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Abstract—Cascaded H-bridge inverter (CHBI) with 
supercapacitors (SCs) and dc-dc stage shows significant promise 
for medium to high voltage energy storage applications. This 
paper investigates the voltage balance of capacitors within the 
CHBI, including both the dc-link capacitors and SCs. Balance 
control over the dc-link capacitor voltages is realized by the dc-
dc stage in each submodule (SM), while a hybrid modulation 
strategy (HMS) is implemented in the H-bridge to balance the 
SC voltages among the SMs. Meanwhile, the dc-link voltage 
fluctuations are analyzed under the HMS. A virtual voltage 
variable is introduced to coordinate the balancing of dc-link 
capacitor voltages and SC voltages. Compared to the balancing 
method that solely considers the SC voltages, the presented 
method reduces the dc-link voltage fluctuations without affecting 
the voltage balance of SCs. Finally, both simulation and 
experimental results verify the effectiveness of the presented 
method.① 

 
Index Terms—Cascaded H-bridge inverter (CHBI), Hybrid 

modulation strategy (HMS), Capacitor voltage balancing, DC-
link voltage fluctuation, Supercapacitor (SC). 

I. INTRODUCTION 

VER the past few decades, cascaded H-bridge inverters 
(CHBIs) have found widespread applications in various 

medium and high voltage scenarios [1]-[3]. In addition, 
supercapacitors (SCs) are recognized for their fast discharge 
rate and high power density. Integrating SCs into the CHBI 
presents a promising energy storage solution for short-time 
high power and fast-changing load demands [4]-[5]. Equipped 
with a dc-dc stage within each submodule (SM), such as a bi-
directional dc-dc converter (BDC), as depicted in Fig. 1, this 
CHBI ensures a distributed control over each SM, 
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concurrently enhancing the discharging range of SCs [6]-[7]. 
The CHBI, as shown in Fig. 1, incorporates numerous SCs 

and dc-link capacitors. Balancing these capacitor voltages is 
of great importance, as it directly impacts the stability of the 
CHBI [8]-[9]. The imbalance and large fluctuations in the 
voltages of dc-link capacitors can affect the waveform quality 
of the output voltage for the CHBI and even cause capacitor 
overvoltage. In terms of SC voltage balancing, it aims to 
prevent some SMs with lower SC voltages from experiencing 
higher current stress through the BDC, thereby avoiding 
overcurrent in the power semiconductor devices. The stored 
SC energies across all SMs can also be fully utilized, 
preventing individual SCs from being over-charged or over-
discharged and ensuring approximately consistent lifespans. 
To this end, with BDC control in each SM, the dc-link 
capacitor voltages can be regulated around the same reference 
value to achieve balance. The modulation strategy of the H-
bridge, serving as another control degree of freedom for the 
SM, significantly affects the voltage balance of SCs [10]. 

In [10]-[12], a hybrid modulation strategy (HMS) is 
employed for both the half-bridges in the multilevel modular 
converter (MMC) and the H-bridges in the CHBI. This 
strategy combines low frequency nearest level modulation 
(NLM) with high frequency pulse width modulation (PWM). 
Therefore, the HMS inherits the benefit of simple capacitor 
voltage balancing from the NLM, where the capacitor voltage 
balancing can be achieved by rotating the order of inserted 
SMs without the need for extra proportional-integral (PI)-
based closed-loop control for each SM [13]. According to SM 
voltage sorting and the sign of instantaneous ac power, the 
switching modes of the H-bridge are determined, which 
enables charging or discharging of the inserted SMs within 
different control cycles. Thus, the voltage balance of SCs is 
facilitated under the HMS. Additionally, by introducing a 
PWM SM, the desired sine modulation wave can be 
approximated. In [14], the HMS is further categorized into 
two types based on the flexible allocation of switching modes 
among the H-bridges: HMS containing zero mode 
(HMSCZM) and HMS without zero mode (HMSWZM). 

Although the HMS offers advantages in capacitor voltage 
balancing, differences in the switching modes of the H-bridge 
between the inserted and bypassed SMs result in inconsistent 
voltage fluctuations in the dc-link among the SMs [15]. These 

O 
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significant voltage fluctuations can lead to heating and aging 
of the dc-link capacitors, affecting the safety and reliability of 
the SMs. As depicted in [16], paralleling an LC resonant 
branch on the dc-link can suppress voltage fluctuations with a 
specific frequency component. Increasing the dc-link 
capacitance can indeed reduce voltage fluctuations [17]-[18]. 
However, these hardware measures inevitably increase the 
volume and cost of SMs. In [5], Li et al. presented a hybrid 
voltage sorting method to bypass SMs with higher dc-link 
voltage fluctuations, but this method lacks theoretical 
analysis. In [15], Mao pointed out that, due to the necessity of 
zero mode, the voltage fluctuations in the dc-link under the 
HMSCZM can exhibit lower compared to those under the 
HMSWZM. Then, the traditional HMSWZM was modified in 
[19] by introducing some SMs running in zero mode when 
their dc-link voltages reached the reference value. However, 
the switching modes of the H-bridge for some SMs still have 
opposite polarity, indicating that the dc-link voltage 
fluctuations under the modified HMSWZM are greater than 
those under the HMSCZM. In [20], an improved NLM was 
presented for the MMC by specifically inserting and 
bypassing a fixed number of SMs within each control cycle, 
realizing low switching frequency and reduced capacitor 
voltage fluctuations. However, each SM in this MMC 
possesses only one capacitor, which differs from the SM 
depicted in Fig. 1. What is more, the waveform quality of the 
ac output voltage under this NLM is not as high as that under 
the HMS for the CHBI with fewer SMs. It is noteworthy that 
the BDC controller with feed-forward of the load current on 
the dc-link in [9] contributed to eliminating the voltage 
fluctuation in the dc-link, but the total second-order harmonic 
power is burdened by the BDC, increasing the BDC current 
stress. Similarly, in [18], to suppress the dc-link voltage 
fluctuations with various frequency components, the harmonic 
current from the H-bridge was calculated and injected into the 
dc-link voltage control loop. Although the dc-link capacitors 
are not required to give the fluctuating power, the current 
stress of the front converter is increased. In [21], an optimal 
control trajectory method was presented to minimize the 
current stress of DC-DC stage under any certain dc-link 
voltage fluctuations. However, this method does not involve 
the voltage fluctuations difference in the dc-link among the 
several SMs caused by the HMS for the H-bridges. Hence, 
building upon the HMSCZM, this paper aims to coordinately 
address the reduction of dc-link voltage fluctuations while 
ensuring the voltage balance of SCs. 

The rest of this paper is structured as follows: In Section II, 
the principles of capacitor voltage balancing are outlined, and 
the dc-link voltage fluctuations among the SMs under the 
HMS are analyzed. Section III presents a capacitor voltage 
balancing method that reduces dc-link voltage fluctuations by 
introducing a virtual SM voltage sorting variable, along with 
details on its implementation. The simulations in MATLAB/ 
Simulink with fifteen SMs and experiments on a prototype 
with four SMs are performed to demonstrate the validity of 
the presented method in Section IV. Finally, Section V 
concludes this paper. 

 
Fig. 1. Circuit topology of the CHBI with SC and BDC. 

II. OPERATION PRINCIPLES 

A. Circuit Topology 
The circuit topology of the single-phase CHBI with SC and 

BDC is depicted in Fig. 1. This phase cluster comprises N 
SMs, each with identical parameters. The ac output terminals 
of each SM are connected in series to the load. The ac output 
voltage of the jth SM is denoted as uoj, where j = 1, 2, … , N, 
and uac is their sum. The ac current is represented as iac, with 
the sign defined as positive when it flows out of the H-bridge. 
Each SM is equipped with six insulated gate bipolar 
transistors (IGBTs, S1-S6). The dc-link capacitor is denoted as 
Cfc, where udc and ifc represent its voltage and current, 
respectively. The filtering inductor of the BDC is denoted as 
Lf. The SC voltage and current are denoted as usc and isc, 
respectively. 

B. DC-Link Voltage Balancing Control 
As shown in Fig. 2, the dc-link voltage of each SM, udcj, can 

be independently stabilized around the same reference value 
*
dcU  through a double closed-loop PI controller. The inner loop 

is responsible for controlling the SC current iscj. Consequently, 
the dc-link voltages are regulated around *

dcU  and balanced. 
Nevertheless, accurate control of udcj at *

dcU  is challenging, 
particularly when considering the current stress of the BDC. 
This challenge arises from the reason that zero dc-link voltage 
fluctuation means that the dc-link capacitor does not consume 
any second-order harmonic power smp  within the SM, as 
shown in Fig. 3. At this moment, further analysis is conducted 
on the maximum of BDC current. 

 
Fig. 2. Block diagram of the BDC controller. 
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Fig. 3. Scenario when all second-order harmonic power flows into the BDC. 

When ignoring the high-order harmonics in the ac voltage 
uac and current iac, the instantaneous ac power pac flowing 
through the CHBI can be derived as: 

( )
ac ac

ac ac ac ac ac ac ac0.5 cos 0.5 cos 2
P p

p u i U I U I tϕ ω ϕ = = + − − 






 
(1) 

where uac = Uacsin(ωt), iac = Iacsin(ωt-φ), Uac and Iac represents 
the peaks of uac and iac, ω is the ac angular frequency, φ 
denotes the load power factor angle, Pac and acp  are the active 
power and second-order harmonic power, respectively. 
Assuming that the ac power through each SM, psm, is shared 
evenly within one fundamental cycle when the CHBI operates 
steadily, i.e.: 

( )sm sm am accsp p Np P P= + +=   (2) 
When the whole psm is provided by the BDC, the maximum 

of SC current can be calculated as: 
( ) ( ) ( )sc-max sm sc ac ac scmax 0.5 cos 1I p U U I NUϕ= = +  (3) 

As a result, Isc-max can be at least doubled compared to 
Pac/NUsc. However, especially for a small φ, this scenario in Fig. 
3 is not advisable as it will significantly increase the current 
stress of the BDC. Therefore, this paper allows the presence of 
double frequency ripple in the dc-link voltages, rather than 
attempting to eliminate them through the BDC controller. 

C. SC Voltage Balancing Control 
The HMS combines low-frequency square-wave 

modulation with high-frequency PWM to approximate the 
desired sine wave uac-ref, while also being responsible for 
balancing the SC voltages, as depicted in Fig. 4. The normal 
switching modes of the H-bridge in the HMS are listed in 
Table I, corresponding to various switching functions of the 
H-bridge Shbs. The inserted SMs can operate in the “+1”, “–1” 
and PWM modes, while the remaining bypassed SMs run in 
the “0” mode. The sign of the instantaneous ac power pac will 
determine whether the inserted SMs will charge or discharge 
the SCs. The main steps of the conventional HMS-based SC 
voltage balancing are below: 

 
Fig. 4. HMS-based SC voltage balancing control. 

TABLE I 
SWITCHING MODES OF THE H-BRIDGE 

Mode +1 –1 PWM 0 
Shbj +1 –1 PWM reference 0 
+pac discharging 

similar to “±1” mode bypassing 
–pac charging 

 
1) The sampled SC voltages are selected as the SM voltage 

sorting variable and arranged in descending order at a specific 
sorting frequency fsort. 

2) To approximate the desired sine wave uac-ref under the 
HMS, a certain number of SMs needs to be inserted while the 
remaining SMs are bypassed within each control cycle. Note 
that the polarities of the switching modes for the inserted SMs 
always remain consistent in this paper, i.e., the “+1” mode 
and “–1” mode do not appear at the same control cycle. Based 
on the desired uac-ref and the average dc-link voltage udc-ave, the 
number of inserted SMs with “+1” mode or “–1” mode within 
the current control cycle, ncurrent, can be calculated as: 

( )current ac-ref dc-avefloorn u u=  (4) 
where floor(x) is the function rounding x to the nearest integer 
toward zero, and udc-ave is expressed as: 

dc-ave dc1

N
jj

u u N
=

= ∑  (5) 

According to the sign of uac-ref, determine whether the 
inserted SM will operate in the “+1” or “–1” modes. 
Meanwhile, the PWM reference of the PWM mode SM can be 
given by: 

( )ac-pwm ac-ref ac-ref current dc-avesignu u u n u= − ⋅  (6) 
where the function sign(x) returns the sign of x, yielding 1 
when x is positive, 0 when x is zero, and –1 when x is 
negative. 

3) The selection of inserted SMs depends on the SM 
voltage sorting order within each sorting cycle and the sign of 
the instantaneous ac power pac. When pac> 0, i.e., the CHBI is 
discharging, it will insert the ncurrent+1 SMs with the highest 
SC voltages while bypassing the rest with the lowest SC 
voltages. Whereas, for pac< 0, i.e., the CHBI is charging, the 
SMs with the lowest SC voltages are inserted, while those 
with the highest SC voltages are bypassed. 

In brief, based on the HMS, the voltage balance of SCs is 
realized by alternately charging or discharging the inserted 
SMs. However, a difference exists in the switching modes of 
the H-bridge between the inserted and bypassed SMs. The 
influence of this difference on the dc-link voltage fluctuation 
is further investigated. 

D. Analysis of DC-link Voltage Fluctuations 
According to Kirchhoff’s current law, the dc-link capacitor 

current ifc in Fig. 1 can be expressed as: 
fc dc hbj j ji I i= −  (7) 

where Idcj represents the average output current of the BDC 
when ignoring the switching effect of the BDC, and the load 
current on the dc-link is represented as ihbj. By introducing the 
switching function of the H-bridge Shb, the dc-link capacitor 

Csc Cfc

uac/NBDC H-Bridge iac

Zero smp

smp
sm scp U
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current ifc is further obtained: 
fc dc hb dc hb acj j j j ji I i I S i= − = −  (8) 

The relationship between the average SC current Isc and the 
active power Pac can be expressed as: 

ac ac ac sc sc
1

0.5 cos
N

j j
j

P U I U Iϕ
=

= = ∑  (9) 

Assuming that the average SC voltages of N SMs, Uscs, are 
balanced when the CHBI works steadily, the average SC 
currents among the N SMs, Iscs, can be considered equal based 
on (9), i.e., Isc1 = Isc2 =, … , = IscN. When invoking the power 
conservation theorem and neglecting the operation loss of 
BDC, the average output current of the BDC, Idcj, can be 
derived as: 

( )dc sc sc dcj j j jI U I U=  (10) 
At this point, Idcs of the N SMs can also be considered as 

the same, i.e., Idc1 = Idc2 = , … , = IdcN. Furthermore, Idcs will 
remain approximately constant when the ac voltage uac and 
current iac are unchanged by combining (9) and (10). 

According to (8), the dc-link voltage fluctuation of the jth 
SM within a sorting cycle 1/fsort, Δudcj, can be derived as: 

( )
( ) ( )

sort

sort

1/

dc dc hb ac fc0
1/

dc sort fc hb ac fc0

dc1 dc2

d

d

  

f

j j j

f

j j

j j

u I S i t C

I f C S i t C

u u

∆ = −

= −

= ∆ + ∆

∫
∫  (11) 

where 
( )dc1 dc sort fcj ju I f C∆ =  (12) 

 

( )sort1/

dc2 hb ac fc0
d

f

j ju S i t C∆ = −∫  (13) 

It can be seen that dc-link voltage fluctuation Δudc is 
divided into two parts. A larger dc-link capacitance Cfc or a 
higher sorting frequency fsort can indeed reduce the values of 
Δudc1 and Δudc2. However, these will involve upgrading the 
hardware and software setup. The first fluctuation, Δudc1, 
cannot be decreased due to the same Idc across all SMs. 
Therefore, reducing the total dc-link fluctuation Δudc relies on 
suppressing Δudc2. 

Since the ac current iac is determined by the ac voltage uac 
and load, the switching function of the H-bridge, Shb, is the 
key term to reduce Δudc2. According to Table I, the values of 
four Shbs, including “+1”, “–1”, “0” and PWM, correspond to 
the possible values of Δudc2 within a sorting cycle 1/fsort, 
calculated as: 

sort

sort

1/P/N
dc2 ac hb0

fc
Zero

dc2 dc2 hb

1/PWM
dc2 ac hb0

fc

1 d ,  1

0,  0

d ,  PWM

f

j j

j j j

f

j j

u i t S
C

u u S
mu i t S

C

∆ = = ±
∆ = ∆ = =

∆ = =


∫

∫





 (14) 

where m is modulation index of the H-bridge with PWM 
mode, defined by m = uac-pwm/udc-ave. As seen, the absolute 
values of Δudc2 for these inserted SMs with “+1” or “–1” 
modes, P/ N

dc2u∆ , are larger compared to Zero
dc2u∆ . In addition, 

according to (6), the output voltage polarity of the SM with 
PWM mode is always consistent with that of the SMs with 
“+1” or “–1” modes. Since m is less than one, the voltage 
fluctuation term Δudc2 of the SM with PWM mode, PWM

dc2u∆  is 

lower than P/N
dc2u∆ . Consequently, different switching modes 

of the H-bridge lead to inconsistent trends in Δudcs among the 
N SMs within the same sorting cycle, which could even 
aggravate such fluctuations. The number of SMs with “+1” or 
“–1” modes is zero only when the ac output voltage uac is near 
zero crossings. At this point, the maximum voltage fluctuation 
can be obtained between the SMs with “0” mode and PWM 
mode. However, in most cases, the maximum fluctuation 
yields between the SMs of “±1” mode and “0” mode. 
Therefore, from the perspective of (14), allowing more SMs 
to operate with the “0” mode is advantageous for reducing 
Δudc2. Nevertheless, according to (4), the number of the 
inserted SMs with “+1” or “–1” modes can be determined 
within each sorting cycle, and thus the number of SMs with 
“0” mode is certain. It is essential to explore the reduction of 
the voltage fluctuations in the dc-link for the HMS, although 
those fluctuations cannot be completely eliminated. 

III. PRESENTED CAPACITOR VOLTAGE BALANCING METHOD 

The HMS of the presented method for the CHBI in this 
paper builds upon the NLM proposed in [20]. In addition, this 
method further employs a virtual SM voltage variable to 
reduce dc-link voltage fluctuations among the SMs under the 
HMS. 

A. DC-link Voltage Fluctuations Reduction 
The NLM, as proposed in [20], involves alternating the 

switching modes of a fixed number of SMs within each 
control cycle, which leads to reduce the SM capacitor 
fluctuations and maintain a low switching frequency of IGBTs 
in the MMC. This alternation mechanism is retained and 
integrated into this paper. As the NLM does not include a 
PWM mode, the HMS is incorporated to approximate the 
desired sine modulation wave for the CHBI with fewer SMs 
and to balance capacitor voltages among the SMs. 

When determining the order of inserted SMs in the HMS, 
the conventional SM voltage sorting variable in Section II.C, 
only considers the SC voltages. However, based on (14), the 
inserted SMs exhibit higher dc-link voltage fluctuations 
compared to the bypassed SM. Therefore, it lacks an essential 
mechanism to bypass some SMs with significant dc-link 
voltage fluctuations, leading to a considerable fluctuation 
difference among the SMs. To address this limitation, a 
virtual SM voltage variable, uvirtual, is proposed. This variable 
combines the SC voltage usc and the dc-link voltage udc of 
each SM and is expressed as 

( )virtual v sc v dc1u k u k u= + −  (15) 
where kv represents the weight coefficient of usc in the uvirtual, 
and its range is 0-1. After sorting uvirtual for one round, the 
SMs with larger dc-link voltage fluctuations can be positioned 
at the front of the SM sorting sequence, which allows for their 
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timely insertion or bypassing. The mechanism behind the 
reduction of dc-link voltage fluctuations under (15) is further 
explained. 

Taking the example of the instantaneous ac power pac from 
φ to π in Fig. 4, where the switching function Shb of the 
inserted SMs is “+1”, and the sign of the ac current iac is 
positive, let’s assume a positive difference of SC voltages 
Δusc between an inserted SM and a bypassed SM. When 
sorting only the SC voltages, the positive Δusc causes that both 
SMs will persist in their previous switching modes in the next 
sorting cycle, i.e., they remain the “+1” and “0” modes, 
respectively. Based on (11)-(14), within two sorting cycles 
2fsort, their dc-link voltage fluctuations can be calculated as: 

0 sort

0

2/1 1
dc dc1 ac fc2 d

t f

t
u u i t C

++ →+∆ = ∆ − ∫  (16) 
 

0 0
dc dc12u u→∆ = ∆  (17) 

Note that the value of the switching function Shb is 
substituted with “+1”. By subtracting (16) from (17), the 
absolute value of the difference in dc-link voltage 
fluctuations, con

dcu∆ , under the conventional voltage sorting 
method can be obtained: 

0 sort

0

2/con. 0 0 1 1
dc dc dc ac fcd

t f

t
u u u i t C

+→ + →+∆ = ∆ − ∆ = ∫  (18) 

By using (15), the discrepancy of uvirtual between the 
inserted and bypassed SMs is expressed as: 

( )
( ) 0 sort

0

+1 0 P
virtual virtual virtual v sc v dc2

1/

v sc v ac fc

1

         1 d .
t f

t

u u u k u k u

k u k i t C
+

∆ = − = ∆ + − ∆ =

∆ − − ∫
 (19) 

A value for kv can be found to make (19) negative, given 
the same positive Δusc and positive iac in the range [φ, π]. 
Then, the switching modes of the H-bridge can be alternated 
between the inserted and bypassed SMs in the next sorting 
cycle. In other words, the inserted SM with “+1” mode 
experiencing larger dc-link voltage fluctuations can timely 
switch to the “0” mode, and the previously bypassed SM can 
switch to the “+1” mode. The dc-link voltage fluctuations 
with different switching modes within two sorting cycles can 
be calculated as: 

0 sort

0

1/1 0
dc dc1 ac fc2 d

t f

t
u u i t C

++ →∆ = ∆ − ∫  (20) 
 

0 sort

0 sort

2/0 1
dc dc1 ac fc1/

2 d
t f

t f
u u i t C

+→+

+
∆ = ∆ − ∫  (21) 

By (20) and (21), the absolute value of difference in the dc-
link voltage fluctuations under the presented method is given 
by: 

{ }
0 sort 0 sort

0 0 sort

0 sort 0 sort

0 0 sort

pre. 0 1 1 0
dc dc dc

1/ 2/

ac fc ac fc1/

1/ 2/ con.
ac fc ac fc dc1/

d d

        max d ,  d

t f t f

t t f

t f t f

t t f

u u u

i t C i t C

i t C i t C u

→+ + →

+ +

+

+ +

+

∆ = ∆ − ∆

= − ≤

≤ ∆

∫ ∫

∫ ∫

 (22) 

By comparing (22) and (18), it can be seen that the 
reduction in the dc-link voltage fluctuations could occur. This 
presents an interesting idea to mitigate the dc-link voltage 
fluctuations by introducing uvirtual in the HMS. 

A case is studied to illustrate the impact of kv, with the case 

parameters outlined in Table II. By rewriting (19) when it is 
less than zero, it can be obtained that: 

0 sort

0

1/v
sc ac fc

v

d
1

t f

t

k
u i t C

k
+

∆ <
− ∫  (23) 

In Fig. 5(a), each colored interval denotes the integral range 
of 1/fsort for the ac current iac. The relationships between Δusc 
and kv are shown in Fig. 5(b) when the inequality (23) holds 
true in four intervals, respectively. Firstly, a lower value of kv 
attributes less importance to the SC voltage in the SM voltage 
sorting, which allows for greater reliance on the dc-link voltage 
to alternate the switching modes of the H-bridge between the 
inserted and bypassed SMs. However, as kv decreases, e.g., kv 
ranges from 0.5 to 0.25, the effect of reducing dc-link voltage 
fluctuations will become less significant, since these values can 
easily satisfy inequality (23) under the same Δusc and iac. For kv 
= 0.5, the reduction of dc-link voltage fluctuations can be seen, 
compared to the conventional balancing method that only sorts 
the SC voltages, i.e., kv = 1. Moreover, the steady-state voltage 
balance of SCs remains unaffected. This is attributed to the 
consistency of the total voltage among the SMs under (15). The 
dc-link voltage of each SM can be stabilized around the same 
reference by the independent BDC controller, further ensuring 
balanced SC voltages across all SMs. Therefore, the presented 
method in this paper can coordinately consider both SC voltage 
balancing and reduced dc-link voltage fluctuations. 

TABLE II 
CASE PARAMETERS FOR ANALYZING KV 

Parameter Value 
AC angular frequency, ω/( rad/s) 300  

AC current amplitude, Iac/ kA 10  
DC-link capacitance, Cfc/ mF 105.6  
Sorting frequency, fsort/ kHz 

Power factor angle, φ/(°) 
2 

60 
 

 
Fig. 5. Solution area when satisfying (23). (a) AC current integral intervals. 
(b) Relationship between Δusc and kv. 

B. Implementation of the Presented Method 
In Section II.C, to implement the HMS for the CHBI, the 

number of inserted SMs within each control cycle ncurrent and 
the PWM reference uac-pwm are calculated. As shown in (15), 
the order of the inserted SMs is further determined by sorting 
the virtual SM voltage variable uvirtual. In addition, building 
upon [20], a fixed number (Nfix) of SMs are specified to 
exchange the switching modes of the H-bridge among several 
SMs. The “+1” and “–1” modes are combined into the “I” 
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mode, while the “0” mode is renamed as the “O” mode. The 
next implementation of the presented method involving the 
HMS, as illustrated in Fig. 6, can be summarized as follows: 

1) When considering a potential change in the value of ncurrent 
between the current and last control cycles, calculate the 
incremental number of the inserted SMs, Δnincre, as given by: 

incre current lastn n n∆ = −  (24) 
 

Note that the value of Δnincre may be zero, positive, or 
negative. Then, add Δnincre to the total number of the switched 
SMs, nswitch, within the current control cycle, including a fixed 
number (Nfix) of SMs, as shown in: 

switch incre fixn n N= ∆ +  (25) 

2) By incorporating the sign of the instantaneous ac power 
pac, which determines whether the inserted SMs will be 
charged or discharged, along with the value of Δnincre, the 
switching modes of the H-bridge among the inserted and 
bypassed SMs are reallocated between the last and current 
control cycles. 

1) If pac ≥ 0 and Δnincre > 0, then switch OUT the Nfix 
SMs with the lowest voltage among the previously 
inserted SMs, and switch IN the nswitch SMs with the 
highest voltage among the previously bypassed SMs. 

2) If pac ≥ 0 and Δnincre = 0, then switch OUT the Nfix 
SMs with the lowest voltage among the previously 
inserted SMs, and switch IN the Nfix SMs with the 
highest voltage among the previously bypassed SMs. 

3) If pac ≥ 0 and Δnincre < 0, then switch OUT the nswitch 
SMs with the lowest voltage among the previously 
inserted SMs, and switch IN the Nfix SMs with the 
highest voltage among the previously bypassed SMs. 

4) If pac < 0 and Δnincre > 0, then switch OUT the Nfix 
SMs with the highest voltage among the previously 
inserted SMs, and switch IN the nswitch SMs with the 
lowest voltage among the previously bypassed SMs. 

5) If pac < 0 and Δnincre = 0, then switch OUT the Nfix 

SMs with the highest voltage among the previously 
inserted SMs, and switch IN the Nfix SMs with the 
lowest voltage among the previously bypassed SMs. 

6) If pac < 0 and Δnincre < 0, then switch OUT the nswitch 
SMs with the highest voltage among the previously 
inserted SMs, and switch IN the Nfix SMs with the 
lowest voltage among the previously bypassed SMs. 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

To verify the performance of the presented capacitor 
voltage balancing method, a CHBI model with fifteen SMs is 
simulated in Matlab/Simulink. The simulation parameters are 
detailed in Table III. In the first simulation, with an ac voltage 
reference uac-ref of 10 kV (peak) and an 800-V dc-link voltage 
reference *

dcU , determined by (4), the maximum number of 
inserted SMs with “+1” or “–1” mode is twelve. Moreover, 
one extra SM is required to run with the PWM mode to 
approximate the desired uac-ref. For an ac frequency of 150 Hz, 
the load impedance and the peak of the ac current Iac are 
calculated as 1 Ω and 10 kA, respectively. 

TABLE III 
SIMULATION AND EXPERIMENTAL PARAMETERS 

Parameter Value 
Simulation Prototype 

Capacitance of SC, Csc/F 25.38  
Filtering inductance of BDC, Lf/μH 150  

DC-link capacitance, Cfc/ mF 105.6  
Sorting frequency, fsort/ kHz 2  

Control frequency, fcontrol/ kHz 10  
PWM carrier frequency, fpwm/ kHz 5  

Fixed number in (25), Nfix 1 
Number of SMs, N 15 4 

DC-link voltage ref., dc
*U /V 800  200  

Load impedance, Rload/ Ω,  
Lload/ mH 

Rload = 0.5  
Lload = 0.917  

0.0393+j0.167  
@150 Hz 

 
Fig. 6. Block diagram for implementing the presented capacitor voltage balancing method. 
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The simulation results are depicted in Fig. 7 under different 
weight coefficient of SC voltage kv in (15). The SC voltages of 
fifteen SMs, usc1-usc15, are always balanced throughout each 
discharging process. When kv is set to 1, indicating that the SM 
voltage sorting only considers the SC voltages, a 115-V voltage 
fluctuation in the dc-link is seen, which also brings significant 
fluctuations to usc1-usc15. However, as the value of kv decreases, 
placing more emphasis on the dc-link voltage when sorting SM 
voltages and determining the inserted SMs can lead to a gradual 
reduction in the dc-link voltage fluctuations. For example, for 
kv = 0.5, an 80-V dc-link voltage fluctuation can be observed, 
representing a 30% decrease compared to kv = 1. When kv is 
less than 0.5, there is no further significant reduction in the dc-

link voltage fluctuations. Furthermore, the average dc-link 
voltage udc-ave and the peak of the ac current iac remain 
unaffected when the SM voltage sorting variable only considers 
the SC voltages or adopts (15); just the envelope of the fifteen 
dc-link voltages udc1-udc15 is reduced. In brief, the simulation 
results validate the correctness of the theoretical analysis and 
the effectiveness of the presented method. 

Fig. 8 shows the simulation results under different peaks 
and frequencies of ac current iac to highlight the performance 
of the presented method. For an ac current iac of 8 kA (peak) 
and 100 Hz, the dc-link voltage fluctuations among the fifteen 
SMs are 64 V employing the presented method with kv = 0.5, 
compared to those of 83 V when only sorting the SC voltages.

 
Fig. 7. Simulation results of fifteen SMs under different weight coefficient kv. 

 
Fig. 8. Simulation results of fifteen SMs under different conditions. (a) Conventional method of only sorting the SC voltages. (b) Presented method when kv = 0.5. 
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As the peak of the ac current iac increases to 10 kA, the 96-V 
dc-link voltage fluctuations in the presented method remain 
lower than the 124-V fluctuations observed under the 
conventional method. When the frequency of the ac current iac 
changes to 150 Hz, the results of 0.30-0.35 s in Fig. 8 
basically align with those in Fig. 7. In these scenarios, the 
presented method can consistently ensure the voltage balance 
of SCs and reduce the voltage fluctuations in the dc-link, 
further highlighting its effectiveness. 

A prototype with four SMs is built to validate the presented 
method, as illustrated in Fig. 9. The experimental load is 
several resistors and inductors connected in series and 
parallel, where the load impedance is calculated as 
0.0393+j0.167 Ω under an ac frequency of 150 Hz. The 
experimental waveforms are captured through an oscilloscope 
and a digital wave recording software developed by the 
Shenzhen Hopewind Electric Co., Ltd. Before each 
discharging experiment, the SCs need to be recharged by 
connecting the CHBI to the grid. The simplified charging 
circuit is shown in Fig. 10, and the charging process is 
detailed in [7]. During the charging process, KM1 is closed 
and KM2 is opened, and low grid-connected current is 
employed. For each discharging experiments, open KM1 and 
close KM2, and the ac voltage reference remains unchanged 
with a peak of 450 V and a frequency of 150 Hz. The dc-link 
voltage reference is set to 200 V. By using (4), it is 
determined that at most two SMs with “+1” or “–1” mode and 
one SM with PWM mode run concurrently. As shown in Fig. 
11, seven levels of ac voltage uac are seen, indicating the 
insertion of three SMs at the peak of uac, with the peak of the 
ac current iac approximately 2600 A. 

 
Fig. 9. Photograph of the experimental prototype. 

In the first experiment, as depicted in Fig. 12, the SCs of 
the four SMs begin discharging with initial voltages of about 
143 V. The weight coefficient of SC voltage kv in (15) is 
selected as 0.5. Throughout the 0.5-s discharging process, the 

four SC voltages, usc1-usc4, remain balanced. The four dc-link 
voltages, udc1-udc4, are stabilized at 200 V, with fluctuation 
ranges of 191.5-206 V. As seen in this scenario, the capacitor 
voltage balancing can be achieved based on the presented 
method in this paper. 

 
Fig. 10. Simplified experimental setup. 

 

 
Fig. 11. Experimental waveforms of ac voltage and ac current. 

 

 
(a) 

 
(b) 

Fig. 12. Experimental waveforms under same initial SC voltages across four 
SMs when kv = 0.5. (a) SC voltages. (b) DC-link voltages. 

Fig. 13 depicts the experimental results with initial unequal 
values of the four SC voltages, where kv = 0.5. Specifically, 
the initial voltages of SC in the first two SMs, usc1-usc2, are set 
at 170 V, while those in the remaining SMs are at 150 V. 
During the first 0.5-s discharging process, the SC voltages in 
the last two SMs, usc3-usc4, exhibit a slight decrease, 
facilitating a trend towards balance with usc1-usc2. Meanwhile, 
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the dc-link voltages, udc1-udc4, are stabilized near 200 V. The 
steady-state fluctuation ranges of udc1-udc4 align with those 
depicted in Fig. 12(b). This scenario indicates that the 
performance of the presented method in balancing 
inconsistent SC voltages. 

 
Fig. 13. Experimental waveforms with higher initial voltage in the first two 
SMs’ SCs when employing uvirtual=0.5usc+0.5udc. 

To emphasize the effectiveness of the presented method in 
mitigating the voltage fluctuations in the dc-link, an experiment 
is conducted with the weight coefficient of SC voltages kv set to 
1 in (15). With a focus on solely sorting the SC voltages, the 
voltage balance of SCs is ensured during the 0.5-s discharging 
process, as usc1-usc4 shown in Fig. 14(a). However, Fig. 14(b) 
shows the dc-link voltage fluctuations of approximately 31 V, 
increasing by 53% compared to the those of 14.5 V seen in 
Fig. 12(b). This highlights the validity of reducing dc-link 
voltage fluctuations by introducing the weighted virtual SM 
voltage sorting variable presented in this paper. 

 
(a) 

 
(b) 

Fig. 14. Experimental waveforms when only sorting the SC voltages. (a) SC 
voltages. (b) DC-link voltages. 

V. CONCLUSION 

Based on the HMS, capacitor voltage balancing of the 

CHBI is realized by voltage sorting to determine the order in 
which SMs are inserted within each control cycle. However, 
large differences in dc-link voltage fluctuations among the 
SMs are observed when the conventional balancing method 
considers only sorting the SC voltages. To address this issue, 
this paper presents a coordinated capacitor voltage balancing 
method with reduced dc-link voltage fluctuations for the 
CHBI. A virtual SM voltage sorting variable is obtained by 
combining the SC voltage and dc-link voltage in a weighted 
manner. This enables the timely bypassing of currently 
inserted SMs with significant dc-link voltage fluctuations. 
Importantly, the presented method preserves the voltage 
balance of SCs while mitigating dc-link voltage fluctuations. 
Both simulation and experimental results validate the 
effectiveness of the presented method. 
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