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New Inter and Inner Phase Power Control Method for 

Cascaded H-Bridge Based on Simplified PWM 

Strategy 
 

Zongbin Ye, Member, IEEE, Qisheng Zheng, Hanjun Pei, Josep M. Guerrero, Fellow, IEEE, Shiqi Mao, Tingting 

Wang, Anni Chen, Zhiguo Zhang, Linlin Jiang, Dongsheng Yu, Member, IEEE, and Tyrone Fernando, Senior 

Member, IEEE 
 

 

Abstract- Cascaded H-Bridge (CHB) converters characterized 

with high scalability have been widely used in photovoltaic (PV) 

and energy storage systems. However, the three-phase power and 

the voltages are often unequal due to various reasons, making the 

system less efficient. Therefore, the ability to deal with unequal 

power is necessarily required in CHB. This paper proposes three 

inter-phase power control methods based on simplified PWM 

strategy to improve the efficiency of the system.  A control 

method with better performance both in dynamic and steady 

states is adopted to adjust power distribution. The relationship 

between duration times and DC power is analyzed. On the basis 

of controlling the inter-phase power, an inner-phase power 

control method is proposed by redistributing the duration time 
of each submodule, to further enhance the power control ability 

of the system. The simulation and experimental results show that 

under the condition of balanced or unbalanced voltage, the inter-

phase and inner-phase power can be controlled, which verifies 

the feasibility and practicability of several modulation strategies 

proposed in this paper. 

Keywords- pulse width modulation, multilevel systems, DC-AC 

power conversion, power control. 

 

I.  INTRODUCTION 

 

Renewable energy sources such as wind and solar energy 

have attracted wide research attention, as the low-carbon  

economy is globally advocated. Photovoltaic (PV) power 

systems can realize clean electricity generation and hence 
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reduce the dependence on fossil fuels [1]. For large 

photovoltaic generation systems, Cascaded H-Bridge (CHB) is 

regarded as one of the prime candidates for the lasted 

megawatt-class PV converters [2]-[4]. Compared with other 

topologies, CHB can provide smoother output voltage, better 

scalability and low voltage stress on switches [5]-[8]. 

Despite the fact that CHB structure can achieve higher 

conversion efficiency and can be easily extended to more 

levels [9], it is confronted with the problem that the power 

generated by PV modules is often unbalanced [10]. This can 

be attributed to non-uniform solar irradiance, unequal 

temperature, inconsistent module degradation and other 

factors [11], [12]. Similar problems also exist in the field of 

energy storage systems. In microgrid, SoC of energy storage 

systems is always unbalanced due to the difference in line 

impedances and the initial value of SoC [13]. Differences of 

SoC in energy storage systems will cause uneven power 

generation. Power imbalance, including inter phase power 

imbalance and inner phase power imbalance, will further 

result in the imbalance in three-phase currents, which, as 

delivered to the grid, may lead to the PV generation system 

disconnect from the gird [14].  

To address this problem, several control strategies have 

been proposed. Injecting zero-sequence voltage can help to 

reduce DC power imbalance [15]. To simplify the 

computation, a novel weighting min-max zero-sequence 

voltage injection method is proposed in [16] and applied to 

grid-connected PV systems [17]. The zero sequence voltage in 

this method, is equal to half of the sum of the maximum and 

minimum values, wherein the maximum and minimum values 

are obtained from the product of the power imbalance ratio 

and the corresponding voltage reference. Although this 

method can achieve power balance, it does not analyze the 

controllable range of power. In [10]-[12], an optimal zero 

sequence voltage injection method is proposed and applied to 

PV topologies. In this way, the problem of inter-phase power 

imbalance can be solved. However, the DC power in this 

method always deviates from the expected values because it 

equals the power on the grid side to the power on the 

converter side during the derivation process, making the 

power control inaccurate. Besides, the relationship between 

the linear modulation index and power generation ratios 

limitation, which is important for PV systems under different 
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modulation index, is unclear. In [18], a scheme is proposed to 

induce an inverse imbalance proportional to power imbalance 

in the phase voltages, by modifying the converter neutral point 

voltage. Through this reverse imbalance, the imbalance of 

inter-phase power can be solved. However, there is significant 

fluctuation in power under this control method, meaning it 

does not achieve precise control. Besides, per cell power 

imbalance compensation is achieved by using PI control to 

modify the amplitude of the reference signal to redistribute the 

ON and OFF times of each cell. The problem with this method 

is that the response is slower compared to the inter-phase 

power balancing method. In [19], a predictive control method 

for grid-connected CHB converters under unbalanced power 

generation ratios is presented; it achieves power balance by 

enforcing the CHB converter to work with a suitable zero-

sequence voltage component. This method simplifies the 

switch combination, for two-cell converters, but it still 

requires to evaluate 125 input combinations in the cost 

function to obtain the optimal one. The computing, therefore, 

is made rather complex. In [20], a simple DC-power control 

method (PCM) is proposed to tackle the imbalanced DC-

power supply issue. This method can keep AC currents 

balance and maintain power generation ratio of each DC 

source at their expected value. With this method, the duration 

time of each phase is modified directly by the correction value 

derived from PCM. The superiority of the method is that it can 

control the DC power per phase accurately in variable-

frequency condition, even under larger power generation 

ratios. However, power generation ratios fluctuate around their 

reference values, and the control accuracy needs to be 

improved. 

The converters adopted in PV generally fall into two 

categories: central inverters and string inverters. As to central 

inverters, they have to balance the voltages and realize 

Maximum Power Point Tracking (MPPT) simultaneously. As 

to string inverters, a dc-dc converter is integrated into each 

inverter to realize MPPT and the inverter module deals with 

the unbalanced voltages. This makes it easier to gain a wider 

MPPT range than central inverters.  

A high power plant requires a large quantity of string 

inverters to make parallel connections of their AC terminals, 

which will lead to a rise in current THD and even results in 

oscillation. Besides, the increase in the number of parallel 

inverters will cause a higher total failure rate. These problems 

can be solved at the expense of limited MPPT range and 

MPPT channels by using central converters. As we use the 

CHB as the PV inverter and adopt the suitable control strategy, 

it obtains a series of MPPT channels just like in string 

inverters and it can easily increase the power without 

deteriorating the current THD and failure rate.  

This paper proposes three inter-phase power control 

methods based on simplified PWM modulation strategy [20] 

to achieve precise DC power control. In these methods, each 

phase or submodule is properly set to operate at different 

output power to improve the efficiency of the system and help 

achieving MPPT [17], [21]. Balanced three-phase currents can 

be obtained through imbalanced phase power distribution with 

these methods. In addition, an inner-phase power control 

method is proposed to further improve the power control 

capability of each submodule of the system. Also, this paper 

gives the limitation and control range of power generation 

ratios. Variable DC voltage source is utilized to simulate the 

unbalanced photovoltaic module voltages effect in the 

experiment. The feasibility and practicability of power control 

are verified by comparing the experimental waveforms. 

The rest of this paper are organized as follows. Section II 

introduces the simplified PWM strategy and the DC power 

calculation. Then, three inter-phase power control methods are 

derived in Section III and an inner-phase power control 

method is derived in Section IV. Section V analyzes the 

control limitation of power control. The simulations and 

experiments of a three-phase five-level CHB converter are 

conducted in Section VI. In Section VII, the final conclusions 

are drawn. 

 

II. INTRODUCTION OF THE SIMPLIFIED PWM STRATEGY AND 

DC POWER CALCULATION 

 

A. Introduction of the simplified PWM strategy 

The circuit configuration of CHB is shown in Fig.1. Udc_Xi 

(X=A, B, C; i=1, 2, 3,    , n) represents the DC-link voltage 

of submodule i of phase X, and it is set to be equal for the sake 

of analysis.  

dc_ dc_ dc_ dc1 2
( A,B, or C)X X Xn

U U U U X= = = = =  (1) 

By referring to the voltage-second balancing principle 

discussed in [22], [23], three-phase duration times T
’ 

X can be 

obtained, as shown in equation (2), where TX represents the 

duration time of each phase before the correction time ∆T is 

added, ∆T (∆T=(uOO′·TS)/Udc) represents the duration time of 

equivalent zero-sequence voltage. 

' ref s ref
s

dc

1 sgn( )
[ ]

2

X X
X X

u T u
T nT T T T

U

−
= +  −  = −   (2) 

 
Fig. 1 Circuit of Cascaded H-Bridge Converter. 
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The relationship between the duration time of each phase 

and the duration times of submodules can be expressed by (3), 

where TXi is the duration time of corresponding submodule. 

1 2 nX X X XT T T T= + + +  (3) 

The ∆T in (2) represents the correction value of TX, and it 

can be used to achieve such targets as minimum pulse width 

compensation, switching losses reduction [22], linear 

modulation index extension [23]. And ∆T can also be used to 

achieve DC-power control with good performance and 

convenience [20]. However, it should be noted that the three 

effects, minimum pulse width compensation, switching losses 

reduction and active power control, cannot be achieved in the 

meantime, since the pulse distribution methods of them are 

different. To realize the linear modulation, ∆T should satisfy 

(4), and the existent condition of ∆T can be expressed by 

inequality (5). 
'

s0 X XT T T nT = −    (4) 

A B C s A B C

min max

max( , , ) min( , , )

T T

T T T nT T T T T

 

−   
  (5) 

 

B. DC power analysis and calculation 

In order to get higher control precision of DC power, this 

paper employs a method based on the calculation of one 

carrier-wave period DC power. 

1) The principle of computing DC power 

Ignoring converter losses, the power calculated in the DC 

side is equal to the AC side. As the system is stable, the DC 

power per submodule in a fundamental period can be given by 

(6), 

                         

+T

A dc _ A dc _ A

+T

B dc _ B dc _ B

+T

C dc _ C dc_C

1
= d

T

1
= d

T

1
= d

T

i i i

i i i

i i i

t

t

t

t

t

t

P U i t

P U i t

P U i t




















              (6) 

where idc_Xi is the DC side current, Udc_Xi is the DC side 

voltage, iX is the phase current, and SXi is the switching 

function of each submodule, satisfying SXi = SXi1- SXi2, and T 

is the fundamental period. 

dc _ i iX X Xi i S=                              (7) 

Combining (6) with (7), introducing (8) 
+T

dc _

1
= d

Ti i i

t

X X X X
t

P U i S t                    (8) 

Since the sampling frequency is high, the DC side voltages 

and currents (Udc_Xi , idc_Xi) remain constant, then (6) can be 

rewritten as (9), 

=0

1
( )

i i

N

X X

k

P p k
N

=                              (9) 

where 

ref
dc _ S

S

1 sgn( ( )) 1
( ) ( ) ( ) [ ( ) ( )]

2i i

X
X X X X

u k
p k U k i k T k nT T k

T

−
=  −  −    (10) 

s(T / )N floor T=                         (11) 

Where T represents the fundamental period, and TS represents 

the carrier-wave period. 

Equation (10) expresses the DC power generated by 

submodule i of phase X within TS. Thus the DC power 

generated by one phase within one fundamental period can be 

expressed by (12).  

                                          
1

i

n

X X

i

P P
=

=                             (12) 

By combining (9), (10) and (12), the DC power generated 

by one phase can be rewritten as (13),  

=0

1
( )

N

X X

k

P p k
N

=                                 (13) 

where  

ref
dc _ S

S

1 sgn( ( )) 1
( ) ( ) ( ) [ ( ) ( )]

2

X
X X X X

u k
p k U k i k T k nT T k

T

−
=  −  −    (14) 

Equation (14) represents the DC power generated by one 

phase within one carrier-wave period.  

2) The method of computing DC power 

A first-in first-out (FIFO) data queue is introduced to realize 

DC-power real-time calculation [20], as shown in Fig.2. The 

length of queue depends on the proportion between the 

fundamental period and carrier-wave period and is set to N 

based on the above analysis. In each TS, a new data which 

calculated by (15) will be filled in the queue. 

 

( ) ( ) ( )

( )
( )

( )

dc _

ref

S

S

+1 +1 +1

+1
+1 +1

1 sgn( 1
[ ]

2

X X X

X

X

p U i

u
T nT T

T

k k k

k
k k

= 

−
−  −  

 (15) 

The DC power average power P
new 

X
 will be updated as (16).  

( ) ( )new old 1
[ +1 + ]- 1X X X XP P kp p k

N
N= + −         (16) 

where P
new 

X  is the average power after updating, and P
old 

X  

is the average power of the previous cycle.  

3) The relationship between power generation ratios and 

DC power 

The average DC power of three phases can be expressed by 

(17). 

A B C
ave

( )

3

P P P
P

+ +
=                         (17) 

Thus, the power generation ratios kX (X=A, B, C) given by 

(18) should satisfy (19). 

A B C
A B C

ave ave ave

= = , =
P P P

k k k
P P P

，                   (18) 

A B C+ + =3k k k                            (19) 

Equation (20) can be obtained by substituting (2), (13), and 

(14) into (17). 

 
Fig. 2 Diagram of FIFO. 
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dc _ ref
ave S

=0 A B C S

ref
dc _ S dc

=0 A B C S S

term I

( ) ( )1 1 sgn[ ( )]
[ ( ) ( ) ]

3 2

1 1 sgn( ( )) 1 1 1
( ) ( ) [ ( ) ] ( ) ( )

3 2 3

N
X X X

X

k X

N
X

X X X

k X

U k i k u k
P T k T k nT

N T

u k
U k i k T k nT U k T k

N T N T

=

=

 −
=  −  −  

 

 −
=  −   −   

 

 

 

、 、

、 、 =0 A B C

term II

( )
N

X

k X

i k
=

 
、 、

(20)

   

( )

ave

ref ref
dc _ S dc _ S

=0 =0 A B CS S

0

dc _ ave

=0 S

dc _

1 1 sgn( ( )) 1 1 1 sgn( ( )) 1
( ) ( ) [ ( ) ( )] ( ) ( ) [ ( ) ]

2 3 2

1 1
[ ( ) ( ) ]

1
[ ( )

X X

N N
X X

X X X X X X X

k k X

N

X X X X

k

X

P k P

u k u k
U k i k T k nT T k k U k i k T k nT

N T N T

P U k i k T k Pk
N T

U k
N

=

=



   − −
 −  −   =  −     

   



−    =



  



、 、

( ) ave

=0 S

1
( ) ] (1 )

N

X X

k

i k T k k P
T

   = −

(21)

  

In three-phase symmetry power systems, the sum of the 

three-phase currents is zero, so Term II of (20) is zero. Thus 

Pave is only determined by DC-link voltages Udc_X and AC 

currents iX, while ∆T has no effect on it. Equation (21) which 

acquired by substituting (13) and (20) into (18) illustrates the 

relationship between kX and ∆T. The derivation process is 

presented in (21), where P
0 

X represents the power of each phase 

before we control the power. In balanced three-phase 

symmetry power systems, P
0 

X is equal to Pave. 

As can be seen from (21), power generation ratios kX is only 

related to three variables as DC side voltages Udc_X, AC side 

currents iX, and duty ratio correction ∆T, so the DC power can 

be controlled by adjusting correction value ∆T. This 

adjustment does not affect the average DC power of the 

converter. 

 

III. THE THREE INTER-PHASE POWER CONTROL METHODS 

 

Based on the above analysis, the DC power can be 

controlled by adjusting the correction value ∆T. Thus the 

control accuracy depends on the precision of ∆T. The three 

calculation methods are presented as follows.  

 

A. The control method based on the minimum and maximum 

values of ∆T (CMMM) 

The following steps outline CMMM when kX≠k
* 

X , where k
* 

X  

is the references of DC-power ratios. 

1) Choosing the priority control phase 

The power generation ratio deviation is defined as ∆kX=| k
* 

X-

kX|. Since the phase with the largest value of ∆kX deviates 

maximally, it will be set as the priority control phase. And the 

direction of ∆T will be decided by (22). 

A A B C

B A B C

C A B C

if max( , , ), decided by A

if max( , , ), decided by B

if max( , , ), decided by C

k k k k T

k k k k T

k k k k T

 =    

 =    

 =    

      (22) 

2) Comparing the expected power generation ratios and 

real power generation ratios 

By comparing kX with k
* 

X , to increase or decrease pX(k+1) 

can be determined. For example, when kX is greater than k
* 

X , 

the output power pX of each phase is less than zero. In order to 

reach the expected value, pX should be increased. Thus pX(k+1) 

will be decided by (23) based on (12). 
* current

_ in

* current

_ in

if > ,  to be increased  to be increased

if < ,  to be decreased  to be decreased

X X X X

X X X X

k k P p

k k P p

   


  

 (23) 

3) Identifying the direction of ∆T in current control period 

Since the direction of ∆pX_in has been decided by step 2), the 

variation trend of ∆T in current control period is expressed by 

(24) based on (16).  

_ in

*

_ in

 to be increased

 if sgn( ) 0,  

 to be increased
if >

 to be increased

if sgn( ) 0,

 to be decreased

X

X

X X

X

X

p

i

T
k k

p

i

T




 

 



  




  (24-a) 

_ in

*

_ in

 to be decreased

 if sgn( ) 0,

 to be decreased
if <

 to be decreased

if sgn( ) 0,

 to be increased

X

X

X X

X

X

p

i

T
k k

p

i

T




 

 



  




   (24-b)  

4) Identifying the value of ∆T in current control period 

According to the previous analysis, the range of ∆T is 

[∆Tmin ∆Tmax]. So the value of ∆T is decided by (25). 

max

min

if to be increased

if to be decreased

T T T

T T T

   = 

   = 
                (25) 
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So far, CMMM algorithm has been fulfilled and the flow 

chart of CMMM is shown in Fig.3(a). 

B. The control method based on the control priority phase 

(CMPP) 

CMMM is intuitive, but there is no unified formula to 

calculate the ∆T. So we analyze the relationship between ∆T 

and power generation ratios and give a formula for ∆T. 

1) Choosing the control priority phase 

The first step is to choose the priority control phase used to 

calculate the ∆T, which is the same as CMMM. 

2) Calculating the value of ∆T 

To achieve the inter-phase power control, we calculate the  

∆T (k+1) to make the actual power equal to the expected one. 

By combining (15), (16) and (18), ∆T (k+1) can be acquired 

by (26) 

( ) ( )
( ) ( )

( ) ( )

* old

ref S ave

S

dc _

1 sgn[ ] [ ( ) ]+1 - +1
+1 +1

+12 +1

X X X X

X

X X

k k Nu T N k P P p
T T nT

U
k k

k ki

− − +
 = − −

  (26) 

 

3) Checking and modifying the value of ∆T  

∆T(k+1) should satisfy equation (5) to comply with linear 

modulation. When ∆T(k+1) reaches the limit of the [∆Tmin 

∆Tmax], it should take the value of ∆Tmin or ∆Tmax accordingly. 

So far, CMPP algorithm can be fulfilled and the flow chart of 

CMPP is shown in Fig.3(b). 

C. The control method based on minimizing the variances of 

three-phase power (CMMV). 

In order to gain better steady state performance of DC 

power control, ∆T(k+1) should precisely satisfy the three-

phase power generation ratios simultaneously. Thus, ∆T(k+1) 

can be calculated by minimizing the variances of the three-

phase power. ∆Px_error is the error between the actual and the 

expected power of each phase. CMMV is presented as follow. 

∆Px_error can be expressed by (27). 

( ) ( )old *

_error ave+1 -
1

P [ ]+1X X X X XP p p kk Pk N
N

 = + − −   (27) 

Thus, the variance of three-phase power is given by (28). 

( ) ( )

( ) ( )

( ) ( )

2 2 2 2

A_error B_error C_error

old * 2

A A A A ave

old * 2

B B B B ave

old * 2

C C C C ave

S

1
( [ ] )

1

+1 - +1
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According to equation (15), pX(k+1) can be expressed as 

(29). 
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Thus, equation (28) can be rewritten as (30). 
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Equation (30) indicates that S2 is a quadratic function of 

∆T(k+1), and the opening is upward, so that the minimum duty 

ratio of the squared sum of the above power deviation is the 

duty ratio correction sought, namely, the extreme point above 

function. Thus, the extreme point can be acquired by (31), and 

can be simplified as (32). ∆T can be used to control the DC 

power directly after a threshold processing. 
2(S )

0
( )

d

d T
=


                                      (31) 

 
Fig. 3 Flow chart of proposed methods. (a) CMMM, (b) CMPP, (c) CMMV. 
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 (32) 

So far, three algorithms have been fulfilled and the flow 

charts are shown in Fig.3. 

 

IV. THE INNER-PHASE POWER CONTROL METHOD 

 

Unbalanced power not only exists in inter phase but also 

comes out in inner phase. Thus, there is a need for a method 

that can control the power distribution of the inner phase to 

further improve the power controllability of the system. This 

paper proposes an inner-phase power control method to 

achieve power distribution by using the inner-phase duration 

correction value ∆DXi, which is similar to the inter-phase 

power control methods. 

The inner phase power generation ratios can be expressed as 

(33), where PXave is the average power of all submodules in a 

phase, PXi represents the DC power of submodule i of phase X 

in a fundamental period. 

ave

= Xi
Xi

X

P
l

P
                              (33) 

According to (14), the revised duration time of one phase 

can be expressed as (34). 

ref
S

1 sgn( ( ))
( ) ( ) ( )

2

X
X

u k
D X T k nT T k

−
= −  −            (34) 

When the duration times distribute equally among the 

submodules, the DC power generated by one submodule 

within Ts can be expressed as (35), where ∆DXi is the 

correction value injected in submodule i of phase X, and it 

should satisfy ∆DX1+∆DX2+    +∆DXn=0,  so as not to affect 

the duration time of one phase. 

dc

s

( ) 1
( ) ( ) ( ) [ ( )]Xi Xi Xi

D X
p k U k i k D k

n T
=  −           (35) 

Similar to the inter-phase power control, the relationship 

between the carrier-wave period DC power and the 

fundamental period DC power can be expressed as (36). 

( ) ( )* old+1 - +( ) 1Xi Xi Xi Xip N P P pk k N= − +           (36) 

Combining (33), (35) and (36), the correction value of each 

submodule can be expressed as (37). 
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s
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( ) ( 1
( )
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k N

k

− +
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Therefore, the correction values can be obtained according 

to the inner phase power generation ratios l
* 

Xi, and it can be 

used to control the inner phase power directly without 

affecting the inter phase power. 

Briefly, the inner phase power control is achieved by 

changing the pulse distribution of each submodule. However, 

it should be noted that adopting inter-phase and inner-phase 

power control will lead to the increase of the switching 

frequency. 

 

V. THE CONTROL LIMITATION OF POWER GENERATION RATIOS 

 

With three inter-phase power control methods, power 

generation ratio of each phase will be distributed following the 

expected value, but the power regulation range is limited. The 

limitation will be analyzed to ensure the expansibility and 

applicability. 

From (21), the adjustable DC power within one control 

period is shown as (38). According to equation (22), inter-

phase power control can be achieved through controlling and 

adjusting ∆T.  

dc _ S( ) ( ) ( ) ( ) /X X Xp k U k i k T k T =                 (38) 

Thus the adjustable DC power ∆PX within Tfund can be 

expressed as (39). 

k=0

1
( ) ( )

N

XP k p k
N

 =                         (39) 

Power generation ratios kX in (18) can be rewritten as 

ave

ave

= X
X

P P
k

P

− 
                             (40) 

Therefore, ranges of ∆PX will be analyzed to obtain the 

power generation ratios limitation. 

For simplicity, the upper and lower limit of ∆PA can be 

obtained assuming sgn(uA_ref) =sgn(iA) and kA> k
* 

A. Therefore, 

(41) can be established to derive the limitation of ∆PA based 

on (32), (38), and (39). 
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 = 
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The maximum value ∆Pmax_A can be expressed by (42), 
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(42) 

where Z is the impedance of the grid side, and uAref 

(uAref=Udc_A·m·sin(ωt)) is the reference signal of phase A, 
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By analyzing (42) and (43), it can be found that Term 1 and 

m can be related in quadratic function after the integral 

calculation. Term 2 can also be analyzed similarly.  

Consequently, ∆Pmax_A and m obey (45), where a, b, and c are 

coefficients. 

( )dc
π

_

dc _ A A B C

0

A sin ω1
Term1 min(

t
, , )dωt

T
U T T T

Z

U m
=    (44) 

2

max_ A =a +b +cP m m                            (45) 

Pave is a quadratic function of m, as shown in (46). So the 

relation of k
* 

min_A and m can be expressed by (47). Adopting the 

same method, k
* 

max_A can be easily attained as well.  
2

ave =dP m                               (46) 

  
ave max_ A*

min_ A 2

ave

a b c
= (1 )

d d d

P P
k

P m m

− 
= − − −           (47) 

According to (47), power generation ratio is a quadratic 

function of the reciprocal 1/m. Three special power points can 

be used to solve equation (47). The relationship between m 

and three-phase generation ratios are drawn in Fig.4. Fig.4(a) 

shows the corresponding relationship between the limit of the 

reference generation ratio k
* 

X  (X= A or B or C) and m, 

indicating that the reference generation ratio of each phase is 

acceptable within this range. At the same time, three-phase 

generation ratios must satisfy (19). In order to show the 

relationship between k
* 

X  and m as well as the three-phase 

generation ratios at the same time, a three-dimensional graph 

is drawn as in Fig.4(b). This three-dimensional graph is 

obtained by fitting the simulation data, since a unified 

mathematical expression has not been found at present. It can 

be seen that when m is 1, three-phase power generation ratios 

concentrate in the middle area of the three-dimensional graph, 

so the adjustable range is small. When m is 0.5, three-phase 

power generation ratios are distributed around the three-

dimensional graph, so the adjustable range is large. It can be 

concluded that the active power control capability becomes 

weaker as modulation index m increases. 

It is observed from the above analysis that the theoretical 

power generation ratios limitation is determined by 

modulation index m. If only the power generation ratios are 

within this theoretical range, the DC power can be controlled 

as expected.  

 
TABLE I 

PARAMETER SETTINGS FOR SIMULATIONS AND EXPERIMENTS 

IN LOW POWER SYSTEMS 

Parameter Value 

Voltage of Battery Cells 48V 
DC-link Capacitor 1200μF 

L filter 4mH 

Switching Frequency 8kHz 
Chain number per phase 

Rated Power 

2 

465W 

 

 
Fig. 5 Control block diagram of the grid-connected inverter system. 
 

 
Fig. 4 The limit of the reference power generation ratios k

* 

X. (a) Two-dimensional graph. (b)Three-dimensional graph. 
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VI. SIMULATION AND EXPERIMENT 

 

Fig.5 shows the control block diagram of grid-connected 

inverter. The whole control is divided into two subs controls: 1) 

Conventional decoupled control based on the dq rotational 

frame; 2) Power distribution control using proposed methods. 
A. Simulation and analysis 

1)  Simulation results of CMMM, CMPP, and CMMV in low 

power systems 

A three-phase five-level CHB grid-connected inverter is 

simulated in MATLAB/Simulink to compare the proposed 

three methods. The system parameters are shown in Table I 

and the simulation results are shown in Fig.6. 

Fig.6(a)~(c) show the simulation waveform of CMMM, 

CMPP, and CMMV with the power generation ratios ranging 

from (k
* 

A /k
* 

B /k
* 

C =0.8/1/1.2) to (k
* 

A /k
* 

B /k
* 

C =1.2/1/0.8), where the 

modulation index m is 0.89 and the output active power is 

465W. As can be seen from Fig.6(a), (b), and (c), the three 

power control methods can reach the expected power 

generation ratios, in which CMMM and CMPP can achieve 

fast control, while CMMV is more precise and smoother. This 

can be explained by Fig.6(d), (e), and (f) which show the 

waveforms of correction time ∆T in the steady state. It should 

note that the value of ∆T is shown in red line, and the 

maximum and minimum allowable values of ∆T are shown in 

blue line, as observed using a uniform zero baseline. In Fig.6 

(d), the waveform of ∆T switches between the upper and lower 

limits, causing the real-time DC power in CMMM to fluctuate. 

Power control with CMPP, as in Fig.6(e), is not smooth, for 

the correction time ∆T always exceeds the limiting value and 

thus should be limited. In Fig.6(f), ∆T falls within the limiting 

values and is continuous, indicating that ∆T can satisfy the 

three-phase power equation in CMMV. It is then concluded 

that CMMV can realize more accurate and smoother control of 

DC power. In addition, CMMM and CMPP select the phase 

whose power deviation is largest as the priority control phase, 

thus the fast control can be obtained. Since CMMV is a 

method that minimizes the total deviation of three-phase 

power, it takes more time to reach the steady state. Fig.6(g), 

(h), and (i) show the waveforms of line-to-line voltages uXX 

and AC currents iX of CMMM, CMPP, and CMMV, 

respectively. It indicates that the high quality voltages and 

currents can be obtained with these methods, and the 

switching of power generation ratios has little effect on them. 

2) Simulation results of CMMM, CMPP, and CMMV in 

high power systems 

To verify the feasibility of three inter-phase power control 

methods in high power systems, the simulations with power 

generation ratios ranging from (k
* 

A/k
* 

B/k
* 

C=1.2/1/0.8) to (k
* 

A/k
* 

B/k
* 

C

=0.8/1/1.2) are implemented in the 10-cell CHB converter, 

where the modulation index m is 0.89 and the output active

 
Fig. 6 Simulation results in low power systems with CMMM, CMPP, and CMMV, respectively. (a)~(c) Power generation ratios kX. (d)~(f) The steady- 

state waveform of △T.  (g)~(i) Converter output voltages uXX and output AC currents iX. 
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power is 10MW. The simulation parameters are shown in 

Table II and the simulated results are shown in Fig.7. It is 

clear from the figures that three control methods can achieve 

high precise control of DC power, and the simulation results 

are similar to those in low power systems. 

 
TABLE II 

PARAMETER SETTINGS FOR SIMULATIONS IN HIGH POWER 

SYSTEMS 

Parameter Value 

Voltage of Battery Cells 577V 
DC-link Capacitor 1200μF 

L filter 4mH 

Switching Frequency 8kHz 
Chain number per phase 

Rated Power 

10 

10MW 

 
TABLE III  

DIFFERENCES AMONG THREE INTER-PHASE POWER CONTROL 
METHODS 

Difference CMMM CMPP CMMV 

Stable speed 
Rapid 

(0.05s) 

Rapid 

(0.03s) 

relatively 

slow(0.11s) 

Stable state slight fluctuation slight fluctuation smooth 

Control 
precision 

slight 
deviation(±0.01) 

slight 
deviation(±0.015) 

high 
precision(±0.003) 

 

Comparing the above simulation results, we find that, 

among three inter-phase power control methods, the 

performances in the dynamic and steady states differ. Table III 

illustrates their differences by presenting the main 

characteristics of the three methods. 

3) Simulation results of the method merging CMPP and 

CMMV (MCC) 

In order to obtain good performance both in dynamic and 

steady states, the CMPP and CMMV are combined to form a 

new control strategy MCC. 

By analyzing the variances of three-phase power S2, we find 

that 0.01 is the critical point which can be used to decide the 

control strategy switch point. When S2 is greater than 0.01, ∆T 

is calculated using CMMP. Otherwise, the CMMV is adopted 

to acquire the ∆T. The flow chart of method MCC is shown in 

Fig.8. 

The simulation is conducted in a five-level CHB grid-

connected inverter. Table I and Fig.9 show the simulation 

parameters and the simulation results, respectively, to make a 

comparison between DMM in [11] and MCC. 

Fig.9(a) and (b) show the working process of DMM and 

MCC with the power generation ratios ranging from (k
* 

A/k
* 

B/k
* 

C

=0.8/1/1.2) to (k
* 

A/k
* 

B/k
* 

C=1.2/1/0.8), and partial waveforms of kB 

are enlarged to highlight their characteristics. 

 
Fig. 7 Simulation results in high power systems with CMMM, CMPP, and CMMV, respectively. (a)~(c) Power generation ratios kX. (d)~(f) The steady- state 

waveform of △T.  (g)~(i) Converter output voltages uXX and output AC currents iX. 
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It can be seen that both DMM and MCC can achieve high 

precision in controlling DC power with the maximal deviation 

less than 0.005. Compared with DMM, the convergence speed 

of MCC is relatively slow; kB in MCC fluctuates around the 

expected value during the time from 0.25s to 0.3s. However, 

kB in MCC can be stabilized to 1 during the time 0.75s-0.8s, as 

can be seen from Fig.9(b). This means that the deviation will 

become smaller along with time. In Fig.9(a), however, kB in 

DMM still deviates from the expected value during the time 

0.75s-0.8s. This is because the DMM uses the power of grid 

side instead of the converter side, so the reactive power raised 

by the L filter is unnecessary included in the calculation.  Such 

difference tends to be small as the value of the L filter is small. 

Still this will lead to error while controlling the power of the 

three phases. It will be worse when the L filter is large under 

certain circumstances. In MCC, the output DC power is 

completely calculated by the converter side, so the power 

generation ratios can reach and stabilize at the given values. 

Fig.9(c) and (d) show the simulation results of converter 

output voltages uXX and grid currents iX. The high quality 

output voltages and currents verify the effectiveness of DMM 

and MCC for DC power control. 

In order to verify the cause of the power deviation in DMM, 

the simulation is implemented with the value of L filter 

impedance increasing from 4mH to 8mH, while the other 

conditions remain unchanged. The results are shown in Fig.10. 

  
Fig. 9 Simulation results under L=4mH. (a)~(b) Power generation ratios kX with DMM and MCC, respectively. (c)~(d) Converter output voltages uXX 

and output AC currents iX with DMM and MCC, respectively. 

 
Fig. 8 The flow chart of method MCC 
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Fig. 11 Experimental results of CMMM, CMPP, and CMMV, respectively. (a)~(c) Power generation ratios kX. (d)~(f) The steady state waveform of △T. 

(g)~(i) Converter output voltage uAB and output AC currents iX. 

 
Fig. 10 Simulation results under L=8mH. (a)~(b) Power generation ratios kX with DMM and MCC, respectively. (c)~(d) Converter output voltages uXX 

and output AC currents iX with DMM and MCC, respectively. 
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Fig. 12 Experimental results of MCC with power generation ratios ranging from (k* 

A/k* 

B/k* 

C =1.3/1/0.7) to (k* 

A/k* 

B/k* 

C=1/0.7/1.3).     (a) The overall waveforms. 

(b) ~(d)  The partial enlarged images of red dotted frames (1), (2) and (3) in Fig 12(a). 
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Fig. 13 Experimental results of MCC with inner-phase power coefficients ranging from (l* 

A1 / l
* 

B1/ l
* 

C1 =1.4/1.2/0.8) to (l* 

A1 / l
* 

B1/ l
* 

C1=1.2/0.8/1.2).    (a) The 

overall waveforms.   (b) ~(d) The partial enlarged images of red dotted frames (1), (2) and (3) in Fig 13(a). 
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It can be seen from Fig.10(a) that the deviation of kB in DMM 

is close to 0.01 during the time 0.25s-0.3s, which is much 

bigger than that under L=4mH, and kB still has a deviation of 

approximately 0.005 at 0.75s to 0.8s, meaning that it can't 

reach the expected value. In MCC, the maximum deviation of 

kB is less than 0.005 at 0.25s to 0.3s, and kB can stabilize at the 

expected values during the time 0.75s-0.8s, as shown in Fig.10 

(b). Fig.10(c) and (d) show that the output line-to-line voltages 

and three-phase currents in both DMM and MCC are not 

affected as L increases. The simulation results indicate that the 

deviation of DC power in DMM will increase as L increases. 

It can be concluded that the DC power calculated by DMM is 

inaccurate. 

B.  Experimental results and analysis 

1) Experimental results of three inter-phase power control 

methods (CMMM, CMPP, and CMMV) 

A downscale grid-connected inverter is developed in lab to 

verify the performance both in dynamic and steady states of 

proposed three methods. The parameters are the same as Table 

I. The filter available in our laboratory is an L filter, whose 

impedance is a little larger than expected. Since the Per-unit 

design is used in the lower power system in the experiment, its 

transfer function can represent and is also applicable to its 

count part in high power system. The control methods are 

implemented by TMS320F28335 with Xilinx FPGA, with the 

reference value of i
* 

d 4A, the output active power about 465W, 

and the modulation index m about 0.89. Fig.11(a), (b), and (c) 

show the whole working process of three power control 

methods with the power generation ratios ranging from (k
* 

A/k
* 

B

/k
* 

C =0.8/1/1.2) to (k
* 

A/k
* 

B /k
* 

C =1.2/1/0.8). It can be seen that the 

power generation ratios of three control methods can reach the 

expected value accurately, where CMMM and CMPP take 

about 20ms to reach the steady state after the power 

generation ratios are switched, while CMMV takes about 

80ms. Fig.11(d), (e), and (f) show the waveforms of correction 

time ∆T calculated by three methods in the steady state. 

Similar to the simulation results, the waveforms of ∆T in 

CMMM and CMPP are discontinuous and switch between the 

maximum and minimum values. In CMMV, ∆T is a 

continuous value and is restricted within the limit values, 

indicating that CMMV can achieve the smooth control of DC 

power. Fig.11(g), (h), and (i) show the waveforms of line-to-

line voltage uAB and three-phase currents iX in the AC side of 

the inverter system. The figure shows that balanced AC 

currents can be obtained as power generation ratios change. 

However, the AC currents iX are distorted slightly in the 

overall waveforms. That is because the capacity of the 

experimental platform is small as 465VA, which is easily 

interfered by saturation voltage of IGBT, lead-acid battery 

impedance, etc. 

2) Experimental results of the inter-phase power control 

method which merged CMMV and CMPP (MCC) 

In order to examine the inter-phase power control of the 

MCC with imbalanced voltages, an experiment on five-level 

inverters is carried out. An adjustable DC voltage source 

available in our lab is used as the substitute of the upper 

battery module in phase C. The output voltage of this 

equipment is changed manually during the experiment. 

Meanwhile, the power generation ratios are changed from (k
* 

A

/k
* 

B/k
* 

C =1.3/1/0.7) to (k
* 

A/k
* 

B/k
* 

C =1/0.7/1.3).  

Fig.12(a) shows the overall waveforms of three-phase 

power generation ratios kA, kB and kC, the output voltage uout_C1 

of the upper module in phase C, the current of adjustable 

voltage source in phase C idc_C1, the battery current of lower 

module in phase C idc_C2 and three-phase currents iA, iB and iC 

of the power grid side. Fig.12(b), 12(c) and 12(d) are partial 

enlarged images of red dotted frames (1), (2) and (3) in 

Fig.12(a), respectively. In Fig.12(a), kA, kB and kC change 10 

times from 1.3, 1 and 0.7 to 1, 0.7 and 1.3, respectively, where 

kA and kB decrease by 0.03 and kC increases by 0.06 each time. 

The voltage of the adjustable voltage source in phase C 

increases gradually from 40V to 56V manually. Compared 

with the rated battery module voltage 48V in the system, the 

voltage changing rate is ±16.7%. It can be seen from Fig.12(a) 

that the amplitude of uout_C1 is increasing continuously. In 

Fig.12(a), the three waveforms are synchronized, as can be 

seen from the waveform of kC. The measured average values 

of kA, kB and kC in Fig.12(b), 12(c), 12(d) show the power 

generation ratios kA, kB and kC finally reach the set values of 1, 

0.7 and 1.3 within the tolerance of measurement error, which 

also indicates that power generation ratios between phases can 

be well controlled. Fig.12(c) is partial enlarged images of the 

continuously change of power generation ratios between 

phases. kA, kB and kC reach the stable state after about 25ms. It 

is thus concluded that the MCC obtains better performance 

both in dynamic and steady states. 

The amplified waveforms of the three-phase currents of the 

grid side in Fig.12(b), 12(c) and 12(d) show that the balanced 

three phase AC currents can still be obtained, as power 

generation ratios between phases and the module voltage 

change simultaneously. Therefore, the change of the power 

generation ratios between phases and the module voltage has 

no effect on the three phase AC currents. As can be seen from 

Fig.12(b) and 12(d), with the increase of module voltage, the 

power generation ratios between phases remains stable at the 

given value, indicating that the change of module voltage has 

no effect on the power generation ratios between phases. It 

also proves that the control strategy is also applicable under 

imbalanced module voltage conditions. In Fig.12(b), 12(c)and 

12(d), the measured average value of the current idc_C1 of the 

upper module in phase C remains unchanged. The measured 

average value of the battery current idc_C2 of the lower module 

increases along with the kC. The uout_C1 waveform is close to 

square wave, which indicates that the module of phase C is 

always in P or N state in each carrier cycle with the changes of 

kC. Therefore, as the kC changes, the distribution of inter-phase 

power can only be satisfied by adjusting the conduction time 

of the lower module in phase C. That is, the change of kC is 

represented by the change of idc_C2 in the experiment. 

3) Inner-phase Power Control Experimental results 

The inner-phase power control is the redistribution of DC 

power between sub-modules. An experiment on five-level 

inverters is carried out on the condition of k
* 

A =k
* 

B =k
* 

C =1, to 

verify the suitability of the inner-phase control strategy to 
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voltage unbalance conditions and the continuous variability of 

the inner-phase power distribution. An adjustable voltage 

source is used as a substitute of the upper module battery of 

phase C in the experiment.  

Fig.13(a) shows the overall waveforms of the changes of 

inner-phase power coefficients lA1, lB1 and lC1, the output 

voltage uout_C1 of upper module in phase C, the current of 

upper module on phase C idc_C1, the battery current of lower 

module on phase C idc_C2 and three-phase currents iA, iB and iC 

on the power grid side. Fig.13(b), 13(c) and 13(d) are partial 

enlarged images of red dotted frames (1), (2) and (3) in 

Fig.13(a), respectively. In Fig.13(a), lA1, lB1 and lC1 changed 5 

times from 1.4, 1.2 and 0.8 to 1.2, 0.8 and 1.2, respectively, 

where lA1 decreases by 0.04, lB1 decreases by 0.08 and lC1 

increases by 0.08 each time. The voltage of the adjustable 

voltage source in phase C increases gradually from 40V to 

56V manually. Compared with the rated battery module 

voltage 48V in the system, the voltage changing rate is ±
16.7%. It can be seen from Fig.13(a) that the amplitude of 

uout_C1 is increasing continuously, indicating the continuous 

rising of the battery voltage. The three waveforms in Fig.13(a) 

are synchronized, as can be seen from the waveform of lC1. 

The measured average values of lA1, lB1 and lC1 in Fig.13(b), 

13(c), 13(d) show that inner-phase power coefficients lA1, lB1 

and lC1 finally reach the set values of 1.2, 0.8 and 1.2 within 

the tolerance of measurement error, which also proves that the 

inner-phase power coefficients are well controlled. From the 

waveforms of lA1, lB1 and lC1 in Fig.13(c), it is thus concluded 

that the control strategy obtains good performance both in 

dynamic and steady states. 

The amplified waveforms of the three-phase currents on the 

grid side in Fig.13 (b), 13(c) and 13(d) show that the balanced 

three-phase AC currents can still be obtained, as the inner-

phase power coefficients and the battery voltage change 

simultaneously. This proves that the change of the inner-phase 

power coefficients and the battery voltage has no effect on the 

three-phase AC currents. As can be seen from Fig.13(b) and 

13(d), with the increase of battery voltage, the inner-phase 

power coefficients remain stable at a given value. Therefore, 

the change of battery voltage has no effect on the inner-phase 

power coefficients, and it also indicates that the inner-phase 

power control strategy is applicable to imbalanced module 

voltage. In Fig.13(b), 13(c) and 13(d), the measured average 

value of the battery current idc_C2 of phase C changes from 

2.507 to 2.024A, and finally to 1.564A. The battery voltage of 

the lower module in phase C remains unchanged, indicating 

that the battery output power of lower module in phase C 

decreases along with the increase of lC1. However, the total 

output power of C-phase remains unchanged, so the output 

power of C-phase upper module increases, exactly conforming 

to the change of lC1. 

VII. CONCLUSIONS 
 

In order to improve the efficiency of PV and energy storage 

systems, three novel inter-phase power control methods are 

proposed in this paper to control the distribution of three-

phase power. All the three inter-phase power control methods, 

CMMM, CMPP, CMMV, can control the DC power in both 

low and high power systems, though with their different 

performances in dynamic and steady states. Based on the 

study of their differences, the MCC, which combines the 

advantages of CMPP and CMMV, is proposed to achieve 

optimal control of inter-phase power. The performance of 

MCC is proven to be as dynamic as that of CMPP, and its 

performance in steady state matches that of CMMV. To 

further improve the power control capability of CHB, the 

inner-phase power control method is then proposed to achieve 

precise power control of each submodule.  Results of the 

simulation and experimental show that both the inter-phase 

and inner-phase power control methods can achieve good 

power control even under imbalanced voltages and can 

acquire balanced three-phase currents, indicating that the 

proposed power control methods are both practical and 

effective in controlling the power distribution. 
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