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Control for Modular Multilevel Converter With
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Abstract—Model predictive control (MPC) has been widely
adopted in modular multilevel converters (MMCs) due to its
multiobjective capabilities and rapid dynamic response. How-
ever, it faces challenges such as significant computational burden,
difficulty in adjusting weighting factors, and variable switching
frequency. Additionally, the presence of numerous redundant
switching states further complicates the application of space vector
modulation in MMC. To address these issues, this article proposes
an optimal switching sequence MPC (OSS-MPC) for MMC. First,
a method for determining the candidate switching sequence is
developed to identify specific switching states while minimizing
computational complexity. Next, a predictive model based on the
gradient of output current is introduced to reduce current ripple
and improve tracking accuracy. Finally, circulating current sup-
pression is achieved by integrating the predictive model of arm
unbalanced voltage with the OSS. The proposed OSS-MPC exhibits
excellent steady-state performance and a reduced computational
burden while preserving the rapid response characteristic of MPC.
Simulation and experimental results from a prototype with 24
submodules demonstrate the feasibility of the proposed method.

Index Terms—Model predictive control (MPC), modular
multilevel converter (MMC), optimal switching sequence, space
vector modulation (SVM).

I. INTRODUCTION

THE modular multilevel converter (MMC) has garnered
considerable attention for medium/high-voltage power

conversion in the past decade [1], [2], [3], [4]. Owing to
its high modularity, excellent scalability, low switching fre-
quency and superior harmonic performance, the MMC has found
widespread application in flexible dc transmission [5], [6], [7],
wind power generation [8], [9], power electronic transformers
[10], high-power motor drives [11], [12], and traction power
supply systems [13].

Compared with the complex cascading structure under the
traditional linear control method [14], [15], model predictive
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control (MPC), as a typical multiobjective control algorithm, is
well-suited for MMC control due to the ease of implementing
multiobjective constraints, straightforward parameter adjust-
ment, and fast dynamic response [16]. Various MPC methods
and related optimization methods have been proposed, which
can be classified into two categories: 1) finite control set (FCS)-
MPC and 2) continuous control set (CCS)-MPC. For FCS-MPC,
the traditional method in [17] requires evaluating all possible
switching states to select the optimal one that minimizes the cost
function, thereby achieving multiobjective control. However,
as the number of submodules (SMs) in MMC increases, the
computational burden associated with the rolling optimization
becomes significant, making practical implementation challeng-
ing. Consequently, FCS-MPC that considers voltage levels is
easier to implement in MMC [18], as it requires optimization
over only N+1 voltage levels to minimize the cost function.
Significant computation reduction can be achieved by modifying
the rolling optimization and the formulation of the cost function
in [19] and [20]. To effectively suppress the circulating current
and eliminate the need for weight factors, a cascaded FCS-MPC
is proposed for the first time in [21]. The effectiveness of
this cascaded FCS-MPC has been verified through simulation
and experimental results in [22] and [23]. Nevertheless, these
optimized FCS-MPCs have varying switching frequencies and
relatively poor steady-state performance due to the absence of
modulators, leading to a wide distribution of harmonic spectrum
and increasing the complexity of filter design.

On the other hand, to mitigate the inherent challenges of
FCS-MPC, various CCS-MPCs have been applied to MMC. A
modulated MPC is proposed in [24] that retains the original
nonlinear control characteristics of FCS-MPC while improving
steady-state performance. However, the rolling optimization is
still required to select two specific voltage levels applied to the
next control period. In [25], the MPC based on deadbeat control
is proposed, which eliminates the need for rolling optimization
and achieves a fixed switching frequency by introducing a
modulator. A two-stage modulated MPC is proposed in [26]
to control the output currents and the circulating currents sep-
arately, achieving good dynamic and steady-state performance
through carrier-phase-shift (PS) modulation. Poblete et al. [27]
enhanced the PS pulsewidth modulation (PS-PWM) scalability
by decomposing CCS-MPC optimization into sequential sub-
problems, updating six modulation signals through a carrier syn-
chronization mechanism. Arias-Esquivel et al. [28] first applied
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CCS-MPC to MMC drives. The method achieves suppression
of SM capacitor voltage fluctuations and optimal control of
circulating currents through online adjustment of weighting
factors in the cost function. Furthermore, Rivero et al. [29]
developed a long-horizon CCS-MPC based on the alternating
direction method of multipliers. This strategy effectively sup-
presses low-frequency oscillations in capacitor voltages while
maintaining minimal circulating current ripple. In [30], the
effects of control delay, SM capacitor voltage fluctuation com-
pensation, and model parameter mismatch under CCS-MPC are
analyzed in detail, and the corresponding compensation con-
trol is carried out to enhance the steady-state performance and
stability.

Among the various CCS-MPC methods, optimal switching
sequence model predictive control (OSS-MPC) has been ef-
fectively implemented in two-level [31], [32] and three-level
converters [33] due to its excellent steady-state performance. Its
essence lies in selecting a fixed optimal combination of switch-
ing vectors within a single sampling period to reduce current
ripple and maintain a constant switching frequency. Specifically,
the duration of the switching sequence can be obtained based
on the gradient of the currents [32], enabling accurate current
tracking.

However, the implementation of OSS-MPC becomes chal-
lenging in real-time systems, particularly when applied to MMC,
due to the significant computational burden associated with
determining the OSS. Several simplified methods have been
proposed to address this challenge, such as two-level-based
space vector modulation (SVM) [34], 45-degree frame [35],
60° frame [36], and other equivalent methods [37]. In [34], the
OSS selection is simplified to a two-level SVM by selecting the
center vector of the reference vector and only considering the six
sectors around it. However, the iterative operation and mapping
relationship become more complicated in the abc frame as the
voltage level increases. In the simplified method of transforming
coordinate systems, the 60° frame is the most widely used.
Huang et al. [36] analyzed the space vector distribution in a
60° frame using a seven-level MMC as an example, which
provided a method for low-complexity location and calculation
of multilevel OSS. Although the computational burden is not
influenced by the number of levels, only a single space vector is
performed in one period, which does not exploit the advantages
of OSS. A space-vector-equalized MPC control is proposed
in [37], which regards each arm as a whole. Although the
calculational burden is reduced, the modulation part still needs
to be realized by CPS-PWM, which is difficult to apply in
the case of a large number of SMs. OSS-MPC is effectively
introduced into multilevel converters in [38]. However, it still
requires extensive rolling optimization calculations and look-up
tables to determine the optimal switching sequence, leading
to significant computational complexity. Although further re-
ductions in computational burden are possible by limiting the
rolling optimization range in [39], this comes at the cost of
compromised dynamic performance. Furthermore, the method
for determining the exact switching sequence remains unclear,
leading to complex algorithms and excessive storage require-
ments. To the best of our knowledge, no reference has reported

Fig. 1. Topology of the three-phase MMC and its submodule.

the OSS-MPC applied in MMC with low computational com-
plexity and excellent performance.

To address the issues mentioned above, this article proposes a
novel MPC strategy with OSS for MMC. The main contributions
of this article are summarized as follows.

1) A method for determining the candidate switching se-
quence with a fixed number of rolling optimization times
is proposed. The method can be extended to any number
of voltage levels without increasing the obvious compu-
tational burden.

2) A low-complexity OSS-MPC algorithm for MMC is pro-
posed. Compared to existing FCS-MPC and CCS-MPC
methods, the proposed method achieves reduced current
ripple while providing enhanced system robustness.

3) By integrating with the seven-segment optimal switching
sequence derived from space vectors, the proposed method
achieves fixed switching frequency and improved dc-link
voltage utilization.

The rest of this article is organized as follows. Section II
provides a system description of MMC. Section III outlines
the design and implementation of the OSS-MPC strategy. In
Section IV, comparative simulation and experimental results
are presented to verify the feasibility and effectiveness of the
proposed methods. Finally, Section V concludes this article.

II. SYSTEM DESCRIPTION

A. Working Principle and Control Objectives

The topology of the MMC is shown in Fig. 1. Each arm is
composed of N SMs and an arm inductor L0 connected in series.
The arm resistor R0 represents the equivalent resistance of the
parasitic parameters of the arm inductor and the associated losses
within the arm. R and L denote the resistive-inductive load on
the ac side. Each SM is formed by a half-bridge structure in
parallel with a dc capacitor CSM, containing two complementary
power devices T1 and T2. Under normal operating conditions,
the output voltage of the SM equals the capacitor voltage us
when the SM is inserted and is zero when bypassed. Therefore,
by adjusting the number of inserted SMs in the arm, the ac
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side output voltage can be controlled. If the capacitor voltages
are well-balanced, the MMC can deliver N+1 or 2N+1 voltage
levels depending on the modulation strategy. In this article, the
MMC operates with N+1 voltage levels.

B. Mathematical Model of the MMC

The basic mathematical model for MMCs has been exten-
sively detailed in [12] and [27]. Combining the positive direction
of the electrical quantities defined in Fig. 1, the following
equations can be derived using Kirchhoff’s laws:

Udc

2
− upj − L0

dipj
dt

−R0ipj − L
dij
dt

−Rij = 0 (1)

Udc

2
− unj − L0

dipj
dt

−R0ipj + L
dij
dt

+Rij = 0 (2)

ij = ipj − inj (3)

idj =
ipj + inj

2
=

Idc
3

+ izj (4)

where Udc denotes the dc bus voltage, subscript j (j = a, b, c)
represents one of the three phases. upj and unj refer to the upper
and lower arm voltages, respectively. ipj and inj are the upper
and lower arm currents, respectively. idj indicates the circulating
currents in phase j, and izj is the ac component of the circulating
currents. Based on (1)–(4), the dynamic equations of the ac
currents and circulating currents can be obtained as

dij
dt

=
2

L0 + 2L
uj −

(
R0 + 2R

L0 + 2L

)
ij (5)

didj
dt

=
1

2L0
(Udc − upj − unj)− R0

L0
idj (6)

where the ac side phase voltage uj is given by

uj =
unj − upj

2
. (7)

According to (5)–(7), the output currents and circulating
currents can be controlled by adjusting the voltages of the upper
and lower arms for each phase. Simultaneously, the dynamic
characteristics of the SM capacitor voltage can be expressed as

ducrji

dt
=

irj
CSM

(8)

where the subscript r (r = p, n) hereinafter represents the upper
and lower arm. ucrji denotes the SM capacitor voltage of the ith
(i = 1, 2, …, N) SM in the r arm of the phase j.

III. DESIGN OF THE OSS-MPC STRATEGY

The control objectives of MMC mainly include the following
three aspects.

1) Output Currents Tracking: The output currents should
accurately follow the given reference value.

2) Circulating Currents Suppression: The ac component of
the circulating currents should be eliminated.

3) Capacitor Voltage Balancing: The capacitor voltage of the
SMs should be effectively balanced.

An OSS-MPC strategy applied to MMC is proposed in this
section, which consists of the following parts: reference voltage

vector prediction, the candidate switching sequence determina-
tion, predictive model based on current gradient, circulating cur-
rents suppression (CCS), and SM capacitor voltage balancing.
The specific design steps are as follows.

A. Discrete Predictive Model of Reference Voltage Vector

It is essential to rapidly determine the vector position by
predicting the reference voltage vector, thereby eliminating the
complex rolling optimization processes discussed in [38] and
[39]. Based on the dynamic models in (5)–(8), the discrete math-
ematical model of the MMC is formulated using the forward
Euler method as follows:

ij(k + 1) =
2Ts

L0 + 2L
uj(k + 1) +

(
1− R0 + 2R

L0 + 2L
Ts

)
ij(k)

(9)

idj(k + 1) =
Ts

2L0
(Udc − upj(k + 1)− unj(k + 1))

+

(
1− R0

L0
Ts

)
idj(k) (10)

{
ucrji(k + 1) = Ts

CSM
irj(k) + ucrji(k), Srji(k) = 1

ucrji(k + 1) = ucrji(k), Srji(k) = 0
. (11)

The predictive model developed in this article adopts the
cascaded control structure [12], which separately regulates the
phase current and circulating current control objectives. To sim-
plify the representation of a balanced three-phase MMC system,
the amplitude-invariant Clarke transformation TClarke is used to
convert the output voltages and currents from the three-phase
abc frame to the stationary α-β frame.

u = uα + juβ = T Clarke
[
uan ubn ucn

]T
i = iα + jiβ = T Clarke

[
ia ib ic

]T
(12)

with the Clarke transformation as

T Clarke =
2

3

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]
. (13)

Based on (9) and (12), the discrete predictive model of the
reference voltage vector at time instant k+1 can be expressed as

u∗
α(k + 1) =

L0 + 2L

2Ts
(i∗α(k + 1)− iα(k)) +

R0 + 2R

2
iα(k)

u∗
β(k + 1) =

L0 + 2L

2Ts

(
i∗β(k + 1)− iβ(k)

)
+

R0 + 2R

2
iβ(k)

(14)

where i(k+1) is replaced by i∗(k+1) to track the reference value
of the output currents.

Thus, the optimal reference voltage vector u∗(k+1) at time
instant k+1 can be obtained by this discrete predictive model.

B. Method of Determining Candidate Switching Sequences

Each voltage base vector of multilevel converters can be
positioned distinctly in the g-h frame, also known as the 60°
frame [36]. Compared with the abc frame in [34], the g-h frame
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Fig. 2. Space vector diagram of MMC in the g-h frame.

eliminates the need for extensive trigonometric calculations,
significantly reducing the computational burden associated with
sector determination and coordinate calculations. The reference
vector obtained by (14) is represented by (U ∗

α, U
∗
β), then the

coordinates in the g-h frame can be expressed as

[
U ∗
g

U ∗
h

]
=

1

|Umin|

[
1 − 1√

3

0 2√
3

] [
U ∗
α

U ∗
β

]
, |Umin| = 2Udc

3N
(15)

where |Umin| denotes the magnitude of the smallest voltage base
vector of MMC.

Since the coordinates of the base voltage vectors are all
integers shown in Fig. 2, the four base voltage vectors closest
to the prediction vector U∗ can be obtained by rounding up and
down (U ∗

g , U
∗
h), respectively, which can be expressed as

Uul =

[
U ∗
g

U ∗
h

]
,U lu =

[
U ∗
g

U ∗
h

]
,Uuu =

[
U ∗
g

U ∗
h

]
,U ll =

[
U ∗
g

U ∗
h

]

(16)

where the overline and underline symbols denote rounding the
variable up and down, respectively.

The four base voltage vectors form a closed parallelogram
around the reference voltage vector, as shown in Fig. 2. Uul

and Ulu always lie on the diagonals of this parallelogram and
can serve as candidate vectors U1 and U2, respectively. Based on
geometric relationships, the candidate vector U3 can be obtained
by

U3 =

{
Uuu, U

∗
g + U ∗

h − U ∗
g − U ∗

h ≥ 0

U ll, U
∗
g + U ∗

h − U ∗
g − U ∗

h < 0
. (17)

Take a reference vector in Sector I as an example, as shown in
Fig. 2, the coordinates of the selected vector {U1, U2, U3} in the
g-h frame can be determined according to (16) and (17) as {(21),
(12), (11)}. The selected vector {U1, U2, U3} may correspond to
multiple switching states, known as redundant switching states
[33]. It should be stated that the “switching states” described

Fig. 3. Diagram of redundant switching states.

TABLE I
COMMON-MODE VOLTAGE FOR REDUNDANT SWITCHING STATES OF THE BASE

VECTOR IN SECTOR I

hereinafter refer to the number of inserted SMs in the lower arm
of each phase of the MMC, represented by (Sax, Sbx, Scx).

The relationship between these switching states and the g-h
coordinates can be expressed as⎧⎨

⎩
Sax = i 0 ≤ i ≤ N
Sbx = i− Ug 0 ≤ i− Ug ≤ N
Scx = i− Ug − Uh 0 ≤ i− Ug − Uh ≤ N

(18)

where (Ug, Uh) represents the coordinates of the selected vector
in the g-h frame.

Fig. 3 shows the redundant switching states corresponding to
all base vectors in Sector I calculated according to (18). The re-
lationship between different redundant states and corresponding
common-mode voltage (CMV) is explicitly presented in [40]. In
this article, the CMV corresponding to various redundant states
in Sector I are listed, as shown in Table I, where E represents
Udc/2. To minimize the CMV, the principle for selecting re-
dundant switching states can be summarized as follows: base
vectors with an even number of redundant states should retain
the two central switching states, whereas base vectors with an
odd number of redundant states should retain the one central
switching state.
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TABLE II
MAPPING RELATIONSHIP BETWEEN OTHER SECTORS AND SECTOR I

Additionally, for a three-phase inverter, the minimum number
of switching actions per switching cycle is three, thus requir-
ing the application of four switching states within each cycle.
When employing the three nearest voltage base vectors with
seven-segment symmetric PWM, the first and fourth segments
of the sequence must correspond to the same base vector. Con-
sequently, all sequences initiate from base vectors possessing an
even number of redundant switching states.

Based on the above selection principles, it is necessary to
first determine the number of redundant switching states corre-
sponding to the selected vector. In Sector I, it can be calculated
by

XR = N + 1− (Ug + Uh) (19)

where XR represents the number of redundant switching states
for the selected vector. To simplify the calculation of redundant
switching states in other sectors, coordinates can be mapped to
Sector I by Table II, where (Umg, Umh) denotes the coordinates
after mapping.

To achieve symmetric seven-segment SVM, the initial switch-
ing state is selected from the base vector with an even number
of redundant states, based on the terminal switching state of the
previous sequence. Subsequently, the second and third switching
states are chosen from the two remaining vectors, prioritizing
those with the fewest switching transitions compared to the
previous state. The number of switching actions is calculated
by

Y = |Saxk − Saold|+ |Sbxk − Sbold|+ |Scxk − Scold| (20)

where (Saold, Sbold, Scold) refers to the previous switching state
and (Saxk, Sbxk, Scxk) denotes the candidate switching states.

Finally, the seven-segment switching sequence and the can-
didate set SScan with the fewest switching transitions can be
derived as{

SSx = {S1, S2, S3, S4, S3, S2, S1}
SScan = {SS1, SS2, SS3, SS4, SS5, SS6} (21)

where Si (i = 1,2,3) represent the candidate switching states
corresponding to the selected vectors Ui, whereas S4 is another
redundant state of the same base vector as S1. SSx (x= 1,2, …,6)
represent the candidate switching sequence at time k+1.

For example, Fig. 4 shows the candidate switching sequence
set SScan. The switching states highlighted in bold are those
that should be retained. Therefore, according to the position of
U∗, U1 corresponds to (3,1,0) and (4,2,1). U2 corresponds to
(3,2,0) and (4,3,1). U3 corresponds to (3,2,1). Since both U1

and U2 have an even number of redundant switching states, any
of the four switching states corresponding to U1 and U2 could
potentially be the initial switching state. Assuming the switching

Fig. 4. Diagram of the candidate switching sequence set at time k+1 (taking
a certain voltage vector as an example).

Fig. 5. Flowchart of the algorithm for determining SScan.

state at time instant k is (3,0,0), the switch state (3,1,0) with the
smallest Y value is selected according to (20) as the first switch
state S1, and the redundant switching state (4,2,1) corresponding
to (3,1,0) is selected as the switching state S4 for the fourth seg-
ment. Next, following the principle of minimizing the number
of switching actions, the candidate switching sequence set SScan
can be obtained by (21). Similarly, the SScan corresponding to the
predicted value of any voltage vector can be calculated according
to the algorithm shown in Fig. 5.

According to the above analysis, the proposed SScan deter-
mination method avoids the computational burden associated
with unnecessary redundant vector states in [39]. The rolling
optimization is confined to only six sequences within the green
hexagon in Fig. 4, thereby significantly reducing computational
burden. Furthermore, the CMV generated by the selected switch-
ing sequence is consistently minimized.

C. Predictive Model Based on Output Current Gradients

For voltage source inverters such as MMC, the output current
change rate is directly related to the voltage vector. Based on
the dynamic model of output currents (5), the current gradients
for each voltage vector in the α-β coordinate system can be
determined as{

Kdαn = iα(k+1)−iα(k)
Ts

= 2
L0+2Luαn − R0+2R

L0+2L iα(k)

Kdβn =
iβ(k+1)−iβ(k)

Ts
= 2

L0+2Luβn − R0+2R
L0+2L iβ(k)

(22)
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Fig. 6. Graphical description of the predicted output current trajectory of a
symmetrical seven-segment vector switching sequence.

where uαn and uβn represent the output voltage vectors corre-
sponding to the switching state of the nth segment (n = 1–4).
Since S4 and S1 correspond to the same voltage vector, the
current gradients for both states are identical.

By integrating the switching sequence SScan and the out-
put current gradient derived from (22), the predictive current
trajectory for one sampling period Ts is shown in Fig. 6. The
output currents predictive model utilizing current gradients can
be established as⎧⎨
⎩
iα(k + 1) = iα(k) + 2× (2Kdα1t1 +Kdα2t2 +Kdα3t3)
iβ(k + 1) = iβ(k) + 2× (2Kdβ1t1 +Kdβ2t2 +Kdβ3t3)
2t1 + t2 + t3 = Ts/2

(23)

where t1, t2, and t3 represent the duration time of each vector
segment, respectively.

To optimally track the current reference value within one Ts,
the duration time of each switching state can be determined by
minimizing the sum of squared current tracking errors in the
following equation:

G(t2, t3) = (i∗α(k + 1)− iα(k + 1))2 +
(
i∗β(k + 1)

− iβ(k + 1))2 . (24)

The duration time of the switching sequences can be deter-
mined by solving the following constraint equations:{

∂G(t2,t3)
∂t2

= 0
∂G(t2,t3)

∂t3
= 0

. (25)

Based on (23)–(25), the analytic expression of the optimal
time for t2 and t3 can be derived as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

t2o = 1
KDen

×
⎡
⎣ Kdβ3 −Kdβ1

Kdα1 −Kdα3

Kdα3Kdβ1 −Kdα1Kdβ3

⎤
⎦
T ⎡
⎣i∗α − iα(k + 1)
i∗β − iβ(k + 1)

Ts

⎤
⎦

t3o = 1
KDen

×
⎡
⎣ Kdβ1 −Kdβ2

Kdα2 −Kdα1

Kdα1Kdβ2 −Kdα2Kdβ1

⎤
⎦
T ⎡
⎣i∗α − iα(k + 1)
i∗β − iβ(k + 1)

Ts

⎤
⎦
(26)

with KDen expressed as

KDen = 2× (Kdα1Kdβ2 −Kdα2Kdβ1 −Kdα1Kdβ3

Fig. 7. Cost function minimization process of output current.

+Kdα3Kdβ1 +Kdα2Kdβ3 −Kdα3Kdβ2). (27)

Based on (26), the optimal duration for each candidate switch-
ing sequence in set SScan can be calculated. To minimize out-
put current ripple, this article constructs a cost function Gx

(x = 1, 2, …,6) by adopting the rolling optimization prin-
ciple of FCS-MPC. This cost function accounts for current
prediction errors during each time segment within one sampling
period Ts under different switching vector combinations. The
switching sequence SSopt that minimizes Gx is selected from
SScan as the optimal switching sequence. Gx can be expressed
as

Gx =

7∑
n=1

(i∗α(k + 1)− iαSn)
2 +

(
i∗β(k + 1)− iβSn

)2
(28)

where iαSn and iβSn represent the predicted current values
after applying the nth switching state, which can be derived
recursively through the following equation:{

iαS(n+1) = iαSn +Kdαntnx
iβS(n+1) = iβSn +Kdβntnx

(29)

where Kdα(β)n and tnx can be calculated from (22) and (26).
Moreover, the cost function minimization process of output

current is shown in Fig. 7. Based on the gradient of output
current, each segment of the vector switching sequence is con-
sidered by the proposed OSS-MPC. Hence, the current gradient
is optimally adjusted, and the expected output current will be
controlled closed to its reference.

Fig. 8 shows a sample diagram of the optimal duty ratio for
an optimal switching sequence, where Nj0 and Nj1 represent the
initial switching state and the fourth switch state of phase j in
the optimal switching sequence, respectively.

Combined with the optimal duration time obtained from (26)
and the action law of the switching sequence, the optimal duty
ratio of the Nj1 can be expressed as⎧⎪⎪⎨
⎪⎪⎩
dao=

2
Ts

[(Sa2 − Sa1)t2o+(Sa3−Sa1)t3o+2(Sa4−Sa1)t1o]

dbo=
2
Ts

[(Sb2 − Sb1)t2o+(Sb3 − Sb1)t3o+2(Sb4 − Sb1)t1o]

dco=
2
Ts

[(Sc2 − Sc1)t2o+(Sc3 − Sc1)t3o+2(Sc4 − Sc1)t1o]

(30)

where Sjn represents the switching state of the nth segment of
phase j in SSopt.
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Fig. 8. Sample diagram of the optimal duty ratio.

D. Methods for Circulating Currents Suppression

The circulating current of the MMC flows exclusively within
the upper and lower arms and does not impact the output cur-
rents. However, the ac component of the circulating currents
increases the currents through power devices, leading to higher
power loss and greater stress on the power devices. To improve
the system efficiency and reliability, it is crucial to eliminate the
ac component of the circulating currents.

Due to the capacitor voltage fluctuation of the SM, the sum
of the upper and lower arm voltage of phase j cannot always
equal Udc. The unbalanced voltage acts on the inductance and
resistance of the arm, resulting in the generation of the ac
component in the circulating currents. Thus, the CCS can be
achieved by adjusting the number of inserted SMs within the
arm, which in turn modulates the arm voltage to eliminate the
imbalance, which can be expressed as

udiffj = 2udj = Udc − (upj + unj). (31)

If the upper and lower arms of phase j both bear half of the
unbalanced voltage, represented by udj in (31), then according to
(7), the ac side output will not be affected. By replacing idj(k+1)
in (10) with Idc/3 as the reference value of the circulating
currents, the predictive model of the reference arm unbalanced
voltage can then be represented by

u∗
dj(k + 1) = −L0

Ts

(
i∗dj(k + 1)− idj(k)

)−R0idj(k) (32)

where u∗
dj(k + 1) represents the reference value of the arm

unbalance voltage of phase j at time instant k+1 to eliminate
the ac component of the circulating current.

Assuming that the capacitor voltages of SMs are well-
balanced, the average capacitor voltage of the arm can be ex-
pressed as

Ucrj_av(k) =
1

N

N∑
i=1

Ucrji(k) (33)

where Ucrj_av(k) denotes the average capacitor voltage in the
r arm of the phase j. Based on (32) and (33), the duty ratio

Fig. 9. Optimal duty ratio of the arms after circulation suppression.

correction amount for suppressing circulating currents in each
arm can be formulated as

drdj =
u∗
dj(k + 1)

Ucrj_av(k)
(34)

where drdj represents the duty ratio correction amount in the
r arm of the phase j, which needs to be superimposed to the
original optimal duty ratio djo specified in (26) during the
switching process of each arm to additionally insert or bypass
the extra SMs. Then, the optimal duty ratio of the arm can be
derived from (26) and (34) as{

dpjo = djo − dpdj
dnjo = djo + dndj

(35)

where dpjo and dnjo represent the optimal arm duty ratios for
the upper and lower arms in phase j, respectively, through the
OSS and CCS within one Ts.

To enhance clarity, Fig. 9 shows the duty ratio changes of the
sequence after CCS, where the number of arm conduction SMs
Nrj0 and Nrj1 can be obtained through the calculations from the
optimal switching sequence SSopt as follows:{

Nnj0 = Nj0

Nnj1 = Nj0 + 1
and

{
Npj0 = N −Nnj0

Npj1 = Npj0 + 1
. (36)

E. Submodule Capacitor Voltage Balance Control

The method of SM capacitor voltage balance control used in
this article is based on the sorting algorithm. After the switching
sequence and duty ratio are determined, the optimal number
of SMs inserted in the upper and lower arms can be obtained.
Therefore, with the direction of arm currents and the voltage
sorting results, the SMs within the arm are inserted or bypassed
in order. The flowchart of the capacitor voltage sorting algorithm
is shown in Fig. 10.

If the arm current irj(k) < 0, the capacitor voltage is arranged
in descending order, and the front Nrjx SMs are inserted pref-
erentially to discharge them. If the arm current irj(k) ≥ 0, the
capacitor voltage is arranged in ascending order, and the front
Nrjx SMs are inserted preferentially to charge them. Then, the
specific switching statuses of the SMs for each arm at time
instant k+1 can be determined.
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Fig. 10. Flowchart of the SMs voltage sorting algorithm.

Fig. 11. Block diagram of OSS-MPC applied to MMC.

The block diagram of the proposed OSS-MPC scheme applied
to MMC is presented in Fig. 11, which comprises the calculation
of the optimal switching sequence and duration, CCS, and the
capacitor voltage balancing algorithm for the SMs. Initially, the
phase currents, arm currents, and SM capacitor voltages at time
k are measured. Based on the predictive model, the reference
voltage space vector for time k+1. Utilizing the predictive
model, the reference voltage vector u∗(k+1) is determined,
and redundant switching states of the candidate vectors are
filtered to identify the candidate switching sequence in the g-h
frame. Subsequently, the OSS and optimal duration are obtained
through a fixed number of rolling optimization times based on
the current gradient model. Additionally, the optimal duty ratio
for the arm and the number of arm conduction SMs are obtained
through the predictive model of arm unbalance voltage. Finally,
a sorting algorithm is implemented to achieve the SM capacitor
voltage balance control for MMC. The detailed implementation
process of OSS-MPC is shown in Fig. 12.

F. Scalability Analysis of the Proposed Method

The computational burden of conventional OSS-MPC [38],
[39] when applied to multilevel converters was mainly reflected
in two aspects: switching sequence determination and rolling

Fig. 12. Detailed flowchart of the proposed OSS-MPC.

Fig. 13. 11-level space vector diagram of MMC in g-h frame.

optimization. To verify that the proposed method does not
impose an obvious computational burden with increasing SM
numbers, the scalability of the OSS-MPC approach is analyzed
below using an 11-level MMC (N= 10) as an example. It should
be noted that the analysis is conducted for an 11-level MMC to
generate clear and interpretable space vector diagrams, while
the same methodology and conclusions remain fully applicable
to MMCs with dozens to hundreds of levels. Fig. 13 shows
the space vector diagram of the 11-level MMC and the g-h
coordinates of the base vectors in Sector I, respectively.

During the switching sequence determination process, the
reference voltage vector U∗at time k+1 is first obtained based
on the prediction model (14). Subsequently, the three nearest
base voltage vectors {U1, U2, U3}to U∗in Fig. 13 are identified
based on (16) and (17). Then, the switching states are filtered by
(18) and (19). Similar to the space vector distribution pattern in
5-level MMC, since each voltage base vector maintains only 1
or 2 redundant switching states after screening, and considering
that among {U1, U2, U3} there is consistently either 1 or 2
base vectors with an even number of redundant states, the total
number of candidate initial switching states corresponding to
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Fig. 14. Decomposition diagram of the redundant switching state screening
process for 11-level MMC. (a) Redundant switching states corresponding to the
base vectors. (b) Candidate switching sequence at time k+1.

TABLE III
COMPUTATIONAL BURDEN OF THE PROPOSED OSS-MPC FOR MMC WITH

DIFFERENT NUMBERS OF SMS

{U1, U2, U3} remains either 4 or 5. Notably, this quantity
remains unaffected by the number of SMs.

The redundant states of the base voltage vectors before and
after filtering are shown in Fig. 14(a) and (b), respectively. As
evident from Fig. 14(a), the sequence determination process
becomes particularly challenging due to their excessive quantity.
This represents the fundamental reason why the conventional
SVM becomes less practical for MMCs with higher SM counts.
In contrast, the proposed OSS-MPC can conveniently determine
the candidate switching sequences for time k+1 using the filtered
redundant states according to (17)–(21). Therefore, the process
of determining switching sequences becomes independent of
the number of SMs, and the number of candidate switching
sequences can be fixed at six.

Based on the above analysis of the key steps of the proposed
OSS-MPC under varying SM counts, Table III compares the
computational burden across four critical aspects for config-
urations with 4, 10, and 200 SMs. The results demonstrate
that the proposed method exhibits excellent scalability without
introducing additional computational burden as the number of
SMs increases.

G. Comparison Between the Existing MPC Methods and the
Proposed OSS-MPC

Table IV presents the key performance comparisons between
the existing MPC methods and the proposed OSS-MPC for
MMC. It is important to note that the corresponding conventional
and improved methods are listed in different categories of MPC

(FCS-MPC, MMPC, and OSS-MPC) to ensure the comprehen-
siveness and fairness of the comparison.

The key performance comparison can be summarized based
on the following aspects.

1) Steady-State Performance: The proposed OSS-MPC,
deadbeat-MPC [30], and prior OSS-MPC [39] all employ mul-
tiple vectors within a single sampling period, resulting in a
lower current ripple and fixed switching frequency compared
to the single-vector methods of FCS-MPC in [17] and [23].
Furthermore, the predictive model of the proposed OSS-MPC
based on the trajectory of output current changes takes into
account the current changes after different vector inputs in one
sampling period shown in Fig. 6, which can further improve the
steady-state performance. In addition, the utilization of the dc
link has increased in the proposed method.

2) Dynamic Performance: The prior OSS-MPC in [39] re-
stricts the optimization range and simplifies computations due
to the numerous space vectors. However, this limitation com-
promises the dynamic performance. In contrast, the proposed
OSS-MPC retains the fast response characteristics of the MPC
approaches in [23] and [30]. This is achieved through its unique
method for determining the candidate switching sequence, as
shown in Fig. 4, while maintaining low computational complex-
ity.

3) Computational Burden: The proposed method efficiently
generates candidate switching sequences through prefiltered
redundant switching states while maintaining a fixed number
of six rolling optimization steps per control cycle. Crucially, its
computational burden remains independent of the number of
SMs, demonstrating significantly higher efficiency compared to
both conventional FCS-MPC and prior OSS-MPC approaches.

4) Robustness Performance: The method preserves six
candidate switching sequences, retaining the essential charac-
teristics of FCS-MPC. This design ensures robust performance
even under parameter mismatch conditions, as the rolling opti-
mization process continuously selects sequences that minimize
current tracking errors. Consequently, the algorithm achieves
reduced sensitivity to model parameter variations while de-
livering superior control performance characterized by lower
current ripple and smaller tracking errors compared to existing
methods.

Based on the above theoretical analysis and comparisons,
among the discussed MPC methods, the proposed OSS-MPC
demonstrates essential advantages in reducing current ripple,
achieving a fixed switching frequency, improving dc voltage
utilization, robustness, and optimizing computational complex-
ity.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Testbed Description

To verify the effectiveness of the proposed OSS-MPC, an ex-
perimental prototype of a three-phase five-level MMC has been
built, as shown in Fig. 15. The overall control is implemented
through a two-layer control system presented in Fig. 16 to
achieve the control requirements of numerous switching devices
in the MMC.
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TABLE IV
COMPARISON OF THE KEY PERFORMANCE FOR DIFFERENT MPC METHODS

Fig. 15. Three-phase MMC experimental prototype.

Fig. 16. Hardware architecture of the two-layer control system.

As shown in Fig. 16, the master control layer consists of a DSP
(TI-TMS320F28335), an FPGA (Xilinx-XC3S500E), and three
analog-to-digital converters (ADI-AD7656). The DSP is utilized
to implement the relevant MPC algorithm and modulation algo-
rithms, whereas the FPGA executes the capacitor voltage sorting

TABLE V
EXPERIMENTAL PARAMETERS OF THE MMC

algorithm for each SM. Furthermore, the slave control layer
includes 24 slave control boards, each corresponding to one of
the 24 SMs. Each board contains an FPGA (Xilinx-XC3S200A)
and an ADC (MAXIM-MAX1393) to generate pulse signals
for the SMs and sample the capacitor voltage. Additionally, the
master control board communicates the on/off status of each
SM to the slave control boards via optical fiber and receives
the capacitor voltages from all 24 SMs through the universal
asynchronous receiver/transmitter (UART) protocol.

Comparative simulations and experiments are conducted for
cascaded FCS-MPC [23], prior OSS-MPC [39], deadbeat MPC
[30], and the proposed OSS-MPC in the following sections. It
should be mentioned that all four strategies use the two-step
prediction model introduced in [32] to achieve delay com-
pensation. The relevant experimental parameters are shown in
Table V.

B. Simulation Results

To ensure a fair comparison of the performance for these
four MPC methods, it is crucial to maintain the same switching
frequency for the MMC switching devices under each strategy.
However, since the specific SM pulse signals for these four
methods are ultimately determined by the sorting algorithm,
the switching frequency is influenced not only by the voltage
level transitions but also by the results of the capacitor voltage
sorting. This means that additional switching actions may exist
to ensure capacitor voltage balance. Therefore, it is necessary
to ensure that the average switching frequency fasw remains
consistent in both the comparative simulation and experiment.
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TABLE VI
COMPARISON OF SWITCHING FREQUENCY OF THE FOUR MPC METHODS

Fig. 17. Simulation comparison of output current waveforms and FFT analysis
for four MPC methods. (a) and (b) Cascaded FCS-MPC, (c) and (d) prior OSS-
MPC, (e) and (f) deadbeat MPC, and (g) and (h) proposed OSS-MPC. (a), (e),
(f), and (g) Output currents. (e)–(h) Harmonic spectrum of ia.

The calculation method is as follows:

fasw =

∑
j=a,b,cr=p,n

∑M
m=1

∑N
i=1 ΔSrji(m)

3NTs
(37)

ΔSrji(m) = |Srji(k + 1)− Srji(k)| (38)

where M denotes the total number of sampling time intervals em-
ployed in calculating the average switching frequency. ΔSrji(m)
represents the number of switching actions of the SM during the
mth sampling period.

After statistical verification through repeated simulations, the
sampling frequency for FCS-MPC is set to 10 kHz, whereas
the sampling frequency for the other MPC methods is set to
4 kHz. This configuration ensures that the four MPC methods
achieve an average switching frequency of approximately 1 kHz,
as calculated by (37) and shown in Table VI.

Fig. 17 shows the simulation results of the output current
waveforms and FFT analysis for the four MPC methods. The
reference value of currents is set to 5.5 A. It can be observed

Fig. 18. Simulation Comparison of arm currents of phase a and ac component
of circulating currents for four MPC methods. (a) and (b) Cascaded FCS-MPC,
(c) and (d) prior OSS-MPC, (e) and (f) deadbeat MPC, and (g) and (h) proposed
OSS-MPC.

that the output currents remain unaffected before and after
activating the CCS for these MPC methods. According to the
FFT analysis in Fig. 17, the output currents obtained by the
proposed OSS-MPC exhibit the lowest THD of 0.67%. Regard-
ing harmonic spectrum distribution, the cascaded FCS-MPC
shows a wide and irregular distribution due to the use of a single
optimal vector in each control period. In contrast, the harmonics
of OSS-MPC and deadbeat-MPC are mainly concentrated at
multiples of the carrier frequency, as these strategies incorporate
a modulation module. Furthermore, the harmonic distribution
under the proposed OSS-MPC is more focused as this method
selects the specific seven-segment optimal switching sequence
combination in each control period. Based on the simulation re-
sults and analysis, it can be verified that the proposed OSS-MPC
outperforms the other methods in reducing output current ripple
and ensuring a centralized switching frequency.

Fig. 18 shows the simulation results of the sensitivity to
phase a and the circulating currents for the four MPC methods
before and after activating the CCS. As shown in Fig. 18,
circulating currents are effectively suppressed under the four
MPC methods. The arm current of the cascaded FCS-MPC
exhibits significant distortion and poor waveform quality in
Fig. 18(a), which is an inherent characteristic of the CCS method
in cascaded FCS-MPC when the number of SMs is limited. In
contrast, as shown in Fig. 18(b)–(d), the other three methods
effectively suppress circulating currents while maintaining a
near-sinusoidal characteristic of the arm current. Furthermore,
the proposed OSS-MPC demonstrates the best performance
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Fig. 19. Simulation comparison for four MPC methods under the model
mismatch of arm inductance L0 and load inductance L. (a) and (b) Cascaded
FCS-MPC, (c) and (d) prior OSS-MPC, (e) and (f) deadbeat MPC, and (g) and
(h) proposed OSS-MPC.

Fig. 20. Simulation Comparison of the dynamic response of output currents for
four MPC methods. (a) and (b) Cascaded FCS-MPC, (c) and (d) prior OSS-MPC,
(e) and (f) deadbeat MPC, and (g) and (h) proposed OSS-MPC.

in CCS, with the ac component izj exhibiting only a 0.11 A
fluctuation amplitude.

Fig. 19 shows the simulation results demonstrating the sensi-
tivity of the four MPC methods to model parameter mismatches,
evaluated across a range of -50% to +50% for the inductance
errors of both the arm and the load. The THD of output currents
and the root mean square error are calculated under steady-state
conditions. It can be observed that cascaded FCS-MPC exhibits

overall poor THD and tracking performance in Fig. 19(a),
whereas the prior OSS-MPC and Dead-beat MPC are sensitive
to arm inductance parameter mismatches, with their tracking
error varying significantly in Fig. 19(d) and (f). In contrast, the
proposed OSS-MPC maintains the lowest THD and the highest
tracking accuracy despite the model parameter mismatches.

Fig. 20 shows the simulation results of the dynamic response
of the output currents under the four MPC methods, providing
both the dynamic response of the output currents and the d-axis
current. Compared to the reference current id, all four MPC
methods can track the reference value within 1–2 Ts. Among
them, the proposed OSS-MPC achieves the smallest tracking
error of 0.081 A and the lowest THD across different modulation
indices, demonstrating that the proposed OSS-MPC preserves
the original rapid response characteristic of MPC while improv-
ing tracking accuracy.

C. Experimental Results

1) Steady-State Performance Comparison: Figs. 21 and 22
show the experimental results of the steady-state performance
when the reference value of output currents is 5.5 A under
the four MPC methods. Additionally, the harmonic spectrum
distribution of the output and circulating currents is plotted
in MATLAB, based on experimental data obtained from the
oscilloscope. From the output currents’ harmonic spectrum in
Fig. 21, it is evident that cascaded FCS-MPC displays a wide and
irregular distribution of harmonics, while the harmonic spectra
of the other three MPC control strategies are more concentrated,
facilitating the achievement of a fixed switching frequency.
According to Fig. 21(f) and (j), compared to deadbeat-MPC
and the proposed OSS-MPC, the prior OSS-MPC exhibits a
larger output current ripple, and the concentration effect of the
harmonic frequency distribution is less pronounced. This is due
to the use of a four-segment asymmetric switching sequence
for modulation, which sacrifices output power quality to reduce
the number of rolling optimization iterations and the inherent
complexity of the prior OSS-MPC. On the contrary, the proposed
OSS-MPC employs a seven-stage SVM due to the simplicity
of the proposed OSS determination method, which does not
require rolling optimization. As a result, the harmonic spectrum
distribution under the proposed OSS-MPC is more concentrated
as shown in Fig. 21(l).

Furthermore, the experimental results of CCS and SM ca-
pacitor voltage balance control are shown in Fig. 22. It can
be seen that the negative second-order component is effec-
tively suppressed across all methods, with OSS-MPC containing
much less second-order component. In addition, the capacitor
voltages of the SMs have been well balanced under the four
MPC methods. Therefore, compared with the other three control
strategies, the proposed OSS-MPC has the optimal steady-state
performance, characterized by the smallest current ripple, the
most concentrated switching frequency, and the most effective
CCS.

2) Dynamic Performance Comparison: Fig. 23 shows the
dynamic response performance when the reference value of
output currents changes from 2.5 A (modulation index m= 0.42)
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Fig. 21. Experimental results of the steady-state performance of voltage of phase a and output currents for (a), (e), and (i) Cascaded FCS-MPC, (b), (f), and
(j) prior OSS-MPC, (c), (g), and (k) deadbeat MPC, and (d), (h), and (l) proposed OSS-MPC. (a)–(d) Voltage of phase a and output currents. (e)–(h) Partial
magnification of phase a and output currents. (i)–(l) Harmonic spectrum of ia.

Fig. 22. Experimental results of the steady-state performance of circulating currents suppression and submodule capacitor voltage balance control for (a) and
(e) Cascaded FCS-MPC, (b) and (f) prior OSS-MPC, (c) and (g) deadbeat MPC, and (d) and (h) proposed OSS-MPC. (a)–(d) Arm currents, circulating currents,
and submodule capacitor voltage. (e)–(h) Harmonic spectrum of ipa.

to 5 A (m = 0.84) under the four MPC methods. Consistent
with the previous simulation results, all four MPC methods
can rapidly track the specified reference value of output cur-
rents, and the circulating currents are effectively suppressed.
Additionally, the fluctuations in the capacitor voltages of the
SMs also increase as the arm current increases. Furthermore, as
shown in Fig. 23(f)–(h), the prior OSS-MPC exhibits a limited
dynamic response when the reference value of output currents
changes, with a response time of 0.71 ms. This is due to the
limitation of the optimization range during the rolling process,
which may prevent finding the OSS within one sampling period.
In contrast, the deadbeat-MPC and OSS-MPC achieve response
times of 0.54 ms and 0.33 ms, respectively, with smoother and
faster current transitions. The THD results in Fig. 23 indicate
that under different modulation indices, OSS-MPC exhibits the
lowest current harmonics (THD = 4.47% at m = 0.42, THD
= 3.16% at m = 0.84) and the highest tracking accuracy while

maintaining the fast dynamic response characteristics of MPC.
Therefore, the proposed method has faster dynamic response
and lower THD under different modulation indices, compared
with the other three control strategies.

3) Overmodulation Performance Comparison: Fig. 24
shows the experimental results of the phase voltage and output
currents under the overmodulation condition. The reference
value of output currents is set to 6.5 A (m = 1.1), which exceeds
the normal modulation range (0<m<1) for the cascaded
FCS-MPC and deadbeat-MPC based on the MMC single-phase
model. In Fig. 24(a) and (c), the output current exhibits
significant distortion at the peak, indicating that the reference
value cannot be tracked accurately. In contrast, OSS-MPC
operates as an SVM model based on three-phase output voltage
vector fitting, enabling it to function within the modulation
index range of 1 < m < 1.15. As shown in Fig. 24(b) and (d),
OSS-MPC can still maintain effective control and high tracking
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Fig. 23. Experimental results of the dynamic-state performance for (a), (e), and (i) cascaded FCS-MPC, (b), (f), and (j) prior OSS-MPC, (c), (g), and (k) deadbeat
MPC, and (d), (h), and (l) proposed OSS-MPC. (a)–(d) Voltage of phase a and output currents. (e)–(h) Partial magnification of phase a and output currents. (i)–(l)
Harmonic spectrum of ia.

Fig. 24. Experimental results of voltage of phase a and output currents under overmodulation for (a) and (e) cascaded FCS-MPC, (b) and (f) prior OSS-MPC,
(c) and (g) deadbeat MPC, and (d) and (h) proposed OSS-MPC.

accuracy under the condition of 1<m<1.15. This capability
highlights that the proposed OSS-MPC not only ensures
higher steady-state accuracy but also effectively enhances the
utilization of dc voltage to meet more stringent system control
requirements.

4) Computational Burden Comparison: As detailed in
Table VII, which summarizes the computational burden of each
algorithmic component based on the mathematical formulation,
the statistical results show a substantial reduction in operations
compared to the prior method. Specifically, the proposed method
requires only 154 multiplications, 12 divisions, and 189 addi-
tions/subtractions per control cycle. This represents a significant
improvement over the prior OSS-MPC [39], which requires 1208
multiplications, 42 divisions, and 884 additions/subtractions.

Fig. 25 shows the experimental results of the overall program
execution time in the DSP for the four MPC methods during one

Fig. 25. Experimental results of the overall program execution time in the
DSP for (a) cascaded FCS-MPC, (b) prior OSS-MPC, (c) deadbeat MPC, and
(d) proposed OSS-MPC.



GONG et al.: OPTIMAL SWITCHING SEQUENCE MODEL PREDICTIVE CONTROL FOR MODULAR MULTILEVEL CONVERTER 8593

TABLE VII
QUANTITATIVE ANALYSIS OF COMPUTATIONAL BURDEN FOR THE PROPOSED

ALGORITHM

TABLE VIII
COMPARISON OF KEY PERFORMANCE OF DIFFERENT MPC METHODS BASED

ON EXPERIMENTAL RESULTS

sampling period. The execution time is measured by recording
values of 1 and 0 at the beginning and end of the algorithm,
respectively. As shown in Fig. 25(a), the overall computation
time for cascaded FCS-MPC is 87.10 μs within the 100 μs
sampling period (fs = 10 kHz). It is important to note that
the computational burden of the cascaded FCS-MPC, which is
related to the number of traversal optimizations, cannot be fully
reflected in this experiment due to the limited number of SMs
(N = 4). As the number of SMs increases, the computational
burden of the cascaded FCS-MPC grows significantly. For the
250 μs sampling period (fs = 4 kHz) in Fig. 25(b)–(d), the
overall execution times of prior OSS-MPC, deadbeat-MPC, and
proposed OSS-MPC are 227.80 μs, 85.10 μs, and 106.20 μs,
respectively.

It can be observed that the computational burden of prior
OSS-MPC due to rolling optimization is quite significant. In
contrast, the proposed OSS-MPC reduces the computational bur-
den by screening candidate switching sequences and simplifying
the rolling optimization process. Moreover, this computational
burden remains independent of the number of SMs. Therefore,
compared to the previous OSS-MPC, the proposed OSS-MPC
significantly reduces algorithm complexity, while also maintain-
ing excellent control performance.

Based on the above experimental results, the key performance
metrics of the four MPC methods are summarized in Table VIII.
The results demonstrate that the proposed OSS-MPC exhibits
excellent performance in terms of MMC output current ripple,
circulation suppression, dc voltage utilization, response time,
and computational burden. In particular, compared to the prior
OSS-MPC method for MMC [39], the proposed approach is
no longer constrained by the complex rolling optimization,
showing significant improvements in operational complexity
and response time.

V. CONCLUSION

This article presents an OSS-MPC control strategy for
MMC that effectively reduces current ripple, improves tracking

accuracy, and achieves a fixed switching frequency while main-
taining the rapid response characteristic of MPC. Additionally,
the proposed OSS-MPC enhances the utilization of the dc-side
voltage combined with the SVPWM. The proposed method for
determining the OSS reduces and fixes the number of rolling
optimization times to six per control cycle, thereby significantly
lowering computational complexity. Importantly, the compu-
tational burden remains independent of the number of SMs,
ensuring the method’s scalability to MMCs with higher voltage
levels. Finally, comparative experiments were conducted on an
MMC experimental prototype with 24 SMs. Both simulation
and experimental results further demonstrate that, under condi-
tions of similar equivalent switching frequencies, the proposed
OSS-MPC exhibits superior control performance.
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