiveness and correctness of the method. 
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