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Abstract—Modular multilevel converter (MMC) is very popu-

lar in high power applications due to its attractive characteristics. 
The full bridge-based MMC featuring three-phase to single-phase 
direct AC/AC conversion is a potential solution for ac power 
supply (ACPS). In this paper, new modulated model predictive 
control (MMPC) methods are proposed for MMC-ACPS to im-
prove the steady state multi-objective current tracking perfor-
mance. In the proposed methods, modulated vectors sequence is 
employed, output voltage levels of upper and lower arms are 
combined and represented by vectors in the current increments 
plane firstly. Then, the plane is divided into eight sectors accord-
ing to the predictive tracking errors of input current and circu-
lating current. After determining sectors, a modulated vector 
sequence, consisting of one zero vector and two active vectors, is 
selected to eliminate these current tracking errors simultaneously 
at the end of each control period. Duty cycles of the three selected 
vectors are calculated based on the principle of multiple current 
tracking errors minimization. Optimized vector selection ap-
proaches are illustrated in detail for the proposed MMPC. Since 
only the adjacent nine vectors are utilized in the proposed meth-
ods, the calculation amount is suitable and the dv/dt of the output 
voltage is also limited. Finally, steady-state and dynamic perfor-
mances of the proposed control methods are verified by experi-
mental results. 
 

Index Terms—Modulated model predictive control, ac power 
supply, AC/AC conversion, modular multilevel converter. 
 

I. INTRODUCTION 

ecently, the modular multilevel converters (MMC) 
which have characteristics of natural modular expansion, 

low switching frequency and high-efficiency [1]-[4], have 
gained extensive attentions and rapid developments in high 
voltage direct current (HVDC) systems, high power motor 
drives, energy storages, as well as advanced grid-connected and 
railway applications [5]-[8]. Compared with the half bridge 
based structure, the full bridge based MMC features direct 
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three-phase to single phase AC/AC function because its 
submodule (SM) can output negative voltage [9]-[10]. From 
this perspective, MMC is an attractive topology for direct 
three-phase to single phase AC/AC power supply (ACPS). 

Conventionally, the AC/AC converter can be classified into 
three subcategories including converter with dc-link storage, 
matrix converter, and hybrid matrix converter [11]. The most 
widely used AC/AC converter topology with dc-link storage is 
the two-level voltage source back-to-back converter. The 
AC/AC converter without any energy storage in the interme-
diate link is referred to as matrix converter (MC), which 
achieve the simultaneous amplitude and frequency transfor-
mation of AC/AC system. The AC/AC converter with com-
bining the back-to-back converter and MC is called as hybrid 
MC. If the four-quadrant switches in MC are replaced by cas-
caded H-bridge with storage capacitor, the hybrid MC will 
possess the capability of the step up or step-down converter 
operation. In this opinion, the new AC/AC MMC firstly pro-
posed in [1] can be regard as the hybrid MC. The topologies of 
single-phase to single-phase and the three-phase to sin-
gle-phase AC/AC MMC are presented in [1]. Comparing with 
other AC/AC converters, the AC/AC MMC features a very 
consistent redundancy and can be expanded to different voltage 
and power level due to its modular structure. The three-phase to 
three-phase AC/AC MMC, namely the Modular Multilevel 
Matrix Converter (M3C), and its cascaded control method are 
introduced in [12]. A new three-phase AC/AC MMC with six 
branches in hexagonal configuration is proposed in [13].  The 
AC/AC MMC is employed to the induction heating molten 
steel application [14]. In the application of induction heater in 
the casting process, the power source is single-phase and it 
should supply low output frequency but high power. The con-
ventional topology of induction heating power supply is com-
prised of multi-winding transformer, three-phase diode rectifi-
ers and cascaded full bridges converter [14]. Each diode recti-
fier provides dc power to the dc side of each full bridge con-
verter, the full bridges connected in series in the output side to 
provide high voltage single-phase ac power to the load. The 
conventional structure can easily achieve the AC/AC conver-
sion from three-phase to single-phase, but the operating range 
of dc capacitors voltages is limited due to unidirectional power 
flow. Additionally, it will significantly increase the size and 
cost of the power supply because of the indispensable mul-
ti-winding transformer. Comparing to the conventional power 
supply, the MMC-ACPS can be connected to the high-voltage 
grid directly without the bulky multi-winding transformer. 
Further, the MMC-ACPS has the capacity of bidirectional 
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power flow, better current control performance and it can 
achieve unit power factor in the input side. For these reasons, 
the three-phase to single-phase AC/AC MMC topology is 
studied. While, the M3C in [12] and the hexverter in [13] are 
more suitable for three-phase to three-phase conversion, then 
the full bridge based MMC is selected for the three-phase to 
single phase AC/AC conversion in this paper. In fact, the 
three-phase to single phase AC/AC MMC can be regard as a 
special topology of the M3C because those topologies are all 
built by the full bridge based modular multilevel branches. 

One of the main technical challenges associated with 
MMC-ACPS is the current control. MMC has multiple current 
control objectives, such as input currents and circulating 
current. Furthermore, the currents inside MMC-ACPS contain 
two different frequency components since the input current 
frequency and output current frequency are different, which 
introduces extra control challenges. Over the past few years, 
various current control methods have been proposed for MMC, 
including the proportional-integral (PI) control method based 
on synchronous frame, proportional resonant control (PR), 
repetitive control, deadbeat control and so on [14]-[19]. PI 
controller is a good method to regulate dc component, but 
significant tracking errors might occur for ac currents. As for 
PR controller, zero error tracking only occurs at the resonant 
frequency. Deadbeat control is quite simple because its control 
parameters can be chosen according to the discrete-domain 
states equations, and the current tracking errors are reduced by 
amplifying the errors between the current references and the 
sampled values in the deadbeat control. Recently, the finite 
control set model predictive control (FCS-MPC) method 
gained extensive attentions and has been applied to a wide 
range of power converters [20]-[24]. In FCS-MPC, the control 
objectives are evaluated by a cost function, the control set 
which minimizes the cost function is chosen as the optimal one 
and applied in the next control period. FCS-MPC is a nonlinear 
optimization control method and has the characteristics of good 
control effect and dynamic performance. This method has been 
used to minimize the circulating currents of MMC in [25] and 
[26]. Experimental evaluation of MPC for MMC is presented in 
[27]. MPC is compared with the cascaded control method in 
[28]. In [29], a predictive approach is proposed to minimize the 
input, output, and circulating current errors and to balance the 
dc voltages of the single-phase AC/AC MMC.  

However, calculation amount is the main barrier when MPC 
is applied to MMC [30]-[33]. In conventional FCS-MPC, cost 
function is evaluated for all possible switch state combinations 
[22]-[25]. As the voltage level increased, the number of 
possible switch states combinations increases geometrically, 
which causes large calculation amount. To reduce the 
computation burden, a MPC method with reduced number of 
considered states is proposed in [30] to control the ac-side 
currents along with circulating currents and SM capacitor 
voltages, three different cost functions are defined to select the 
best switching state. In [31], an indirect strategy is proposed to 
reduce the calculation amount by determining the number of 
inserted or bypassed SM within each arm, the number of 
switching options can be reduced further when only the 

neighboring index values with respect to their previously 
applied values were considered. A dual-stage MPC approach to 
solve the issues of computational burden and unwanted 
switching is proposed in [32], control objectives are evaluated 
corresponding to the redundancies of voltage vectors and SMs 
respectively. Switching state grouping based MPC, voltage 
level based MPC and rolling optimization process simplifying 
based MPC are also investigated in [33] to [35]. 

The other issue of FCS-MPC is the large steady-state current 
tracking errors and current ripples because only one optimal 
switching state is applied during the entire sampling period. 
Hence, an increased control frequency are always required to 
achieve high control performance comparable to the 
modulation-based methods [36]-[38], which results in extra 
computational burden. To deal with this problem, two 
improved approaches combining multiple vectors with variable 
durations have been proposed for two-level converters in [36] 
and [37]. Linear combination of two different output levels is 
also proposed to improve the single current control 
performance of cascaded H-bridge converters in [38] and [39]. 
While, multiple current control objectives should be achieved 
simultaneously for MMC-ACPS. A new modulated model 
predictive control method is proposed for MMC in 
VSC-HVDC systems in [40], while, only one extra SM is 
employed to control circulating current and the method is an 
independent-objective control strategy. While, for 
MMC-ACPS, the input current and output current are alter-
nating currents and coupled, the multi-objective coordinative 
current tracking error eliminating is quite difficult. 

In this paper, a MMPC approach is proposed for 
MMC-ACPS to improve the steady state multi-objective 
current control performance and reduce the computation 
burden. The proposed method incorporates several innovative 
ideas. Combinations of upper arm output voltage level and 
lower arm output voltage level are firstly represented by vectors 
in the current increments plane. With these vectors, eight 
sectors are also defined. Then, two MMPC approaches with 
different modulated vectors sequences are proposed to 
eliminate the input current and circulating current tracking 
errors simultaneously at the end of each control period. In the 
proposed methods, one zero vector and two optimal active 
vectors are selected for each sector, meanwhile, the duty cycles 
of these vectors are calculated in a very simple way according 
to the principle of multiple current tracking errors minimization. 
The rest of this paper is organized as follows. In section II, the 
mathematical model and capacitor voltage ripples of 
MMC-ACPS are introduced and derived. In section III, the 
proposed MMPC approach are presented in detail. Then, the 
control strategy of MMC-ACPS is shown in section IV, 
followed by the experimental results in Section V and 
conclusion in Section VI. 

II. MATHEMATICAL MODEL AND CAPACITOR VOLTAGE RIPPLE 

A. System structure and mathematical model 

Fig.1 shows the circuit diagram of a three-phase to 
single-phase H-bridge MMC-ACPS. Each phase cluster has 
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two arms, each arm consists of N-series H-bridge SMs. In Fig. 1, 
ugx (x = a, b, c) and isx are the grid voltages and input currents, 
iux, ilx and uux, ulx are the currents and output voltages of upper 
and lower arms. L, Lg and R are the arm inductance, grid side 
inductance and equivalent resistance, io and uo are the output 
current and voltage. The midpoint of the output link is regard as 
neutral point for facilitation of the analysis [28] and [33]. 
MMC-ACPS can be used as the power source of induction 
heater, the induction heater works similar to single-phase 
transformer in the continuous casting process. More precisely, 
the induction heater can be simplified to a re-
sistance-inductance load as shown in Fig. 1, RL is the load 
resistance and LL is the load inductance.  

Applying the KVL and KCL, the mathematical model 
equations are obtained as follows 
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Where icx is the circulating current flowing through each 
phase cluster of MMC-ACPS. Combining (1) and (2), the dy-
namic equation of input current and circulating current in each 
phase can be expressed as 
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Where usx=(ulx-uux) and ucx=(ulx+uux) are the differential and 
common mode voltage of each phase cluster, λ1L=2Lg +L. 
Discretizing the continuous model with the control period Ts, 
the discrete-domain state space equation can be expressed as 
(5), where isx(k+1), icx(k+1) and isx(k), icx(k) are currents at the 
(k+1)th and the kth control period respectively, ugx(k) and uo(k) 
are the grid voltage and output voltage at the kth control period 
which can be regard as disturbances in the state space equation. 

B. System structure and capacitor voltage ripple 

MMC-ACPS is an attractive structure for power source of 
induction heater in continuous casting process, the frequency of  

  

 

output current ωo is different with the one of grid side input 
current ωg. When these different frequency current components 
flow through the capacitor of each SM, the voltage ripple be-
comes complicated. In this part, the capacitor voltage ripple is 
derived in the steady state and the effect caused by the voltage 
ripples on current control will discussed in the following. 

Assuming that the SM capacitor voltages are well balanced 
at their reference values, using a-phase as an example, the 
average switching function Sua and Sla of the SMs in the upper 
and lower arms can be expressed as 
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Where Ms and Mc are the modulation indexes of the differ-
ential and common mode voltage, θo is the initial angle of 
common mode voltage.  Arm currents are utilized in the voltage 
ripple analysis. Based on (2), the currents can be expressed as 
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Where Is and Io are the amplitude of input current and output 
current, φga and φo are the current angles. Note that the circu-
lating current components which are utilized to balancing the 
capacitor voltages of SMs are neglected because these com-
ponents are quite small comparing with the output current 
component in steady state. Combining (6) and (7), the capacitor 
ripple currents can be calculated, after multiplying the capacitor 
reactance with the ripple currents, the capacitor voltage ripples 
Δudua and Δudla can be deduced as (8) and (9), the summation 
and difference of upper and lower arm capacitor voltage ripples 
are calculated as (10) and (11) in the bottom of next page. 
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Fig. 1  Circuit diagram of the three-phase H-bridge MMC-ACPS. 
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III. MODULATED MPC FOR MMC-ACPS 

A. Current increments and current tracking errors 

Since each arm is consists of N-series SMs, the output 
voltage level changes from -N to N, the measured SM capacitor 
voltage of upper and lower arms can be represented by the 
average voltage of each arm with the voltage balancing control. 
Then, the output voltage is determined by the output voltage 
level of upper arm nux and lower arm nlx, there is 

 
ave
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lx lx dlx lx
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u n u n N N
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 
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Where uave 
dux and uave 

dlx  are the average capacitor voltage of upper 
arm and lower arm in the x-phase. Then, the differential mode 
voltage usx and common mode voltage ucx are 

 
ave ave

sx dlx lx dux ux
ave ave

cx dlx lx dux ux

( ) ( ) ( ) ( ) ( )

( ) ( ) ( )+ ( ) ( )

u k u k n k u k n k

u k u k n k u k n k

  



 (13) 

From (13), it can be seen that the number of possible voltage 
level combinations is (2N+1)2. To reduce the calculation 
burden, three adjacent voltage level combinations are selected 
as the finite control set instead of all possible voltage levels in 
this paper. Voltage level increment Δnux and Δnlx, namely, the 
difference between the output voltage level of the current con-
trol period and the previous control period, can be derived as  
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Combining (5), (12)-(14), the currents can be predicted as 
(15), where isx(k+1)|0 and icx(k+1)|0 indicate the predictive 
currents at the end of (k+1)th control period when the output 
voltage levels of kth control period equal to the one of previous 
control period, namely the Δnux and Δnlx in (14) are equal to 0. 

Then, the current tracking errors at the end of (k+1)th instant 
can be predicted as 
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Combining (14) and (15), the current increments Δislx and 
Δiclx caused by the voltage level increment in the lower arm and 
the ones Δisux and Δicux caused by the voltage level increment in 
the upper arm when Δnlx or Δnux is equal to 1 or -1 on the basis 
of isx(k+1)|0 and icx(k+1)|0 can be obtained as (17) 
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dla dua g ga o o o
g o

sin(2 t ) sin(2 t 2 )
8C 12C

M I M I
u u     

 
          (10) 

 

c s s o
dla dua o g o ga o g o o

o g o g

c s s o
o g o ga o g o o

o g o g

sin(( ) t ) sin(( ) t )
4C( ) 6C( )

sin(( ) t ) sin(( ) t )
4C( ) 6C( )

M I M I
u u

M I M I

       
   

       
   

          
 

       
 

  (11) 

 

ave aves s
sx 0 gx dlx lx dux ux sx

1 1

ave aves s
cx 0 o dlx lx dux ux cx

( 1) | [2 ( ) ( ) ( ) ( ) ( )] (1 ) ( )
λ λ

( 1) | [ ( ) ( ) ( ) ( ) ( )] (1 ) ( )
2

T RT
i k u k u k n k u k n k i k

L L

T RT
i k u k u k n k u k n k i k

L L

      

      

  (15) 
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Where λ2L=(2L+3Lload)L/(L+Lload) is the equivalent induct-

ance considering the effect on uo(k) when ucx(k) stepped. In 
Fig.2, both islx and iclx increased when Δnlx =-1, Δnux =0 and 
decreased when Δnlx=1, Δnux =0. But this trend is changed for 
Δnux, isux increased and icux decreased when Δnlx =0, Δnux =1, 
while isux decreased and icux increased when Δnlx =0, Δnux =-1. 
Combinations of Δnux and Δnlx with different duty cycles can be 
employed to eliminate the current tracking errors shown in (16), 
but there are many possible voltage level increment combina-
tions and the constrains to select the optimal one is unknown. 

B. Modulated vectors sequences 

In this part, the modulated vectors sequence is built. From 
(14), the nine combinations of Δnlx and Δnux are listed in Table I. 
Each combination can be represented by a vector according to 
the current increments it caused as shown in Table I. Fig. 3 
shows the nine vectors and eight sectors, the (isx(k+1)|0, 
icx(k+1)|0) is regarded as the origin of coordinate, and V0 is 
represented by zero vector. According to the current increments, 
the plane is divided into eight sectors S1 to S8. It is worth 
mentioning that the boundaries of these sectors are limited by 
the vectors around the sectors and the line connecting the 
endpoints of two adjacent vectors. 

Based on Fig. 3(a) and (b), the constrains for the eight sectors 
shown in Table II are built based on the polarity and relation-
ship of the two current errors according to (13) to (18). For 
example, if both the current errors stratify that (Δiclx-Δicux)/ 
(Δislx+Δisux) errsx < errcx≤ (Δiclx/Δislx) errsx, therefore (errsx, errcx) is 
located in sector 1. If (Δiclx+Δicux)/(Δislx-Δisux) errsx < errcx and 
(-Δicux/Δisux) errsx < errcx, then (errsx, errcx) is located in sector 3. It 
is worth mentioning that Fig. 3(a) and (b) show the vectors and 
sectors under the conditions that (Δiclx-Δicux) >0 and (Δislx-Δisux) 
<0. When these conditions varied, the location of the endpoints 
V1, V3, V5 and V7 will change, but the current increments shown 
in Table I and constrains shown in Table II still hold.  Note that 

 

the constrains are the same for sectors S1, S4, S5 and S8 no matter 
Δislx+Δisux is equal to or larger or smaller than zero, while the 
constrains for sectors S2, S3, S6 and S7 are changed according to 
Δislx+Δisux as shown in Table II. 

According to (18), the summation and the difference of input 
current increments Δislx and Δisux and the ones of circulating 
current increments Δiclx and Δicux are related to the summation 
and the difference of average capacitor voltages of upper and 
lower arm. When the ripple of capacitor voltage is small 
compared with the dc voltage, the measured average capacitor 
voltage of upper and lower arms can be simplified as the av-
erage voltage of each phase uave dx. In fact, since the capacitor 
voltage ripple is included in (15), only one capacitor voltage 
ripple of upper or lower arm is neglected instead of the voltage 
ripple of all SMs, because only the three adjacent levels are 
considered in (14). Under this condition, the current increments 
in (18) can be simplified as 

ave aves s
sx dx cx dx

1 2

( 1) ( ), ( 1) ( )
λ λ

T T
i k u k i k u k

L L
       (19) 

TABLE I  

NINE COMBINATIONS AND VECTORS 

Δnlx Δnux Vectors 
Input current 

increment 
Circulating current 

increment 

-1 1 V1 Δislx+Δisux Δiclx-Δicux 

-1 0 V2 Δislx Δiclx 

-1 -1 V3 Δislx-Δisux Δiclx+Δicux 

0 -1 V4 -Δisux Δicux 

1 -1 V5 -Δislx-Δisux -Δiclx+Δicux 

1 0 V6 -Δislx -Δiclx 

1 1 V7 -Δislx+Δisux -Δiclx-Δicux 

0 1 V8 Δisux -Δicux 

0 0 V0 0 0 

 
Fig. 2  Current increments and output level increments. 
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Fig. 3  Vectors and sectors. (a) MMPC approach I considering the SM voltage ripple. (b) MMPC approach II considering the SM voltage ripple. 
 (c) MMPC approach I simplifying the SM voltage ripple. (d) MMPC approach II simplifying the SM voltage ripple. 

TABLE II 

CONSTRAINS FOR EIGHT SECTORS 

Sectors Relation of errcx and errsx (when Δislx-Δisux>0) Relation of errcx and errsx (when Δislx-Δisux<0) 
Relation of errcx and errsx  

(when Δislx-Δisux=0) 

S1 
clx cux clx

rrsx rrcx rrsx

slx sux slx

i i i
e e e

i i i

  
 

   
 clx cux clx

rrsx rrcx rrsx

slx sux slx

i i i
e e e

i i i

  
 

   
 clx cux clx

rrsx rrcx rrsx

slx sux slx

i i i
e e e

i i i

  
 

   
 

S2 
clx clx cux

rrsx rrcx rrsx

slx slx sux

i i i
e e e

i i i

   
 

  
 clx cux clx

rrsx rrcx rrsx rrcx

slx sux slx

and
i i i

e e e e
i i i

   
 

   
 errsx≥0, errcx≥0 and clx

rrsx rrcx

slx

i
e e

i





  

S3 
clx cux cux

rrsx rrcx rrsx rrcx

slx sux sux

and
i i i

e e e e
i i i

   
  

   
 clx clx cux

rrsx rrcx rrsx

slx slx sux

i i i
e e e

i i i

   
  
  

 errsx<0, errcx≥0 and clx
rrsx rrcx

slx

i
e e

i


 


 

S4 
clx cux cux

rrsx rrcx rrsx

slx sux sux

i i i
e e e

i i i

   
  

  
 clx cux cux

rrsx rrcx rrsx

slx sux sux

i i i
e e e

i i i

   
  

  
 clx cux cux

rrsx rrcx rrsx

slx sux sux

i i i
e e e

i i i

   
  

   
 

S5 
clx clx cux

rrsx rrcx rrsx

slx slx sux

i i i
e e e

i i i

   
 

   
 clx clx cux

rrsx rrcx rrsx

slx slx sux

i i i
e e e

i i i

   
 

   
 clx clx cux

rrsx rrcx rrsx

slx slx sux

i i i
e e e

i i i

   
 

   
 

S6 
clx cux cux

rrsx rrcx rrsx

slx sux sux

i i i
e e e

i i i

  
 

   
 clx clx cux

rrcx rrsx rrcx rrsx

slx slx sux

and
i i i

e e e e
i i i

  
 
   

 errsx<0, errcx<0 and clx
rrcx rrsx

slx

i
e e

i





 

S7 
clx cux cux

rrcx rrsx rrcx rrsx

slx sux sux

and
i i i

e e e e
i i i

  
  
   

 clx cux clx
rrsx rrcx rrsx

slx sux slx

i i i
e e e

i i i

  
  

   
 errsx≥0, errcx<0 and clx

rrcx rrsx

slx

i
e e

i


 


 

S8 
cux clx cux

rrsx rrcx rrsx

sux slx sux

i i i
e e e

i i i

  
  
   

 cux clx cux
rrsx rrcx rrsx

sux slx sux

i i i
e e e

i i i

  
  
   

 cux clx cux
rrsx rrcx rrsx

sux slx sux

i i i
e e e

i i i

  
  
   
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With (19), the nine vectors and eight sectors shown in Fig. 
3(a) and (b) can be simplified as Fig. 3(c) and (d). Note that this 
simplified approach can be regard as a special solution of the 
proposed MMPC, this paper mainly focuses on the general way. 

To eliminate the two current tracking errors at the end of each 
control period simultaneously, a modulated vector sequence 
consisting of zero vector and two active vectors VM and VL with 
different duty cycles can be employed according to Fig. 3. The 
two active vectors are selected by determining which sector the 
errors (errsx, errcx) belong to, then the two vectors around this 
sector are picked as the active vectors VM and VL as shown in 
Table III. For example, if (errsx, errcx) is located in sector 1 in Fig. 
3(a), therefore V0, V2 and V1 are selected as the zero vector and 
two active vectors VM and VL. 

While, the norms of V1 and V5 are quite longer than others as 
shown in Fig. 3(a) and (c) when the grid side inductance is 
small and 2Lg is quite less than L. If these vectors are selected, 
current tracking errors can be removed at the end of each con-
trol period, but large current ripples will be caused by the long 
norm vectors during their applied duty cycles. To deal with this 
condition, a new MMPC approach is also proposed, seven 
vectors except V1 and V5 are utilized as shown in Fig.3(b) and 
(d), and the boundary conditions become: (-Δicux/Δisux) errsx < 
errcx ≤ (Δiclx/Δislx) errsx for S1 and S8, (Δiclx/Δislx) errsx < errcx ≤ 
(-Δicux/Δisux) for S4 and S5. The other differences of two pro-
posed methods are the selection of active vectors for S1, S4, S5 
and S8 as shown in Table III. 

C. Duty cycle calculation 

In this part, the proposed MMPC calculates the duty cycles 
for the vectors during one control period in order to regulate the 
input current and circulating current to the desired reference 
values simultaneously at the end of each control period. If (errsx, 
errcx) is located in the eight sectors, combination of zero vector 
and two active vectors are employed as shown in Fig. 4(a). 
Three duty cycles, d1 for zero vector, d2 for the active vector VM 
and d3 for the active vector VL, are calculated. The applying 
sequences of the three vectors are also shown in Table III for 
each sector. Taking S1 for example, V0 is applied during the start 
to d1Ts interval in the kth control period, and V2 is applied 
during the d1Ts to the (d1Ts+d2Ts) interval in the control period, 
then V1 for approach I and V8 for approach II are applied from 
the (d1Ts+d2Ts) instant to the end of the (k+1)th control period 
as shown in Fig. 4(b). 

A modulated vector sequence consisting of zero vector and 
two active vectors VM and VL with different duty cycles is 
employed to eliminate the input and circulating current errors. 
The vector sequences for the eight sectors are illustrated in 
Table III and the input current and circulating increments 
caused by each vector are shown in Table I. Assuming that 
ΔisxM and ΔicxM are the current increments caused by active 
vector VM, and ΔisxL and ΔicxL are the ones caused by active 
vector VL. Then, the general current increments equation can be 
expressed as 

 
2 sxM 3 sxL rrsx

2 cxM 3 cxL rrcx

( 1) ( 1) ( 1)

( 1) ( 1) ( 1)

d i k d i k e k

d i k d i k e k

      
       

 (20) 

 

 
Combining (20) with the vector sequences and eight sectors 

shown in Table III and the current increments shown in Table I, 
the general duty cycles equations can be calculated as 

 rrsx cxL rrcx sxL
2

sxM cxL cxM sxL

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

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

e k i k e k i k
d

i k i k i k i k

      

        

(21) 

 rrsx cxM rrcx sxM
3

sxL cxM cxL sxM

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

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

e k i k e k i k
d

i k i k i k i k

      

        

(22) 

It is worth mentioning that it is hard to eliminate the current 
errors if (errsx, errcx) is not located inside the eight sectors, the 
summation of d2 and d3 obtained by (21) and (22) will be larger 
than 1, then, d1 is set to zero, and the others are reduced as 

 2 2 2 3 3 3 2 3/ ( ), / ( )d d d d d d d d     (23) 

Fig. 5(b) and (c) shows the operation principle of proposed 
methods. The operation process includes three steps as follows 

TABLE III  

MODULATED VECTOR SEQUENCES 

MMPC approach I MMPC approach II 

Sector 
Vectors 

V0, VM, VL 
Sector 

Vectors 
V0, VM, VL 

S1 V0, V2, V1 S1 V0, V2, V8 

S2 V0, V2, V3 S2 V0, V2, V3 

S3 V0, V4, V3 S3 V0, V4, V3 

S4 V0, V4, V5 S4 V0, V4, V6 

S5 V0, V6, V5 S5 V0, V4, V6 

S6 V0, V6, V7 S6 V0, V6, V7 

S7 V0, V8, V7 S7 V0, V8, V7 

S8 V0, V8, V1 S8 V0, V2, V8 

 

 

 
Fig. 4  Current tracking errors eliminating. (a) Combination of zero vector and
two active vectors in a sector. (b) Applying sequences of the three vectors. 
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(a) At the end of kth control period, the two current errors are 

predicted. As shown in Fig. 5, both errsx and errcx fulfilled that 
(Δiclx-Δicux)/(Δislx+Δisux) errsx < errcx≤ (Δiclx/Δislx) errsx, then (errsx, 
errcx) is located in S1. 

(b) According to Table I to III, V2 and V1 are selected as the 
active vectors VM and VL in MMPC approach I, V2 and V8 are 
selected as the active vectors VM and VL in MMPC approach II. 

(c) Then, three duty cycles for the zero vector and the two 
active vectors are calculated according to (21) and (22). 
Therefore, three level increment combinations (0, 0), (-1, 0) and 
(-1, 1) with different duty cycles are applied to the converter at 
the (k+1)th control period in MMPC approach I, (0, 0), (-1, 0) 
and (0, 1) are applied in MMPC approach II. 

Although, vectors with duty cycles are also used to improve 
current control performance in [37] and [38], the proposed 
MMPC for MMC-ACPS incorporates several innovative ideas. 
In [37], the vector applied at the end of the previous control 
period along with its two adjacent vectors are combined to 
eliminate the current tracking error for a single phase cascaded 
H-Bridge converter. The main similarities and differences of 
the methods in [37] and this paper are: 1) three adjacent voltage 
levels are utilized in both methods, there is three vectors in 
accordance with the levels in [37] while the number of possible 
vectors increases to nine in this paper. 2) the selection of op-
timal vectors combination becomes quite complex because 

both the input current and circulating current can be regulated 
by each vector. 3) input current tracking error is eliminated at 
the end of each control period in [37] while both the input 
current and circulating current tracking errors are eliminated 
simultaneously with the proposed methods.  In [38], a MMPC 
is proposed for MMC in HVDC application, but the input cur-
rent control and circulating current control are independent and 
the circulating current is regulated by only one extra SM which 
is quite different with the methods proposed in this paper.  

The operation principle of conventional method is shown in 
Fig. 5(a). In conventional FCS-MPC, cost function to optimize 
the input current and circulating current is evaluated for the 
nine voltage level increment combinations, the one which 
minimize the cost function is selected as the optimal combina-
tion and applied in the next control period. The cost function 
designed in the conventional method is shown as follows 

 ref ref
1 sx sx 2 cx cx( 1) ( 1) ( 1) ( 1)g c i k i k c i k i k        (24) 

Where c1 and c2 are weighting factors of input current and 
circulating current. As shown in Fig. 5(a), voltage level in-
crement combination (-1, 0) is chose as the optimal one in (k)th 
control period, therefore, the output voltage level of lower arm 
reduces one while the upper arm remains unchanged. In (k+1)th 
control period, (1, 1) is selected, then, both the output voltage 
level of upper and lower arm increase one. 

 
Fig. 5  Operation principle of the conventional and proposed methods (a) Conventional FCS-MPC.  

(b) Proposed MMPC approach I. (c) Proposed MMPC approach II. 
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From Fig. 5(a), it can be known that there is one switch ac-

tion at most in the upper and lower arm respectively for each 
control period. Therefore, the average switching frequency 
(ASF)[29] is less than the half of control frequency in conven-
tional method. While, one switch action is executed in the 
upper and lower arm respectively for each control period in 
MMPC approach I, therefore, the ASF of MMPC approach I is 
equal the half of the control frequency. In MMPC approach II, 
two switch actions are applied in the upper arm for (k+1)th 
control period while one switch action is executed in the lower 
arm. As a consequence, MMPC approach II presents higher 
ASF than approach I. Note that approach II has the same vector 
sequence as approach I in sectors S2, S3, S6 and S7. Then, the 
ASF of MMPC approach II is less than 150% of the approach I. 

It is worth mentioning that the control delay is not considered 
in Fig. 5. The one-step delay compensation algorithm presented 
in [33] is utilized in this paper to compensate the control delay. 

IV. CONTROL STRATEGY OF MMC-ACPS 

In this paper, a cascaded two-stage control strategy is inves-
tigated, capacitor voltage balancing is in the outer-stage, input 
currents and circulating current are regulated by the proposed 
methods in the inner-stage as shown in Fig.6. Input current 
references are calculated by the total voltage balancing control, 
circulating current references are obtained according to the 
output current references along with arm balancing control and 
phase voltage balancing control. In the inner-stage, input cur-
rent and circulating current are tracked simultaneously by the 
proposed methods to determines the optimal number of output 
voltage level for each arm, then the output voltage level is 
distributed by sorting algorithm to keep SM capacitor voltages 
balance. 

More specifically, the capacitor voltage balancing control 
consists of three parts: total voltage balancing control, arm 
balancing control and phase balancing control. Total voltage 
control is utilized to keep the summation of all SM capacitor 
voltages steady and transmit the energy from grid to the load. 
Arm balancing control is utilized to eliminate the average 
voltage deviations between the upper and lower arm. The cir-
culating current components i1 

cx which have the same frequency  

 
as grid voltage are employed in the arm balancing control. 
Phase balancing control is utilized to eliminate the average 
voltage deviations of the three phases. The circulating current 
components i2 

cx which have the same frequency as output cur-
rent are employed in this balancing control. 

In total voltage control, the error between the reference uref 
dc  

and the average summation voltage usum 
dc  of three phases is re-

garded as the input of the PI controller, then the output is 

 

Fig. 7  Voltage balancing control diagram of MMC-ACPS. 

 

 

Fig. 6  Control strategy diagram of MMC-ACPS with proposed MMPC. 
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treated as the active power current references Iref 
ds  of d-axis as 

shown in Fig. 7. To achieve the unit power factor, Iref 
qs  is set as 

zero. After the dq/abc transformation, the current references of 
input current are obtained. It can be seen that the total voltage 
control regulates the input power of three phase. 

In the arm balancing control, voltage difference Δudx be-
tween the upper and lower arm is calculated and transformed to 
Δudα, Δudβ and Δud0 in the αβ0 frame. To eliminate those volt-
age deviations, PI controllers are also utilized as shown in Fig. 
7. Note that, the internal circulating current components i1 

cx are 
divided into symmetrical components (positive and negative 
sequence components), the negative sequence components are 
used to dispel Δudα and Δudβ, while the positive sequence 
component is used to control the common-mode power Δud0 

deviation. After the negative and positive sequence dq/abc 
transformation, the references of circulating current compo-
nents iref1 

cx  are obtained. 
In the phase balancing control, voltage summations ∑udx of 

the upper and lower arm in the three phases are calculated and 
transformed to Δudα and Δudβ in the αβ frame. To suppress those 
voltage deviations, PI controllers are used and the outputs are 
multiplied with the synchronous signal of output voltage. After 
the αβ/abc transformation, the references of circulating current 
components iref2 

cx are obtained. It is worth mentioning that the 
voltage balancing control has been discussed and further deri-
vations can be found in [7]. Note that the filtered DC offsets of 
capacitor voltage signals are used to achieve the branch energy 
balancing, because the capacitor voltage ripples will introduce 
harmonic current components to the current references if the 
ripples are included in the voltage control loop. 

V. EXPERIMENT RESULTS 

To verify the performance of the proposed control method, a 
15kW down-scaled physical prototype is developed in the 
laboratory as shown in Fig. 8. It mainly includes three phases 
and the digital control system consists of FPGA and DSP. 
Multimode optical fibers are used to transmit submodule 
voltage signals, control signals and other signals between main 
power circuit and control circuit. Parameters are shown in Table 
IV. Load frequency is set as 120Hz according to requirement of 
induction heating molten steel. The weighting factors are de-
signed as c1=6 and c2=1 considering the input current and 
output current control performance synthetically in conven-
tional MPC. Digital low-pass filters are used to filter the ca-
pacitor voltage ripples. A first-order low-pass filter is added to 
the arm voltages feedback loop, the cut-off frequency of 
low-pass filter is design as 50Hz for total voltage balancing 
control, the cut-off frequency of low-pass filter is design as 
15Hz for phase balancing and 6Hz for arm balancing control.  

The proposed MMPC along with the conventional 
FCS-MPC are tested, capacitor voltage ripples are considered 
in the experiment. Steady-state input currents and single-phase 
output current of MMC-ACPS are presented in Fig. 9 and Fig. 
10. As shown in Fig. 9, currents of MMPC approach I and 
approach II show smaller current ripples comparing to the 

 

 

 
currents of conventional method, indicating that current track-
ing errors are reduced under the control of the proposed 
methods. While, the input currents of approach I in Fig. 9(b) 
have more high-frequency components than the ones of ap-
proach II in Fig. 9(c), this is because the larger current incre-
ments caused by these vectors with long norms are utilized in 
approach I. 

With the same control frequency, conventional MPC method 
yields many low order harmonics because only one vector 
determined by the cost function is applied during the entire 
sampling period, while low order harmonics are eliminated by 
the modulated vectors sequence with duty cycles in the pro-
posed methods. THD values and ASF of these currents are 
listed in Table V, the MMPC approach II shows better input 
current control performance and highest ASF, while MMPC 
approach I has lower THD value of output current. The multi-
level waves of usa and uca are shown in Fig. 11 respectively, the 
waves show higher switching frequency with the proposed 
methods. Fig.12 shows the capacitor voltage of one SM in the 
upper and lower arm with these control methods, capacitor 
voltages are balanced in the experiments. 

 

TABLE V 
THD AND ASF COMPARISON OF THREE MPC METHODS 

 
Input currents 

THD 
Output current 

THD 
ASF 

Conventional MPC 8.4%, 8.5%, 8.4% 7.3% 2.81kHz 

MMPC approach I 6.0%, 5.7%, 5.8% 2.8% 4.82kHz 

MMPC approach II 3.5%, 3.3%, 3.4% 3.7% 5.39kHz 

 

 

Fig. 8  Experimental setup of MMC-ACPS. 

TABLE IV  
PARAMETERS OF PROTOTYPE 

Parameters Value 

Grid line voltage  380V 

Grid frequency(f) 50Hz 

Sub-module capacitance(C) 1100uF 
Unit capacitance constant [41] 45ms 

Bridge arm inductance(L) 3mH 
Module Number of cluster (N) 2 

Load inductance and resistance 1mH and 8Ω 

Rated frequency for load current (fo) 120Hz 

Current magnitude for load (Io) 60A 

Module capacitor voltage reference 320V 

Current control frequency (fc) 10kHz 
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Current THD values and ASF curves of the three methods 

under various control frequencies are shown in Fig. 13(a) to (c). 
It can be seen that the proposed two MMPC methods introduce 
more switching actions to eliminate the current tracking errors 
and present better current control performance and higher ASF 
than the conventional method at the same control frequency, 
thereby these methods reduce the requirement of control fre-
quency of MPC. According to Fig. 13, current THD values with 
similar ASF of the three methods are listed in Table VI, since 
three vectors with various duty cycles instead of one vector are 
employed in the proposed method, the MMPC approach I and 
approach II shows better current control performance than 
conventional method when these methods have similar ASF as 
shown in Table VI. 

 
Apart from the steady-state performance comparison, the 

dynamic responses to stepped change in output current ampli-
tude from 60A to -60A are also presented. As shown in Fig. 14, 
the output current controlled by the conventional method pre-
sents the best dynamic performance because its level increment 
duty cycle is not limited. While, the proposed MMPC approach  

TABLE VI 
THD COMPARISON WITH SIMILAR ASF OF THREE MPC METHODS 

 ASF 
THD  
of isc 

THD 
of io 

Control 
 Frequency fc 

Conventional MPC 3.25kHz 8.0% 6.8% 11kHz 

MMPC approach I 3.01kHz 7.8% 4.2% 6kHz 

Conventional MPC 3.42kHz 7.4% 6.5% 12kHz 

MMPC approach II 3.28kHz 5.1% 6.2% 6kHz 

 
Fig. 9  Experimental waveforms of input currents. (a) Conventional MPC. (b) Proposed MMPC approach I. (c) Proposed MMPC approach II. 

 
Fig. 10  Experimental waveforms of output current. (a) Conventional MPC. (b) Proposed MMPC approach I. (c) Proposed MMPC approach II. 

 

Fig. 11  Experimental multilevel waveforms. (a) Conventional MPC. (b) Pro-
posed MMPC approach I. (c) Proposed MMPC approach II. Fig. 12  Experimental waveforms of capacitor voltage. (a) Conventional MPC. 

(b) Proposed MMPC approach I. (c) Proposed MMPC approach II. 
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I and approach II show the similar dynamic performance. It 
worth mentioning that the two proposed MMPC methods 
maintain fast dynamic because the current tracking errors can 
be eliminated in a few control periods with these methods. 
Fig.15 shows the capacitor voltage of one SM in the upper and 
lower arm with these control methods, capacitor voltages are 
also kept steady during the dynamic transient. 

VI. CONCLUSIONS 

In this paper, multiple current tracking errors elimination is 
achieved at the end of each control period with the proposed 
MMPC methods. Level increment combinations are repre-
sented by vectors in the current increments plane for the first 
time. Eight sectors are defined according to the nine vectors 
along with the polarity and relationship of input current and 
circulating current tracking errors. In the proposed methods, 
modulated vectors sequence consisting of one zero vector and 
two active vectors with different duty cycles are utilized to 
eliminate these errors. Duty cycles are also derived for the zero 
vector and active vectors. The main difference between two 

proposed MMPC approaches is the selection of the optimal 
active vectors. Input current increment is limited more strictly 
in MMPC approach II. Steady state and dynamic performances 
of the proposed methods along with the conventional 
FCS-MPC method are evaluated. The results show that current 
tracking errors and current ripple are reduced simultaneously 
under the control of the proposed methods by introducing op-
timal vectors sequence with duty cycles, the MMPC approach I 
presents better output current performance while the MMPC 
approach II has lower input current ripples. The further inves-
tigation will focus on the improvement of the MPC considering 
parameter uncertainties, extending the adjacent level incre-
ments and the energy balancing control of MMC-ACPS oper-
ating around equal frequency. 
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