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Abstract—The model predictive control (MPC) methods 

have been widely applied due to the fast dynamic performance 

and multiple control targets. However, they show certain limits 

when applied to the multilevel converters, such as unfixed 

switching frequency, large computation burden, and complex 

weighting factors selection. This paper proposes a novel 

modulated model predictive control (M2PC) method for 

cascaded H-bridge (CHB) converter based static synchronous 

compensator (STATCOM). Instead of multi-targets integration 

and weighting factors design, the proposed method disintegrates 

the voltage balancing control process from the cost function. 

The evaluated control sets for output current control is decided 

by the search step and the search range in each period. By 

proper design and selection of the adaptive search step for the 

output voltage references under α-β coordinate, the search 

range can be reduced, which greatly reduces the number of 

evaluated control sets in each control period. Therefore, the 

dynamic of output characteristics and the low prediction 

computation burden of the MPC method are guaranteed 

simultaneously. In addition, with the simple and independent 

integration of the capacitor voltage balancing control, the 

proposed method can be easily applied in the CHB converter 

based STATCOM application. Furthermore, this paper 

provides a delay compensation for the prediction process, and it 

provides a fixed switching frequency for each H-bridge cell. 

Simulation and experimental results verify the effectiveness of 

the proposed M2PC method. 

Index Terms—model predictive control (MPC), multilevel 

converter, cascaded H-bridge (CHB), static synchronous 

compensator (STATCOM), switching frequency. 

I. INTRODUCTION 

Nowadays, multilevel converters have been widely 

applied in various medium-voltage (MV) and high power 

applications [1], [2]. Among them, the cascaded H-bridge 

(CHB) converter is considered to be one of the most attractive 

topologies in the MV static synchronous compensator 

(STATCOM) applications due to its excellent modularity, low 

economic cost [3], and fault-tolerant ability [4].  

For the CHB converter based STATCOM, the linear 

controllers are usually applied due to its simple structure and 

easily manipulated robustness [5]. However, the multilayer 

linear control structures show limited performance on the 

dynamic response [6]. Therefore, much research has been 

carried out about nonlinear controllers [7]-[9]. Recently, 

model predictive control (MPC) technology has attracted 

much research interest in the power electronics field. The 

advantages of the MPC, such as fast dynamic responses, 

multiple control targets, and simple control structure, suits the 

nonlinear power electronics converters [10] perfectly.  

Instead of exploring the close-loop control law, the MPC 

methods usually transform the controlled system into an 

online optimization problem, based on the derived discrete 

mathematical models and the corresponding cost functions 

about the control targets [11]. However, the conventional 

switching status based control sets in the finite control set 

(FCS) MPC methods [12] are unsuitable for the CHB 

converters due to the huge quantity of the evaluated control 

sets [13]. Therefore, much MPC research for CHB based 

converter focuses on the computation burden reduction. 

Considering the fact that each H-bridge cell in the CHB 

converter can generate three voltage levels, instead of the 

switching status, the output voltage level in each cell is used 

to predict the output current [14]. This method has been 

verified in CHB based inverter applications, and the 

computation burden is thus reduced. P. Cortes et al. proposes 

a space vector based MPC method for the CHB inverter, 

where only the vectors adjacent to the previous optimal one 

are evaluated in each period [15]. However, the complicated 

switching status selection for space vectors and the limited 

performance under huge power step constrain the further 

application of this method. With Clark transformation, the 

sphere-decoding algorithm based MPC method under α-β 

coordinate is proposed in [16] to reduce the computation 

burden by the multistep finite control set (FCS)-MPC method. 

The above MPC methods are suitable for CHB based inverter 

applications. For the CHB based STATCOM applications 

where there is no DC power supply in each cell, further 

exploration needs to be carried to control the capacitor 

voltages in each cell. 

A cell-by-cell MPC method for a single-phase CHB 

rectifier is proposed in [17]. The predictive controller is 

applied in each cell to control both the output current and the 

capacitor voltages. However, it requires a large amount of 

calculation. To improve the capacitor voltage balancing 

ability and reduce the computation burden, the deadbeat 

control method is applied for the output current control, and 

the MPC method is applied to regulate the capacitor voltage 

by controlling the output voltage in each cell [18]. In [19], a 

multi-stages multi-objects FCS-MPC method is further 

proposed for the three-phase CHB based STATCOM. In this 
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method, the first stage calculates the output voltage levels in 

each phase, and the second stage tries to regulate the capacitor 

voltage balancing. However, the cluster voltage balancing is 

integrated with individual capacitor voltage balancing in the 

cost function, which limits the phase leg balancing effect. 

Similar multi-stage FCS-MPC method [20] and improved 

corresponding priority sorting based approach [21] have also 

been applied in multilevel converters, simultaneously 

regulating the output current and the capacitor voltages. Based 

on these FCS-MPC methods, a simplified branch and bound 

approach for the multi-stage MPC method is proposed in [22]. 

With the transformation in the α-β frame, the computation 

burden of the current predictive control has been reduced. 

Furthermore, an improved parallel implementation method 

has been realized in [23]. By the parallel computation in DSP 

and FPGA, the execution time has been reduced greatly. 

However, the total calculation amount remains the same as the 

method in [22]. In addition, a novel Diophantine equations 

based predictive control is proposed in [24]. This FCS-MPC 

method replaces the time-consuming optimization algorithm 

by solving Diophantine equations over a large set of switching 

combinations. The execution time is reduced, but these FCS-

MPC methods still have an unfixed switching frequency in 

each cell. 

A modulated model predictive control (M2PC) method is 

proposed for a double-star modular multilevel converter (DS-

MMC) based voltage source converter in [25]. This method 

controls the duty cycle, rather than the switching process or 

the output voltage levels presented in other FCS-MPC 

methods. Other similar M2PC methods for CHB converter 

based power electronics transformer (PET) [26] and CHB 

based back-to-back (BTB) converter [27] are realized by 

selecting two different optimal vectors and calculating the 

duty cycle of the selected optimal vectors. The fixed 

equivalent switching frequencies in the output voltage levels 

are realized in these M2PC methods. However, the sorting 

based capacitor voltage balancing method cannot guarantee 

fixed switching frequency in each cell, and the cell capacitor 

voltage balancing is not well discussed in the above two 

applications. To solve the voltage balancing problem, an 

improved space vector (SV) based M2PC is proposed for CHB 

based STATCOM application [28]. The SV voltage 

references are decided by similar steps under the α-β 

coordinate, and the voltage balancing between capacitors are 

realized by redundant switching states selection. However, the 

unfixed switching frequency in each cell remains in this 

method. Designed for the DS-MMC, a two-stage M2PC 

method is proposed with carrier-phase-shift (CPS)-PWM [29]. 

This method considers the multilevel converter as a two-level 

converter. Then it calculates the duty cycle of the optimal 

vectors and applies them to CPS-PMW. However, the 

complicated optimal vectors selection and the corresponding 

duty cycle calculation still need to be improved for CHB 

converters in the STATCOM application.  

In addition, the computation delay brought by the signal 

transmission and control system also needs to be compensated. 

Many recent research papers have been published about delay 

compensation, which can mainly be classified into two 

categories, indirect and direct compensation [30]. For the 

indirect compensation method, the time delay is mainly 

compensated by some other predictive methods such as 

deadbeat predictive control [31]. For the direct compensation 

method, they are usually realized in the MPC algorithm, 

which is also known as the two-step prediction method. In [32], 

the control references are predicted two-step ahead, and the 

new control references are compared to the predicted value in 

the next control period. Another widely applied direct delay 

compensation method is analyzed in [33], where the 

references and the output value two-step ahead are estimated 

and applied to realize delay compensation. 

This paper proposes a novel modulated model predictive 

control (M2PC) method, especially for CHB converter based 

STATCOM. The main characteristics of the proposed method 

are listed below. 

1) The output voltage references are taken as the basic 

component in the control set, which is decided by the 

search step and search range in each period. By proper 

design of the adaptive search step, a fixed and reduced 

number of the control sets are evaluated in each period 

for the proposed method. The output characteristics in 

the CHB converter are guaranteed, and the 

computation burden of the model prediction process is 

greatly reduced. 

2) By implementation of the M2PC method under the α-β 

coordinate, the output current control is realized by 

output voltage references in the α and β axes, and the 

cluster DC voltage balancing is controlled by output 

voltage references in the 0 axis. Therefore, the output 

current and the cluster DC voltage balancing control is 

disintegrated, and the weighting factors design for the 

multi-targets in the cost function are eliminated. 

3) The delays introduced by the signal transmission, 

control, and modulation process are considered, and the 

delay compensation method for the proposed M2PC 

method is analyzed. 

4) The proposed M2PC method generates a fixed switching 

frequency in each cell by CPS-PWM, and the switching 

loss in each cell is thus more evenly distributed. 

The rest of the paper is outlined as follows. Section II 

introduces the model and basic working principle of the CHB 

converter. The detailed principle of the proposed M2PC 

method is introduced in Section III. Simulation results in 

Section IV and experimental results in Section V verify the 

effectiveness of the proposed method. The conclusions are 

listed in Section VI. 

II. THE SYSTEM MODEL OF THE CHB CONVERTER 

The topology of the three-phase star-connected multilevel 

CHB converter based STATCOM is shown in Fig. 1. The 

CHB converter consists of three identical phase clusters, each 

of which includes N series-connected H-bridge cells. The 

output terminal of each cluster is connected to the AC grid 

through a filter inductor L. In each cell, there are four IGBT 

switches and one DC link capacitor. With the combination of 

the switching status, each cell can generate three voltage 

levels, +1, 0, and −1, where +1, 0, and −1 represent this cell 

outputting positive DC voltage, 0, and negative DC voltage. 

By control of the final output voltages in each phase cluster, 
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the output current of the CHB converter can be controlled to 

realize reactive power compensation. 

To analyze the system model of CHB converter, the 

equivalent circuit of the CHB converter is shown in Fig. 2, 

where R is the equivalent resistor of the filter inductor L. 

Applying the Kirchhoff voltage/current laws to the equivalent 

circuit in Fig. 2, the system model of the CHB converter based 

STATCOM can be expressed as 

 

a ga a a

b gb b b

c gc c c

i u u i
d

L i u u R i
dt

i u u i

      
      

        
            

 (1) 

where ua, ub, and uc are the output voltages in the three phase 

clusters of the CHB converter. 

By Clark transformation, the system model of the CHB 

converter based STATCOM can be further transferred into α-

β coordinate as follows [23]. 

 
g

g

ui u id
L R

ui u idt

  

  

      
        

      

 (2) 

where iα and iβ are the output current components in α and β 

axes; ugα and ugβ are the AC grid voltage components in α and 

β axes; uα and uβ are the output voltage components in α and 

β axes. 

The equation (2) can be further discretized using the 

forward Euler approximation. The final discrete system model 

of the CHB converter based STATCOM can be expressed as 

follows. 

 

( 1) ( ( ) ( )) (1 ) ( )

( 1) ( ( ) ( )) (1 ) ( )
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L L
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where Ts is the sampling period; iα(k+1) and iβ(k+1) are the 

predicted output currents at k+1 time instant; ugα(k) and ugβ(k) 

are the measured grid voltages at k time instant; uα(k) and uβ(k) 

are the output voltage references at k time instant; iα(k) and 

iβ(k) are the measured output current at k time instant. 

It can be seen that the output current in the next k+1 time 

instant is determined by the output current and the output 

voltage references in the current k time constant. With the 

above equations, the output current of the CHB converter can 

be predicted under different output voltage references. 

It is noted that the zero-sequence component of the output 

voltages will not affect the output current of the CHB 

converter. Therefore, for the output voltage references, only 

the components in α and β axes are considered for the output 

current control. The zero-sequence voltage (ZSV) component 

will be used for the cluster DC voltage balancing control. 

III. THE PROPOSED M2PC METHOD FOR CHB STATCOM 

A. The overall control diagram 

In this paper, a novel M2PC method is proposed with a 

fixed switching frequency in each cell and a reduced 

computation burden. As shown in Fig. 3, the proposed M2PC 

method mainly includes three individual parts, the output 

current predictive control, the cluster DC voltage balancing 

control, and the modulation scheme. 

The output current predictive control is applied to control 

the output current of the CHB converter based STATCOM. In 

this part, iα, β
*(k) represents iα*(k) and iβ*(k), the measured 

output currents in the α and β axes at k time instant; uα, β(k-1) 

represents uα(k-1) and uβ(k-1), the optimal control sets at the 

last k-1 time instant; iα, β(k) represents iα(k) and iβ(k); uα, β(k) 

represents uα(k) and uβ(k); represents iα
*(k) and iβ

*(k); Δuα (k) 

and Δuβ(k) are the adaptive search step in the α and β axes for 

the proposed algorithm; Vdcjm is measured capacitor voltage in 

each cell; Vdc
* is the DC capacitor voltage reference in each 

cell; T
dq 

αβ  is the transfer matrix from the dq coordinate to the αβ 

coordinate. 

The cluster DC voltage balancing control is designed to 

control and balance the average cell capacitor voltages among 

the three phases. In this part, Pa, Pb, and Pc are the calculated 

active power in each phase to adjust the cluster DC voltage 

between the three phases; Pα and Pβ are the transformed 

components in the αβ coordinate;. id
* and iq

* are the output 

current references in the dq coordinate; u0(k) is the final 

calculated ZSV used for cluster DC voltage balancing. 
The CPS-PWM is applied in the modulation scheme, 

where a fixed switching frequency is obtained in each cell. njm 

is the final modulation reference of each cell. The modulation 

scheme mainly realizes the voltage references normalization 
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Fig. 1. The topology of the CHB converter based STATCOM. 
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Fig. 2. The equivalent circuit of the CHB converter. 
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Fig. 3. The control block diagram of the proposed M2PC method. 
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and the individual capacitor voltage balancing in each cell. 

B. The output current predictive control 

Before a detailed introduction, it is noted that output 

voltage references, uα(k) and uβ(k), are the basic component of 

the control set. Therefore, the evaluated control set in this 

paper can be expressed as  

 ( ) ( ),  ( )X k u k u k 
     (4) 

1) The basic flowchart of the current predictive control 

The basic flowchart of the proposed M2PC method is 

shown in Fig. 4. Firstly, the adaptive search step Δuα and Δuβ 

are calculated according to the difference between the output 

current references and their measured values. Then, the 

evaluated control sets for the current k time instant are decided 

based on Δuα and Δuβ. Next, the output currents under the 

selected control set are predicted, and the corresponding cost 

functions are calculated according to the discrete model and 

the measured state variables. Finally, the optimal control set is 

selected based on the calculated cost function. 

2) The adaptive search step and the evaluated control sets 

For the proposed M2PC method, there are mainly two 

factors that affect the performance of the control method, the 

search range μ and the search step Δ (Δuα and Δuβ). 

With the determined μ, Δuα, and Δuβ, the evaluated control 

sets can be expressed as  

 
 :1:

      :1:

         ( ) ( 1) ( ),  ( 1) ( )

 
 

        α uα β uβ

for i μ μ
for j μ μ

X k u k i k u k j k

 (5) 

It is noted that to reduce the computation burden of the 

proposed method, the search range μ is selected as 1. 

Normally, a larger search range μ increases the dynamics 

response of the proposed method, but it also increases the 

computation burden significantly. Correspondingly, a larger 

search step Δ also improves the dynamic response of the 

proposed method. However, at the same time, it also 

deteriorates the steady performance and increases the system 

oscillation around the steady-state operation point. Therefore, 

to obtain a fixed search range μ and reduced computation 

burden, the adaptive search step Δuα and Δuβ should be 

empirically tuned to obtain a suitable dynamic response 

together with a satisfying steady-state performance. More 

discussion about the influence of the search range μ, and the 

search step (Δuα and Δuβ) can be found in the simulation part 

in Section IV. 

With the determined search range μ, the adaptive search 

step Δuα and Δuβ can be designed as follows. When the error 

between the output currents and their references are big, the 

search step should increase to improve the dynamic response. 

When the error between the output currents and their 

references are small, the search step should decrease to reduce 

the system oscillation. Therefore, the adaptive search step can 

be selected based on the following principle 

 
**

*

( ) | ( ) ( ) |

( ) | ( ) ( ) |( )

u dc

u amp

k i k i kNV

k i k i kI k

   
   

     

  

  


 (6) 

where Iamp(k) is the amplitude of the output current references 

at k time instant; N is the number of cells in each phase cluster; 

Vdc
* is the rated cell capacitor voltage in each cell; ε is the 

empirical parameter. In this paper, ε is selected as 1 in this 

paper. 

In the meantime, there should be an upper limit and a 

lower limit to the search step. Therefore a saturation function 

is applied for the final value, which can be expressed as  

 
_ lim _ lim

_ lim _ lim

_ lim _ lim

,      

( ) ,             <

,     

up up

low up

low low

Sat

   


      

   

 (7) 

where Δ represents the value of the search step Δuα and Δuβ in 

equation (7); Δup_lim and Δlow_lim are selected as 0.2NVdc
* and 

0.005NVdc
*. A similar detailed parameter design principle for 

the adaptive search step can be found in [10]. It is also noted 

that the lower limit is designed to avoid oscillation. Whether 

it is necessary should be decided by the actual t requirement 

of the practical project.  

After the determination of the adaptive search step, the 

final evaluated control sets can be selected as in equation (5). 

However, it should be noted that the effective control sets have 

to meet the following constraint 

 2 2 * 2( ) ( ) ( )dcu k u k NV  
 (8) 

A more detailed control sets selection process can be seen 

in Fig. 5, where the two components uα(k) and uβ(k) should be 

within the circle with a radius of NVdc
*. Control sets beyond 

this circle are invalid and will not be considered in the 

predictive control process. 

3) The current prediction and cost function evaluation 

With the above design of the adaptive search step and the 

evaluated control sets, the output current can be predicted 

selection of Δuα(k) and Δuβ(k) 
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Fig. 4. The flowchart diagram of the proposed output current predictive 

control method. 
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Fig. 5. The working principle of the proposed output current predictive 

control method. (a) The predictive control process at k time instant. (b) The 

predictive control process at k+1 time instant. 
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based on the discrete CHB converter model in equation (3). 

The control target of the current predictive control only 

contains the output currents, and the cell voltage balancing 

will be realized in the cluster DC voltage balancing control 

and the modulation scheme. Therefore, the final cost function 

only includes the control target of output current in the α and 

β axes, which can be expressed as 

 
* *( 1) | ( 1) ( 1) | | ( 1) ( 1) |J k i k i k i k i k             (9) 

where iα
*(k+1) and iβ*(k+1) are the output current references 

at k+1 time instant, which can be derived based on the 

Lagrange third-order extrapolation method [13]. They can be 

expressed as 

 

* * * * *

* * * * *

( 1) 4 ( ) 6 ( 1) 4 ( 2) ( 3)

( 1) 4 ( ) 6 ( 1) 4 ( 2) ( 3)

i k i k i k i k i k

i k i k i k i k i k

        


       

    

    

 (10) 

where iα
*(k), iα

*(k-1), iα
*(k-2), and iα

*(k-3) are the output 

current references in the α axis at k, k-1, k-2, and k-3 time 

instant; iβ*(k), iβ
*(k-1), iβ

*(k-2), and iβ
*(k-3) are the output 

current references in the β axis at k, k-1, k-2, and k-3 time 

instant. 

Substituting (3) and (10) into (9), the final cost function 

under each control set can be evaluated. After calculating all 

the cost functions, the control set with the minimum cost 

function will be selected as the optimal control set for the next 

time instant. 

Based on the above descriptions, the working principle of 

the proposed M2PC method can be further presented in Fig. 5. 

Supposing the optimal control set at k-1 time instant is X[uα(k-

1), uβ(k-1)], the effective control sets adjacent to X are 

evaluated. To better track the output current references, the 

control set with the minimum J(k+1) is [uα(k-1)- Δuα, uβ(k-1)- 

Δuβ], and it will be selected as the optimal control set X’[uα(k), 

uβ(k)]at k time instant. Then, at the time instant k+1, the 

effective control sets adjacent to X’ are evaluated, and the 

control set with the minimum J(k+2) is [uα(k), uβ(k)- Δuβ], and 

it will be selected as the optimal control set X”[uα(k+1), 

uβ(k+1)]at k+1 time instant. 

C. Computation delay and delay compensation 

In the practical field application, the system needs to 

sample and communicate a large amount of data and evaluate 

a large number of the control sets within each sampling period. 

Since the dynamic response of the realistic hardware system 

is fast, the computation delay can be significant compared to 

the desired closed-loop response. The comparison diagram 

between the ideal predictive control process and the actual 

predictive control process is shown in Fig. 6. As shown in Fig. 

6 (a), when there is no computation delay, the selected control 

set at the k time instant will decide the output characteristic of 

the k time instant. However, in the actual control system in Fig. 

6 (b), the computation delay will bring inevitable control error 

into the CHB based STATCOM system. 

To solve this problem, this paper analyzes the delay 

compensation approach for the proposed M2PC method. In 

this compensation approach, the control references at the k 

time instant are decided by the one evaluated at the k-1 time 

instant. Normally, the computation delay is within one 

sampling period. Therefore, with the above-mentioned two-

step ahead prediction process, at the k time instant, the output 

characteristics at the k+2 time instant are evaluated, and the 

optimal control references are sent to the control system at the 

k+1 time instant. Therefore, the delay effect of the system will 

be eliminated from the control system.  

More specifically, at the k time instant, the final cost 

function with delay compensation of the proposed M2PC 

method can be expressed as  

 * *( 2) | ( 2) ( 2) | | ( 2) ( 2) |        J k i k i k i k i k     (11) 

where iα (k+2) and iβ (k+2) are the predicted value, calculated 

by system model in equation (3); iα
*(k+2) and iβ

*(k+2) can be 

predicted by Lagrange extrapolation method in equation (10). 

The obtained output voltage references uα(k), uβ(k) will be 

the references for the k+1 time instant. Hence, the delay 

compensation of the proposed M2PC method is realized. 

D. The cluster DC voltage balancing control 

The cluster DC voltage balancing control can be realized 

by ZSV injection, and the ZSV injection will not influence the 

output current of the CHB converter [4]. 

Supposing the output currents of the CHB converter are 
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where φi is the phase angle between the output current and the 

grid voltage; ωt is the phase angle of the grid voltage. 

Supposing the injected ZSV used for cluster voltage 

balancing is 

 0 0 0cos( )u V wt   (13) 

where u0 is the injected ZSV; V0 is the amplitude of u0; δ0 is 

the phase angle between ZSV and the grid voltage. 

Based on the derivations in [4], the power flow generated 

by the ZSV can be expressed as  
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 (14) 

As is shown in equation (14), the ZSV will not influence 

the total active power in the CHB converter, and it only adjusts 

the active power flow among the three phases. With the Clark 

transformation, equation (14) can be simplified as 

(a)

ij ij
ref

kTs (k+1)Ts t

u1(k)
u2(k)

ux(k)

u1(k+1)

ux(k+1)

(k-1)Ts

u1(k+2)

ux(k+2)

(k+2)Ts

(b)

ij ij
ref

kTs (k+1)Ts t

u1(k)
u2(k)

ux(k)

u1(k+1)

ux(k+1)

(k-1)Ts

u1(k+2)

ux(k+2)

(k+2)Ts

 
Fig. 6. Implement of MPC algorithm. (a) Ideal cases ignoring delay. (b) 

Practical cases with computation delay. 
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Based on (15), the final injected ZSV can be expressed as  
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As shown in Fig. 3, the three-phase active power flow 

references are obtained by the PI controller on the differences 

between the rated DC capacitor voltage and the average value. 

Therefore, the cluster DC voltage balancing can be realized. 

E. The modulation scheme 

In this paper, the CPS-PWM is applied to realize the fixed 

switching frequency in each cell. With the input voltage three-

phase output voltage references ua
*, ub

*, and uc
*, these 

references are normalized to realize the comparisons with the 

carriers. It is noted that in order to realize accurate dynamic 

current prediction, the voltage references are divided by the 

real-time cluster DC voltages instead of the rated value NVdc
*, 

which can be expressed as  

 
*

1

,   ( , , ; 1,2,..., )
j

j m N
m dcjm

u
n j a b c m N

V


  


 (17) 

where nj is the modulation reference in each phase. The 

individual cell capacitor voltage balancing is realized by 

adjustments on the modulation references in each cell. With 

these adjustments, the final modulation reference is njm, which 

can be expressed as  

 sgn( )( )  jm j pind j dcjm dcjmn n K i V V  (18) 

where theV
一

dcjm is the average value of the capacitor voltage in 

each phase, which can be expressed as 

 1 , ( , , ; 1,2,..., )
  

m N
mdcjm dcjmV V N j a b c m N  (19) 

Therefore, the individual capacitor voltage balancing can be 

realized. 

F. Comparisons and computation complexity  

To better elaborate the characteristics of the proposed 

M2PC method, a series of detailed comparisons with different 

MPC methods are listed in Table I. 

For the MPC methods, most of them are designed for a 

three-phase CHB converter except the one in [17]. As for the 

weighting factors, the MPC method applied for inverters [14], 

and the multiple stages control method [18] requires no 

weighting factors. The proposed method eliminates the 

weighting factors by separated control between the current 

predictive control and the capacitor voltage balancing control. 

The proposed method is applied in the α-β coordinate, which 

requires less computation burden than those in the abc 

coordinate. Furthermore, this method reduces its computation 

burden by reduced evaluated control sets in each period. In 

terms of switching frequency, most of the existing MPC 

methods have no fixed switching frequency. Although an 

M2PC method is proposed in the CHB converter based PET 

system, it generates a fixed equivalent switching frequency for 

the output voltage levels instead of the cell switches. The 

proposed method can provide a fixed switching frequency for 

all the switches in each cell, which leads to a more balanced 

distribution of the switching loss. In addition, the delay 

TABLE I COMPARISON OF DIFFERENT MPC CONTROL METHODS 

                        Items 

      Methods 
Three phases 

Weighting 

factors 
Coordinate 

Computation 

burden 

Cell switching 

frequency 

Delay 

compensation 

Voltage balancing 

ability for CHB 
Applications 

FCS-MPC  

[14] Yes No a, b, c Low Variable No No 

CHB based inverter [15] Yes No α, β Medium Variable No No 

[16] Yes Yes α, β Medium Variable No No 

[17] Single-phase Yes --------- High Variable Yes Yes CHB based rectifier 

[18] Yes No a, b, c High Variable Yes Yes 

CHB based STATCOM 
[19] Yes Yes a, b, c Medium Variable Yes Yes 

[22], [23] Yes Yes α, β Medium Variable Yes Yes 

[24] No No α, β Medium Variable Yes No 

M2PC 

[25] Yes No a, b, c Medium Variable No --------- MMC 

[26] Yes Yes a, b, c High Variable Yes Yes CHB based PET 

[27]  Yes No a, b, c High Variable Yes No CHB BTB converter 

[28]  Yes No a, b, c Medium Variable No Yes CHB based STATCOM 

[29] Single-phase No --------- Medium fixed Yes --------- MMC 

Proposed Yes No α, β Low Fixed Yes Yes CHB based STATCOM 

 

TABLE II RUNTIME OF DIFFERENT BASIC OPERATIONS 

Basic 
operations 

Run cycles 
Ψrun  

Basic 
operations 

Run cycles 
Ψrun 

Addition 1 Multiplication 1 

Assignment  1 Absolute 2 

Look-up 1 Comparison 1 

TABLE III RUNTIME AND TIME COMPLEXITY OF MPC ALGORITHMS 

MPC algorithms 
Run cycles 

Ψrun  
Time  

complexity 

Standard FCS-MPC [12]  (30N + 10)(2N+1 - 1)3 O(23N) 

MPC with exhaustive search[15]  264N2 + 132N + 22 O(N2) 

MPC for voltage balancing [18] 90N (2N+1 – 1) O(2N) 

Polynomial fast MPC [19] 96N2 + 158N + 18 O(N2) 

Proposed 

method  

M2PC current control 492 

O(N) 
cluster voltage balancing 3N + 26 

individual voltage balancing 6N + 6 

total 9N + 533 
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compensation of the proposed M2PC method is also analyzed. 

In order to better analyze the computation of the proposed 

method, a computation burden comparison with some MPC 

methods is further carried. According to reference [34], the 

complexity of the algorithms can be stated by the estimation 

of the required runtime. For the estimated real-time execution 

time, it can be expressed as  

 real run cyclet T  (20) 

where treal is the estimated real-time of the controller; Ψrun is 

the runtime of the algorithm; Tcycle is the execution time of the 

basic operation cycle. 

Considering that different operations (such as addition, 

multiplication, absolute, and so on) require different runtimes, 

the required runtime for the common basic operations can be 

defined as in Table II. With the definition in Table II, the 

required runtime, and the complexity of the MPC algorithms 

are listed in Table III based on [19]. It is noted that for the 

proposed M2PC method, by properly designing the adaptive 

search step, only three evaluated control sets are necessary for 

each sampling period. Therefore, for the MPC algorithm, 

fixed run cycles are derived for each sampling period. 

To vividly show the complexity of these algorithms, the 

runtime under different cell numbers are shown in Fig. 7, 

where N varies from 2 to 20. As shown in the figure, when the 

cell number N is higher than 1, the runtime of the proposed 

M2PC method is lower than other MPC methods. 

IV. SIMULATION RESULTS  

A three-phase CHB converter based STATCOM model is 

built in the MATLAB/ SIMULINK environment to verify the 

effectiveness of the proposed M2PC method. The simulation 

parameters are selected as Table IV, according to reference [7]. 

A. Steady-state performance 

The steady-state performance of the proposed M2PC 

method is shown in Fig. 8, where the rated output current of 

CHB converter based STATCOM is set as 200 A. As is shown 

in Fig. 8 (a), the amplitude of the grid voltages is about 8165 

V. The capacitor voltages are shown in Fig. 8 (b), where the 

average values remain stable at about 800 V. As shown in Fig. 

8 (c), the amplitude of the output currents in CHB converter 

based STATCOM is 200 A, which is the same as the preset 

value. In addition, the phase angles of the current are 90° 

leading to the grid voltage, verifying the ability to generate 

reactive current. The current THD is about 3.65%, as shown 

in Fig. 8 (d). The output voltage references and the injected 

ZSV reference are shown in Fig. 8 (e), where the amplitude of 

the output voltage references are almost the same as that of the 

grid voltages. The injected ZSV is close to zero with the 

balanced cluster DC voltages. The three-phase output voltages 

are shown in Fig. 8 (f). The switching signals Sa11 and Sa13 in 

the first cell in phase A are shown in Fig 8 (g), and the 

switching signals Sa12,1 and Sa12,3 in the last cell in phase A are 

shown in Fig 8 (h). The switching frequencies of these 

switches are all 5 kHz, verifying the proposed method can 
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Fig. 7. The runtime of different MPC algorithms. 

TABLE IV SYSTEM PARAMETERS 

Items Symbols Simulations Experiments 

Grid line voltage ugl 10 kV 122 V 

Grid Frequency fg 50 Hz 50 Hz 

Rated DC capacitor voltage Vdc
* 800 V 29 V 

Filter inductance/resistor 
L 10 mH 5 mH 

R 0.31 Ω 0.3 Ω 

Carrier frequency fcarrier 5 kHz 2 kHz 

cell number per phase N 12 4 

SM capacitance C 4 mF 3.84 mF 
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Fig. 8. Simulation steady-state performance of the proposed M2PC method. 
(a) Grid voltages. (b) Capacitor voltages. (c) Output currents. (d) THD. (e) 

Output voltages references and the ZSV. (f) Output voltages. (g) Switching 

signals of Sa11 and Sa13. (h) Switching signals of Sa12,1 and Sa12,3. 
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Fig. 9. Simulation dynamic performance of the proposed M2PC method. (a) 

Grid voltages. (b) Output currents. (c) Capacitor voltages. (d) Output 

voltages references and the ZSV. (e) Output voltages. 
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generate a fixed switching frequency. 

B. Power step performance 

The dynamic response of the proposed method is shown in 

Fig. 9. In this scenario, the amplitude of the output currents in 

CHB based STATCOM increase from 100 A to 200 A at the 

time of about 0.5 s. As shown in Fig. 9 (a), the amplitude of 

the grid voltage is about 8165 V. As shown in Fig. 9 (b), the 

amplitude of the output currents increase from 100 A to 200 

A at 0.5 s. The phase angles of the output currents are 90° 

leading to the grid voltage, generating reactive currents to the 

grid. The capacitor voltages are shown in Fig. 9 (c), the 

capacitor voltages remain stable at about 800 V. However, 

after the power step occurs, the capacitor voltage ripples 

increase slightly due to the increase of the output currents. The 

output voltage references and the injected ZSV are shown in 

Fig. 9 (d), where the amplitude of the output voltage 

references are almost the same as that of the grid voltages. The 

injected ZSV is close to zero due to the balanced cluster DC 

voltages. The output voltages in the three phases are shown in 

Fig. 9 (e). Simulation results verify that the proposed M2PC 

method can operate normally and has a fast dynamic response 

during the power step operation. 

C. Influence of search range and adaptive search step 

To explore the influence of the search step and the 

adaptive search range on the performance of the proposed 

M2PC method, a series of simulations are conducted. Fig. 10 

shows the influence on output current THD with an amplitude 

of 200 A, and the rising time with current amplitude rising 

from 100 A to 200 A. In Fig. 10, μ is the search range defined 

in equation (5), and ε is defined in equation (6). It is noted that 

since the output current is AC component, the rising time is 

calculated by the projection of the output currents on the dq 

axes. As shown in Fig. 10 (a), the search range μ has almost 

no influence on the output current THD. The output current 
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Fig. 10. The influence of μ and ε in the current predictive control on the 

performance of the proposed M2PC method. (a). The influence of μ and ε on 

the output current (200 A) THD. (b). The influence of μ and ε on the rising 
time. 
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Fig. 11. The laboratory prototype of the three-phase down-scaled CHB 
converter based STATCOM. 

 

Fig. 12. Experimental steady performance of the proposed M2PC method. 
(a) Grid voltages and output currents. (b) Output voltage references and 
injected ZSV references. (c) Output current and three-phase capacitor 

voltages. (d) Capacitor voltages in phase A. (e) Switching signals. 
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THD is mainly decided by the parameter for the adaptive 

search step ε. With the increase of ε from 0.5 to 2, the THD 

increases at the same time. As is shown in Fig. 10 (b), the 

parameter for the adaptive search step ε has almost no 

influence on the rising time. With the increase of μ from 1 to 

5, the rising time decrease at the same time. The rising time in 

Fig. 10 (b) indicates that even the search range μ is selected as 

1, the corresponding rising time is still tolerable and very low 

at about 0.5 ms. Therefore, with due consideration of the 

computation burden and the performance curve in Fig. 10, the 

final search range μ is selected as 1, and the parameter for the 

adaptive search step ε is selected as 1. 

V. EXPERIMENTAL RESULTS 

In order to further verify the effectiveness and the dynamic 

response of the proposed method, experiments are conducted 

on a three-phase laboratory prototype. The prototype is shown 

in Fig. 11. The proposed control algorithm is implemented on 

the digital signal processing controller and the control signals 

from the controller are transferred to each cell by optical fiber. 

The output terminals of the converter are connected to the AC 

grid through filter inductors. The isolated transformer 

connected with a voltage regulator works as the AC grid. The 

oscilloscope is used to record the measured data. More 

detailed experimental parameters are also listed in Table IV. 

A. Steady-state performance 

The steady-state experimental performance of the 

proposed M2PC method is shown in Fig. 12, where the rated 

output current of CHB converter based STATCOM is set as 4 

A. In this experiment scenario, the output reactive current of 

the CHB converter based STATCOM is set to absorb 

inductive reactive current from the grid. As shown in Fig. 12 

(a), the amplitude of the grid voltages is about 100 V, and the 

amplitude of the output currents in CHB converter based 

STATCOM is 4 A. In addition, the phase angles of the current 

are 90° leading to the grid voltage, verifying the ability to 

generate reactive current. The output voltage references and 

the injected ZSV reference are shown in Fig. 12 (b), where the 

amplitude of the output voltage references are almost the same 

as that of the grid voltages. The injected ZSV is about 5 V to 

balance the cluster DC voltages. The output current in phase 

A and the three-phase capacitor voltages are shown in Fig. 12 

(c), where the three-phase DC capacitor voltages are well 

balanced at about 29 V, indicating the effectiveness of the DC 

cluster voltage balancing method. The individual capacitor 

voltages in phase A are shown in Fig. 12 (d), where the 

individual capacitor voltages are all stable at about 29 V, 

indicating the effectiveness of the individual capacitor voltage 

balancing method. The switching signals of the first cell and 

the last cell in phase A are shown in Fig 12 (e). It can be seen 

that for Sa11, Sa13 in the first cell, and Sa4,1, Sa4,3 in the last cell, 

the switching frequency of each switch in each cell are fixed 

at about 2 kHz, verifying the fact that the proposed method 

can generate a fixed switching frequency. 

B. Power step performance 

The dynamic performance of the proposed M2PC method 

is shown in Fig. 13. In this experiment scenario, the output 

reactive current of the CHB converter based STATCOM is set 

to absorb inductive reactive current from the grid. The 

amplitude of the reactive current rises from 3 A to 5 A. As 

shown in Fig. 13 (a), the amplitude of the grid voltages is 

about 100 V, which is in coherence with the preset input value. 

The output currents are also shown in Fig. 13 (a), where the 

amplitude of the output currents rise from 3 A to 5 A within 5 

ms. In addition, the phase angle of output current remains at 

90° leading to the grid voltage. Therefore, the fast dynamic 

response of the proposed modulated current predictive control 

is verified. The output voltage references and the injected ZSV 

reference are shown in Fig. 13 (b). Since the sampling 

frequency of the output references is the same as the carrier 

frequency, the voltage references are step signals changing at 

the frequency of about 2 kHz. Both the output voltage 

references and the ZSV references witness a step change 

during the power step so that the output currents can quickly 

and accurately track their references. The three-phase 

capacitor voltages and the output current in phase A are shown 

 

Fig. 13. Experimental power-step performance of the proposed M2PC 
method. (a) Grid voltages and output currents. (b) Output voltage references 
and injected ZSV references. (c) Output current and three-phase capacitor 

voltages. (d) Capacitor voltages in phase A.  
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in Fig. 13(c), where the average values of the capacitor voltage 

remain at about 29 V during the whole power step process. 

However, when the power step occurs, the voltage ripples of 

the capacitors increase slightly with the increase of the output 

current amplitude. The individual capacitor voltages in phase 

A are shown in Fig. 12 (d), where the average value of the 

individual capacitor voltages are all about 29 V, indicating the 

effectiveness of the individual capacitor voltage balancing 

method. 

Experimental results verify that the proposed method 

obtains a good dynamic response, and it is able to generate a 

fixed switching frequency for the switches in each cell. 

VI. CONCLUSION 

In this paper, a novel M2PC for CHB converter based 

STATCOM is proposed with a reduced computation burden 

and a fixed switching frequency in each cell. The proposed 

M2PC method makes use of the adaptive search step for 

control sets under α-β coordinate, and a fixed reduced number 

of control sets are evaluated in each period. Therefore, the 

computation burden of the predictive control algorithm is 

fixed and reduced significantly. In addition, the cluster DC 

voltage balancing is realized by zero-sequence voltage (ZSV) 

injection, which does not influence the output current control 

in the α-β axes, and makes it possible to be applied in 

STATCOM operations. As a result, the cluster DC voltage 

balancing control is disintegrated with the output current 

predictive control, and the proposed M2PC method requires no 

weight factors design process. Finally, with the effective 

combination of the proposed MPC control algorithm and the 

carrier phase shift (CPS) pulse width modulation (PWM), a 

fixed switching frequency in each cell can be obtained, which 

will be helpful for a more balanced distribution of the 

switching loss. 
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