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Abstract—Since the introduction of modular multilevel convert-

ers (MMC), various additional features have been introduced for 

MMCs, among them parallel inter-module connectivity. However, 

such a parallel mode requires appropriate modulation and switch-

ing strategies to exploit its full potential. Low-frequency switching 

modulation is widely used with half-bridge modules and a large 

body of research focusses on the optimum control and scheduling 

of these methods. However, so far, a suitable adaptation for MMCs 

with parallel mode is missing, and existing methods perform 

suboptimum. This paper proposes a generic scheduling algorithm 

for simple and low-cost integration with low-frequency switching 

modulation. The proposed method reduces control complexity, 

minimizes power loss, and can be combined with most modulation 

techniques, including nearest-level modulation (NLM) and selective 

harmonic elimination (SHE). The text provides a general algorithm 

for integrating this method with other control levels and analyzes 

its effect on MMCs with parallel functionality. Moreover, it exam-

ines the performance of the system with NLM combined with the 

proposed scheduler and compares it to other alternatives. Results 

show up to 50% reduction in power loss with a similar modulation 

technique as well as significantly lower THD and power loss com-

pared to optimized phase-shifted carrier modulation as another 

sensorless alternative method. 
 

I.  INTRODUCTION 

 

Multilevel converters have become attractive circuits in the 

power electronics community due to their significant ad-

vantages over conventional two-level structures in many ap-

plications [1]. Among various alternative multilevel circuits, 

modular multilevel converters (MMC) are considered most 

flexible and competitive due to modularity and scalability, 

especially in high-voltage applications [2]. However, conven-

tional MMCs with half-bridge modules have several draw-

backs, including risk of voltage imbalance between modules 

as well as costly control and monitoring requirements, which 

counterbalance their advantages [3-5]. Many approaches have 

been considered to solve these problems focusing on both 

control [6-9] and topology aspects [10-12].  

MMCs with additional parallel connectivity offer an inter-

esting solution to many of the above mentioned shortcomings 

[13-16]. Compared to conventional topologies, modular multi-

level converters with serial/parallel connection (MMSPC) 

offer advantages and features such as 

- inherent charge balancing and sensorless operation 

capability [14, 17]; 

- higher efficiency in many operation points due to re-

duced equivalent impedance [18]; 

- bidirectional operation of the modules [18]; 

- sensorless operation with minimum communication 

requirements [19]; 

- better fault tolerance [20-22]. 

As conventional MMCs, the achievable performance of 

MMSPCs depends on a suitable modulation and switching 

strategy [23]. However, while many modulation techniques 

have been proposed for conventional MMCs, very few focus 

on suitable switching and modulation methods for MMSPC 

topologies [14, 15, 18, 23]. Modifying well-known switching 

algorithms for MMCs to exploit the additional capabilities of 

MMSPCs can be a viable solution to this gap. Available 

switching algorithms for MMCs can be classified into low-

frequency, PWM-based, and space-vector switching algo-

rithms [24]. Space-vector modulation techniques often involve 

unwanted complexity in high voltage systems with many 

modules and PWM or phase-shifted carrier (PSC) based 

methods where the high loss of rapid-rate switching would 

cause lower efficiency are not favored or limit flexibility, e.g., 

to operate under asymmetric grid conditions [25]. However, in 

large systems with many modules, fundamental- or low-

frequency switching modulation techniques are the popular 

switching method—mainly because of a better compromise 

between voltage quality and power losses. Nearest-level mod-

ulation (NLM) is a generic low-frequency switching method 

that can represent low-frequency modulation methods. Alt-

hough NLM and its variations appear intensively studied, so 

far, the focus has been only on MMCs with half-bridge mod-

ule topologies [18]. However, the exact implementations of 

the conventional methods do not perform well with added 

parallel connection or do not exploit the additional perfor-

mance. 

When considering optimizing a modulation technique for 

MMSPCs, special attention should be paid to the inherent 

differences between the behavior of MMCs and MMSPCs, 

which can affect the system performance. In contrast to 

MMCs, where the number of serial and bypass connections 

determines the equivalent resistance of the arm, the configura-

tion of the serial and parallel connections in MMSPC can also 

greatly affect the equivalent circuit. This paper particularly 

fills the gap after the modulator, which delivers quantized 

reference signals, and focuses on optimizing the mapping of 

the quantized levels from the modulator to individual module 

states, considering the MMSPC’s inherent differences. 
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This paper presents a generic algorithm for module topolo-

gies with parallel module inter-connection mode that optimiz-

es switching and conduction losses, while providing low dis-

tortion. Based on the proposed scheduler, the RMS current of 

the modules’ capacitors as well as the accumulated voltage 

imbalance are also reduced. The performance of the algorithm 

in combination with low-frequency switching modulation is 

analyzed and compared to other sensorless modulation tech-

niques. The proposed algorithm is capable of efficient charge 

equalization between the modules and has the advantage of 

simple implementation in large systems. After analyzing the 

operation principle of the system, the following presents the 

required considerations for implementing the algorithm. A 

flowchart for utilizing the proposed algorithm with other 

modulation techniques is provided and effects of the operating 

conditions and system parameters on the overall performance 

are discussed. In the end, some simulation and experimental 

results are summarized to support the derived conclusions. 
 

II.  PRINCIPLE OPERATION AND ANALYSIS 
 

As shown in Fig. 1, various topologies have been reported 

in the literature for MMSPCs utilizing semi-full-bridge [17], 

full-bridge [19], dual-full-bridge [26], and/or some unconven-

tional module topologies [15]. Since the proposed algorithm is 

applicable to any topology with parallel connection mode, this 

paper presents the main operation principle and control for the 

general MMSPC topology shown in Fig. 1, which can include 

any sub-module (SM) topology with parallel functionality. 

Sometimes, modules are connected to each other through 

small inductors [14]. The inductors are responsible for limiting 

the balancing current during parallelization and prevent dam-

age to the components. Furthermore, reducing the paralleliza-

tion current can beneficially increase efficiency, even consid-

ering the slightly added losses due to the inductors [27]. 

Connecting several modules in the parallel state forms a un-

ion, which from the load side and DC grid point of view be-

haves like one larger module. Therefore, the MMSPC struc-

ture can be analyzed similarly to a normal MMC [28]. For 

steady state conditions, Kirchhoff’s law results in  

U
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ph L L dc
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U

di
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dt i i i
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where 
ph ph( , )u i , 

L L( , )u i , and U U( , )u i  are voltage and current 

of the phase, lower arm, and upper arm, respectively. L is the 

equivalent inductor of the system and R is the arm equivalent 

resistance. To derive these equations, the arm voltages and 

number of possible parallel connections have been considered 

continuous. 

The goal of the proposed algorithm is to provide a simple 

and general way for selecting a suitable configuration for a 

given voltage level. Most modulation methods are based on 

quantization of the continuous reference voltage into a finite 

number of voltage levels and consequently require the number 

of series connections (NS). Given NS, a scheduler determines at 

each time which modules should be connected in series and 

which modules should be in parallel to ensure balanced opera-

tion. Therefore, this algorithm is not only applicable to NLM 

methods but also any other switching algorithm that controls 

NS directly, such as selective harmonic elimination [29]. How-

ever, since low-frequency switching methods are more favora-

ble in high-voltage applications, the scheduling method is 

analyzed using NLM.  

Through (1), the output phase voltage can be derived as 

 ph L U ph0.5 0.5
d

u u u L R i
dt

 
    

 
. (2) 

Neglecting the second term, the reference value for the 

phase voltage can be written as 

ref dc0.5 cos( )u mU t , (3) 

where m is the modulation index and 𝜔 = 2𝜋𝑓1. 

Similar to MMC analysis, the upper and lower reference 

voltages read as follows 

  

  

U

ref dc

L

ref dc

0.5 1 cos ,

0.5 1 cos .

u U m t

u U m t





 
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The arm reference voltages readily provide the required 

number of serial connections through quantization of the out-

put voltage. As presented in [28], in a conventional NLM 

(CNLM) the upper and lower arms are switched complemen-

tary, which results in 1N  voltage levels, where N is the 

number of modules in one arm. It is also possible to create a 
𝜋

2𝑁
 phase shift between switching of the upper and lower arms 

(PSANLM), which increases the available voltage levels to 

 
Fig. 1. General MMSPC topology and possible modules with parallel func-

tionality 
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2𝑁 + 1 . The higher quantization of the phase voltage im-

proves the output total harmonic distortion (THD) and reduces 

the operating voltage of the modules from 
𝑈dc

𝑁
 to 

𝑈dc

𝑁+0.5
. Using 

the latter modulation method, there are instances when N + 1 

modules are connected to the DC link, and the inductor limits 

the surge current caused by voltage difference between the DC 

link and N+1 modules in series. Hence, the stress and voltage 

drop on the arm inductors are slightly increased.  

To provide a more general insight into the performance of 

the proposed algorithm, it is combined with both NLM meth-

ods. The number of serial connections in upper (NSU) and 

lower (NSL) arms for CNLM and PSANLM can be calculated 

using (5) and (6), respectively. 
U L
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dc dc

round , round
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N N
U U

   
    
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After calculating 𝑁𝑆𝐿  and 𝑁𝑆𝑈 , the proposed algorithm de-

termines which connections should change to obtain the most 

suitable configuration. The main considerations to develop the 

algorithm are minimizing the switching and conduction losses, 

improving voltage imbalance, and reducing balancing current. 

Furthermore, in order to make the algorithm applicable to 

large systems, it should be easily extendable to large number 

of modules.  
 

A. Switching loss 

To provide highest voltage quantization, each module in the 

lower arm should change to serial connection in the first half 

cycle (from  𝜔𝑡 = −
𝜋

2
→

𝜋

2
)  and then change back to by-

passed/paralleled in the second half of the cycle (from 

𝜔𝑡 =
𝜋

2
→

3𝜋

2
). A similar condition occurs for the upper arm. 

Therefore, the minimum switching frequency for each module 

is twice the fundamental frequency of the output voltage 

(𝑓sw,min = 2𝑓1). In order to minimize switching loss, the num-

ber of connection changes in each arm per voltage step is 

limited to one, which would result in a switching frequency of 

twice the fundamental frequency. Further increasing the 

switching ratio, will not increase the number of voltage levels 

in the output. The number of IGBTs/MOSFETs that change 

state by toggling between parallel and serial connection de-

pends on the selected topology and the selected modulation, 

which can be calculated using 

𝑁sw = {

3𝑁 × 𝑓sw

4𝑁 × 𝑓sw

8𝑁 × 𝑓sw

                

semi-full-bridge [17]

full-bridge           [19]

dual-full-bridge  [26]

 (7) 

where 𝑓sw  is the switching frequency and N is the number 

modules in each arm. Equation (7) calculates the number of 

semiconductors that change states in one fundamental period. 

For modulation methods based on fundamental frequency such 

as NLM, 𝑓sw = 2𝑓1. Finally switching losses can be calculated 

using 

𝑃SW = (𝐸on + 𝐸off + 𝐸snubber)𝑁sw → 𝑃loss ∝ 𝑓sw,  (8) 

where 𝐸on, 𝐸off, and 𝐸snubber are turn-on, turn-off, and snub-

ber energy losses. Based on (8), reducing the switching fre-

quency can reduce the switching losses in all the above-

mentioned topologies. 
 

B. Conduction loss 

The conduction loss highly depends on the series–parallel 

configuration of the modules. Assuming identical modules and 

balanced conditions, the conduction loss due to the load cur-

rent has a linear relation with the system equivalent imped-

ance. The minimum resistance in the conduction path for a 

given NS is achieved when all the unions have the same num-

ber of parallel modules. In other words, better distribution of 

parallel modules throughout the arm leads to lower equivalent 

impedance [23]. Neglecting the switch resistances, the equiva-

lent resistance of the arm with NS serial connections follows 

𝑅eq,arm = 𝑅L,arm + ∑
𝑟𝐶

𝑁𝑝,𝑖

𝑁𝑆
𝑖=1  , (9) 

where 𝑁𝑝𝑖
is the number of parallel connections in the i

th
 union 

and 𝑟c  is the capacitor internal resistance. 𝑅eq,arm  is the arm 

main inductor resistance. Conduction loss is linearly related to 

the equivalent resistance, briefly 𝑃cond ∝ 𝑅eq,arm . Therefore, 

reducing the equivalent resistance can improve conduction 

loss. 
 

C. Charge balancing 

The inherent charge balancing of this topology enables sen-

sorless operation. It can simplify control and eliminate high-

bandwidth monitoring of module voltages [18]. On the other 

hand, the balancing current should be limited. Otherwise if 

two modules with high voltage difference are connected in 

parallel, resulting large current surges could reduce the 

efficiency and degrade components. Therefore, two small 

inductors are used in each inter-connection, which can be as 

low as few microhenries as provided by ferrite cores [19]. 

Moreover, to achieve the best performance, the developed 

algorithm should try to reduce the voltage imbalance by dis-

tributing the parallel connections and proper scheduling of the 

modules.  
 

D. Computational burden and applicability 

Methods based on online [23, 30] or offline [31] optimiza-

tion select the ideal next state based on the present one and the 

quantized reference voltage, aiming to minimize switching 

and conduction losses. However, these methods typically 

suffer from high computational demand in online optimization 

and large memory requirements in case of offline methods, 

particularly in large systems. Some methods try to solve this 

problem with limiting the number of feasible solutions [26], 

but the computation demand is still beyond capabilities of 

low-cost controllers. 
 

III. DEVELOPED CONTROLLER 
 

For the sake of simplicity, this section presents first opera-

tion of the proposed algorithm in combination with an open-

loop low-frequency modulation technique. Subsequently, the 

second part of this section provides instructions for combining 

the proposed scheduler with other control methods. 
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A. Combination with low-frequency modulator 

The basic concept for simple and effective scheduling limits 

arm inter-connection changes to one per each single step in the 

reference voltage. For a positive step command, the algorithm 

breaks the largest union in half by toggling the most central 

parallel connection to series; for a negative step, it changes the 

serial connection between the smallest neighboring unions to 

parallel. The following discusses the procedure that leads to 

this conclusion for one arm. 

𝑁S = 1 is considered as the starting point with only one 

large union with N parallel modules in one arm. When the arm 

reference voltage is rising (𝑁S = 2), the best distribution of 

modules  for the next instance where two serial connections 

are required is 
N

2
 modules in each union (thus called even dis-

tribution here) and can be achieved by breaking the initial one 

in half. For an even distribution in the next voltage step, the 

modules should be distributed among three unions with 
𝑁

3
 

paralleled modules in each configuration. However, 

reconfiguring the arm in such a way requires toggling three 

connections, which would go against the number-of-changes-

per-step consideration for minimum switching loss. The situa-

tion highlights a trade-off between conduction as well as 

switching loss. The number of required switching actions for 

an even distribution of modules increases exponentially with 

the number of modules in the arm. Basically, for a change 

from NS to 𝑁𝑆 + 1  serial connections, 2𝑁S − 1  inter-

connections should change their states to reach the lowest 

equivalent resistance and distribute the modules as evenly as 

possibly throughout the arm, but this would result in noticea-

bly higher switching losses. Breaking the largest configuration 

in half can be a good compromise. There is only one connec-

tion change per step from parallel to serial. Also, in case the 

two largest unions have similar sizes, to improve balancing the 

one that was formed first has the higher priority. 

A similar procedure can be followed when the reference 

voltage is decreasing. In this case, the serial connection be-

tween two neighbor unions that have the lowest number of 

modules should change to parallel. In case of a similar number 

of parallel modules, the unions that have been broken apart 

first should also be connected first. Fig. 2 shows the principle 

operation of the proposed module selector combined for four 

modules.  

 

The presented method provides a good compromise be-

tween power losses, THD, and balancing performance. The 

method toggles only one inter-connection at a time, which 

greatly simplifies implementation and minimizes the switching 

loss. Although the operation of the system is explained for 

low-frequency modulation, the proposed algorithm is not 

limited to such methods. Wang et al. present a combination of 

NLM and PWM where series-connected modules form the 

required voltage level and the last unit’s connection is con-

trolled using PWM [32]. This method can also be easily com-

bined with the proposed algorithm by toggling the last switch-

ing site between serial and parallel based on the PWM carrier. 

Furthermore, the basic considerations to develop this algo-

rithm are true for all MMSPC topologies. Therefore, a major 

feature of this controller is that it can be easily implemented 

with any MMSPC configuration and most modulation tech-

niques [33]. Fig. 3 shows the general procedure for NLM 

modulation and how to extend it to other topologies and other 

control methods [25]. 

 

B. Application to other control/modulation methods 

Normally, an MMC has multiple layers of control as shown 

in Fig. 4. The reference active and reactive powers define the 

required output-voltage or -current references. The volt-

age/current references are combined with the circulating cur-

rent controller reference to determine the modulation indices 

 
Fig. 3. The flowchart of implementing the proposed method with NLM  
 

 
Fig. 4. The overall control diagram of an MMC 
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of the MMC legs. The modulator uses the reference values to 

determine the number of required serial connections. Finally, a 

scheduling/balancing algorithm selects which modules 

should be connected in series or parallel to provide a balanced 

operation [34]. The proposed algorithm acts as a scheduler 

that optimizes the arm configuration to lower the imbalance 

and reduce the equivalent resistance. Furthermore, since the 

only input signal for this scheduler is the number of serial 

connections, it is not only limited to fundamental-frequency 

modulation. 

Although a full review of MMC modulation techniques is 

outside the scope of this paper, Table I compares the more 

recent low- or restricted-frequency modulation techniques and 

their compatibility with the proposed algorithm. In summary, 

the proposed method is applicable to any control method that 

regulates the arm voltages and it is incompatible with methods 

that control each module separately. However, it is more suita-

ble for low-frequency modulation with a high-number of 

modules in the arms. It improves balancing and power losses 

in topologies that have parallel module states. To use the pro-

posed controller with other control methods, step one in Fig. 3 

should be replaced with the new control method. 
 

IV. THD AND LOSS DISCUSSION 
 

Although the proposed scheduling algorithm is advantageous 

to any module topology with parallel functionality, the single-

phase topology shown in Fig. 5 is selected in order to provide 

a more detailed analysis. A similar analysis can be performed 

for other topologies as well. The selected topology consists of 

two identical arms, each comprising N cascaded modules. 

Apart from the last one in each arm, every module contains 

four switches. Furthermore, in addition to the main arm induc-

tors, as introduced above, modules are connected through two 

very small inductors. As shown in Fig. 5, the semiconductor 

switches allow four possible states for each module. 

Through these states, each module can temporarily connect in 

a series or parallel to each of its neighbor modules inde-

pendently. 
 

A. Conduction loss 

Considering steady-state operation and neglecting the balancing 

currents, the conduction loss can be estimated using the equiv-

alent resistance. Fig. 6 shows the equivalent circuit of a union 

with Np,i parallel modules that is connected in series to the rest 

of the arm. The equivalent resistance of a union includes three 

terms: 1) equivalent resistance of a serial connection to the 

previous union; 2) the equivalent resistance of the parallel 

modules; and 3) equivalent resistance of a serial connection to 

the next union. 

Knowing the number of required parallel and serial connec-

tions, it is possible to calculate the equivalent resistance of a 

configuration with Ns serial connections. The total equivalent 

resistance of the arm can be calculated as 

S

P,i

eq,arm

1

SW

P,C

L,arm int

P,

Resistance of parallel modules

Resistance of all unions

int

S
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Resistance of all serial connections
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2
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2
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i
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R
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  

 
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 


m

,

 (10) 

where 
int SW LR R R   is the resistance of the switches and 

inter-connection inductors. The last term in (10) represents the 

first module in each arm which connects to the DC link 

through a half-bridge, and at each time only one switch is 

 
Fig. 5. Single-phase topology of the considered MMSPC 
 

 

Udc/2

Udc/2

Larm

Load

iU

serial to previous

serial to next

parallel to previous

serial to next

serial to previous

parallel to next

parallel to previous

parallel to next

iL

iph

Larm

CN,U

C1,U

C2,U

CN,L

C1,L

C2,L

TABLE I 

REVIEW OF THE PROPOSED SCHEDULER ON BALANCING AND POWER LOSSES 

  Half-bridge 
Semi full-

bridge 
Full-bridge 

Dual full-

bridge 

Modulation 

Method 
References 

B
alan

cin
g

 

C
o
n
d
u
ctio

n
 

S
w

itch
in

g
 

B
alan

cin
g

 

C
o
n
d
u
ctio

n
 

S
w

itch
in

g
 

B
alan

cin
g

 

C
o
n
d
u
ctio

n
 

S
w

itch
in

g
 

B
alan

cin
g

 

C
o
n
d
u
ctio

n
 

S
w

itch
in

g
 

Fundamental 

switching  

frequency 

[4]    +(1) – +++ ++ + +++ ++ ++ +++ ++ ++ +++ 

NLM-PWM  [32] ++ – ++ +++ + ++ +++ ++ ++ +++ ++ ++ 

Harmonic  

mitigation/ 

elimination 

[29, 35-37] + – +++ ++ + +++ ++ ++ +++ ++ ++ +++ 

Phase-shifted 

carrier 
[38, 39] ++ – + +++ + + +++ ++ + +++ ++ + 

Optimal PWM  [40] ++ – + +++ + + +++ ++ + +++ ++ + 

Sigma-delta 

modulation 
[41] + – + +++ + ++ +++ ++ + +++ ++ + 

PWM [33]     –(2) – – – – – – – – – – – 

Model predictive 

PSC control 
[42] – – – – – – – – – – – – 

Space vector PWM [24, 43] – – – – – – – – – – – – 
(1) “+” low positive effect; “++” moderate positive effect; “+++” high positive 
effect. 
(2) 

“–” Not applicable or no effect. 
 



IEEE POWER ELECTRONICS, ACCEPTED PAPER 

conducting the full arm current. The rest of the switch re-

sistances are included in Rint. 

Equation (10) can be further simplified through simple ma-

nipulations to 

 
S

int

eq,arm L,arm C SW

1 P,

1
1

2

N

i i

R
R R r N R

N

 
      

 
 . (11) 

Although the MMSPC has two times the number of indi-

vidual switches compared to the MMC with half-bridge mod-

ules, the effective current of each MMSPC switch is half of 

the MMC one because of parallel current paths in each mode, 

and it is possible to use smaller switches in the MMSPC [23]. 

Therefore, for a fair comparison, MMC switches are made 

twice as large and the resistance of the MMC switches is con-

sidered to be half the resistance of the MMSPC ones 

(𝑅𝑆𝑊,𝑀𝑀𝐶 =
𝑅𝑆𝑊

2
). With a similar analysis, the equivalent arm 

resistance of a conventional MMC can be derived as 

SW

eq,arm S c SW,MMC L,arm S c L,arm
2

R
R N r NR R N r N R      ,

 (12) 

where 𝑅L,arm is the arm inductor resistance. Since the normal 

MMC modules do not have parallel function, there is no need 

for the inter-connection inductors between modules. There-

fore, in (12), Rint is replaced with Rsw. 

Considering the input–output power balance, the instanta-

neous arm current and consequently the arm rms current can 

be calculated with 

   
ph

arm cos sin
2 2

I m
i t  

 
   

 
, (13) 

 
2

2phrms

arm

1
cos

2 4 2

I m
I   , (14) 

where 𝐼phis the amplitude of the phase current and   is the 

load phase angle.  

Based on [44], the conduction loss per the average model 

can be derived to be 
rms rms 2

cond,arm sw arm eq,arm arm( )P NV I R I  , (15) 

which assumes equal forward voltages for the IGBT and the 

anti-parallel diode for the sake of simplicity. Furthermore, the 

switch voltage is approximated with constant

rms

sw armV V kI  , 

where constantV and k are determined using the switch datasheet. 

The switch internal resistance (𝑅sw) is assumed to be widely 

independent of current variations. 

Although the equivalent resistance of the switches is un-

changed, (10–15) demonstrate that the conduction loss associ-

ated with the capacitor resistance is greatly reduced (up to 

45% of its initial value). Moreover, since the capacitors are 

operating in parallel, the effective capacitance is increased, 

and at the same time the effective current of each capacitor is 

reduced, which allows using smaller capacitors. 

Although the proposed scheduling method achieves the 

least number of switching per voltage level possible, it does 

not always result in the lowest equivalent resistance. Optimiz-

ing the switching loss is suitable for systems with high switch-

ing-to-conduction-loss ratio (such as high voltage/current 

IGBT modules). Whereas, in systems where switching-to-

conduction-loss ratio is small (such as low power application 

with fast discrete MOSFETs), optimizing conduction loss has 

a higher priority. Therefore, in low-power applications, other 

approaches appear advantageous, such as space vector or PSC 

[24, 42].  
 

B. Switching loss 

For a switching ratio of two, there are four state changes per 

module in one cycle. Neglecting the balancing currents, with 

unity power factor and considering identical voltages for every 

capacitor, it is possible to estimate the system switching loss 

using (16). The basic procedure for calculating switching loss 

is based on [45] to provide a rough approximation of total 

switching loss for the MMSPC. Basically, one switch turns off 

and another on during each switching action. In addition, 

optimum snubbers can increase the switching loss. The 

switching power loss can be approximated with 

2

SW SW SM SM on off snub SM

Energy loss of snubber
Energy loss for: turning the previous switch off

and
turning the next switch on

1
( )

2
P N V i t t C V

 
 
 

   
 
 
 
 

,

 (16) 

where NSW is the total number of switching actions per second 

and can be calculated using (7), Csnub is the combined snubber 

and parasitic capacitance, and α is the snubber constant, which 

has a value between 0.3 to 0.5. VSM and iSM are the module 

voltage and current, respectively.  

 

 
Fig. 6. The equivalent circuit of a configuration with Np,i parallel modules 
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The exact value of iSM for each switching instance should be 

calculated separately. It is possible to use an average of the 

rectified arm current for the loss calculation; however, the rms 

of the arm current can be considered as a close approximation 

of the average switching current [20]. 

Using a similar analogy, the switching loss for the PSC 

method can be derived. The number of switching actions per 

module for the PSC method can be calculated using 𝑁SW =
8𝑓C where 𝑓C is the carrier frequency. The total switching loss 

using PSC modulation can be calculated using (16). Compar-

ing the derived equations, the switching loss ratio between PSC 

and NLM modulation is 2
𝑓C

𝑓1
. 

C. Total harmonic distortion 

It is possible to analyze the THD of the voltage for the 

MMSPC using available equations for MMC [37]. In [35], the 

amplitude of the fundamental frequency of the output-voltage 

for any number of voltage levels and number of switching 

events is calculated. The fundamental amplitude based on 

CNLM and PSANLM modulations are 

𝐴1 =
8𝑉d

𝜋
∑ cos(𝛼𝑖)

𝑁
𝑖=1 → CNLM, (17) 

𝐴1 =
4𝑉d

𝜋
∑ cos(𝛼𝑖)

2𝑁
𝑖=1 → PSANLM, (18) 

where 0 < 𝛼1 <. . . < 𝛼𝑁 <
𝜋

2
  and 0 < 𝛼1 <. . . < 𝛼2𝑁 <

𝜋

2
are 

the switching angles for CNLM and PSANLM, respectively. 

Comparing the acquired amplitudes with the resulting step 

voltage waveform, it is possible to calculate the THD of the 

voltage 

THD =

√
2

𝜋
∑ (∫ (𝑉𝑖,𝑑−𝐴1 cos(𝜑))𝑑𝜑

𝜑𝑖+1
𝜑𝑖

)
2𝑁𝜑

𝑖=0

𝐴1
 , (19) 

where 𝑁𝜑 = {
𝑁 for CNLM

2𝑁 for PSANLM
, 𝜑0 = 0, and 𝜑𝑖 is the switch-

ing instance. It is obvious that the PSANLM causes consider-

ably lower distortion, but because of higher voltage drop on 

the arm inductors and slightly lower module voltage, the am-

plitude of the fundamental output voltage is also slightly low-

er. 

Similar to CNLM and PSANLM, the fundamental ampli-

tude of the PSC modulation can be calculated per 

𝐴1 =
8𝑉𝑑

𝜋
∑ (−1)𝐾 cos(𝛼𝑖)

(
𝑓SW𝑁

2𝑓1
)

𝑖=1
→ PSC,  (20) 

where 0 < 𝛼1 < 𝛼2 <. . . <
𝜋

2
, 𝑘 = {

1 positive step

0 negative step
. 

The performance of the PSC modulation with low-

frequency switching is considerably lower than the NLM-

based modulation. Comparing (17), (18), and (20) shows that 

the switching ratio of PSC should be at least four times higher 

than the fundamental frequency for comparable THD.  
 

D. Balancing Performance and Current Stress 

The balancing performance refers to minimizing voltage 

variation of each module from its average value. Calculating 

the exact voltage variations due to parallel mode should be 

performed numerically or through detailed simulations. None-

theless, with switching frequencies close to the fundamental 

frequency, the main voltage ripple has the frequency of 2𝑓1 

and is similar for all modulation techniques. At higher fre-

quencies, PSC can provide better switching distribution and 

better charge balancing [18]. 
 

 

 

V. SIMULATION AND EXPERIMENTAL RESULTS 
 

In order to validate the presented analysis, two high-voltage 

systems with 16 and 40 modules are simulated in 

MATLAB/Simulink, and a scaled-down system with eight 

modules is built. Table II provides the system parameters. In 

the simulated system and the lab prototype, the modulator 

operates without any feedback loop to demonstrate the differ-

ence in the output for the same input references; nevertheless, 

it can be easily implemented as a close-loop system too.  
 

A. Study of the system behavior 

This part studies the behavior of the system including the 

balancing performance, the balancing current, and the output-

voltage waveforms. NLM as an example of a low-frequency 

modulation technique is combined with the proposed algo-

rithm and compared with PSC as another alternative that pro-

vide sensorless operation.  

The performance of the PSC modulation heavily relies on 

the initial phase difference between the carriers and the refer-

ence voltage. For an arm with N modules, there are N carriers 

with 
2𝜋

𝑁
 phase difference. However, the initial phase of the 

carriers has significant effect on the results. To ensure a fair 

comparison, the optimum carrier distribution for PSC modula-

tion, presented in [19], is utilized, which optimizes the 

efficiency and balancing performance of the system. Moreo-

TABLE II 
SYSTEM PARAMETERS 

 Simulation I Simulation II Experiments 

Modul number (per arm) 8 20 4 – 

Rated power (per arm) 580 kVA 3.6 MVA 1 kVA 
DC link voltage 9.6 kV 24 kV 100 V 

Switch 
 parameters 

Model SEMiX854GB176HDs IPT015N10N5 

VCE
(1) 1–2.5 V 1.9–2.5 V – 

RCE 2.1–2.5 mΩ 2.1–2.5 mΩ 1.5 mΩ 

𝑡on + 𝑡off 1.7 µs 1.7 µs – 

𝐶𝑠𝑛𝑢𝑏 0 µF 0 µF – 

𝛼 0 – 0 – – 

Module capacitor 6 mF 10 mF 4 mF 
Capacitor resistance  2 mΩ 2 mΩ 20 mΩ 

Decoupling inductors 50 µH 20 µH 20 µH 

Decoupling inductor resistance 0.5 mΩ 0.5 mΩ 0.5 mΩ 
Arm inductor 5 mH 12.5 mH 1.5 mH 

Inductor resistance 20 mΩ 50 mΩ 40 mΩ 

Implementation MATLAB sbRIO9627 

 (1) Based on the datsheet 1 0.0025 rms

CE armV I   

 

 

 
Fig. 7. voltage waveforms for three analyzed modulation techniques 
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ver, for each condition, the system is simulated with three 

different phase-shifts between the first carrier and the refer-

ence voltage and the result with lowest THD value is selected. 

For eight modules per arm, the optimum carrier distribution 

follows 

𝜃opt = [1 4 7 2 5 0 3 6] ×
2𝜋

8
+ 𝜃init, (21) 

where 𝜃init ∈ {0, 1, 2} ×
𝜋

12
 is the phase difference between the 

first carrier and the reference voltage. 

Figure 7 presents the resulting output voltages for CNLM, 

PSANLM, as well as PSC and shows the wide difference in 

the output voltages. As expected from the analysis in the pre-

vious section, the PSANLM results in a more sinusoidal out-

put voltage. However, as shown in Fig. 7, the output voltage 

has slightly lower amplitude because of the higher voltage 

drop on the inductors and due to the slightly reduced module 

voltages. This effect will reduce as more modules are added to 

the arm [28]. The PSC has the lowest voltage quality as was 

expected from (22). 

Figure 8 presents simulation results for module voltages and 

high-frequency current components for a system that begins 

with a 0.8 pu voltage imbalance (ranging from 0.6 to 1.4 pu), 

but as the time passes, the voltages converge to a constant 

value. It should be noted that the large voltage swings in the 

beginning result from starting with a very large voltage imbal-

ance among the modules. For normal operation, the imbalance 

is much lower and usually there are start-up procedures to 

further reduce the inrush and voltage transients that are out of 

the scope of this paper [46]. Figure 9 presents the envelope of 

the modules’ voltages and maximum current for a more realis-

tic condition with 20% tolerance in the capacitance, internal 

resistance, and initial charge of the modules. Even with 20% 

tolerance in the system parameters, the voltage differences 

converge, and the systems reach stable operation. PSANLM 

has the lowest peak currents during steady-state operation and 

hence higher efficiency. The higher peak currents for the PSC 

modulation are a result of sub-optimum scheduling of the 

modules at lower frequencies, which increases the balancing. 

Also, Fig. 9 shows that the peak transient voltage and current 

for a reasonably unbalanced system is well within the accepta-

ble range of operation. For normal operation, the transient 

voltage or current is even lower. Although the system is work-

ing under nominal conditions, the parallel connectivity reduc-

es the peak amplitude of the capacitor current (Fig. 9). 

Fig. 10 shows the utilized lab setup. The switching and 

scheduling algorithms have been implemented using an FPGA 

 
(a) 

 
 (b) 

 
(c) 

Fig. 8. Capacitor voltage and balancing currents with 0.8 pu initial voltage 

imbalance waveforms; (a) PSC; (b) CNLM; (c) PSANLM 

 

 
Fig. 9. Envelope of voltage and peak amplitude of current for a system 

with 20% unbalanced parameters 
 

 
Fig. 10. Laboratory test bench 
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development board in LabView. There are four modules in 

each arm with a choke filter between every two modules. The 

output AC voltage and the voltages of the four modules in the 

upper arm are presented in Fig. 11. The experiments concurred 

with the simulations, and the PSANLM provides the best 

sinusoidal waveform. The module voltages during operation 

are balanced due to parallel operation. However, the lower 

number of modules per arm in the experimental setup leads to 

higher voltage ripple. Compared to simulations, there is a 

significant increase in ripple of the module voltages in 

PSANLM mode. With only four modules per arm, the stress 

on the arm inductor is doubled and the voltage ripple of the 

modules is increased. In high-voltage applications with a high 

number of modules, which is the main purpose of the pro-

posed algorithm, the voltage ripple due to phase shift in the 

arms is negligible. For example, increasing the number of 

modules in the arm to 200 can reduce the high-frequency 

voltage ripple of inductors caused by phase-shifted arms to 

less than 0.5% of the DC-link voltage. Also, the reduction in 

the module voltage is less than 0.25 % of the module voltage 

during CNLM. 

Considering voltage distortion analysis, it is expected that 

PSC performs poorly for switching frequencies below 4f1. 

Figure 12 shows the simulation results of voltage THD for 

different loads and switching frequencies. As expected, the 

PSC method performs sub-optimum for low switching fre-

quencies. According to Fig. 12, PSC method should have a 

switching frequency of above 4 and 11 times the fundamental 

frequency to be comparable with CNLM and PSANLM, re-

spectively.  

Fig. 13 shows the power losses of different switching fre-

quencies. The NLM-based methods have better efficiency 

compared to the PSC method. The poor distribution of the 

modules in PSC modulation for low switching rates increases 

the conduction and balancing losses. Worth noting in Fig. 13, 

CNLM and PSANLM show similar loss for light loads, but 

they increasingly differ as the load grows. This difference 

mainly results from lower balancing loss of PSANLM. 

In order to study the performance of the system during load 

change, Fig. 14 depicts simulation results from light loads to 

over-load conditions for all three methods. The frequency at 

which the PSANLM and PSC methods reach similar THD 

values is 11𝑓1. Therefore, in Fig. 14, 𝑓sw = 11𝑓1is selected for 

PSC modulation. It is obvious that the distortion improves as 

 
Fig. 11. Experimental results for: (a) PSC; (b) CNLM; (c) PSANLM algo-

rithms 
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Fig. 12. THDV for different loads and switching rates 

 
Fig. 13. Power losses for different switching algorithms for different oper-

ating points 
 

    
Fig. 14. Power loss and THD values with load variations 
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the load increases. However, during the overload conditions, 

there is a noticeable increase in THD caused by high ripples in 

the module voltages. Moreover, in almost all operating condi-

tions, PSANLM using the proposed scheduler outperforms 

PSC.  
 

B. Comparison with and without the proposed method 

This section considers the effect of the proposed scheduler 

in combination with other modulation techniques. Further-

more, since the main purpose of the low/restricted switching-

frequency modulation techniques is on high-voltage systems, 

here a larger system with 20 modules per arm is simulated and 

different modulation–scheduling combinations are implement-

ed. The parameters of the simulated systems are presented in 

Table II. The implemented modulation techniques are a) 

CNLM; b) PSANLM; c) selective harmonic elimination 

(SHE) with N+1 pulses; and d) SHE with 2N+1 pulses. Each 

modulation technique was combined with the proposed sched-

uler, fixed-switching pattern, and even distribution as ex-

plained in Section III. Furthermore, optimized and normal 

PSC modulations are included as another approach to sensor-

less operation and balancing that do not require a scheduler. In 

the fixed-switching pattern scheduler, the modules are inserted 

in series according to a rotating vector 𝑨, where each index 

(𝑎𝑖) of the vector 𝑨 corresponds to the order that its relevant 

module is inserted in the arm (e.g., for 𝑨 =  [1, 2, … , 𝑁], mod-

ule one is inserted first, and module N is inserted last). After 

each cycle, vector 𝑨 rotates clockwise one index, i.e. 𝑎1
old →

𝑎2
new  ; 𝑎2

old → 𝑎3
new; … ; 𝑎𝑁−1

old → 𝑎𝑁
new; 𝑎𝑁

old → 𝑎1
new . For ex-

ample, if modules 1, 2, …, N are connected in series based on 

order vector 𝑨1 =  [1, 2, … , 𝑁] in the first cycle; in the second 

cycle, the order vector would be 𝑨2 = [2, 3, … , 𝑁, 1]  and 

modules 2 and 1 would be the first and last modules inserted, 

respectively. In the even distribution technique, at each volt-

age step, the number of parallel modules in each union is di-

vided as evenly as possible to minimize the equivalent re-

sistance [23]. 

Table III presents the simulation results for light and heavy 

load conditions. In the simulations, to calculate the switching 

losses, the instantaneous values of modules’ voltage and cur-

rent are used in (16) and other switching behavior were con-

sidered based on SEMiX854GB176HDs datasheet as depicted 

in Table II. 

Comparing the output voltages with and without the pro-

posed algorithm shows almost identical THD. The PSANLM 

provides the best THD and PSC the worst one, but the THD 

content for PSC modulation improves as the switching fre-

quency increases. The conduction and switching losses of the 

CNLM and PSANLM with the proposed scheduler are rela-

tively similar, and the small difference is a result of different 

balancing losses. Neglecting the balancing losses, power loss 

can be calculated using the analysis presented in Section IV 

with less than 5% error from light to heavy loads. However, 

the balancing losses can be only calculated using numerical 

methods. 

The effective equivalent resistances of arms of MMC and 

MMSPC based on (12), (13), and the parameters presented in 

Table II show a 45% improvement. Moreover, compared to a 

fixed switching pattern, the proposed scheduler improves the 

equivalent resistance by 40%, which is the main reason for 

lower power losses. Another cause of lower power loss in the 

proposed scheduler is optimum balancing throughout the 

arms, which reduces the balancing loss. 
 

VI. CONCLUSION 
 

This paper presents a novel scheduling algorithm for the 

MMSPC structure. The main contributions of the proposed 

scheduler are optimizing the switching losses, providing a 

suitable compromise between the conduction and balancing 

losses, reducing the RMS current of the module capacitors. 

Furthermore, the scheduler tries to reduce the accumulated 

voltage imbalance among arm modules, as verified in simula-

tion and experimental results.  

The paper provides a detailed discussion of the proposed al-

gorithm in combination with low-frequency switching algo-

rithms. Moreover, a guideline for selecting and extending 

suitable switching methods is provided. The proposed algo-

rithm is not limited to NLM-based methods and can be easily 

implemented with any other control method that utilizes the 

number of series-connected modules as the controlling varia-

ble. The simulations and experimental results confirm that the 

proposed algorithm provides a simple and yet effective meth-

od to improve balancing capability, efficiency, and THD. The 

results show that PSC modulation needs a switching frequency 

TABLE III 

COMPARISON OF DIFFERENT MODULATION TECHNIQUES WITH DIFFERENT 

SCHEDULING METHODS 
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CNLM 

Fixed 

Pattern 
3.93 1.41 0.13 1.53 2.82 4.89 0.13 5.02 

Even 

Distribution 
3.92 0.4 0.6 1 2.26 1.06 0.7 1.76 

Proposed 3.92 0.62 0.07 0.69 2.27 1.50 0.08 1.57 

PSANLM 

Fixed 

pattern 
1.54 1.31 0.13 1.44 2.03 4.51 0.13 4.63 

Even 

Distribution 
1.52 0.4 0.59 0.99 1.43 1.01 0.69 1.7 

Proposed 1.53 0.6 0.07 0.67 1.43 1.45 0.07 1.52 

SHE with 
N+1 levels 

Fixed 

pattern 
4.85 1.31 0.1 1.35 2.77 4.33 0.11 4.44 

Even 

Distribution 
4.85 0.4 0.59 0.99 2.32 1.07 0.69 1.76 

Proposed 4.85 0.6 0.06 0.66 2.32 1.48 0.06 1.54 

SHE with 
2N+1 levels 

Fixed 

pattern 
2.21 1.32 0.12 1.44 2.20 4.38 0.11 4.49 

Even 

Distribution 
2.2 0.41 0.61 1.02 1.55 1.08 0.69 1.77 

Proposed 2.20 0.71 0.07 0.78 1.56 1.60 0.07 1.67 

PSC 

Normal 

(𝑓sw = 𝑓1) 
5.3 0.57 0.25 0.82 3.26 1.44 0.26 1.70 

Optimized  

(𝑓sw = 𝑓1) 
5.27 0.55 0.23 0.78 3.00 1.43 0.23 1.66 

Normal 

(𝑓sw = 4𝑓1) 
4.22 0.59 0.33 0.92 1.71 1.4 0.33 1.74 

Optimized 

(𝑓sw = 4𝑓1) 
4.22 0.55 0.36 0.91 1.59 1.36 0.35 1.71 
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of eleven times the fundamental frequency to provide similar 

voltage quality and that the power loss is double the proposed 

algorithm with NLM. Based on the analysis and simulated 

results, the following conclusion can be reached:  

- Whereas MOSFETs typically provide lower switching-

to-conduction-loss ratio, large IGBTs have relatively

high switching-to-conduction-loss ratio. Therefore, uti-

lizing PSC in systems including MOSFET modules and

using NLM with IGBT based systems is recommended.

- For a constant DC link voltage, with low number of

modules, the PSC has very high THD content and in

order to achieve comparable THDs, PSC switching fre-

quency should be much higher than NLM switching. In

systems with a high number of modules, the THD is

not limiting, while in such systems methods that reduce

switching loss are critical. Therefore, in systems with

high or low number of modules, NLM is more suitable.

- In systems with very low number of modules or low

inductor values, CNLM performs better than

PSANLM.

- Reducing the capacitor in the module would result in

increased balancing losses and lower THD values.

Therefore, PSC with increased switching frequencies

can be a more suitable solution in these conditions.
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