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Abstract—Various advantages are directing the attention to
modular multilevel converters (MMCs). Simple ways to balance
the voltage difference of MMC modules are strongly desired
but an open problem. The modular multilevel series/parallel
converter (MMSPC) can be an efficient solution for this problem.
However, implementing an effective control method is essential
for close-to-optimum operation of MMSPCs. Generally, on the
higher level of control, various modulation techniques can control
the output, while a scheduler balances the module voltages on
a lower control level. This paper proposes a simple yet power-
ful module scheduling method for MMSPCs. This scheduling
method can be combined with many modulation techniques,
such as nearest-level modulation (NLM). It reduces the control
complexity using the sensorless balancing capability, improves
efficiency by minimizing the conduction loss, and achieves a com-
promise between balancing the module voltages and switching
loss. Though applicable to other modulation methods, simulation
and experiments combine the proposed method with NLM for
a comparison with the prior art of scheduling. Based on the
presented results and analysis, the algorithm is suited particularly
for MMSPCs with a low to medium number of modules. The
proposed technique achieves 18–55% reduction in power loss and
7.5% improvement in averaged capacitor currents compared to
other algorithms.

Index Terms—Capacitor voltage balancing, modulation tech-
nique, modular multilevel converter (MMC), modular multilevel
series/parallel converter (MMSPC).

I. INTRODUCTION

A number of advantages such as lower voltage stress on
module components, improved harmonic performance,

and high reliability are key features of multilevel convert-
ers [1], [2]. The modular multilevel converter (MMC) is
the most performant topology family for medium- to high-
voltage applications [3]–[5]. Their scalability which allows
reaching practically any high voltage level with low-voltage
sub-modules (SMs) is the main appeal of MMCs [6].

In the past years, various topologies for MMCs and their
modules have been proposed, such as half-bridge [7], full-
bridge [8], clamp-double [9], and three-level modules [10].
Without actively balancing, inherent mismatches between
modules caused either by parameter spread or different leakage
and aging speeds are the main reasons for capacitor voltage
imbalance [11], [12]. Proper topologies [13], [14] and/or
control methods [11], [15]–[17] can solve this issue. Control
methods for balancing require voltage and/or current measure-
ments for each module, which increase the overall system cost
as well as complexity [18], [19]. Such requirements and the
high software involvement are the reasons that MMCs have

issues in applications that require safety integrity level (SIL)
ratings. Thus topologies that allow simpler or even hardware-
ensured balancing are an attractive alternative. The modular
multilevel series/parallel converter (MMSPC) is a modified
MMC topology that introduces a parallel functionality on top
of the serial connection [20]–[23]. Among other advantages,
MMSPC with its extra parallel connection across modules can
prevent voltage imbalance by frequently connecting neighbor-
ing modules in parallel [24]. The temporary parallel connec-
tion of two or more modules leads to balancing of module
voltages similar as in switched-capacitor circuits [25]. Due to
MMSPC’s intrinsic balancing capability, the requirement for
voltage and current sensors is released [26], [27].

Conventional MMCs require a strategy to actively balance
and maintain capacitor voltages within a reasonable boundary
[28]–[30]. Sorting is the dominant method for balancing the
module voltages [31], [32], where modules with highest volt-
age are inserted in series first when the arm current is negative
or last if the arm current is positive and vice versa [18], [33]–
[36]. The main problem of methods based on cell sorting is the
need to measure the module voltages, which leads to higher
cost, or estimate them, which complicates algorithms and can
reduce reliability.

Although different modulation and scheduling techniques
for enhancing the performance of conventional MMCs are
available, few of them, such as [37] and [38], focus on
systematically improving MMSPC’s performance. Since MM-
SPC modules offer bypass, serial, and parallel connections,
of which MMC is a subset, all conventional MMC modes and
scheduling methods in principle work for MMSPC. Preferably
parallel replaces bypass states for lower conduction loss and
switched-capacitor balancing. However, there are some fine
intrinsic differences that allow increasing the performance if
exploited. As will be shown in Section IV, the order by which
serial/parallel connections are assigned to modules throughout
the arm affects the effective impedance and loss [39]. The
conventional MMC’s equivalent resistance, in contrast, only
depends on the number of serial/bypass connections and not
their assignment order in the arm [40], [41].

This paper proposes a scheduling method for MMSPC
topologies that also works with fundamental-frequency switch-
ing and can be readily combined with most modulation
techniques. After determining the required arm voltage level
by the modulator, the proposed method achieves minimum
conduction loss by minimizing the equivalent resistance of
the arm. Additionally, while the parallel functionality allows



Fig. 1. Different switching conditions which is used in the proposed method.

voltage balancing, the proposed method further reduces the
accumulated imbalance when there are multiple choices for
a specific minimum equivalent resistance. Finally, to reduce
the switching loss, PWM is avoided. The proposed method
with MMSPC topology is especially effective in high-power
applications with medium to high frequency output voltages,
where high currents and fast responses are of importance. The
main contributions of the paper are as follows:

1) Minimization of the conduction loss with comparable
THD values.

2) Maintenance of a sensorless scheduling method that
reduces the costs and simplifies the system.

3) Better voltage balancing and current sharing among
modules even compared to cell sorting technique.

4) Applicability to a wide range of modulation techniques.

II. PRINCIPLE OPERATION AND ANALYSIS

The three major topologies for MMSPC are semi full-bridge
[42], full-bridge [43], and dual full-bridge [44]. The following
describes the proposed algorithm, which is capable of handling
all the above-mentioned module topologies. For the sake of
clarity, the operation principle and analysis use the full-bridge
topology, while it can easily be transferred to other topologies
with parallel mode [45].

In the considered MMSPC, two identical arms, each includ-
ing N modules, form a phase and the number of phases can be
arbitrary. Except for the last module in each arm, every module
incorporates a dual half-bridge topology. One half-bridge
controls the module connection to the upper and the other
half-bridge controls the connection to lower modules. Such
an arrangement results in eight different conditions for each
module with respect to the arm current direction, illustrated in
Fig. 1 for positive and negative currents. Configuring modules
in parallel equalizes the capacitor voltages. With a very low
resistance path, current spikes are a common challenge but
can be easily solved by small inductors [14], [46].

Fig. 2 shows the circuit diagram of a single-phase MMSPC
system. The larger inductor (Larm) in series with each arm
limits surge currents due to voltage difference between the dc
link and the arms. Parallel connection of an arbitrary number
of phases to the dc link can form a multi-phase system. In a
multi-phase system, the arm inductor is also responsible for
limiting the circulating current between the phases.

Fig. 2. Circuit diagram of a single-phase MMSPC.

A. Analysis of the MMSPC from Load Perspective

From the output perspective, any number of modules con-
nected in parallel (called a parallel union or short union) are
considered as one, and they contribute to the output voltage
identical to a single series module. Therefore, all the MMC
analysis holds [47]. Considering arm voltages continuous,
Kirchhoff’s law for steady state conditions follows

vph = −vU − L
diU
dt
−R iU +

Vdc

2
, (1)

vph = −vL + L
diL
dt

+R iL +
Vdc

2
,

iph = iU − iL,

where (uph, iph), (vU, iU), and (vL, iL) are voltages and cur-
rents of the phase, upper arm, and lower arm, respectively.
The equivalent resistance of the arm is derived with more
detail in Section IV, but (2) provides an approximation for
a more general analysis of the system as

R = Rarm +
N − 1

2
RSW, (2)

where RSW is the switch resistance of module. The equivalent
inductance of the arm (L) can be calculated per

L = Larm +
N − 1

2
LSM. (3)

where LSM is the small inductance between two side-by-side
module and should be calculated using (4) to ensure proper
performance of the system [48].
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2
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e
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)
,

(4)

where Vdiff,max is maximum voltage difference between mod-
ules, irated is rated current of the switch, Re and Ce are sim-
plified circuit parameters as detailed in the literature [48]. The
calculation procedure for selecting suitable module capacitors
is proposed by Merlin et al. [49]. The final equation follows

CSM ≥
|S|

6πf1

1

VDC∆V
, (5)



 

where S is apparent power of the MMC system, f1 is output 
frequency, and ∆V is maximum allowable capacitor voltage 
drop.

A proper configuration to meet the specified voltage level
is the main objective of the modulation method. Most of
the modulation methods proposed in the literature quantize
voltage references into discrete voltage levels and determine
the number of series modules/unions. The scheduler, including
the proposed one, takes over right after the modulator has
determined the number of required serial connections (Ns)
and uses Ns as input to determine the optimized connection
of the modules. This structure renders the proposed method
applicable to nearest-level modulation (NLM) methods and
any other switching method that controls Ns directly [50].
Since NLM can achieve lower THDs with less switching, this
paper studies the proposed scheduler in detail using NLM.
However, since the only input of the proposed scheduler is
the number of required serial connections, it can be easily
combined with other modulation techniques too.

Using (1), the phase output voltage can be calculated as

vph =
1

2
(vL − vU + L

diph

dt
+R iph). (6)

The voltage reference for the phase can be derived as

vref =
1

2
mVdc cos(ωt), (7)

where m is the modulation index. Similarly, upper and lower
reference voltages can be expressed as

vUref =
1

2
Vdc(1−m cos(ωt)), (8)

vLref =
1

2
Vdc(1 +m cos(ωt)),

where ω is angular velocity of the fundamental frequency
of the output voltage of the MMSPC. In conventional NLM
(CNLM) methods, the upper and lower arms should be
switched complementary, which results in N + 1 different
voltage levels. The quantized voltage levels could be produced
by changing series modules. Furthermore, applying a π/2N
phase shift between switching of the upper and lower arms
enables 2N+1 voltage levels. This paper refers to this method
as phase-shifted arms NLM (PSANLM). A larger number
of voltage levels improves the output THD and reduces the
capacitors voltage from Vdc

2N to Vdc
2N+1 . The Ns for PSANLM

can be calculated as

NSU = round
(
N vU

ref
Vdc

+ 1
4

)
,

NSL = round
(
N vL

ref
Vdc

+ 1
4

)
.

(9)

B. System Priorities

1) Conduction Loss: This parameter is influenced by the
number of series/parallel modules as well as their mapping
throughout the arm. Assuming modules are identical and
capacitor voltages are balanced, the conduction loss is quadrat-
ically related to the arm equivalent impedance. To minimize
conduction loss, the system’s equivalent impedance should be
minimized. To minimize the impedance for a given Ns, it is

Fig. 3. Representative voltage and current waveforms during balancing.

proven that all the unions should have a similar number of
parallel modules and thus be as close as possible to a uniform
distribution [38], [51]. In other words, a better distribution
of parallel modules in each arm leads to lower equivalent
resistance.

2) Switching Loss: The fewer modules change their con-
nection state, the lower the switching loss. The proposed
scheduler optimizes the conduction losses of the system, and
hence it is particularly suitable for systems with high ratios
of conduction to switching losses—in MMC applications,
conduction losses typically contribute to a large portion of the
overall losses. However, the algorithm limits the switching loss
through low-frequency switching algorithms. The scheduler is
effective for all systems with any number of modules, but the
observed improvements are more noticeable in systems with
fewer of modules. Additionally, the scheduler improves the
balancing among modules, which is beneficial to both small
and large systems.

3) Charge Balancing: The MMSPC topology can connect
a module in parallel with another module, which simplifies
the control system. Considering that one module has a lower
voltage when connected in parallel, a balancing path will be
formed and the module with the higher voltage will discharge
into the one with the lower voltage, until their voltages are
equal. However, since a parallel connection of two capacitors
may lead to current spikes that can damage the components,
very small inductors are used between modules to limit the
balancing current amplitude. Therefore, depending on the
imbalance existing between modules, balancing operation can
take several cycles as depicted in Fig. 3.

While the scheduler’s preferred course of action is to reduce
the switching loss, when switching is necessary, the scheduler
reduces imbalance by reversing the mapping order of the
modules. In short, if two different unions with Np1 and Np2
parallel modules are required and the scheduler formed the
unions for the previous voltage cycle starting from the upper
module, the scheduler will start from the lower module in the
arm in the next cycle.



III. PROPOSED CONTROLLER

Higher numbers of states for MMSPCs increase the de-
grees of freedom of the system. However, without solving a
complex and time-consuming optimization problem for each
time step, mathematically optimum operation cannot certainly
be reached. The proposed method exploits the fine relations
governing MMSPCs to solve the most important part of this
optimization (minimizing loss), with consideration of other
parameters. The main aim of the proposed controller is to
minimize the power loss and since in high-power applications
the larger share of power loss stems from conduction loss, it
is reasonable to minimize the conduction loss first and reduce
the switching loss second. As mentioned before, to minimize
the conduction loss in each arm, the formed unions through
paralleling the modules should be distributed as evenly as
possible. Hence, for a specific Ns, the number of modules
in each parallel unit of each arm (Npi , i = 1, ..., Ns) should
be equal or close to equal. To calculate every Npi , the value
of h = N/Ns should be considered, where N is the total
number of modules in the arm. Depending on the value of h,
two different conditions are possible:

1) h is a natural number: It means that N is an integer
multiple of Ns. In this scenario, all Npi are equal to

Np1 = Np2 = ... = Np(Ns)
= N/Ns. (10)

2) h is not a natural number: There is a non-zero remainder
(R) in the division. In this situation, R units should have
(floor(h)+1) modules and (Ns−R) units should have floor(h)
modules and the these units are connected in a way that no
similar units are connected in series to each other (for better
balancing). Therefore, numbers of parallel modules in the two
possible unions are

Np1 = ... = NpR = floor(h) + 1,
Np(R+1)

= ... = Np(Ns)
= floor(h),

(11)

where f(x) = floor(x) is a function which yields the largest
integer less than or equal to x as output. It should be mentioned
that procedure is similar for positive and negative arm current
and also for increase and decrease of Ns. The procedure is
summarized as a flowchart in Fig. 4.

IV. THD AND LOSS DISCUSSION

Through analysis, this section derives the minimum equiv-
alent resistance of the system and shows that the proposed
scheduler has no adverse effect on the THD output.

A. Conduction Loss

Neglecting transients and voltage imbalance, the conduction
loss can be estimated by equivalent resistance (Req,arm) and
arm current. The equivalent resistive circuit of a union formed
by Npi parallel modules is shown in Fig. 5 and the equivalent
resistance of the union can be calculated using (12). Knowing
Ns and the resultant Npis, the equivalent resistance of the arm
(Req,arm) could be calculated per

Req,union =
RC

Npi
+
Npi − 1

2
(RL,int +Rsw), (12)

Fig. 4. Flowchart of the proposed scheduling algorithm.

Fig. 5. Equivalent circuit of one union with Npi parallel modules.

Req,arm = RL,arm +
∑Ns
i=1(Req,unioni)

+(Ns − 1)
(
RL,int+Rsw

2

)
+Rsw,

(13)

where RC is internal resistance of capacitor, RL,int is internal
resistance of the small inductance between modules, RL,arm is
Larm internal resistance, and Rsw is the switch resistance.

For conduction loss comparison of the proposed method
with an MMC topology, the arm equivalent resistance should
be calculated. Lets assume an MMC topology with half-bridge



modules, then the MMSPC has two times more individual
switches compared to MMC because of parallel currents paths
existence. Therefore, the effective current of MMSPC switches
is half compared to a switch in an MMC that means smaller
switches could be used in MMSPC [52]. For a fair comparison,
the resistance of MMC switches is considered to be half the
resistance of MMSPC ones. The equivalent arm resistance of
a conventional MMC can be calculated as4

Req,arm = RL,arm +Nsrc +NRsw,MMC

= RL,arm +Nsrc +N Rsw
2 ,

(14)

where RL,arm is the main inductor resistance of the arm. The
conventional MMC modules do not have parallel functionality,
therefore the interconnection inductors between each module
to decrease balancing current peak could be omitted, in other
words, Rsw could represent the internal resistance as in (14).

Instantaneous arm current and the arm rms current can be
calculated as

iarm =
Iph

2

(
m
2 cos(φ)± sin(ωt− φ)

)
, (15)

I rms
arm =

Iph

2

√
m2

4 cos(φ)2 + 1
2 , (16)

where φ is the phase angle of load and Iph is the phase
current amplitude. The average model conduction loss can be
calculated as the following [53]:

Pcond,arm = N VCE I
rms
arm +Req,arm(I rms

arm)2 (17)

To reduce complexity in (17), forward voltages of anti-
parallel diode and IGBT are considered equal. Besides, the
forward voltages are assumed to be independent of current
variations. The formulations show that the conduction loss
due to the switches resistance is almost unchanged but the
loss due to the capacitor resistance is reduced significantly.
On the other hand, capacitors are operating in parallel so that
the effective capacitance is increased, whereas each capacitor’s
effective current is reduced, enabling smaller capacitors.

B. Switching Loss

In case of completely balanced modules, the switching
loss can be calculated based on the procedure proposed in
[54]. To estimate the system switching loss, it is necessary
to approximate the total number of switching instances during
one cycle in each arm. The total number of switching instances
per phase with the fundamental frequency f1 and modulation
index m can be approximated as

NSW ≈
(1+m)N/2∑

k=(1−m)N/2+1

4f1 (2k − 1). (18)

The system switching loss follows

PSW = NphaseNSW

(
1

2
vSM iSM (ton + toff)

)
, (19)

where Nphase is the total number of phases in the system,
vSM is module voltage, and iSM is module current. vSM and

iSM should be recalculated at each switching step. However,
the loss calculation procedure can be simplified by using an
average model. The average arm current for half of the arm
current cycle can be calculated as

iSM =
Iph

2N

(
N∑
k=1

abs
(m

2
cos(ϕ)± sin

(π
2
kω − ϕ

)))
.

(20)
The average current is also a good first approximation for

the average switching current. Among different NLM methods,
PSANLM has lower switching loss because of the lower vSM
and better THD.

C. Total Harmonic Distortion

As the literature confirms, voltage THD analysis of MMC
and MMSPC coincide [55]. Dahidah and Agelidis calculate
the amplitude of the fundamental frequency of the output
voltage for different voltage levels and switching events [56].
Among various NLM techniques, PSANLM achieves the low-
est THD value. Hence this paper chooses PSANLM for further
discussion. The amplitude of the fundamental frequency of
PSANLM method is

A1 =
4Vd
π

2N∑
i=1

cos(αi), (21)

where αi is the switching angle with 0 < α1 < ... < α2N <
π/2. Considering the calculated amplitudes and output voltage,
the THD follows

THD =

√
2
π

∑Nα
i=0

(∫ αi+1

αi
(Vi,d −A1cos(ϕ)) dϕ

)2
A1

, (22)

where Nα is 2N for PSANLM and α0 = 0. As can be seen,
the proposed scheduler has no effect on the output voltage
THD value.

V. SIMULATION AND EXPERIMENTAL RESULTS

This section evaluates the performance of the proposed sys-
tem and compares it with other popular techniques. MATLAB
Simulink serves to simulate a system with 40 modules. Fur-
thermore, we built a scaled-down system with eight modules
in the lab for experimental evaluation. In both simulation and
experiments, the proposed scheduler combined with PSANLM
is evaluated and compared to phase-shifted carrier (PSC) mod-
ulation as an alternative that includes scheduling. Furthermore,
we compare the performance of the proposed scheduler to
a conventional cell-sorting scheduler (which highly relies on
measurement of module voltages) in both MMSPC and MMC
topologies [57] as well as a fixed-switching-pattern scheduler
in MMSPC [58], [59].

The implemented cell-sorting algorithm is based on the
literature [60]. For MMSPC, we replace each bypass with
a parallel connection. The fixed-switching-pattern scheduler
inserts the modules into the arm based on their index and with-
out any specific scheduling. The power loss and also the THD
output of the PSC heavily rely on the frequency of the carriers:
higher carrier frequencies lead to higher switching loss and



TABLE I
SYSTEM PARAMETERS

Parameters Simulations Experiments

Rated Power (per arm) 36 kVA 1.25 kVA
dc link Voltage 1200 V 200 V

Number of modules per arm 20 4
modules Capacitance 20 mF 5 mF
Capacitor Resistance 20 mΩ 20 mΩ
Decoupling Inductor 5 µH 7 µH

Decoupling Inductor Resistance 100 µΩ 150 µΩ
Arm Inductor 0.9 mH 1.5 mH

Inductor Resistance 2 mΩ 20 mΩ
Switch Model IGBT IPT015N10N5

RCE 1.5 mΩ 1.5 mΩ
VCE 1.5 V 1.5 V

Implementation/Controller MATLAB sbRIO9627

lower voltage THD. A fair comparison suggests selecting the
minimum carrier frequency that results in an acceptable THD
output. The following provides a brief analysis of the THD
output of the PSC.

The amplitude of the fundamental frequency voltage using
PSC-PWM is

A1 =
8Vd
π

(fSWN/2f1)∑
i=1

(−1)kcos(αi), (23)

where 0 < α1 < α2 < ... < π
2 and k in positive step condition

is 1, otherwise 0.
Comparing (23) with the THD of the PSANLM shows

that for a comparable THD the switching rate in PSC-PWM
should be at least four times higher than the fundamental
frequency. Systems with a large number of modules require
much more switching for a PSC-PWM to obtain similar THD
values, which consequently leads to higher switching losses.
In systems with lower numbers of modules, where higher
switching frequencies are possible, i.e., systems with lower
power ratings, PSC-PWM can achieve THD values that are
not possible for NLM. Here, the carrier frequency of 11f1
for experiments and 4f1 for simulations is selected. Table I
provides the detailed parameters of the system.

The PSC modulation method uses N carriers with 2π/N
phase difference for each arm with N submodules. This
method’s performance significantly depends on initial phase
difference between the voltage reference and the carriers.
Therefore, this comparison uses the optimal carrier distribution
[43], which improves the balancing performance and efficiency
of the system. The optimal carrier distribution for twenty
modules per arm follows

θopt = [10 19 8 17 6 15 4 13 2 11 0 9
18 7 16 5 14 3 12 1]× 2π

20 + θinit,
(24)

where θinit = 2π/60 is the phase difference between the
voltage reference and the first carrier. Fig. 6(a) shows the
simulation results for output voltages of the five modulation
methods. As expected, the output voltage of the proposed
method is more sinusoidal. Fig. 6(b) shows THDs of the output
voltages, which confirms proper performance of the proposed
method. THD of the NLM-based techniques are relatively

Fig. 6. (a) Waveforms of output voltage of five different modulation methods.
(b) Sliding window THD of the waveforms.

Fig. 7. (a) Voltage differences between modules in each method. (b) Average
capacitors current.

similar, with the proposed method providing the best THD
for MMSPC topology and the fixed-pattern scheduling the
worst. This is mainly due to the effect of the scheduler on
the balancing.

Fig. 7 investigates the capacitors voltage balancing perfor-
mance by comparing the voltage difference between maximum
and minimum values for each method. The proposed method
has the best performance in capacitor voltages balancing,
whereas the fixed-switching-pattern scheduler performs poor-
est.

The main reason why the proposed scheduler outperforms



Fig. 8. Comparison of power loss for different methods with modulation
index between 0.5 and 1 when capacitor voltages are balanced and load is
resistive (PF = 1).

cell-sorting is lower accumulated voltage imbalance. Further-
more, as shown in Fig. 7, the average capacitor current in the
proposed method is lower compared to the other methods,
which in turn leads to higher efficiency and the option to
use smaller capacitors. The capacitor current is affected by
the phase current (iph ↑⇒ ism ↑), modulation index (m ↑
⇒ ism ↑), power factor (PF ↑⇒ ism ↑), and balancing
operation (ibalancing ↓⇒ ism ↓). While it is not possible
to control the three factors through scheduling, a suitable
scheduler can reduce the balancing requirement and hence the
average capacitor current. Capacitors are among the bulkiest
and most expensive components in the system. Any reduction
of their size is a significant advantage worth further analysis.
However, since it is not the main focus of this paper, we do
not provide further discussion of the capacitor ripple.

Fig. 8 compares the power loss for different modulation
indices. It is assumed that the capacitors have the same
voltage with the modulation index ranging between 0.5 and
1. Increasing the modulation index reduces the power loss in
all methods except the fixed pattern. Power losses of the fixed-
switching-pattern scheduler for modulation indices below 0.8
are high, which shows the importance of minimizing the
conduction loss. The power loss could be decomposed into
conduction and switching loss, which are also compared in
Fig. 10 and Fig. 11, respectively.

The proposed method has the lowest power loss compared
to the others, including PSC. While the proposed scheduler
slightly increases the switching losses, those of NLM are neg-
ligible compared to the conduction losses as verified by Fig. 10
and Fig. 11. The analysis of Section IV yields I rms

arm = 49.54 A
and the absolute average arm current Iavg

arm = 36.5 A. Further-
more, the switching and conduction losses are 0.0093 % and
1.59 %. Compared to Fig. 10 and 11, the estimation errors are
0.0004 % and 0.03 %. These results clarify the high efficiency
of the proposed method.

All the scheduling methods are simulated with RL load
(PF' 0.87), and Fig. 12 depicts the power losses with respect
to modulation index. With RL load, the proposed scheduler
achieves the best performance and reduces the average losses
by more than 20 %. We further evaluated the power loss in

Fig. 9. Comparison of power loss for different methods with modulation
index between 0.5 and 1 when capacitor voltages are not balanced and load
is resistive (PF = 1).

Fig. 10. Comparison of conduction power loss for different methods with
modulation index between 0.5 and 1 when capacitor voltages are balanced
and load is resistive (PF = 1).

case of mismatched capacitors in the modules. As shown in
Fig. 9, the results are almost the same.

Fig. 13 shows the setup for experimental evaluation. We
implemented the modulation and scheduling algorithms on an
FPGA development board. There are four modules in each

Fig. 11. Comparison of switching power loss for different methods with
modulation index between 0.5 and 1 when capacitor voltages are balanced
and load is resistive (PF = 1).



Fig. 12. Comparison of power loss for different methods with modulation
index between 0.5 and 1 when capacitor voltages are balanced and load is
inductive (PF' 0.87).

Fig. 13. Laboratory setup for experimental evaluation.

arm and a filter between every two modules (see Table I for
values). The output voltage frequency is tuned to 50 Hz, and
the load of the system is a 5 Ω resistor; a 200 V source supplies
the dc link voltage and modulation index is set as 95 %.

Fig. 14 illustrates the measurements for PSANLM with the
proposed scheduler with resistive load. Fig. 14(a) confirms the
balancing capability of the MMSPC topology and Fig. 14(b)
shows the result of PSANLM modulation. In general, the
proposed scheduler’s effects on the output voltage waveform
are negligible and all the scheduler methods with PSANLM
will result in mostly similar output shapes. However, the
efficiencies vary significantly. It should be mentioned that
the THD of the experimental output voltage and ripple of
module voltages are expectedly higher than the simulation due
to the lower number of modules in the experimental setup.
Additionally, lower numbers increase the stress on the inductor
and lead to higher voltage ripple.

Fig. 15 illustrates experimental results of the proposed
method with highly inductive load. The lower power factor
reduces the discharge of the capacitors when the modules are
in series and leads to more defined step shapes in the output
voltage of the system. Thus, the proposed method is not power-
factor dependent. For comparison, experimental results of the
PSC method are captured and shown in Fig. 16 and 17 for

Fig. 14. Experimental results for the proposed method with resistive load
(PF = 1), a) different module voltages, b) AC output voltage and current.

Fig. 15. Experimental results for the proposed method with inductive load
(PF' 0.87), a) different module voltages, b) AC output voltage and current.

Fig. 16. Experimental results for PSC method with resistive load (PF = 1),
a) different module voltages, b) AC output voltage and current.



Fig. 17. Experimental results for PSC method with inductive load (PF' 0.87),
a) different module voltages, b) AC output voltage and current.

Fig. 18. Graph of the harmonic contents for PSC and proposed modulations,
(a) PSC method, (b) proposed method.

PF = 1 and PF' 0.87, respectively. Here as in the simulation,
the output voltage of the proposed method is clearly more
sinusoidal. In Fig. 18, the THD value of the output voltages
for experimental results have been analyzed. As expected,
based on the measurements, the THD of the PSANLM is
significantly better than the PSC method. Although, the main
harmonics content of PSC modulation are in higher harmonics
which simplify filtering, it should be mentioned that the
nearest-level modulation is most suitable for systems with
higher number of modules and as the simulation results verify,
the resultant THDs can be significantly lower.

VI. CONCLUSION

This paper proposes a new scheduling algorithm to mini-
mize the conduction loss of MMCs with additional parallel
connectivity between modules. It further discusses the combi-
nation of the proposed method with low-frequency switching.
However, the proposed method is compatible with any high-
level control. Regardless of the combination of the proposed

algorithm with various modulators, the algorithm achieves the
best configuration with minimum conduction loss. The optimal
configuration improves the capacitor voltage balancing and
reduces the balancing current. In addition, the algorithm is
easily scalable to large systems.

Methods with high computational burden are not proper for
online and/or cost-effective implementation. These methods
require powerful processors and large memory. Some methods
try to resolve this issue by limiting the number of feasible
solutions, but the computational burden still requires powerful
and expensive controllers [61]–[64]. Online implementation of
the proposed method is efficient. Importantly, extending it to
larger system does not increase the computational load.

The method is evaluated in simulations and experiments;
the results confirm the effectiveness and simplicity of the
proposed method in terms of voltage balancing, THD, and
efficiency. The numerical comparisons show that the power
loss is reduced 18–55% in either balanced or imbalance
modes compared to other scheduling techniques. Furthermore,
averaged capacitor current is improved 7.5% compared to
PSC.
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different carrier-based pwm methods for modular multilevel converters
for hvdc application,” in IECON 2012-38th Annual Conference on IEEE
Industrial Electronics Society. IEEE, 2012, pp. 388–393.

[30] D. Siemaszko, A. Antonopoulos, K. Ilves, M. Vasiladiotis, L. Ängquist,
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