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Abstract- Recently, hybrid modular multi-level converters, which are configured as full and half bridge sub-modules,
are developed and utilized in wide area of applications. Compared to its non-hybrid counterpart, these converters have
several advantages such as the ability to nullify the DC side fault current and controlling AC side reactive power
during the faults. This paper proposes a modified phase shifted PWM method (PS-PWM) which uses a combination of
an improved PS-PWM with cancelled mismatch pulses and a third harmonic injection method. The proposed method
not only reduces output voltage harmonic content and uneven loss distribution between sub-modules but also extends
the linear operating range of the inverter, which improves the DC bus utilization. The mathematical analysis is derived
for the proposed method and in order to study the efficiency of the system using proposed method, the loss calculation
has been done and compared with traditional PS-PWM method. Simulation results in Matlab/Simulink show the

suitable performance of the presented scheme.
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1. INTRODUCTION

After invention of the modular multi-level converter
(MMC) by Marquardt [1,2], it has been developed
continuously and subjected to extensive researches. The
main reason of this attention is its attractive properties
such as (i) modularity and scalability to meet any voltage
requirements, (ii) high efficiency which is of significant
importance for high power applications, (iii) superior
harmonic performance and (iv) reduced filter size
specially in high voltage applications where a large
number of identical sub-modules (SMs) with low voltage
ratings are stacked up [3]. It also has low values of
dv/dt and di/dt which are the result of staircase
structure of output voltage/current [4]. These properties
make MMC a suitable choice for wide range of
applications like high voltage direct current (HVDC)
transmission systems[3,5], flexible alternating current
transmission system (FACTS) controllers [7-8], unified
power flow controllers [9], integration of renewable
energy sources to electrical grid [10-11] and medium
voltage drives [12]. However its main application is in
HVDC transmission systems [13].
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It is well known that the DC side short circuit fault is
considered as a serious problem for MMC based
HVDC’s reliable application, particularly in the
situations of overhead transmission line [14].

MMCs which use half bridge converters as sub-
modules, are unable to block DC side short circuit
currents. So in order to protect the converter in the case
of this fault, a circuit breaker should operate which
results in outage of the whole system [15]. This can be
avoided by using Full Bridge Sub-Modules (FBSMs)
instead of half bridge ones. This construction allows
voltage source converter system based on MMC to
quickly respond to DC side faults. However this practice
increases the initial investment cost as well as system
running cost [16]. This is because the current has to flow
through two power devices in each FBSMs instead of one
power device in Half Bridge Sub-Modules (HBSM) [17],
so the conduction loss increases significantly. As a result
with a tradeoff consideration of cost, efficiency and IGBT
series operation problems, hybrid MMC consisting of
HBSMs and FBSMs is a promising solution[14]. In
addition to DC side short circuit current blocking
capability, this construction can also supply the AC side
during the fault. This means hybrid MMC can ride
through DC side short circuit fault [18].

Pulse width modulation (PWM) scheme is one of the
most interesting research areas about MMC. The high
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number of switches in an MMC compared to a 2-level
VSC, leads to a higher number of possible modulation
schemes and more complicated modulation techniques
[19]. Many PWM schemes have been proposed for the
MMC. Space Vector Modulation is one the methods that
was successfully applied to multilevel converters and
also proposed for MMCs. But as the number of sub-
modules and voltage levels increase, required calculation
for this method become complicated and use of high
performance powerful processors will be unavoidable.
The nearest level modulation (NLM) is especially
suitable for the applications with a large number of SMs
[20]. In NLM, a round function is applied to find the
required output voltage level, which introduces the round
errors. To compensate the round errors, NLM is extended
by introducing one SM working in the PWM mode [21].
The well-known carrier modulation schemes which are
simple and easy to implement in the digital control
platforms can also be used [22]. These schemes are
categorized into level-shifted PWM and phase-shifted
PWM. The main drawback of the level-shifted
modulation is the uneven loss distribution among the
SMs [23], which is not desirable for the MMC. However
it has been reported that the output voltage harmonic
profile of the level-shifted PWM is better than that of the
phase-shifted one[24], but it should be noted these
differences in the high-frequency harmonic contents are
very small [23]. So phase-shifted PWM is chosen in this
paper. This method doesn’t need complicated calculation
and heavy computational burden like SVM and also
round errors which exist in NLM are not present in this
method. As a result, among different modulation
techniques for MMCs, phase-shifted carrier PWM(PS-
PWM) is a superior method because of its special features
such as even distribution of stress and power among SMs,
high switching frequency and low total harmonic
distortion (THD) of output voltage [25]. However,
application of this technique for MMC with HBSMs and
FBSMs will result in some mismatch pulses in the output
voltage. Also the loss distribution will not be even among
SMs. The reason of these phenomena is that the effective
switching frequency and switch count of FBSMs is twice
the HBSMs [18]. In order to solve these problems, the
carrier frequency of FBSMs is proposed to be chosen half
of the carrier frequency of HBSMs in [18]. Although the
mentioned improved PS-PWM method causes the
mismatch pulses of output voltage to disappear and
causes even loss distribution between SMs, but the
studied hybrid MMC in [18] has limited linear operating
region and also its DC bus is not fully utilized.

In this paper a modified phase shifted pulse width

modulation scheme based on combination of improved
PS-PWM and third harmonic injection is introduced.

Third harmonic injection extends the linear operating
range of the converter and also increases DC bus
utilization which is of great importance in the case of
decreasing DC side voltage in HVDC transmission
system, integration of off-shore wind farms to the grid
and medium power motor drives. Also in order to control
capacitor voltages of the hybrid MMC, a simple and
effective voltage control method is used which helps the
control system not to be complex.

The rest of this paper is organized as follows. Section
(2) describes the topology and operating principle of the
hybrid MMC. Proposed modulation method and its
mathematical basics are explained in section (3).
Simulation results are given in section (4). Section (5)
presents a study about the losses and efficiency of the
system for the traditional and proposed modulation
methods. Finally, section (6) concludes the paper.

2. TOPOLOGY AND OPERATING PRINCIPLE
One leg of the hybrid MMC is shown in Fig. 1. It consists
of upper and lower arms which are connected to the
midpoint of the leg through buffer inductors. Each arm is
constructed by cascade connection of full bridge and half
bridge sub-modules. It should be noted that in the hybrid
MMC, HBSMs are bypassed during the fault and
converter operates like full bridge based MMC [26]. As
a result to have DC side short circuit fault ride through
capability the number of FBSMs should be greater than
or equal to the number of HBSMs [18]. Every sub-
module in this converter uses capacitor instead of voltage
source that is used in cascaded half bridge converter.

P+

Fig 1. One leg structure of Hybrid-MMC
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As a result adjusting capacitor voltages at the correct
value is important to get good shaped waveforms of arm
voltages. For each arm of converter we have

o diy v,
ru'uj+Lud—tj=%—qu—Uoj (1)
o diy v
rwle+LWd—t’=%—UWj+U0j )

Where r, and r, are the resistance of upper and lower
arms to model ohmic losses, L, and L, are the buffer
inductors of arms,and U, is the DC input voltage, V,
jth phase are the voltages of upper and lower arm of U,

and U,; is the output phase voltage.

It should be noted that some researchers prefer to use
coupled inductors instead of separate ones but it’s just
matter of compactness and generally makes no
difference. From the above equations output phase
voltage can be calculated as

1
U, :E(UW" ~U,) ©)
Each arm current in this converter consists of two

parts: one is half of the load current and the other is
circulating current [27]. Thus

A
by =lg + E'oj 4
. A
by =iy =3y ()

In these equations, i,;and i, are the upper and lower
arm currents of jth phase leg, i; is the circulating current
and iy is the output phase current. Circulating current as

its name shows circulates throughout the converter leg
and does not contribute to load current. This current is
typically used to balance and stabilize the internal MMC
dynamics [27]. But most of the times because it increases
current stress and power losses, leads to oversized ratio
values and higher cooling requirements [12], buffer
inductors are used to limit it. These inductors also
suppress high frequency components in the arm current
[3]. The existence of circulating current has two reasons.
First one is the HBSMs that can only generate two
voltage levels and the second one is unbalanced capacitor
voltages of sub-modules. This current can be calculated
as mean value of the arm currents.

3. MODULATION METHOD
One of the most attractive and widely used modulation
schemes for MMCs is PS-PWM. This method offers
special features like even power distribution between

sub-modules that eases the voltage balancing of sub-
module capacitors. However if this method is applied to
the hybrid MMC, two problems will arise. The first one
is appearance of some mismatch pulses in output voltage
waveform and the second problem is uneven loss
distribution between sub-modules. To solve these
problems it was proposed to choose carrier frequency of
FBSMs to be half of the carrier frequency of HBSMs
[18]. Although this method can solve the aforementioned
problems, it results in a limited linear operating range and
also the DC bus is not fully utilized.

To overcome these problems a novel PS-PWM scheme
is proposed in this paper. For modulation of the converter
with this method a reference waveform for HBSMs and
two reference waveforms for FBSMs of upper arm are
needed. These references are given by Eq. (6) for HBSMs
and Egs. (7) and (8) for FBSMs.

uref—uj (I) =

\2/—d|\°l(1+ M cos(@,t +¢; + 7)
- 'V% cos(3am,t + 72)) +Auy (1)

3VC VC
ﬁ+4?\l(M Cos(a)t+(p +7z) -

- IV%cos 36()0t+72'))+Auf—uj (i)

uref_uj_right(i) X}j\c‘ ZN (M COS(COt"‘@J)

_ MACOS(Sa)Ot))_AUf—uj (i)

Where N is the total number of SMs in one arm, M is
the modulation index, @, is the output voltage frequency

(6)

uref _uj_left (I) =

®)

andis the phase shift angle. The amplitude of the ¢,

third harmonic component in these equations is chosen to
be 1/6 of fundamental component to extend linear range
by 15 percent. However this can be 1/4 of the
fundamental component which gives a little better THD
but the linear operating range extension will be only 12
percent [28]. For the lower arm SMs the same references
with 7 radian displacement is used.

In these equations the last term is an adjustment whose
magnitude depends on the SMs capacitor voltages and is
used to balance them. With method used here to control
capacitors’ voltage, which is called individual balancing
control, this term is indicated in Eq. (9).

K, (U U, +k.f U, —u, ,@))dt ;>0

Au, (i) =
=K, (U =,y )=k [ (U —u,_y ()dt i <0

Although (9) is written for upper arm, it is also true for



M.M. Rahimian, M. Hosseinpour, A. Dejamkhooy: A Modified Phase-Shifted Pulse Width Modulation to Extend ... 186

lower arm with its corresponding quantities replaced.
Fig.2 shows block diagram of the capacitors’ voltage

control. In this figure v';; and v, are reference and

actual values of any capacitor voltage of any sub-module,
i.e. FBSMs or HBSMs of upper or lower arm.

* Auli
Ye,i 5 kp+}i —» +1 J»
5

ol

Fig 2. Block diagram of the capacitors’ voltage control method

To modulate mentioned reference waveforms a carrier
is used for each SM. The phase shifts between these
carriers determine harmonic characteristics of output
voltage [25]. So the phase shift between carriers of the
same kind of SMs of one arm e.g. HBSMs of upper arm
should be incrementally to achieve best harmonic
cancellation [29]. Care should be taken that the angles we
use here are with respect to carrier frequency of HBSMs.
The other phase shift in this method is the phase shift
between sub-modules of upper and lower arms i.e.
between HBSMs of upper and lower arm and also
between FBSMs of upper and lower arm. By adjusting
these phase shifts we will have two important mode of
harmonic cancellation which are output voltage
harmonics cancellation (OVHC) and circulating current
harmonics cancellation (CCHC).

Based on the analysis that has been conducted in [18]
to get into the first mode the phase shift between carriers
of upper and lower arms should be

0 Nisodd
0= 10
% N is even (10)

And for second mode

z N is odd
d=<N (12)

0 N is even

It is worth noticing that at a first glance circulating
current harmonics cancellation doesn’t seem so
important. But when considering current stress and losses
caused by these current harmonics and also have in mind
that output voltage itself has good quality this mode
becomes important. Modulation waveforms are shown in
Fig. 3.
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Fig 3. Modulation waveforms

4. SIMULATION RESULTS

In this section, the whole system using the mentioned
method of [18] and the proposed method of this paper is
simulated in MATLAB/Simulink environment. These
simulations help us to analyze characteristics and
effectiveness of the proposed method. Parameters of
simulation are given in Table 1. It is worth noticing the
capacitors of sub-modules are selected based on Eq. (12)
[30].

3
22
¢ = _228 l_(kcoswj (12)
3el, kN aw 2

Whereis ¢ is the apparent power of converter, S

the percent of capacitor voltage ripple, U, is the average

voltage of capacitor, K is the normalized output voltage
peak (k=20,/v,, and v, is dc side voltage), N is the
number of sub-modules in each arm, @ is output
frequency in rad/sec and ¢ 1is load displacement angle.

Due to this formula by considering 1.5 MW as apparent
power, 5 percent for capacitor voltage ripple and a power
factor of about 0.75 for load, the capacitors are chosen as
is written in Table 1. It should be said that capacitor
voltage ripple also depends on other factors like
controllers and this formula assumed an ideal condition
for the other factors.
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Table 1. Simulation parameters

Parameter Value Parameter Value
Number of Load
SMs in each 6 . oa 57 mH
inductance
arm
Number of
FBSM:s in 3 DC bus 9KV
voltage

each arm (n)

Number of SM capacitor
HBSMs in 3 Volé . 1.5 kv
each arm (m) g
M Carrier
itan 6.9 mF frequency of 225 Hz
capacitance FBSMs
Carrier
.Bdu ff::r 1 mH frequency of 450 Hz
inductor HBSMs
Load 2025 O Output 50
resistance frequency

Another point to notice is that the mentioned equation
for calculating capacitance of sub-modules was
introduced for MMC with half bridge sub-modules, but
as we expect modularity and even distribution of energy
among sub-modules, it can also be used for the hybrid-
MMC.

4.1. Traditional method
In this part the mentioned method of [18] is applied to

hybrid MMC. This method due to phase shift that was
described in previous section has two parts.

4.1.1. Output Voltage Harmonic Cancelation
(OVHC):

A big portion of output voltage harmonics are cancelled
in this mode. Fig. 4 shows output line voltage and its
harmonic spectra. As can be seen THD of output voltage
is so low that leads to reduced size of output filter.
Circulating current and its harmonic spectra are also
shown in Fig. 5.

4.1.2. Circulating Current Harmonics
Cancellation(CCHC):
Output voltage and its harmonic components are shown

in Fig. 6. It can be deduced that output voltage magnitude
is not so different with previous mode but its THD is
doubled. Circulating current waveform and its harmonic
content which are given by Fig. 7 show the THD of
circulating is reduced to less than half of the first mode.
This reduces harmonic losses.
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Fig 4. Output voltage in OVHC mode of the traditional method: a)
waveform b) harmonic spectra
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Fig 5. Circulating current in OVHC mode of the traditional method: a)
waveform b) harmonic spectra



M.M. Rahimian, M. Hosseinpour, A. Dejamkhooy: A Modified Phase-Shifted Pulse Width Modulation to Extend ... 188
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Fig 6. Output voltage in CCHC mode of the traditional method: a)
waveform b) harmonic spectra
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Fig 7. Circulating current in CCHC mode of the traditional method: a)
waveform b) harmonic spectra

4.2. Proposed method
In this part the modulation method that was described in

section (2) is applied to the converter. This method like
traditional one has two modes. In each mode all
important quantities of converter are shown.

4.2.1. Output Voltage Harmonics Cancellation
(OVHC):

As can be seen from Fig. 8 output voltage magnitude is
increased by 15 precent with respect to traditional
method and it has also very low THD. Circulaing current
and its harmonic content are shown in Fig. 9. In this mode
the circulating current experiences an increase in its
magnitude and its THD is decreased. Capacitor voltages
of SMs are shown to be well balanced with the control
method that has been used here. Upper and lower arm
currents are shown in Fig. 11. Also as can be seen in Fig.
12 the load current is nearly sinusoidal.
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Fig. 8. Output voltage in OVHC mode of the proposed method: a)
waveform b) harmonic spectra
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Fig. 9. Circulating current in OVHC mode of the proposed method: a)

waveform b) harmonic spectra
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Fig. 10. Capacitor voltages of SMs in OVHC mode of the proposed
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Fig. 11. Arm currents in OVHC mode of the proposed method
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Fig. 12. Load current in OVHC mode of the proposed method

4.2.2. Circulating Current Harmonics Cancellation
(CCHCOC):

In this mode dominant harmonics of circulating current
are cancelled. As a result, size of arm inductors, which
high frequency components of arm currents filtering and
equivalently circulating current is one of their duties, can
be reduced. Like previous mode output voltage
magnitude is increased 15 percent and its THD as shown
in Fig. 13(b) is decreased. Circulating current magnitude
is increased with respect to traditional method. Its
harmonic content is also increased by about 3 percent.
Capacitor voltages are well balanced and their ripple is
within acceptable range as shown by Fig. 15. Arm current
and load current waveforms are given in Fig. 16 and Fig.
17.1t is interesting that by simulating the system with
different amounts of loads, we can see arm currents and
thus circulating current waveforms strongly depend on
capacitor voltage ripple which in part depends on output
power.
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g. 13. Output voltage in CCHC mode of the proposed method: a)
waveform b) harmonic spectra
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Fig. 14. Circulating current in CCHC mode of the proposed
method: a) waveform b) harmonic spectra

5. LOSS AND EFFICIENCY EVALUATION
This section introduces loss and efficiency calculation
for two different operating modes of the traditional and
proposed modulation methods. There are four
different types of loss for any kind of power
electronics device which are: 1) Conduction losses, 2)
Switching losses, 3) Off-state losses and 4) Gate losses
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[31]. The Off-state and Gate losses are very small and
normally neglected. Hence, in this paper, only
conduction and switching losses have been considered
for the analysis. To calculate these losses a thermal
model of IGBT module for Infineon FF450R33TE3 is
used. This Model includes thermal model of IGBT and
diode, heat sink and the interface between them.
Important characteristics of these parts like thermal
capacitance and resistance are used in the modelling
based on datasheet values. Thanks to this model,
junction temperature of IGBTs and diodes can be
calculated, and because switching and conduction
losses are temperature dependent, they can be
calculated using datasheet values and interpolation.

It should be noted that in this model a heat sink with
natural convection is chosen for each IGBT
module(which includes two IGBTs and diodes) in
such a way that the case temperature of them are held
at reasonable value. Also for interface between heat
sink and module surface it is assumed that a suitable
thermal paste with good coverage and mounting
torque of heat sink is used.

It is worth noticing there are some other ways for
calculating losses which are not computationally efficient
or accurate enough, but the model used here gives good
accuracy with reasonable computational burden and
time. Fig. 18 and Table 2 show the calculated losses and
efficiency of the system for two different modulation
methods with output voltage harmonics cancellation.

m Traditional method (ma=1) = Proposed method (ma=1)

Proposed method (ma=1.15)

5.0E+4
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Fig. 18. Hybrid-MMC losses in OVHC mode
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Fig. 17. Load current in CCHC mode of the proposed method

Fig. 19. Hybrid-MMC losses in CCHC mode
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Table 3. Power and efficiency calculations for CCHC mode

Output | Total
Power loss Efficiency
(kw) (kw)
Traditional ma=1 841.10 32.25 96.30%
method
Proposed ma=1 846 31.42 96.41%
method ma=1.15 1110 44.13 96.17%

It is obvious that the proposed method increases the
amount of circulating current. However, neither
modulation index of 1 nor 1.15 has significant impact on
efficiency. The slight change for efficiency in over
modulation region is acceptable in the case of DC voltage
drop where the system works with the proposed method.
So with the cost of more losses, this method can
compensate the DC voltage drop.

Figure 19 and Table 3 show the calculated losses and
efficiency of the system for circulating current harmonics
cancellation. From Table 3, it can be seen that efficiency
doesn’t have big change in circulating current harmonics
cancellation mode with the proposed method.

6. CONCLUSIONS

This paper proposes a modulation method to extend
linear operating range of the Hybrid MMC and increases
its DC bus utilization. This method is also able to
eliminate mismatch pulses which will appear in the
output voltage of Hybrid-MMC by wusing the
conventional phase shifted carrier pulse width
modulation. Operating principles of the proposed method
were explained and simulations for both output voltage
harmonics cancellation and circulating current harmonics
cancellation modes carried out in order to depict
characteristics and effectiveness of the proposed method.
Simulation results depict increasing 15 percent in DC bus
utilization by using the proposed method. Finally the loss
and efficiency calculations for two different operation
modes of the traditional and proposed modulation
methods show that efficiency of the system doesn’t
change significantly using the proposed method. So it can
be acceptable choice where the DC voltage drop can be
compensated by the proposed method.

REFERENCES

[1] A. Lesnicar and R. Marquardt, “New Concept for High
Voltage — Modular Multilevel Converter,” Proc. Int.
Power Electr. Conf., pp. 1-7, 2010.

[2] A. Lesnicar and R. Marquardt, “An innovative modular
multilevel converter topology suitable for a wide power
range,” Proc. IEEE Power Tech. Conf. vol. 3, pp. 272-277,
2003.

[3] S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P.
Barbosa, “Operation, control, and applications of the
modular multilevel converter: A review,” IEEE Trans.
Power Electron., vol. 30, no. 1, pp. 37-53, 2015.

[4] E.Seifi Najmi, A. Ajami, and A. H. Rajaei, “A generalized
modular multilevel current source inverter,” J. Oper.
Autom. Power Eng., vol. 5, no. 2, pp. 181-190, 2017.

[5] A. Nami, J. Liang, F. Dijkhuizen, and G. D. Demetriades,
“Modular multilevel converters for HVDC applications:
Review on converter cells and functionalities,” IEEE
Trans. Power Electron., vol. 30, no. 1. pp. 18-36, 2015.

[6] S. Allebrod, R. Hamerski, and R. Marquardt, “New
transformerless, scalable modular multilevel converters
for HVDC-transmission,” Proc. IEEE Annu. Power
Electron. Specialists Conf., pp. 174-179, 2008.

[7] B. D. Gemmell, J. Dorn, D. Retzmann, and D. Soerangr,
“Prospects of multilevel VSC Technologies for power
transmission,” Proc. IEEE PES Powering Toward Future
Trans. Distrib. Exposition Conf., pp. 116, 2008.

[8] H. Akagi, S. Inoue, and T. Yoshii, “Control and
performance of a transformer less cascade PWM
STATCOM with star configuration,” IEEE Trans. Ind.
Appl., vol. 43, no. 4, pp. 1041-1049, 2007.

[9] Q. Hao, J. Man, F. Gao, and M. Guan, “Voltage limit
control of modular multilevel converter based unified
power flow controller under unbalanced grid conditions,”
IEEE Trans. Power Deliv., vol. 33, no. 3, pp. 1319-1327,
2018.

[10] B. Novakovic and A. Nasiri, “Modular multilevel
converter for wind energy storage applications,” IEEE
Trans. Ind. Electron., vol. 64, no. 11, pp. 8867-8876, 2017.

[11] M. Farhadi Kangarlu, E. Babaei, and F. Blaabjerg, “An
LCL-filtered single-phase multilevel inverter for grid
integration of PV systems,” J. Oper. Autom. Power Eng.,
vol. 4, no. 1, pp. 54-65, 2016.

[12] B. Li, S. Zhou, D. Xu, S. J. Finney, and B. W. Williams,
“A hybrid modular multilevel converter for medium-
voltage variable-speed motor drives,” IEEE Trans. Power
Electron., vol. 32, no. 6, pp. 4619-4630, 2017.

[13] M. Mehrasa, E. Pouresmaeil, S. Zabihi, and J. P. S.
Cataldo, “Dynamic model, control and stability analysis of
MMC in HVDC transmission systems,” IEEE Trans.
Power Deliv., vol. 32, no. 3, pp. 1471-1482, 2017.

[14] M. Lu, J. Hu, L. Lin, and K. Xu, “Zero DC voltage ride
through of a hybrid modular multilevel converter in
HVDC systems,” IET Renew. Power Gener., vol. 11, no.
1, pp. 35-43, 2017.

[15] L. Tang and B. T. Ooi, “Locating and isolating DC faults
in multi-terminal DC systems,” IEEE Trans. Power Deliv.,
vol. 22, no. 3, pp. 1877-1884, 2007.

[16] A. J. Watson, E. K. Amankwah, and J. C. Clare,
“Operation of a hybrid modular multilevel converter
during grid voltage unbalance,” IET Gener. Transm.
Distrib., vol. 10, no. 12, pp. 3102-3110, 2016.

[17] R. Zeng, L. Xu, L. Yao, and B. W. Williams, “Design and
operation of a hybrid modular multilevel converter,” IEEE
Trans. Power Electron., vol. 30, no. 3, pp. 1137-1146,
2015.

[18] S. Lu, L. Yuan, K. Li, and Z. Zhao, “An improved phase-
shifted carrier modulation scheme for a hybrid modular
multilevel converter,” IEEE Trans. Power Electron., vol.
32, no. 1, pp. 81-97, 2017.

[19] R. Alaei, “Modular multilevel converters for power
transmission systems,” Ph.D. dissertation, Dept. Elect.
Comput. Eng., University of Alberta, Alberta, Canada,
2017.



M.M. Rahimian, M. Hosseinpour, A. Dejamkhooy: A Modified Phase-Shifted Pulse Width Modulation to Extend ... 192

[20] P. M. Meshram and V. B. Borghate, “A simplified nearest
level control (NLC) voltage balancing method for modular
multilevel converter (MMC),” IEEE Trans. Power
Electron., vol. 30, no. 1, pp. 450-462, 2015.

[21] S. Rohner, S. Bernet, M. Hiller, and R. Sommer,
“Modulation, losses, and semiconductor requirements of
modular multilevel converters,” |IEEE Trans. Ind.
Electron., vol. 57, no. 8, pp. 2633-2642, 2010.

[22] A. Dekka, B. Wu, R. L. Fuentes, M. Perez, and N. R.
Zargari, “Evolution of topologies, modeling, control
schemes, and applications of modular multilevel
converters,” IEEE J. Emerg. Sel. Top. Power Electron.,
vol. 5, no. 4, pp. 1631-1656, 2017.

[23] S. Kouro et al., “Recent advances and industrial
applications of multilevel converters,” IEEE Trans. Ind.
Electron., vol. 57, no. 8, pp. 2553-2580, 2010.

[24] R. Darus, G. Konstantinou, J. Pou, S. Ceballos, and V. G.
Agelidis, “Comparison of phase-shifted and level-shifted
PWM in the modular multilevel converter,” Proc. Int.
Power Electron. Conf., pp. 3764-3770, 2014.

[25] B. Li, R. Yang, D. Xu, G. Wang, W. Wang, and D. Xu,
“Analysis of the phase-shifted carrier modulation for
modular multilevel converters,” IEEE Trans. Power
Electron., vol. 30, no. 1, pp. 297-310, 2015.

[26] S. Cui, S. Kim, J. J. Jung, and S. K. Sul, “Principle, control
and comparison of modular multilevel converters (MMCs)
with DC short circuit fault ride-through capability,” Proc.
IEEE Appl. Power Electron. Conf. Expos., pp. 610-616,
2014.

[27] G. Bergna et al., “Mitigating DC-side power oscillations
and negative sequence load currents in modular multilevel
converters under unbalanced faults-first approach using
resonant P1,” Proc. Ind. Electron.Conf., pp. 537-542, 2012.

[28] D. G. Holmes and T. A. Lipo, Pulse width modulation for
power converters: principles and practice. vol. 18. John
Wiley & Sons, 2003, pp. 215-258.

[29] D. G. Holmes and B. P. McGrath, “Opportunities for
harmonic cancellation with carrier-based PWM for two-
level and multilevel cascaded inverters,” IEEE Trans. Ind.
Appl., vol. 37, no. 2, pp. 574-582, 2001.

[30] R. Marquardt, A. Lesnicar, and J. Hildinger, “Modulares
Stromrichterkonzept fur Netzkupplungsanwendungen bei
hohen Spannungen,” Proc. ETG-Fachtagung, Bad
Nauheim, Germany, pp. 1-7, 2004.

[31] B. Alamri and M. Darwish, “Precise modelling of
switching and conduction losses in cascaded h-bridge
multilevel inverters,” Proc. 491 Int. Universities Power
Eng. Conf., pp. 1-6, 2014.



