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Abstract—Classical finite control set model predictive control
of multilevel converters faces two major limitations: heavy com-
putation burden and low steady-state performance. On the other
hand, the internal paralleled or cascaded identical structure is
extensively employed in multilevel converters as the voltage level
increases. Taking advantage of the internal identical structure in
multilevel converters, a simplified predictive duty cycle control
method for multilevel converters is proposed in this article. First,
a series of switching pairs with the identical structure are modeled
as a virtual switching state, and the number of the corresponding
voltage vectors can be significantly reduced. Then, a least-square
optimization problem is formulated to calculate the duty cycles
for optimal output current tracking using these virtual voltage
vectors. The output current quality is enhanced due to the em-
ployment of the interleaved output voltage stage with phase-shifted
pulsewidth modulation. As the number of voltage vectors is signifi-
cantly reduced, the computation burden is drastically reduced. The
proposed method can be applied in various multilevel topologies
with internal identical structures. Simulation and experimental re-
sults on the multilevel converters with internal cascaded/paralleled
identical cells are presented to verify the good performance and
application value of the proposed method.

Index Terms—Capacitor voltage balance, circulating current
suppression, internal cascaded/paralleled multilevel converter,
model predictive control (MPC), phase-shifted pulsewidth
modulation (PWM).

I. INTRODUCTION

MULTILEVEL converters have been widely applied in
grid-tied inverters [1], energy storage systems [2],

medium voltage motor drive systems [3], and so on [4], thanks to
their advanced benefits of better output voltage quality, reduced
switching losses, lower dv/dt, and so on. Among the existing
multilevel converters, neutral-point-clamped (NPC) [5], [6], fly-
ing capacitor (FC) [7], cascaded H-bridge (CHB) [8] multilevel
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Fig. 1. Multilevel converters with internal cascaded and paralleled cells.

converters are classical multilevel topologies that are the most
widely used in the industry for various applications.

In order to increase the voltage levels, a large number of
multilevel converter topologies are studied and investigated in
the literature [9]–[14]. Among these topologies, the ones with
fully or partially cascaded or paralleled cells, as illustrated in
Fig. 1, have been identified as the most promising topologies
for practical applications, owing to the advantages such as
simple structure, scalability, and possible hybrid utilization of
semiconductors [15], [16].

Although flexible adoption of cascaded/paralleled cells in
multilevel converters provides attractive features in cost, vol-
ume, and efficiency, the control complexity is increased that
should be considered. Generally, multiple control objectives,
such as FC balance, circulating current suppression, dc-link
voltage balance, and output current control, should be achieved
simultaneously when the number of voltage levels becomes
large.

To achieve the multiple-objective control in the multilevel
converter, the linear system theory-based multiple proportional
integral (PI) or proportional resonant (PR) loops with pulsewidth
modulation (PWM), may be a possible choice. However, mul-
tiple PI loops lead to tedious tuning work, and the interac-
tions of the different PI/PR loops may lead to poor control
performance. In addition, proper modulation strategy is also
required to map the desired voltage reference to gating signals.
Carrier-based PWM, such as phase-shifted PWM [17], level-
shifted PWM [18], is a widely accepted method with a simple

https://orcid.org/0000-0001-6111-2266
https://orcid.org/0000-0001-5612-0296
https://orcid.org/0000-0002-5410-4505
mailto:dehong1@ualberta.ca
mailto:zquan@ualberta.ca
mailto:yunwei.li@ualberta.ca
http://ieeexplore.ieee.org


ZHOU et al.: SIMPLIFIED PREDICTIVE DUTY CYCLE CONTROL OF MULTILEVEL CONVERTERS WITH INTERNAL IDENTICAL STRUCTURE 12417

implementation process. However, the dc voltage utilization
rate of these methods is only 87% compared to that of the
space-vector PWM (SVPWM) scheme. Zero-sequence voltage
injection, which is complicated due to the redundant switching
state within each phase, has to be implemented to increase its
dc voltage utilization rate. On the other hand, SVPWM is a
much more complex modulation scheme in comparison with the
carrier-based one. The SVM hexagon diagram is divided into a
huge number of triangle sectors, and every possible switching
sequence in each sector is calculated in consideration of the
neutral voltage balance [19].

Model predictive control (MPC) can realize the optimal con-
trol of multiple objectives, and it has been attracting grow-
ing interest due to its merits such as fast dynamic response,
straightforward realization, and easy inclusion of nonlinear con-
straints [20]–[25].

However, classical finite control set MPC gets the optimal
switching state by an exhaustive searching approach. When the
number of available switching state is large, it may be impractical
to implement the classical MPC with the state-of-art micropro-
cessor. This is particularly true for multilevel converters with
high-voltage levels, because the number of available switching
states is increasing exponentially with the number of voltage
levels [26], [27]. In addition, the multiple additional constraints,
such as dc-link capacitor balance, circulating current suppres-
sion, FC balance, will also increase the calculation amount of
the classical MPC. In summary, time-consuming computation
is an obstacle that limits the application of the conventional
MPC, especially when considering that more and more multi-
level converters are employed in low voltage applications where
power density needs to be high, e.g., modern aircraft [28]. In
these applications, the high switching frequency as well as high
fundamental frequency make the computational burden issue
even more challenging.

Extensive research efforts have been devoted to reducing the
computation burden of MPC [23], [29]–[32]. A computationally
efficient MPC, which decoupled the control of internal capacitor
voltage balance from the cost function by an external voltage
sorting algorithm, was proposed in [29]. This scheme increased
the complexity and reduced the control option to 2N + 1 voltage
levels. Hexagon candidate region and triangle candidate region
preselection methods were proposed to reduce the computation
burden of an NPC inverter [30]. When applied to the multilevel
converters with higher voltage levels, the reduced computa-
tional burden was not significant. Two state machines with
strict commutation path restrictions were proposed to reduce the
computational burden of a five-level ANPC [23]. As only limited
commutation paths were available in each sampling period, the
sampling period should be short enough to achieve satisfactory
performance, which imposes a very high requirement on the
computational power of the controller. Moreover, as the voltage
level increases, the design of the state machines would be
complicated. Some other reduced computational burden MPC
methods were achieved by reducing the number of feasible
switching states using preselecting methods [31], [32]. However,
a certain number of switching states are still required to optimize

all the control objectives simultaneously, and the preselecting
methods may lead to inferior output performance.

On the other hand, MPC undergoes no PWM process and
outputs only one switching state during the entire sampling
period. The output staircase waveforms are noninterleaved as
all the switching states will update at the same time. Therefore,
the output voltage quality of the multilevel converter is not fully
explored.

To fully explore the output voltage quality of the multi-
level converter, and reduce the computational complexity of
the classical MPC, this article presents a simplified predictive
duty cycle control method to avoid the exhaustive evaluation
process of all the switching state and improve the steady-state
performance by taking advantage of the internal identical cells
in multilevel converters. The optimal duty cycles are calculated
by output current tracking error minimization and applied by
the phase-shifted PWM (PS-PWM). The weighting factors are
eliminated by the control flexibility provided by the duty cycle.
Simulation and experimental results on the multilevel converter
with internal cascaded/paralleled identical cells are presented to
verify the excellent performance and application value of the
proposed method.

II. MULTILEVEL CONVERTERS WITH IDENTICAL CELLS

The identical cells are widely employed in multilevel con-
verters thanks to their advanced benefits of modularity, flexible
expandability, ease of assembling, and so on. Among them, mod-
ular multilevel converter (MMC) [34] and CHB [35] converter,
consisting of pure identical cells, are the classical multilevel
converters. Nowadays, many non-MMCs have been proposed
for various applications due to their flexibility and combined
benefits of different topologies. However, as the voltage level
increases, identical cells are partially employed in these con-
verters.

The identical cells in the multilevel converter are subdivided
into functionally identical cells and physically identical cells.
The functionally identical cells do not have the same physical
structure. But the switching state action in each cell leads to
the same phase voltage change in the total output. The typical
multilevel converter with functionally identical cells is shown
in Fig. 2(a). The physically identical cells are the ones that have
the same physical structure, and their switching state action
leads to the same phase voltage change in the total output.
The typical topology with physically identical cells is shown
in Fig. 2(b). The functionally/physically identical structure is
widely employed in the multilevel converter. The typical ex-
amples of topologies with internal identical cells are five-level
active-NPC (ANPC) converters [16], dual-FC ANPC convert-
ers [36], multilevel converters with parallel modularity [37],
some hybrid clamped multilevel converters [9], etc.

Two typical topologies presented in Fig. 2 are investigated as
case studies to validate the proposed predictive control method.
One is the 2N + 1 level internal cascaded multilevel converter
(ICMC), and the other is the 2N + 1 level internal parallel
multilevel converter (IPMC). As presented in Fig. 2 (a), ICMC
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Fig. 2. Identical cells in multilevel converters. (a) Structure of a 2N + 1-level
ICMC [33]. (b) Structure of a 2N + 1-level IPMC [15].

can be considered as N cascaded-connected two-level cells
combined with an NPC topology. For simplicity, the dc-link
capacitor voltage and FC capacitor voltage are assumed to be
balanced. TheN cascaded-connected two-level cells can be con-
sidered as functionally identical cell, where the output voltage
of each cell is identical, where “ON” state of Sxcn (x ∈ {a, b, c},
n ∈ {1, 2, . . ., N}) will insert E to the terminal and “OFF” state
of Sxcn will insert zero voltage to the terminal, E is the voltage
across each cell. Ll is the load inductor, and Rl is the load
resistor.

As presented in Fig. 2(b), IPMC can be considered as N
parallel-connected two-level cells combined with an NPC topol-
ogy. TheN parallel-connected two-level cells can be considered
as physically identical cell, where each cell is identical and the
“ON” state of Sxpn will insert E to the terminal and “OFF” state
of Sxpn will insert zero voltage to the terminal, E is 1

2 N of the
dc-link voltage. L is the internal inductor.

III. SIMPLIFIED MODEL OF ICMC/IPMC

The mathematic models of ICMC and IPMC are introduced
in this section.

A. Model of the Functionally Identical Cell in ICMC

The circuit configuration of a single-phase ICMC is shown
in Fig. 2(a), where Sx1, S ′

x1, Sx2, and S ′
x2 require N switches

connected in series or high-voltage switches to bear a higher
voltage, which is N time of Sxcn and S ′

xcn (n ∈ {1, 2, . . ., N}),
N is the number of the identical cells in ICMC. Sx1 and Sx2

requires the same switching signals. ix are the output current.

TABLE I
SIMPLIFIED SWITCHING STATE OF ICMC AND IPMC

Ll and Rl are the load inductance and resistance, respectively.
The voltages across the dc-link capacitors are equal to NE.

The FC voltage ufxn (n ∈ {1, 2, . . ., N − 1}) is set to nE in
cell n. Thus, voltage across cell n is equal to

uccn = nE − (n− 1)E = E. (1)

As shown in (1), the voltage across the switching pair in cell n
is equal to E. Therefore, the cascaded identical cell in ICMC
can be regarded as functionally identical cell.

The total output phase voltage of the identical cell in ICMC
can be expressed as

uxo =

∑N
n=1 (uccntx)

Ts
=

NEtx
Ts

(2)

where tx is the desired optimal duty cycle for the identical cells.

B. Model of the Physically Identical Cell in IPMC

The circuit configuration of a single-phase IPMC is shown in
Fig. 2(b), where Sx1, S ′

x1, Sx2, and S ′
x2 bear the same voltage

as those of Sxpn and S ′
xpn (n ∈ {1, 2, . . ., N}), N is the number

of the identical cells in IPMC.
The voltage across cell n of the IPMC can be denoted as

upcn = NE. (3)

As shown in (1), the voltage across the switching pair in cell i
is the same and equal to NE. Therefore, the paralleled identical
cell in IPMC can be regarded as physically identical cell.

The total output phase voltage of the identical cell in IPMC
can be expressed as

uxo =

∑N
n=1 (uccntx)

Ts
=

NEtx
Ts

. (4)

C. Simplified Model of ICMC/IPMC

As shown in (2) and (4), the identical cell in ICMC can be
regarded as the functionally identical cell while the identical cell
in IPMC can be considered as the physically identical cell. By
considering the identical structure in ICMC/IPMC as a virtual
switching state, the number of the switching combinations of
the multilevel converter can be significantly reduced.

As shown in Table I, the number of switching states can
be reduced to four switching states in each phase. Sx1/Sx2

is always operated as the fundamental frequency to reduce
the switching losses. The duty cycle of the virtual switching
state should be determined to generate the gate signals for each
switching pairs. In the three-phase condition, there are 43 = 64
virtual voltage vectors.
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Fig. 3. Virtual voltage vectors for ICMC and IPMC.

To further simplify the system model, the number of switching
states can be further reduced by classifying the voltage vector
into two groups: Sx1/Sx2 and Svx. As Sx1/Sx2 should operate
at the fundamental switching frequency to reduce the switching
loss, their gating signals can be determined first using finite
control set MPC. After the determination of Sx1/Sx2, then the
optimal duty cycles of the Svx are calculated and applied by
PS-PWM to achieve optimal current tracking.

According to the switching state selection of Sx1/Sx2, the
voltage vectors can be categorized into six small hexagons, as
shown in Fig. 3. In each hexagon, the number of the virtual
voltage vector is only eight. Six voltage vectors lie in the vertex
of the hexagon, while two of them lie in the center of the
hexagon. By selecting the optimal vectors in the small hexagon
and calculating the duty cycles for those virtual voltage vectors,
the computational burden of the proposed predictive controller
can be reduced.

IV. PROPOSED PREDICTIVE DUTY CYCLE CONTROL

For simplicity, the dc-link capacitor voltage and FC capacitor
voltage are assumed to be balanced. As analyzed in Section III,
the system model can be simplified by taking advantage of the
functionally/physically identical cell in the multilevel converter.
Although the ICMC and the IPMC have the same mathematic
model in output current control, the two types of topologies have
different internal dynamic requirements. FC voltage balance
should be guaranteed in the ICMC while circulating current
suppression should be guaranteed in the IPMC. In this section,
the proposed predictive duty cycle control with PS-PWM of
ICMC and IPMC will be presented, respectively. The proposed
method includes two parts: switching state selection of the non-
identical cell and optimal duty cycle generation for the identical
cell.

A. Switching State Selection of the Nonidentical Cell

The cascaded-connected or high-voltage switch Sx1/Sx2 is
nonidentical cells and can operate at fundamental switching
frequency to reduce the switching loss.

The switching states of the nonidentical cell can be selected
by evaluating the cost function defined as follows:

J = (i∗α − iα(k + 1))2 +
(
i∗β − iβ(k + 1)

)2
. (5)

TABLE II
VOLTAGE VECTOR FOR SMALL HEXAGON SELECTION

The current at k + 1 instant in the ICMC/OPMC can be
predicted as

i(k + 1) = i(k) +
(v − iReq)Ts

Leq
(6)

where i = iα + jiβ is the output current vector and v = vα +
jvβ is the converter voltage vector. Leq and Req are the load
inductance and resistance, respectively. Leq = Ll and Req =
Rl in the ICMC, whereas Leq = L

N + Ll and Req = Rl in the
IPMC.

As analyzed in Section III, the switching state can be de-
termined by determining the hexagon. In order to simplify the
calculation process, only the voltage vector lies in the center of
the hexagon is utilized to evaluate the cost function. The volt-
age vector with the minimum cost function value will achieve
the best current tracking performance, and its corresponding
hexagon will be selected. As long as the desired hexagon is
selected, the switching state of the nonidentical cell can be
determined. The voltage vectors, their corresponding hexagons
and switching states are presented in Table II.

B. Optimal Duty Cycle Generation for Internal Identical Cell

After switching states of Sx1/Sx2 are determined, the avail-
able space vector diagram is narrowed into a small hexagon.
For example, if hexagon I is selected, the available hexagon and
the corresponding eight voltage vectors can be plotted out in
the left figure in Fig. 3. By considering the identical cells as a
virtual switching state, the computational burden of MPC can
be reduced significantly.

The proposed method for the optimal duty cycle generation
includes three steps: virtual voltage vector selection, optimal
duty cycle calculation for the selected virtual voltage vector, and
the duty cycle application to each switching pair in the identical
cell. The implementation details of the three steps are clarified
in the following text.

1) Virtual Voltage Vector Selection: Generally, two voltage
vectors lie in the vertex of the hexagon together with two zero
voltage vectors lie in the center of the hexagon are always
selected to generate the seven-segment PWM [38], [39] in
two-level converters. In the selected hexagon, a similar principle
can be applied.

In the first step, the two adjacent virtual switching states
should be selected. The virtual voltage vector v′ in the vertex of
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the hexagon can be calculated using the six basic voltage vectors
shown in Table I

v′
i = vi + vh (7)

where the subscript i, (i ∈ {1, 2, . . ., 6}) is the index of volt-
age vector number in the vertex of the hexagon. h, (h ∈
{1, 2, . . ., 6}) is the selected hexagon. It should be noted that
voltage vector in the center of the selected hexagon represents
two switching combination of (SvaSvbSvc), that are (000) and
(111). Here, (000) is denoted as v′

0, and (111) is denoted as v′
7.

Here, the two virtual voltage vectors will be selected using the
same cost function (5). The current is predicted by substituting
v′ into v in (6). The cost function value, when v′

i is substituted,
is denoted as Ji.

To selected the two adjacent virtual voltage vectors simulta-
neously, the cost function can be defined as

gi = Ji + Ji+1, i ∈ {1, 2, . . ., 6} (8)

where J7 = J1. By evaluating (8), the two adjacent virtual volt-
age vectors with minimum cost function value will be selected
for duty cycle calculation. After the optimization process, two
adjacent optimal virtual vectors will be selected, which are
denoted as vo1 and vo2.

2) Optimal Duty Cycle Calculation: The optimal duty cycle
is obtained based on the current tracking error minimization.
The slopes of the output current when applying selected virtual
voltage vo1 and vo2 can be expressed as

s1 =
1

Leq
(vo1 − iReq) (9)

s2 =
1

Leq
(vo2 − iReq) (10)

where s1 = sα1 + jsβ1 and s2 = sα2 + jsβ2.
Moreover, the current slope of the voltage vector lie in the

center of the hexagon can be obtained as

s0 =
1

Leq
(vh − iReq) (11)

where s0 = sα0 + jsβ0.
The predicted output currents at the end of the control period

can be expressed by

iα(k + 1) = iα(k) + sα1t1 + sα2t2 + sα0(Ts − t1 − t2)
(12)

iβ(k + 1) = iβ(k) + sβ1t1 + sβ2t2 + sβ0(Ts − t1 − t2)
(13)

where t1 and t2 are the optimal duty cycle for virtual voltage
vectors vo1 and vo2, respectively. Ts − t1 − t2 is the duty cycle
for virtual voltage vector vh.

Then, the errors between the reference and the predictive
current in (5) can be represented using (12) and (13)

εα = ĩα + sα1t1 + sα2t2 + sα0(Ts − t1 − t2) (14)

εβ = ĩβ + sβ1t1 + sβ2t2 + sβ0(Ts − t1 − t2) (15)

where ĩα = i∗α − iα(k) and ĩβ = i∗β − iβ(k).

The cost function (5) can be rewritten as

J = ε2α + ε2β . (16)

To obtain the minimized output current tracking errors, a
least square optimization problem is formulated to calculate the
optimal duty cycles. The optimal values of t1 and t2 in (12) and
(13) should satisfy the minimum value conditions

∂J

∂t1
= 0;

∂J

∂t2
= 0. (17)

The solution of (17) is given by the following. Therefore, the
optimal duty cycle for current tracking can be obtained by

t1 =
(sβ2 − sβ0)̃iα + (sα0 − sα2)̃iβ + (sα2sβ0 − sα0sβ2)Ts

(sβ2 − sβ0)sα1 + (sβ0 − sβ1)sα2 + (sβ1 − sβ2)sα0
(18)

t2 =
(sβ0 − sβ1)̃iα + (sα1 − sα0)̃iβ + (sβ1sα0 − sβ0sα1)Ts

(sβ2 − sβ0)sα1 + (sβ0 − sβ1)sα2 + (sβ1 − sβ2)sα0
(19)

t0 = Ts − t1 − t2. (20)

The duty cycles for v′
0 and v′

7 are equally distributed and
assigned to t0/2. Therefore, the optimal duty cycles t1, t2 are
saturated to [0, Ts]. If t1+t2 > Ts, the optimal duty cycles t1, t2
are saturated to t̄1 = t1

t1+t2
Ts and t̄2 = t2

t1+t2
Ts.

3) Duty Cycle Calculation for Each Identical Cell: After
duty cycles for the virtual voltage vectors are determined,
the duty cycle for each identical cell can be determined. The
identical cells are considered as a whole during the duty cycle
calculation. The total output phase voltage can be represented
using (2) or (4).

The voltage across each cell is only E, and the duty cycles of
all the identical cells are applied with the same duty cycles tx.
As the total output voltage of each phase is equal to the sum of
all the identical cells, the total output voltage can be obtained as

uxo =
NEtx
Ts

. (21)

In this way, each identical cell is applied with the same duty
cycle. The applied voltage is equal to the optimal voltage in (2)
or (4), indicating that the proposed predictive control method
meets the voltage-second balance principle.

As the duty cycle of each switching pair is determined, the
output current quality can be further improved due to the inter-
leaved switching manner achieved by the PS-PWM, as shown
in Fig. 4. In the proposed method, the carrier period is set to Ts,
and the duty cycle for each identical cell is set to ts. The duty
cycle for each identical cell is updated at the valley point of the
carrier. The update frequency for each cell is Ts

N . The carrier
signals are triangular waves with phase-shifted by 360o

N .

C. DC-Link Voltage Balance

Other than the output current control, the dc-link capacitor
voltage balance should be guaranteed for the stable operation of
the ICMC/IPMC. The capacitor voltage difference ũdc can be
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Fig. 4. Schematic diagram of the implementation of the PS-PWM for the
identical cells.

expressed as

dũdc

dt
=

1

Cdc
iNP (22)

where ũdc = udc1 − udc2, udc1 and udc2 are the capacitor volt-
ages of the two dc-link capacitors. iNP is the current of the neutral
point. The dc-link capacitor voltage balance can be achieved by
controlling iNP.

As well known, the switching state of (Sa1Sa2Sa3) is de-
termined, and no control flexibility is available. Therefore, the
dc-link voltage balance is achieved by adjusting the duty cycle
of the switching state of (SvaSvbSvc). The switching states
(000) and (111) of (SvaSvbSvc) contribute to the same effect
on the output current control, however, the opposite effect for
the dc-link voltage balance [17]. That is, (111) will introduce
a positive neutral current while (000) will introduce a negative
neutral current.

Therefore, dc-link voltage balance can be achieved by adjust-
ing the duty cycle of the redundant virtual voltage vector without
affecting of the output current control. The injecting duty cycle
can be calculated as

tbnp = kbnp(Δu∗
dc − ũdc) (23)

where Δu∗
dc is the reference of the dc-link voltage offset, which

is always set to 0. kbnp is a proportional control parameter to
adjust the balance of the dc-link capacitor voltage.

Taking the dc-link capacitor voltage and FC capacitor voltage
balancing into consideration, the duty cycle for each identical
cell can be represented as

tx1 = tx + tbnp. (24)

D. Internal Dynamic Control

The control diagram of the proposed predictive duty cycle
control method of ICMC/IPMC is shown in Fig. 5. As shown
in the figure, in addition to output current control and the
dc-link capacitor voltage balance, internal dynamic control is
also mandatory for stable operation of the multilevel converter,
such as FC voltage control in ICMC and circulating current
suppression in IPMC.

Fig. 5. Control diagram of the proposed predictive duty cycle control method
of ICMC/IPMC.

1) FC Voltage Control in ICMC: FC voltage control is nec-
essary in the ICMC for its reliable operation. The duty cycle
for each identical cell can be slightly adjusted for FC voltage
balance. As long as the sum of the duty cycle for each identical
cell is the same, the output current control will not be affected.

The average FC current at identical cell n in a carrier period
is

ifxn = (txc(n+1)txcn)ix. (25)

where txc(n+1) and txcn are the duty cycle of identical celln+ 1
and n of phase x, respectively.

For the output current control, the duty cycle for each identical
cell is set to the same value. That is, txc(n+1) = txcn = tx,
which means the FC voltage is naturally balanced. However,
due to the system parameter mismatch and harsh environmental
conditions, FC voltage may deviate from its reference value, and
the FC voltage balance scheme is still required.

Asn andn+ 1 cell are functionally identical cells, the balance
of FC capacitor voltage can be achieved by adjusting the duty
cycles of Sxcn and Sxc(n+1). As long as the sum of the duty
cycles of Sxcn and Sxc(i+1) remains unchanged, the output
voltage will not be affected. The duty cycle applied for FC
voltage balance can be denoted as

tbfxn = kbfcsgn(ix)(u
∗
fn − ufxn) (26)

where u∗
fn = nE is the reference for FC capacitor voltage.

sgn(∗) is a sign function that extracts the sign of a real number.
kbfc is a positive coefficient to adjust the balance of the FC
capacitor voltage.

Taking (24) into consideration, the FC capacitor voltage bal-
ance can be achieved by adjusting the duty cycle to Sxcn and
Sxc(n+1). As a result, the duty cycle for

txcn =

⎧
⎪⎨

⎪⎩

tx + tbnp − tbfx1, n = 1

tx + tbnp − tbfx(n+1) + tbfxn, 1 < n < N

tx + tbnp + tbfxN, n = N.

(27)

As shown in (27), the sum of the duty cycles of the identical
cells remains unchanged, the output voltage will not be affected
by the FC voltage balance.
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TABLE III
SYSTEM PARAMETERS

2) Circulating Current Suppression in IPMC: Circulating
current suppression is necessary for the reliable operation of
the IPMC. The duty cycle for each identical cell can be slighted
adjusted for the circulating current suppression. As long as the
sum of the duty cycle for each identical cell is the same, the out-
put current control will not be affected. The circulating current
is generated by the voltage differences among the identical cells.
Since the average voltage of each cell is the same, the circulating
current is naturally balanced with the PS-PWM scheme.

However, due to the system parameter mismatch and harsh
environmental conditions, the circulating current may become
very large. Thus, the circulating current suppression scheme
is still required. For simplification, the circulating current is
suppressed by adjusting the duty cycle between the cells whilst
the sum of the applied duty cycle remains unchanged.

The internal circulating current can be calculated as

icxn = ixn − ix
N

. (28)

The duty cycle for the circulating current suppression of each
identical cell can be calculated as

tccsxn = kccs(i
∗
c − icxn) (29)

where i∗c is the reference of the internal circulating current, which
is always set to 0. kccs is a positive coefficient to suppress the
circulating current. As shown in (29), the sum of the duty cycles
of the identical cells remains unchanged, the output voltage will
not be affected by the circulating current suppression.

Taking (24) into consideration, the circulating current sup-
pression can be achieved by adjusting the duty cycle to Sxpn.
As a result, the duty cycle for each identical cell can be
rewritten as

txpn = tx + tbnp + tccsxn. (30)

As shown in (30), the sum of the duty cycles of the identical
cells remains unchanged, the output voltage will not be affected
by the circulating current suppression.

V. SIMULATION RESULTS

In order to show the performance of the proposed predictive
duty cycle control method, simulation studies have been carried
out in MATLAB/Simulink environment. The parameters of the
system are shown in Table III. The effectiveness of the proposed

Fig. 6. Steady-state control performance of the proposed predictive duty cycle
control of ICMC. For each figure-set, from top to down bottom are load current,
output voltage, FC voltage, and dc-link capacitor voltage.

Fig. 7. Current FFT results of the ICMC. From top to bottom, waveforms are
the load current and its spectrum.

predictive controller to generate output voltages, regulated load
currents, and capacitor voltage balance is analyzed during both
steady-state and transient interval.

A. Internal Cascaded Multilevel Converter

The steady-state performance of the ICMC, regulated by the
proposed predictive duty cycle control method, is investigated.
The output power is set to 30 kW. The steady-state performance
regulated by the proposed predictive controller with PS-PWM
at 10 kHz sampling frequency is illustrated in Fig. 6. The carrier
period is set to NTs to achieve a constant switching frequency
of 10 kHz. It can be seen that the load current is well regulated
with the help of the proposed method and the ICMC operates
stably with balanced dc-link and FC capacitor voltages. Three
FC voltages ufx2, in Fig. 2(a), are balanced at udc

3 = 500 V, the
other three capacitor voltages ufx1 in Fig. 2(a) are balanced at
udc
6 = 250 V. The dc-link voltage is balanced at udc

2 = 750 V. As
the number of the identical cells is three, the voltage uao is a
seven-level output.

In order to further present the steady-state performance, the
harmonic spectra of the load current of the ICMC are presented
in Fig. 7. The load current total harmonic distortion (THD) of
the proposed method is 2.72%. By using the proposed predictive
duty cycle control method with PS-PWM, the switching fre-
quency can be constant. The current harmonics concentrate on
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Fig. 8. Transient-state control performance of the ICMC. From top to bottom,
waveforms are load current, output voltage, FC voltage, dc-link capacitor
voltage, magnitude of the output voltage vector, and equivalent output duty
cycles.

the 10 kHz, which are in accordance with the equivalent switch-
ing frequency. This brings some benefits to the design of filters.

The dynamic response of the ICMC is evaluated in Fig 8.
The output current reference is stepped changed from 15 to
30 kW at 0.04 s. It can be seen that the ICMC is stable during
large operation point step changes. As shown in the results,
the transient response of the proposed method is very fast,
indicating that the advantage of fast dynamic response. As shown
Fig 8, the magnitude of the output voltage vector can reach
the maximum output voltage magnitude of the SVM, where
865.5 V ≈ Udc

/ √
3ig = 866V. In this condition, the equiva-

lent duty cycles of each phase dx = Sx1

2 + tx
2 are saddle wave-

forms, which are the same with SVM. Thus, the dc-utilization of
the proposed predictive duty cycle control method is comparable
with that of SVM.

B. Internal Parallel Multilevel Converter

The steady-state performance of the IPMC, regulated by the
proposed predictive duty cycle control method, is investigated.
The output power is set to 30 kW. The steady-state performance
regulated by the proposed method with PS-PWM at 10 kHz
sampling frequency is illustrated in Fig. 9. The carrier period is
set to NTs to achieve a constant switching frequency of 10 kHz.
It can be seen that the load current is well regulated with the help
of the proposed method, and the IPMC operates stably with bal-
anced dc-link and suppressed internal circulating current. All the
low-frequency circulating currents are suppressed around 0 A.
The high-frequency circulating currents are generated due to the
interleaved PWM, which cannot be suppressed by the controller.
Due to the interleaved operation of the internal parallel cells, the
equivalent seven-level output voltage is achieved.

In order to further present the steady-state performance, the
harmonic spectra of the load current of the IPMC are presented in

Fig. 9. Steady-state control performance of the IPMC. For each figure-set,
from top to down bottom are load current, output voltage, circulating current,
and dc-link capacitor voltage.

Fig. 10. Current FFT results of the proposed predictive duty cycle control of
the IPMC. From top to bottom, waveforms are the load current and its spectrum.

Fig. 10. The load current THD of the proposed method is 2.00%.
By using the proposed predictive duty cycle control method with
PS-PWM, the switching frequency can be constant. The current
harmonics concentrate on the 10 kHz, which are in accordance
with the equivalent switching frequency.

The dynamic response of the IPMC is evaluated in Fig 11. The
output current reference is stepped changed from 15 to 30 kW
at 0.04 s. It can be seen that the IPMC is stable during large
operation point step changes. The dc-link voltage balance is
not affected, and the low-frequency circulating currents are sup-
pressed around 0 during the transient, proving the effectiveness
of the proposed method for the IPMC. As shown in the results,
the transient response of the proposed method is very fast,
indicating that the advantage of fast dynamic response. As shown
Fig 8, the magnitude of the output voltage vector can reach
the maximum output voltage magnitude of the SVM, where
865.5 V ≈ Udc

/ √
3 = 866V. In this condition, the equivalent

duty cycles of each phase dx = Sx1

2 + tx
2 are saddle waveforms,

which are the same with SVM. Thus, the dc utilization of the
proposed duty cycle control method is comparable with that of
SVM.

VI. EXPERIMENTAL RESULTS

Apart from the simulation study, the proposed predictive duty
cycle control method with PS-PWM is experimentally tested
on a downscaled ICMC/IPMC, where the experimental setup is
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Fig. 11. Transient-state control performance of the proposed MPC of the
IPMC. From top to bottom, waveforms are load current, output voltage, circu-
lating current, dc-link capacitor voltage, magnitude of the output voltage vector,
and equivalent output duty cycles.

Fig. 12. Experimental setup.

illustrated in Fig. 12. In the prototype, the flexibly configurable
cells are adopted. The prototype can be configured to ICMC
or IPMC. A dSPACE MicroLabBox DS1202 was adopted to
implement the digital control, and a slave Xilinx was applied to
generate the gate signals for each switch, implement the analog-
to-digital conversion. Sx1/Sx2 was implemented by insulated-
gate bipolar transistors (IGBTs) (Infineon IKQ50N120CT2),
while the Sxcn/Sxpn was implemented by GaN devices (GaN
Systems GS66516). In the following tests, all the variables are
directly measured by current and voltage probes. The number of
internal identical cells is two in the experimental test. As well
known, the one-step delay between the commanding voltage and
the applied voltage exists in the digital implementation of the
MPC [40]. In this article, the compensation method proposed
in [40] is also adopted to compensate for the one-step delay.
In order to show the superiority of the proposed predictive duty
cycle control, the experimental results of the PR controller of
the ICMC/IPMC [17], [37] with PS-PWM are also presented as
a benchmark.

One of the major limitations of the classical MPC is the
heavy computation burden, which is exponentially related to
the number of switching states in each phase. For the number of
internal identical cells is two, the number of switching states is

TABLE IV
COMPUTATIONAL BURDEN COMPARISON

Fig. 13. Steady-state control performance of ICMC for (a) proposed method,
and (b) PR controller. For each figure-set, from top to down bottom are load
current, output voltage, FC voltage, dc-link capacitor voltage, and selected
hexagon h.

eight. Then, the number of control variable predictions and cost
function evaluation required need to be calculated is 83 = 512.
In the proposed method, the number of control variable predic-
tion and cost function evaluation is independent of the number
of internal identical cells and is only six. Taking the multilevel
converter with two internal identical cells as an example, the
percentage of computational burden reduction of the proposed
predictive duty cycle control method in comparison with that of
the classical MPC can be simply calculated as 1− 6

512 = 98.8%.
For the multilevel converter with a higher number of internal
identical cells, the computational burden reduction will be even
higher. According to our test using the dSpace profiler 3.8, it
takes 10.6 μs and 9.52 μs to implement the proposed predictive
duty cycle control method for ICMC and IPMC with two internal
identical cells, respectively. The computational burden of the
PR controller is also included as a comparison. As presented
in Table IV, the computational burden of the proposed methods
are almost the same as that of the PR controller. As the PR
controller is not a computationally expensive control method,
the comparative computational burden of the proposed method
with the PR controller indicates its computational efficiency.

A. ICMC

1) Steady-State Performance: The experimental results of
the proposed predictive duty cycle control method and the PR
controller for the ICMC with two cascaded identical cells are
presented to validate the effectiveness of the proposed method.
The steady-state performance of the proposed predictive duty
cycle control and the PR control of ICMC is presented in Fig. 13.
The carrier frequency fc in both methods is set to 5 kHz. The
sampling point is set to both the top and bottom of each carrier,
resulting in an equivalent switching frequency of 10 kHz. The
FC voltages are balanced at around udc/4 = 40 V, and dc-link
capacitor voltages are balanced at around udc/2 = 80 V. The
output voltage uao is with five stages. The selected hexagon
number switches smoothly, indicating the low-frequency oper-
ation of Sx1/Sx2 is achieved in both methods. As shown, the
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Fig. 14. Current FFT results of ICMC for (a) proposed method, and (b) PR
controller. From top to bottom, waveforms are the load current and its spectrum.

Fig. 15. Transient-state control performance of ICMC for (a) proposed
method, and (b) PR controller. From top to bottom, waveforms are load current,
output voltage, FC voltage, dc-link capacitor voltage, and selected hexagon h.

stable operation of the ICMC can be achieved with the proposed
method. To further present the steady-state performance, the
phase “a” current harmonic spectra of the proposed predictive
duty cycle control and the PR control of the ICMC are presented
in Fig. 14. The data was sampled using an oscilloscope at the
1 MHz sampling rate and analyzed using MATLAB. The current
THD of the proposed method is 4.24%, while that of the PR
controller with PS-PWM is 4.3%. The current harmonics are
similar to each other and are concentrated at around 10, 20, and
30 kHz, indicating the constant switching frequency at 10 kHz is
achieved, and the output current quality of the proposed method
is comparative with that of the linear controller with PS-PWM.

2) Dynamic Performance: Other than the steady-state per-
formance tests, the dynamic performance of the proposed
method of ICMC is also tested and presented in Fig. 15. During
the dynamic performance, the current reference is changed from
4 to 8 A at 0.05 ms. It can be seen that both methods of the
ICMC with two cascaded identical cells are stable during the
large operation point step changes. The FC voltages and dc-link
capacitor voltages are balanced during the dynamic. The number
of the selected hexagon switches smoothly even during the
dynamic, indicating the fundamental-frequency operation even
during current reference step changes. The transient response
of the proposed method of the ICMC is faster than that of the
PR controller, indicating that the advantage of the fast dynamic
response in the MPC is maintained. To clearly show the dynamic
performance of the two controllers of the ICMC, zoomed wave-
forms in discrete-time scale during the load current reference
stepped change from 4 to 8 A are presented in Fig. 16. As shown
in the figure, it takes only 0.6 ms to reach its reference in the
proposed controller while it takes 2 ms to reach its reference in

Fig. 16. Zoomed output current tracking performance of ICMC for (a) pro-
posed method, and (b) PR controller.

Fig. 17. Performance assessment under parameter variations for proposed
predictive control of ICMC.

the PR controller, indicating the fast response in the step-change
of the current reference.

3) Performance Assessment Under Parameter Variation: As
a model-based control algorithm, system parameters are utilized
for the switching state selection and duty-cycle calculation.
Therefore, the performances of the proposed method of the
ICMC under load inductance and resistance variations are tested.
The testing scenarios are: the load filter inductance (Leq is the
control parameter, and L0 is the accurate value) is changed to
50% and 150% of the measured (accurate) values; The load filter
resistance (Req is the control parameter, and R0 is the accurate
value) is changed to 90% and 110% of the measured (accurate)
values. Phase “a” and its reference are collected and compared
with the situation where measured parameter value is used. The
results have been illustrated in Fig. 17.

As can be seen from Fig. 17, the inductance varies from
50% and 150% while the THD and tracking errors of current
are almost not affected. Note that, the errors induced in the
measurement of the inductor are within the range of 10% in
practical cases. It can be noticed that the performance is almost
not affected within this range. These results show that the
proposed method is not sensitive to inductance variations.

On the other hand, the resistance varies from 90% and 110%
while the tracking errors of current are significant. Although
such a variation range has not driven the system into insta-
bility, performance degradations are seen. This will suggest
an effective parameter robust solution (e.g., online parameter
estimations, online voltage measurements) is desirable when
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Fig. 18. Steady-state control performance of IPMC for (a) proposed method,
and (b) PR controller. For each figure-set, from top to down bottom are par-
allel cell current, output voltage, load current and circulating current, dc-link
capacitor voltage, and selected hexagon h.

Fig. 19. Current FFT results of IPMC for (a) proposed method, and (b) PR
controller. From top to bottom, waveforms are the load current and its spectrum.

the proposed method is applied, which is one of our research
interests in the near future.

B. IPMC

The experimental results of the proposed predictive control
method and the PR controller for the IPMC with two internal
parallel cells are also tested and presented in Fig. 18. The carrier
frequency and the sampling point is set to the same as that of the
ICMC to achieve an equivalent switching frequency of 10 kHz.
As shown in both methods, the dc-link capacitor voltages are
balanced at around udc/2 = 80 V. The low-frequency circulat-
ing current is suppressed around 0 A, resulting in a balanced
output current between each parallel cell, that is, ia1 has the same
magnitude with ia2. The output voltage uao is with five stages
due to the interleaved operation of the internal parallel cells. The
selected hexagon number switches smoothly, indicating the low-
frequency operation of Sx1/Sx2 is achieved. To further present
the steady-state performance, the phase “a” current harmonic
spectra of the proposed method and the PR controller for the
IPMC are presented in Fig. 19. The data was sampled using
an oscilloscope at the 1 MHz sampling rate and analyzed using
MATLAB. The phase “a” current THD is 2.71% while that of the
PR controller is 3.06%. The current harmonics of both methods
are concentrated at around 10, 20, and 30 kHz, indicating the
constant switching frequency at 10 kHz is achieved, and the
proposed method can achieve the comparative output current
quality with that of the linear controller with PS-PWM.

1) Dynamic Performance: The dynamic performance of the
proposed method of IPMC is presented in Fig. 20. During the
dynamic performance, the current reference is changed from 4

Fig. 20. Transient-state control performance of IPMC for (a) proposed
method, and (b) PR controller. From top to bottom, waveforms are parallel cell
current, output voltage, load current and circulating current, dc-link capacitor
voltage, and selected hexagon h.

Fig. 21. Zoomed output current tracking performance of IPMC for (a) pro-
posed method, and (b) PR controller.

to 8 A at 0.05 ms. It can be seen that both methods of the IPMC
with two parallel cells are stable during the large operation point
step changes. The low-frequency internal circulating current is
suppressed, and dc-link capacitor voltages are balanced during
the dynamic. The number of the selected hexagon switches
smoothly even during the dynamic, indicating the fundamental-
frequency operation even during current reference step changes.
The transient response of the proposed method of the IPMC
is very faster than that of the PR controller, indicating that
the advantage of the fast dynamic response in the MPC is
maintained. To clearly show the dynamic performance of the two
controllers of the IPMC, zoomed waveforms in discrete-time
scale during the load current reference stepped change from 4 to
8 A are presented in Fig. 21. As shown in the figure, it takes only
0.5 ms to reach its reference in the proposed controller while it
takes 2 ms to reach its reference in the PR controller, indicating
the fast response in the step-change of the current reference.

2) Performance Assessment Under Parameter Variation:
The performances of the proposed predictive duty cycle control
of the IPMC under load inductance and resistance variations
under the same scenarios as those of the ICMC are tested. As
can be seen from Fig. 22, the inductance varies from 50% and
150% while the THD and tracking errors of current are almost
not affected. Note that, the errors induced in the measurement
of the inductor are within the range of 10% in practical cases. It
can be noticed that the performance is almost not affected within
this range. These results show that the proposed method is not
sensitive to inductance variations.

On the other hand, the resistance varies from 90% and 110%
while the tracking errors of current are significant. Although
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Fig. 22. Performance assessment under parameter variations for proposed
predictive control of IPMC.

such a variation range has not driven the system into insta-
bility, performance degradations are seen. This will suggest
an effective parameter robust solution (e.g., online parameter
estimations, online voltage measurements) is desirable when
the proposed method is applied, which is one of our research
interests in the near future.

C. Discussion

According to the above results for both ICMC and IPMC, it
can be concluded that the proposed method can achieve a similar
current quality with that of the PR controller with PS-PWM.
As a model-based optimal controller, the proposed controller
can provide a much faster dynamic than that of the post-error-
based PR controller. On the other hand, multiple-loop PI or
PR controller parameters should be carefully tuned to achieve
satisfactory steady and dynamic performance. However, in the
proposed predictive controller, thanks to the employment of the
optimization method, the current control is parameter-tuning
free.

Furthermore, the freedom of the adjustable duty cycle is
fully explored in the proposed method. The dc-link voltage is
regulated by adjusting the duty cycles between (000) and (111)
of (SvaSvbSvc). The FC voltage balance or circulating current
suppression is achieved by adjusting the duty cycles between the
identical cells. Therefore, the objective or constraint is excluded
from the cost function. Therefore, the tuning effort for weighting
factors is avoided, and the optimization solver is simplified. This
is also considered as an advantage of the proposed predictive
controller.

VII. CONCLUSION

A simplified predictive duty cycle control scheme is proposed
for multilevel converters with the internal identical structure to
reduce the computation burden and improve the steady-state
performance in this article. By formulating a novel mathematic
model, where a series of switching pairs with the identical
structure are modeled as a virtual switching state, the number of
the corresponding voltage vectors for cost function evaluation
can be significantly reduced. The optimal current tracking can be

achieved by the formulated least-square optimization problem.
The output current quality is enhanced due to the employment of
the interleaved output voltage stage with PS-PWM. Simulation
and experimental results on the multilevel converters with the
internal cascaded/paralleled identical cells are presented to ver-
ify the good performance and application value of the proposed
method. The proposed predictive duty cycle control method is an
attractive alternative method for the multilevel converter with the
identical structure where a reduced computational burden and
an enhanced current control performance are required.
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