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Abstract—This article presents a generic multi-vector 

model predictive control (MV-MPC) method that has the 
potential to be applied to all hybrid multilevel converters 
(HMCs). It firstly locates the reference voltage vector in the 
120° oblique coordinate to select the three adjacent voltage 
vectors to be applied over one control cycle. Then, the 
current tracking is guaranteed through duty cycle 
optimization and dc capacitor voltages are balanced by 
evaluating possible switching sequences that belong to 
the voltage vectors with optimal duty cycles. At last, the 
optimal switching sequence with a symmetric five- or 
seven-segment pulse pattern is generated using an 
external modulator. The proposed generic MV-MPC can 
significantly improve the quality of the output current, 
while achieving a constant equivalent switching frequency 
at the same time. Experimental studies on an all silicon 
carbide HMC prototype, i.e., an active neutral point 
clamped converter with cascaded H-bridge, are presented 
to validate the effectiveness of the proposed MV-MPC 
strategy. 
 

Index Terms—Hybrid multilevel converter (HMC), model 
predictive control (MPC), optimal duty cycle.  

I. INTRODUCTION 
YBRID multilevel converters (HMCs), i.e., a combination 
of one or more types of power electronic building blocks 

(PEBBs) [1]-[9], have been extensively employed in various 
industrial applications over the past few decades, especially in 
the high power medium voltage (MV) applications [3]-[5]. 
Generally speaking, the HMC topology requires the use of 
floating dc capacitors [1], which can significantly impact the 
controller design in one way or another. Therefore, enhanced 
control methods to improve the output current quality while 
regulating the dc capacitor voltages are desired. 
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To control HMCs, existing literatures predominantly focus 
on the use of multi-carrier pulse-width modulation (MC-PWM) 
[4], [9]-[11] or the space vector modulation (SVM) [6], [8]. 
However, these modulation methods have several inherent 
shortcomings. For instance, the dc voltage utilization of the 
MC-PWM is much lower compared with the SVM. Although 
the zero-sequence injection approach can be applied to increase 
the dc voltage utilization, the calculation process of which is 
very complex especially for multilevel converters [12]. The 
SVM, when considering the enormous computational burden 
for multilevel converters, is even more difficult to implement. 
In addition to the design of the modulation schemes, the control 
algorithm design is also a challenging task. For the HMCs, in 
addition to ensure a high-performance current tracking, the 
neutral-point voltage or floating dc capacitor voltage balancing 
is always needed. Therefore, additional proportional-integral 
(PI) or proportional-resonant (PR) controller are required to 
achieve the multiple control objectives simultaneously [6], [8]. 
Nevertheless, the co-existence of multiple control loops results 
in intricate controller parameters tuning. The cross-coupling 
among control loops may also lead to poor performance. 

The model predictive control (MPC), which is a promising 
alternative to control power electronic converters [13]-[18], has 
been adopted for almost all power electronic applications [18] 
over the past few years. Due to its distinct advantages, such as 
fast dynamic response, straightforward implementation, 
compatibility with nonlinear constraints, and the capability to 
simultaneously tackle multiple control objectives [16], MPC is 
much more powerful to address the challenge of regulating the 
dc capacitor voltage in an HMC, compared with traditional 
linear modulation schemes [19], [20]. However, regarding the 
control of HMCs, there are two major issues associated with the 
inherent characteristics of the conventional MPC (C-MPC). 
First, the need to evaluate a tremendous number of switching 
states makes it computationally impractical. Second, applying 
only one voltage vector over the entire control cycle leads to 
increased current ripples and variable equivalent switching 
frequency, which may vary with the sampling frequency and 
reference current [16]. 

A variety of studies have been proposed to address these 
issues. For instance, a dc capacitor voltage sorting MPC for the 
modular multilevel converter (MMC) is reported in [21], which 
significantly improves the computational efficiency. To 
improve the operation efficiency, a modified MPC is proposed 
in [22] to replace the time-consuming optimization algorithm 

H
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by Diophantine equations. In addition to the studies on 
computational burden reduction, there are also publications on 
the improvement of steady-state performance. In [23], a 
modulated MPC for MMC is proposed, which applies multiple 
vectors that are formed in the current increment plane over one 
control cycle, to reduce the total harmonic distortion (THD) of 
the output current. In [24], a long-horizon MPC is proposed to 
reduce the output current THD, but encounters exponential 
increase of computational burden along the increase of the 
prediction horizon. The authors thereby present a modified 
sphere decoding algorithm to solve this issue, which greatly 
improves the computational efficiency. In addition, the MPC 
combined with the discrete space vector modulation approach 
is introduced to improve the steady-state performance in 
[25]-[27], which uses equally subdivided time intervals within 
one control period. Although the current tracking performance 
is significantly improved due to the large number of virtual 
space vectors that are possible for the optimal voltage vector 
evaluation, the evaluation needs a tremendous amount of 
computational resource, making it difficult to implement in a 
real-world control platform. To solve this issue, only three 
candidate voltage vectors are considered for cost function 
evaluation in [25]. Similarly, in [26], the proposed approach 
selects the optimal region including the reference voltage 
vector in the space vector diagram and only voltage vectors that 
locate in the optimal region are used in the cost function 
calculation. In [27], the proposed MPC reduces the number of 
admissible voltage vectors from 37 to 13 by using a 
pre-selection approach based on geometrical analysis of virtual 
vectors. However, it is noteworthy that due to the equal 
subdivision of the control cycle, the switching pulse pattern is 
asymmetric, which may lead to more switching actions and less 
competitive current tracking performance. 

To achieve constant equivalent switching frequency while 
improving the current tracking at the same time, an optimal 
switching sequence MPC, which selects an optimal set of 
voltage vectors stored in a lookup table as precalculated 
sequences, is presented in [28]. However, as the voltage level 
increases, a huge lookup table should be developed. The 
multi-vector MPC (MV-MPC) [29], [30], or the three-vector 
MPC [31], [32], is a promising candidate for achieving both 
good current tracking and constant switching frequency. In [30], 
a MV-MPC is proposed for three-phase rectifiers, which 
achieves constant switching frequency and lower current THD. 
In [31], a three- vector MPC for motor drive is reported, which 
has a symmetric switching pulse pattern and also reveals 
superior current tracking to the C-MPC. However, these 
existing MV-MPC approaches are not directly applicable to the 
HMCs. For one thing, the tremendous number of voltage 
vectors in an HMC makes the selection of the adjacent vectors 
far more complicated, which cannot be conducted through 
existing calculation or lookup table approaches [32] due to their 
heavy computational burden. For another, to achieve equivalent 
constant switching frequency by symmetric switching sequence, 
specific switching sequence shaping approach should be 
meticulously designed for the HMCs, which is entirely 
different from two-level or three-level converters. To the best 

of the authors’ knowledge, there is still no MV-MPC strategy 
for HMCs being reported in existing literatures so far. 

To this end, this article presents a generic MV- MPC solution 
that can be applied to any HMCs. It firstly locates the reference 
vector in the 120° oblique coordinate and selects the three 
adjacent voltage vectors over one control (sampling) cycle, 
which converts the computationally inefficient calculation or 
lookup table approaches [32] to simple integer arithmetic. The 
current tracking is prioritized through duty cycle optimization 
of the selected adjacent vectors, and through evaluation of all 
possible switching sequences that belong to the voltage vectors 
with optimal duty cycles, dc capacitor voltage balancing is 
simultaneously achieved without impacting the current tracking. 
Then, the optimal switching sequence is generated through an 
external modulator and follows the symmetric pulse pattern of 
either five- or seven-segment, which are referred to as 
MV-MPC-I and MV-MPC-II respectively. In a nutshell, the 
proposed generic MV-MPC is applicable for any HMCs and 
significantly reduces both the calculation burden and output 
current ripple while achieving constant equivalent switching 
frequency at the same time. A typical HMC, which consists of 
an active-neutral-point- converter (ANPC) stage and H-bridge 
converter stage, or can be referred to as the ANPC-H converter 
[1], is used as a case study for the proposed MV-MPC. The 
experimental results on an all silicon carbide (SiC) ANPC-H 
prototype are presented to validate the effectiveness of the 
proposed control strategy. 

II. CIRCUIT ANALYSIS AND MODELING 
The configuration of ANPC-H converter with RL-load is 

illustrated in Fig. 1, where R and L are the resistance and 
inductance of the RL-load, udc_1, udc_2, udc_a1, udc_b1, and udc_c1 
are the capacitor voltages of ANPC and H-bridge respectively, 
idc_1, idc_2 are the currents of the dc-link capacitors, ioa, iob, and 
ioc are the three-phase neutral currents, ia, ib, and ic are the phase 
currents, Udc is the external dc-source voltage. If the dc voltages 
are regulated as: udc_1 = udc_2 = Udc/2, udc_a1 = udc_b1 = udc_c1 = 
Udc/4, the converter output voltage comprises seven voltage 
levels. Table I shows all the switching states, where Sj are the 
switching states of phase j, Sjn are the switching functions of the 
power switches Mjn, where j ∈ {a, b, c}, n ∈ {1, 2, …, 10}, and 
Sjn ∈ {0, 1}. Specifically, the “O+” or “O−” state of the ANPC 
stage is adopted when its switching state is shifting from zero to 
positive state or from negative to zero state, respectively; the 
“O+” or “O−” state of the H-bridge stage is adopted when its 
switching state is shifting from non-zero to zero state or from 
zero to non-zero state, respectively. This can not only guarantee 
more evenly distributed power loss between Mj1 and Mj2 [20], 
but is also beneficial to the modulation, which will be discussed 
in Section III. The operation limitation of this kind of topology 
is thoroughly investigated in [6], and thus, will not be discussed 
in this paper. The working point chosen for the experiments in 
this article is within this limitation. 

The mathematical model in αβ-coordinate can be given by 
dL R
dt

= +iu i           (1) 
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where u = [uα uβ]T and i = [iα iβ]T, which are converter voltage 
and current vectors in αβ-coordinate respectively. Defining the 
switching states of the ANPC stage and H-bridge stage as SjA 
and SjH, then SjA and SjH ∈ {−1, 0, 1}. 

The models of the dc capacitors can be given by 
dc

o
d ui C

dt
Δ=           (2) 

_ 1
1

dc j
jH j

du
S i C

dt
=         (3) 

where ∆udc = udc_1−udc_2, ij are the phase currents, and io is the 
neutral point current, which can be given by 

( )
, ,

1o jA j
j a b c

i S i
=

= − .       (4) 

Then the discrete-time model can be obtained by applying 
Euler Forward Approximation to (1), (2)-(4) as 

( ) ( ) ( )1 1s sT RTk k k
L L

 + = + − 
 

i u i      (5) 

( ) ( ) ( )_ 1 _ 1
1

1 s
dc j j dc j

Tu k i k u k
C

+ = +      (6) 

( ) ( ) ( )1 s
dc o dc

Tu k i k u k
C

Δ + = + Δ      (7) 

where Ts is the sampling period (or control cycle),⎯ij(k) 
and⎯io(k) are the average current that runs through H-bridge 
capacitor and average neutral point current over one control 
cycle at time instant k. When multiple vectors are selected for 
optimal current tracking,⎯ij(k) and⎯io(k) can be readily 
calculated by using the switching states of the selected vectors 
and their corresponding dwell times. 

TABLE I 
SWITCHING STATES OF THE ANPC-H CONVERTER 

Switching 
States Sj 

SjA SjH 
ANPC H-Bridge 

Sj1 Sj2 Sj4 Sj7 Sj9 
6 (3Udc/4) 1 (P) −1 (N) 1 1 0 0 1 

5 (Udc/2) 1 (P) 0 (O+) 1 1 0 1 1 
1 (P) 0 (O−) 1 1 0 0 0 

4 (Udc/4) 
1 (P) 1 (P) 1 1 0 1 0 

0 (O+) −1 (N) 1 0 0 0 1 
0 (O−) −1 (N) 0 1 1 0 1 

3 (0) 

0 (O+) 0 (O+) 1 0 0 1 1 
0 (O+) 0 (O−) 1 0 0 0 0 
0 (O−) 0 (O+) 0 1 1 1 1 
0 (O−) 0 (O−) 0 1 1 0 0 

2 (−Udc/4) 
0 (O+) 1 (P) 1 0 0 1 0 
0 (O−) 1 (P) 0 1 1 1 0 
−1 (N) −1 (N) 0 0 1 0 1 

1 (−Udc/2) −1 (N) 0 (O+) 0 0 1 1 1 
−1 (N) 0 (O−) 0 0 1 0 0 

0 (−3Udc/4) −1 (N) 1 (P) 0 0 1 1 0 

III. MULTI-VECTOR MODEL PREDICTIVE CONTROL 

A. Adjacent Voltage Vector Selection 
Fig. 2 illustrates the overall architecture of the proposed 

MV-MPC strategy. When one switching state is applied over 
each control cycle, the MPC is inherently equivalent to the 
deadbeat control [25], in which the calculated reference voltage 
can be adopted to select the adjacent voltage vectors. This 
reference voltage vector can be given by 

 
Fig. 1. Topology of the ANPC-H Converter with RL-Load. 

 
Fig. 2. The proposed MV-MPC architecture. 

( ) ( ) ( ) ( )1
s

Lk k k k R
T

∗ ∗ = + − + u i i i     (8) 

where i*(k+1) can be obtained by Lagrange Extrapolation [18]. 
Fig. 3 demonstrates the space vector diagram along with the 

reference vector. Due to symmetry of the space vector diagram, 
the selection process can be equivalently performed in Sector 1 
by rotating the reference vectors clockwise by multiples of π/3, 
the equivalent counterpart in Sector 1 can be defined as u1*(k) = 
[Vα1 Vβ1]T. When the reference vector is beyond the hexagon, it 
is proportionally scaled down to the inscribed circle of the 
entire hexagon [32]. Then, to facilitate the selection process, 
the αβ-coordinate is converted to the 120° gh-coordinate [34] 
by the following transformation equation: 

11

11

1 1 3

0 2 3
g

h

VV
VV

α

β

    
=     

      
       (9) 

where [Vg1 Vh1]T stands for the reference vector in the 120° 
gh-coordinate. Fig. 4 shows all the switching states of Sector 1 
in the 120° gh-coordinate. Defining the first switching state as 
the basic switching state (BSS), then the relationship of BSSs in 
each sector is presented in Table II, where [Sa1 Sb1 Sc1] is the 
BSS in Sector 1. 

The selection process of the three adjacent voltage vectors is 
depicted in Fig. 4. The first vector V1 in 120° gh-coordinate can 
be calculated by rounding down function as 

[ ] TT
0 0 1 1g hg h V V  =            (10) 
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Then the BSS of V1 can be given by [g0 h0 0]. As it can be seen 
from Fig. 4(b), the reference voltage vector possibly locates in 
either triangle A or B, which can be determined by the 
following criterion: 

( ) 1 1 0 0

1 1 0 0

A,  
B,  

g h

g h

V V g h
k

V V g h
∗

− ≤ −∈ − > −
1u .     (11) 

The vertices of the triangles are three vectors: V1, V2, and V3, 
which are the three adjacent vectors. Their BSSs can be easily 
obtained by integer arithmetic based on [g0 h0]T. In this way, the 
selection of the adjacent vectors is dramatically simplified and 
the computational burden is also significantly reduced. 

 
Fig. 3. Reference vector rotation in αβ-coordinate. 

 
(a) 

 
(b) 

Fig. 4. Selection process of the adjacent voltage vectors. (a) Switching 
states in Sector 1. (b) Two types of switching triangles. 

B. Optimal Duty Cycle Calculation 
The optimal duty cycle is obtained through the current 

tracking error minimization. The slopes of the selected three 
voltage vectors can be given by 

( )1 R
L

= −i is V i          (12) 

where i ∈ {1, 2, 3}, and si = [sαi sβi]T. The predicted current at 
the end of each control cycle can be given by 

( ) ( )
( ) ( )

1 1 2 2 3 3

1 1 2 2 3 3

1
1

i k i k s t s t s t

i k i k s t s t s t
α α α α α

β β β β β

+ = + + +
 + = + + +

.   (13) 

Then the error can be expressed as 
( )
( )

1 1 2 2 3 1 2

1 1 2 2 3 1 2

s

s

I s t s t s T t t

I s t s t s T t t
α α α α α

β β β β β

Δ = − − − − −
Δ = − − − − −

    (14) 

where Iα = iα*(k+1)−iα(k) and Iβ = iβ*(k+1)−iβ(k). Therefore, the 
cost function of current tracking can be given by 

2 2J α β= Δ + Δ .         (15) 
To achieve the minimum current tracking error, the least square 
method is used to calculate the optimal duty cycle. The optimal 
values of t1 and t2 should satisfy the extremum value conditions 

1

0J
t

∂ =
∂

;
2

0J
t

∂ =
∂

.         (16) 

The optimal duty cycles can be obtained by solving (16) as 
( ) ( ) ( )

( ) ( ) ( )
3 2 2 3 3 2 2 3

1
1 2 3 2 3 1 3 1 2

s

s s s

I s s I s s T s s s s
d

T s s s T s s s T s s s
α β β β α α α β α β

β α α β α α β α α

− + − + −
=

− + − + −
 (17) 

( ) ( ) ( )
( ) ( ) ( )

1 3 3 1 1 3 3 1
2

1 2 3 2 3 1 3 1 2

s

s s s

I s s I s s T s s s s
d

T s s s T s s s T s s s
α β β β α α α β α β

β α α β α α β α α

− + − + −
=

− + − + −
 (18) 

3 1 21d d d= − −          (19) 
where di = ti/Ts. 

C. Optimal Switching Sequence Determination 
After the optimal duty cycles and adjacent voltage vectors 

are selected, the switching sequence should be ingeniously 
arranged as per specific rules. Fig. 5 shows the space vector 
diagram and the switching states of the voltage vectors in 
selected triangles, where the BSSs are marked as red. To 
generate a symmetric switching sequence, the following rules 
should be complied with: 1) only one step of voltage level 
shifting is allowed over each switching period; 2) voltage level 
should resume to the initial state at the end of each switching 
period to reduce switching actions. Therefore, the switching 
sequences for the MV-MPC-I and MV-MPC-II, which follow 
the five- or seven-segment pulse pattern, can be restricted to a 
finite set as demonstrated in Figs. 6 and 7. As it can be seen, 
there are in total three or four switching states being applied to 
the MV-MPC-I or MV-MPC-II over each switching period, 
which are equally distributed around the center of the each 
switching cycle to form a symmetric pulse pattern. 

To be specific, the switching sequences in Sectors 1, 3, and 5 
have inverse direction to the ones in Sectors 2, 4, and 6, i.e., 
either clockwise or counter-clockwise. The six sectors are 
marked with various colors from dark to light in Figs. 6 and 7. 
Except for the switching sequences that are comprised of BSSs, 
the redundant switching sequences are obtained by integer 
step-increment of the BSSs. Moreover, there are six types of 
symmetric pulse pattern in total, as illustrated in Figs. 6 and 7. 
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To better explain the formation process of the candidate 
switching sequences, the scenario when reference vector 
locates in Sector 1 and type A triangle is taken as an example. 
The switching sequences starting from vectors V1, V2, and V3 
represent the three types of pulse pattern respectively, which 
have the same impact on current tracking but different impact 
on dc capacitor charging or discharging, thus, should be 
evaluated to balance the dc voltages. Similarly, when the 
reference vector locates in other sectors and other type of 
triangle, the candidate switching sequences can be enumerated 
as well based on this criterion. Therefore, all the switching 
sequences that form symmetric pulse pattern can be found in a 
way that leverages the symmetry of the space vector diagram, 
and thus, the time-consuming lookup table approach [32] can 
be abandoned. The total numbers of the redundant switching 
sequences with the initial vector of V1, V2, and V3 can be 
expressed as follows: 
for MV-MPC-I, 

( )
( )

1 2 3 0 1

1 2 0 3 0 1

1 ;                    A

1 , 2 ;  B

m m m N g u k

m m N g m N g u k

∗

∗

 = = = − − ∈


= = − − = − − ∈
  (20) 

for MV-MPC-II, 
( )
( )

1 2 0 3 0 1

1 0 2 3 0 1

1 , 2 ;   A

1 , 2 ;  B

m m N g m N g u k

m N g m m N g u k

∗

∗

 = = − − = − − ∈


= − − = = − − ∈
  (21) 

where N is the total phase voltage level of the converter. 

 
Fig. 5. Space vector diagram and switching sates in six sectors. 

To get the optimal switching sequence, the balancing of the 
dc capacitor voltages can be used as the constraint condition of 
the optimization problem, which minimizes the error between 
the desired dc voltages and the predicted ones. Therefore, the 
cost function of this objective can be given by 

, ,
j dc

j a b c
J J J

=

= +         (22) 

where 
( ) 2

_ 1 2
1 4j dc j dcJ u k U= + −       (23) 

( ) 2

2
1dc dcJ u k= Δ + .       (24) 

It is noteworthy that the MV-MPC-I and MV-MPC-II are 
approximately equivalent to each other when it comes to dc 
capacitor voltage balancing. According to (20) and (21), 
MV-MPC-I has one more redundant switching sequence than 
the MV-MPC-II does. Nevertheless, this extra five-segment 
switching sequence is actually incorporated in one particular 
seven-segment switching sequence, the only difference is that 
the dwell time of the initial or terminal switching state in the 
seven-segment sequence is half of that in the five-segment 
sequence. This trivial difference, over one switching cycle, 
barely has any impact on the dc capacitor voltage. 

The predicted average current can be calculated by 

( )

_
1

_
1 , ,

1

k

j i jH i j
i
k

o i jA i j
i j a b c

i D S i

i D S i

=

= =

 =

 = −




 
      (25) 

where k equals to 3 or 4, which refers to the number of the 
switching states in five- or seven-segment switching pattern, 
respectively. And Di is the duty cycle of the ith switching state 
in the selected optimal switching sequence. Therefore, in the 
MV-MPC-I, k=3 and Di= di, while in the MV-MPC-II, k=4, D1 
= d1/2, D2 = d2, D3 = d3, and D4 = d1/2. SjH_i and SjA_i are the 
switching states of the ANPC stage and H-bridge stage in the 
ith switching sequence. Then the predicted variables can be 
calculated by substituting (25) into (6) and (7). 

Therefore, the constraint optimization problem for selecting 
optimal switching sequence can be described as follows: 

{ }

_ _,

_ _

1

min    

. .          equations (6),  (7), (17)-(19), and (25)
              , 1,0,1

              1

jA i jH iS S

jA i jH i

k

i
i

J

s t
S S

D
=





 ∈ −

 =



.  (26) 

 
Fig. 6. Switching sequences of the MV-MPC I. 
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Fig. 7. Switching sequences of the MV-MPC II. 

where j ∈ {a, b, c}, i ∈ {1, …, k}, k ∈ {3, 4}. To better present 
the selection process of the optimal switching state, a flowchart 
of the evaluation loop is given in Fig. 8, where Jmin is the 
minimum cost function value. 

 
Fig. 8. Flowchart of the optimal switching sequence selection process. 

D. Delay Compensation 
As it is widely known, a one-step delay always exists in a 

digital controller due to the process of sampling and algorithm 
execution [16]. This delay effect can severely jeopardize the 
performance of MPC especially when the multiple vectors are 
applied over one control period. The two-step prediction should 
always be implemented to eradicate the adverse effect [17]. In 
addition to the current tracking compensation, the dc voltage 
balancing should also be compensated by the two-step 
prediction. The dc voltage fluctuations can thereby be reduced 
because of the compensation. 

E. Modulation 
As aforementioned in Section II, the alternation of the 

switching state should always guarantee that the switching 

functions of the switches, with the switch number of 1, 2, 4, 7, 
and 9, always change from 0 to 1 in the first half cycle of the 
selected switching sequence. Accordingly, the modulation can 
be conducted as follows: 1) calculating the duty cycles of 
switches Mj1 to Mj10; 2) comparing the duty cycles with a 
couple of synchronized carriers to generate the driving pulses 
of each switch. The duty cycles can be calculated by 

_
1

k

jx i jx i
i

d D S
=

=         (27) 

 
Fig. 9. Modulation process of MV-MPC-I. 

 
Fig. 10. Modulation process of MV-MPC-II. 

where x ∈ {1, 2, 4, 7, 9}, j ∈ {a, b, c}, djx is the duty cycle of the 
switches, Sjx_i is the ith switching function of Mjx, which can be 
derived from the ith switching state in the selected optimal 
switching sequence. Due to the complementary relationship of 
the power switches, the driving pulses of the other switches can 
be easily generated in real-time. Fig. 9 gives the modulation 
process of one specific case in Fig. 5 when MV-MPC-I is 
adopted. The five-segment pulse sequence, [5 3 1]-[6 3 1]-[6 4 
1]-[6 3 1]-[5 3 1], is selected (D1 = 1/2, D2 = 1/4, D3 = 1/4). 
Therefore, the duty cycles, i.e., djx, of each switch can be 
calculated via (28), which are then applied to the modulator. As 
depicted in Fig. 9, the final pulse pattern is symmetric over one 
switching cycle. Similarly, Fig. 10 shows the modulation of 
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MV-MPC-II, where the seven-segment pulse sequence, [5 3 
1]-[5 4 1]-[6 4 1]-[6 4 2]-[6 4 1]-[5 4 1]-[5 3 1], is selected (D1 = 
D2 = D3 = D4 = 1/4), which also has a symmetric pattern over 
one switching period. 

IV. EXPERIMENTAL STUDIES 
To validate the proposed control strategy, an all-SiC 

low-power prototype is developed using discrete SiC 
MOSFETs (CREE/Wolfspeed: C2M0160120D, 1.2 kV, 18 A, 
160 mΩ) [35]. The parameters of the system are given in Table 
II. Fig. 11 exhibits the experimental rig. The control algorithm 
is implemented in a dSPACE MicroLabBox, while the gate 
signals are generated using an Intel Max-10 FPGA. The optic 
fibers are used to transfer gating signals which can enhance the 
noise immunity. 

Fig. 12 demonstrates the average switching frequency 
comparison among the C-MPC and proposed MV-MPC at 
various sampling frequencies, where the average switching 
frequency is calculated based on the actual switching instants of 
each power switch using a moving averaging tool in 
MATLAB/Simulink. Since it is difficult to implement the 
C-MPC due to the massive computational burden, it is replaced 
by a modified C-MPC, which only evaluates the switching 
states of the three vectors that encircle the reference voltage 
vector [25]. As it can be seen, the average switching frequency 
of the proposed MV-MPC method at the sampling frequency of 
10 kHz is approximately similar to that of the C-MPC at the 
sampling frequency of 20 kHz, and the average switching 
frequency of the MV-MPC-I at 10 kHz sampling frequency is 
even lower than that of the C-MPC at 20 kHz sampling 
frequency. Therefore, the proposed MV-MPV at 10 kHz 
sampling frequency can be used as benchmarks for comparison 
with the C-MPC at 20 kHz sampling frequency. 

Fig. 13 exhibits the steady-state performance of the C-MPC 
at 10 and 20 kHz sampling frequency and the proposed control 
method at 10 kHz sampling frequency. It is obvious to observe 
that the current ripples of the proposed MV-MPC at 10 kHz 
sampling frequency are smaller than that of the C-MPC at both 
10 and 20 kHz sampling frequencies. The voltages of the 
dc-link and floating capacitors are all well-regulated under both 
control strategies. Therefore, it can be concluded that the 
proposed MV-MPC method is superior to the C-MPC in terms 
of current tracking at similar average switching frequency. 

Fig. 14 presents the transient-state performance of the 
C-MPC at 10 and 20 kHz sampling frequency and the proposed 
control method at 10 kHz sampling frequency. As it can be seen, 
in each case, the dc voltages are well regulated and the dynamic 
response is fast. The responding time of the C-MPC at 20 kHz 
sampling frequency is 420 μs, which is slightly shorter than that 
of the C-MPC at 10 kHz, i.e., 450 μs, due to higher sampling 
frequency. Regarding the proposed control strategy, both the 
MV-MPC-I and MV-MPC-II have the same responding time, 
i.e., 460 μs, which is still very fast. Therefore, it can be 
concluded that the inherent fast dynamic response 
characteristic of the C-MPC strategy can be retained in both 
proposed MV-MPC-I and MV-MPC-II. 

Fig. 15 illustrates the current spectrum comparison among 
the C-MPC at 10 and 20 kHz sampling frequency and the 
proposed control method at 10 kHz sampling frequency. Since 
the current THD of the C-MPC at 10 kHz sampling frequency is 
absolutely worse than that at 20 kHz, it is not included in the 
figure to make a better and clearer comparison. As it can be 
seen, the proposed MV-MPC-I and MV-MPC-II have much 
lower THD than the C-MPC, while the THD of the 
MV-MPC-II is slightly lower than that of the MV-MPC-I 
because of the seven-segment pulse pattern. In addition, the 
spectra of the proposed two methods have a clear harmonic 
concentration around the sampling frequency and its multiples. 
These results are consistent with the waveforms in Fig. 13, 
which proves the superiority of the proposed MV-MPC 
strategy in terms of the current THD performance. 

Fig. 16 gives the comparison of the current THD versus 
amplitude, which also validate the current ripple reduction 
effect of the proposed method. As it can be seen, both the 
proposed MV-MPC-I and MV-MPC-II at 10 kHz sampling 
frequency have lower current THD at various power volume 
than the C-MPC at 20 kHz sampling frequency, while the 
current THD of MV-MPC-II is slightly better than that of the 
MV-MPC-I. In both cases, the current THD gradually 
decreases as the current amplitude grows. To highlight the 
advantage of the proposed MV-MPC strategy in terms of 
execution time, the turnaround time has been collected in 
dSPACE real-time mode, as depicted in Fig. 17. As it can be 
seen, the proposed MV-MPC can enable approximately 40% 
turnaround time reduction compared with the C-MPC, which 
verifies another advantage of the proposed MV-MPC method 
in addition to current THD reduction. 

 
Fig. 11. Experimental rig of the ANPC-H converter. 

 

Fig. 12. Average switching frequency comparison. 
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(a)                                                                                                                (b) 

    
(c)                                                                                                                (d) 

Fig. 13. Experimental waveforms of steady-state at various sampling frequencies. (a) C-MPC with 10 kHz sampling frequency. (b) C-MPC with 20 
kHz sampling frequency. (c) MV-MPC-I with 10 kHz sampling frequency. (d) MV-MPC-II with 10 kHz sampling frequency. 

    
(a)                                                                                                                (b) 

    
(c)                                                                                                                (d) 

Fig. 14. Experimental waveforms of transient-state at various sampling frequencies. (a) C-MPC with 10 kHz sampling frequency. (b) C-MPC with 20 
kHz sampling frequency. (c) MV-MPC-I with 10 kHz sampling frequency. (d) MV-MPC-II with 10 kHz sampling frequency. 
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(a)                                                                             (b)                                                                              (c) 

Fig. 15. Current spectrum comparison at various sampling frequency. (a) C-MPC with 20 kHz sampling frequency. (b) MV-MPC-I with 10 kHz 
sampling frequency. (c) MV-MPC-II with 10 kHz sampling frequency. 

TABLE II 
SYSTEM PARAMETERS 

Variable Description Symbol Value 
Load inductance L 4 mH 
Load resistance R 10 Ω 

DC-link capacitance C 240 μF 
H-bridge capacitance C1 200 μF 

DC-link voltage Udc 180 V 
H-bridge dc voltage udc j1 45 V 

C-MPC Sampling frequency fs 20 kHz 
MV-MPC Sampling frequency fs 10 kHz 

Dead time Td 1 μs 
Fundamental frequency f 60 Hz 

 

Fig. 16. Current THD comparison. 

 

Fig. 17. Turnaround time comparison. 

V. CONCLUSION 
This article presents a generic MV-MPC strategy for HMCs. 

It firstly selects the three adjacent voltage vectors over one 
control cycle by leveraging the integer 120° oblique coordinate 

system. The current tracking is achieved through a duty cycle 
optimization approach. Then, the dc capacitor voltage 
balancing is achieved by evaluating possible switching 
sequences that belong to the voltage vectors with optimal duty 
cycles and the optimal switching sequence is generated through 
an external modulator and follows the symmetric pulse pattern. 
The steady- and transient-state performances of the proposed 
method are investigated through experimental tests performed 
on an all-SiC prototype where the results indicate the following 
aspects: 

1) The proposed generic MV-MPC can significantly reduce 
both the calculation burden and output current ripple while 
achieving constant equivalent switching frequency at the same 
time, and also retains the fast dynamic response characteristic 
of the conventional MPC. 

2) The dc capacitor voltage balancing is independent of the 
current tacking and thus, has no impact on it. 

3) The proposed strategy is very simple and straightforward 
to implement and is also applicable for an arbitrary HMC. 

Therefore, the proposed control method can be considered as 
a good candidate for high-performance control of the HMCs 
when fast and accurate current tracking is required. 

REFERENCES 
[1] J. Zhang, S. Xu, Z. Din, and X. Hu, “Hybrid multilevel converters: 

topologies, evolutions and verifications,” Energies, vol. 12, no. 4, 615, 
Feb. 2019. 

[2] K. Wang, Z. Zheng, and Y. Li, “Topology and control of a four-level 
ANPC inverter,” IEEE Trans. Power Electron., vol. 35, no. 3, pp. 
2342-2352, March 2020. 

[3] H. Tian and Y. W. Li, “An active capacitor voltage balancing method for 
seven-level hybrid clamped (7L-HC) converter in motor drives,” IEEE 
Trans. Power Electron., vol. 35, no. 3, pp. 2372–2388, Mar. 2020. 

[4] J. Li, S. Bhattacharya, and A. Q. Huang, “A new nine-level active NPC 
(ANPC) converter for grid connection of large wind turbines for 
distributed generation,” IEEE Trans. Power Electron., vol. 33, no. 1, pp. 
689–702, Jan. 2018. 

[5] M. Abarzadeh and K. Al-Haddad, “An improved 
active-neutral-point-clamped converter with new modulation method for 
ground power unit application,” IEEE Trans. Ind. Electron., vol. 66, no. 1, 
pp. 203-214, Jan. 2019. 

[6] H. Yu, B. Chen, W. Yao, and Z. Lu, “Hybrid seven-level converter based 
on T-type converter and H-bridge cascaded under SPWM and SVM,” 
IEEE Trans. Power Electron., vol. 33, no. 1, pp. 689–702, Jan. 2018. 

[7] V. Dargahi, A. K. Sadigh, K. A. Corzine, J. H. Enslin, J. Rodriguez, and F. 
Blaabjerg, “A new control technique for improved 
active-neutral-point-clamped (I-ANPC) multilevel converters using 

Authorized licensed use limited to: University of Arkansas. Downloaded on March 25,2021 at 03:29:03 UTC from IEEE Xplore.  Restrictions apply. 



0278-0046 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2020.3040691, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 
logic-equations approach,” IEEE Trans. Ind. Appl., vol. 56, no. 1, pp. 
488–497, Jan./Feb. 2020. 

[8] T. T. Davis and A. Dey, “Investigation on extending the DC bus 
utilization of a single-source five-level inverter with single capacitor-fed 
H-bridge per phase,” IEEE Trans. Power Electron., vol. 34, no. 3, pp. 
2914–2922, Mar. 2019. 

[9] K. Wang, Z. Zheng, L. Xu, and Y. Li, “A Generalized Carrier-Overlapped 
PWM Method for Neutral-Point-Clamped Multilevel Converters,” IEEE 
Trans. Power Electron., vol. 35, no. 9, pp. 9095-9106, Sep. 2020. 

[10] K. Wang, Z. Zheng, B. Fan, L. Xu, and Y. Li, “A modified PSPWM for a 
five-level hybrid-clamped inverter to reduce flying capacitor size,” IEEE 
Trans. Ind. Appl., vol. 55, no. 2, pp. 1658-1666, Mar./Apr. 2019. 

[11] D. Zhou, S. Yang, and Y. Tang, “Model-predictive current control of 
modular multilevel converters with phase-shifted pulsewidth modulation,” 
IEEE Trans. Ind. Electron., vol. 66, no. 6, pp. 4368–4378, Jun. 2019. 

[12] K. Wang, Z. Zheng, L. Xu, and Y. Li, “An Optimized Carrier-Based 
PWM Method and Voltage Balancing Control for Five-Level ANPC 
Converters,” IEEE Trans. Ind. Electron., vol. 67, no. 11, pp. 9120–9132, 
Nov. 2020. 

[13] S. Kouro, P. Cortes, R. Vargas, U. Ammann, and J. Rodriguez, “Model 
predictive control: A simple and powerful method to control power 
converters,” IEEE Trans. Ind. Electron., vol. 56, no. 6, pp. 1826–1838, 
Jun. 2009. 

[14] S. Vazquez et al., “Model predictive control: A review of its applications 
in power electronics,” IEEE Ind. Electron. Mag., vol. 8, no. 1, pp. 16–31, 
Mar. 2014. 

[15] T. Geyer, Model predictive control of high power converters and 
industrial drives, Chichester, West Sussex, UK: Wiley, 2017. 

[16] J. Rodriguez and P. Cortes, Predictive control of power converters and 
electrical drives, Chichester, West Sussex, UK: Wiley, 2012. 

[17] S. Vazquez, J. Rodriguez, M. Rivera, L. G. Franquelo, and M. 
Norambuena, “Model predictive control for power converters and drives: 
advances and trends,” IEEE Trans. Ind. Electron., vol. 64, no. 2, pp. 
935-947, Feb. 2017. 

[18] A. Dekka, B. Wu, V. Yaramasu, R. L. Fuentes, and N. R. Zargari, “Model 
predictive control of high-power modular multilevel converters—an 
overview,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 7, no. 1, pp. 
168-183, March 2019. 

[19] Y. Li, Y. Wang, and B. Q. Li, “Generalized theory of phase-shifted carrier 
PWM for cascaded H-bridge converters and modular multilevel 
converters,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 4, no. 2, pp. 
589-605, Jun. 2016. 

[20] B. Wu and M. Narimani, High-power converters and ac drives, Hoboken, 
New Jersey, USA: Wiley, 2017. 

[21] J. Huang, et al., “Priority sorting approach for modular multilevel 
converter based on simplified model predictive control,” IEEE Trans. Ind. 
Electron., vol. 65, no. 6, pp. 4819-1830, Jun. 2018. 

[22] M. R. Nasiri, S. Farhangi, and J. Rodríguez, “Model predictive control of 
a multilevel CHB STATCOM in wind farm application using diophantine 
equations,” IEEE Trans. Ind. Electron., vol. 66, no. 2, pp. 1213-1223, Feb. 
2019. 

[23] Z. He, P. Guo, Z. Shuai, Q. Xu, A. Luo, and J. M. Guerrero, “Modulated 
model predictive control for modular multilevel AC/AC converter,” IEEE 
Trans. Power Electron., vol. 34, no. 10, pp. 10359-10372, Oct. 2019. 

[24] P. Karamanakos and T. Geyer, “Guidelines for the design of finite control 
set model predictive controllers,” IEEE Trans. Power Electron., vol. 35, 
no. 7, pp. 7434-7450, July 2020. 

[25] Y. Wang, et al., “Deadbeat model-predictive torque control with discrete 
space-vector modulation for PMSM drives,” IEEE Trans. Ind. Electron., 
vol. 64, no. 5, pp. 3537-3547, May 2017. 

[26] J. Lee, J. Lee, H. Moon, and K. Lee, “An improved finite-set model 
predictive control based on discrete space vector modulation methods for 
grid-connected three-level voltage source inverter,” IEEE J. Emerg. Sel. 
Topics Power Electron., vol. 6, no. 4, pp. 1744-1760, Dec. 2018. 

[27] I. Osman, D. Xiao, K. S. Alam, S. M. S. I. Shakib, M. P. Akter, and M. F. 
Rahman, “Discrete space vector modulation-based model predictive 
torque control with no suboptimization,” IEEE Trans. Ind. Electron., vol. 
67, no. 10, pp. 8164-8174, Oct. 2020, 

[28] A. Mora, R. Cárdenas-Dobson, R. P. Aguilera, A. Angulo, F. Donoso, and 
J. Rodriguez, “Computationally efficient cascaded optimal switching 
sequence MPC for grid-connected three-level NPC converters,” IEEE 
Trans. Power Electron., vol. 34, no. 12, pp. 12464-12475, Dec. 2019. 

[29] D. Zhou, L. Ding, and Y. Li, “Two-stage model predictive control of NPC 
inverter-fed PMSM drives under balanced and unbalanced DC links,” 
IEEE Trans. Ind. Electron., in press, 2020. 

[30] D. Zhou, P. Tu, and Y. Tang, “Multivector model predictive power 
control of three-phase rectifiers with reduced power ripples under 
nonideal grid conditions,” IEEE Trans. Ind. Electron., vol. 65, no. 9, pp. 
6850-6859, Sep. 2018. 

[31] Y. Yang et al., “Multiple-voltage-vector model predictive control with 
reduced complexity for multilevel inverters,” IEEE Trans. Transport. 
Electrific., vol. 6, no. 1, pp. 105-117, Mar. 2020. 

[32] S. Kang, J. Soh, and R. Kim, “Symmetrical three-vector-based model 
predictive control with deadbeat solution for IPMSM in rotating reference 
frame,” IEEE Trans. Ind. Electron., vol. 67, no. 1, pp. 159-168, Jan. 2020. 

[33] Y. Zhang, J. Liu, H. Yang, and S. Fan, “New insights into model 
predictive control for three-phase power converters,” IEEE Trans. Ind. 
Appl., vol. 55, no. 2, pp. 1973-1982, Mar./Apr. 2019. 

[34] F. Chen and W. Qiao, “A general space vector PWM scheme for 
multilevel inverters,” in Proc. IEEE Energy Convers. Congr. Expo. 
(ECCE), Milwaukee, WI, USA, 2016, pp. 1-6. 

[35] Wolfspeed, “Datasheet C2M0160120D Silicon-Carbide Power 
MOSFET,” [Online]. Available: 
https://www.wolfspeed.com/media/downloads/169/C2M0160120D.pdf, 
2019. 

 
 

Yufei Li (Member, IEEE) received the B.S. and Ph.D. 
degrees in electrical engineering from Xi’an Jiaotong 
University, Xi’an, China, in 2009 and 2016, 
respectively. 

From 2016 to 2017, he was an engineer with the 
Shaanxi Electric Power Research Institute, State Grid 
Corporation of China, Xi’an, China. Since August 
2017, he has been an Assistant Professor with the 
Department of Electrical Engineering, Northwestern 
Polytechnical University, Xi’an, China. Since June 
2019, he has been with the Department of Electrical 

Engineering, University of Arkansas, Fayetteville, AR, USA, where he is 
currently a Postdoctoral Fellow. His research interests include multilevel 
converters, power converter control, and wide bandgap (WBG) power device 
applications. 
 

Fei Diao (Student Member, IEEE) received the B.E. 
and M.E. degrees in electrical engineering from 
Southwest Jiaotong University, Chengdu, China, in 
2015 and 2018, respectively. He is currently pursuing 
the Ph.D. degree in electrical engineering with the 
Department of Electrical Engineering, University of 
Arkansas, Fayetteville, AR, USA. 

Currently, his main research interests include 
power converter modulation and control and wide 
bandgap (WBG) power device applications. 
 

 
Yue Zhao (Senior Member, IEEE) received a B.S. 
degree in electrical engineering from Beijing 
University of Aeronautics and Astronautics, Beijing, 
China, in 2010, and a Ph.D. degree in electrical 
engineering from the University of Nebraska-Lincoln, 
Lincoln, USA, in 2014. 

He was an Assistant Professor in the Department 
of Electrical and Computer Engineering at the 
Virginia Commonwealth University, Richmond, USA, 
in 2014-2015. Since 2015, he has been with the 

University of Arkansas (UA), Fayetteville, USA, where he is currently an 
Assistant Professor in the Department of Electrical Engineering. His current 
research interests include electric machines and drives, power electronics, and 
renewable energy systems. He has 4 U.S. patents granted and co-authored more 
than 70 papers in refereed journals and international conference proceedings. 

Dr. Zhao is an Associated Editor of the IEEE Transactions on Industry 
Applications and IEEE Open Journal of Power Electronics. He was a recipient 
of 2018 U.S. National Science Foundation CAREER Award, the 2020 IEEE 
Industry Applications Society Andrew W. Smith Outstanding Young Member 
Achievement Award and the 2020 UA College of Engineering Dean’s Award 
of Excellence. 

Authorized licensed use limited to: University of Arkansas. Downloaded on March 25,2021 at 03:29:03 UTC from IEEE Xplore.  Restrictions apply. 


