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ABSTRACT Nearest-level control (NLC) is a popular technique used in modular multilevel convert-
ers (MMCs) with a large number of submodules (SMs) owing to the NLC’s flexibility and ease of
implementation. However, in medium-voltage applications, MMCs contain a relatively low number of SMs,
and the drawbacks of the NLC methods emerge, wherein the poor quality of output voltages and currents
result in high total harmonic distortion, large ripples in SM capacitor voltages, and unsuppressed circulating
currents. Several NLC methods have been proposed to handle these problems, but they do not satisfy all the
control objectives simultaneously. This paper proposed a modified NLC capable of enhancing the output
quality of MMCs with low number of SMs without deteriorating the control objectives. Unlike previously
reported NLC methods, instead of directly calculating the numbers of SMs from the upper and lower arm
voltage references, the difference and total number of SMs are obtained from the output voltage reference
and circulating current control, respectively. Hence, the numbers of SMs in the upper and lower arms are
acquired by simply solving a system of first-order two-variable equations. The simulated and experimental
results for a single-phase MMC system were used to verify the appropriateness and effectiveness of the
proposed modified NLC method.

INDEX TERMS Nearest-level control, modular multilevel converter, increase level number, output voltage
quality, circulating current.

I. INTRODUCTION
Multilevel converters have gainedwider acceptance over two-
level converters owing to their improved waveform qual-
ities, reduced semiconductor losses, low electromagnetic
interferences (EMIs), and common-mode voltages (CMV).
The most general topologies available for multilevel con-
verters are neutral-point-clamped (NPC) converters, flying
capacitor (FC) converters, cascaded H-bridge (CHB) con-
verters, and modular multilevel converters (MMCs) [1]–[5].
The MMC has a few additional attractive features, such as
modular design, scalability, and lower losses, compared to
the other multilevel converters. Since the invention of the
MMC by Marquardt in 2003 [6], it has been analyzed exten-
sively for medium-to-high-power applications. Although the
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MMC has an attractive topology with various prominent
features, it requires a complicated control strategy for opti-
mal operation. In addition to the output current and volt-
age control found in other multilevel converter topologies,
submodule (SM) capacitor voltages and circulating currents
should be regulated simultaneously [7]–[9]. An appropriate
control strategy is therefore crucial for an MMC because
of the impact on output harmonics, filter size, switching
frequency, power losses, etc. Similar to other power converter
topologies, pulse-width modulation (PWM) with different
configurations that include phase- and level-shifted carriers
is the most common realization for MMCs [10]–[13]. The
PWM control schemes offer low total harmonic distortion
(THD), but these methods share some common drawbacks
such as high switching frequency and complicated placement
of a large number of SMs. Unlike PWMmethods, the nearest-
level control (NLC) methods [14], [15] eliminate the use of
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the triangular carrier wave, thereby allowing a lower switch-
ing frequency and simpler implementation. However, the con-
ventional NLC method is especially suitable for an MMC
with a relatively large number of SMs because this NLC
scheme ensures adequate output quality. For MMCs with
lower number of SMs, as are commonly used in medium-
voltage applications, the use of the conventional NLCmethod
results in poorer quality waveforms than PWM strategies.
In addition, as a direct modulation, the conventional NLC
method does not include control of the circulating currents,
thus resulting in a high root-mean-squared (rms) value of
the circulating currents and a large SM capacitor voltage
ripple.

To enhance the quality of the output waveforms, espe-
cially the output voltage, a level-increased and improved
level-increased NLC methods were proposed in [16] and
[17], respectively, to increase the number of output voltage
levels to 2N + 1 and to reduce the THD of the output
voltages. Unlike the conventional NLC method, the level-
increased NLC methods can modify the references of the
upper and lower arm voltages by inserting small offsets,
which result in changes to the alignments of the transition
edges between the upper and lower arm voltages. In [16],
the level-increased NLC I (2015) varied the total number of
inserted SMs between N and N + 1. This resulted in changes
in the average voltages of SM capacitors and consequently
amplitude changes of the output voltage. The improved level-
increased NLC II (2016) method in [17] solved the afore-
mentioned problem by changing the small offset between the
positive and negative value alternately at double fundamental
frequency. This resulted in the average number of inserted
SMs being maintained at N rather than varying among N ,
N −1, and N +1. In addition, the average voltages of the SM
capacitors remained unchanged. Although the output voltage
waveform was improved with the level-increased NLC I,
this control scheme did not suppress the circulating current,
whereas the level-increased NLC II adjusted the initial phase
of the small offset to control the SM capacitor voltage ripple
and the circulating current. However, the change in the initial
phase was dependent on the power factor angle and could
impact to output quality. The NLC method with circulating
current control (NLC-C) in [18] replaced the small offset by
a small second-order harmonic control term. For the NLC-
C method, the maximum number of output voltage levels
was not less than 2N − 1 and could possibly be 2N + 1.
Compared to the two level-increased NLC methods, the cir-
culating current with the NLC-C scheme was minimized by
eliminating the second-order harmonic, but the effectiveness
of the NLC-C was dependent on the sampling frequency
and the inserted term. The predictive NLC proposed in [19]
regulated the output current and circulating current using
associated predictive references based on deadbeat control.
The output current and circulating current under the predic-
tive NLC method were controlled well but resulted in high
switching frequency and high THD output voltage. Addition-
ally, the predictive NLC method required an accurate mathe-

matical model of the MMC, which is sensitive to parameter
mismatches. In [20], the number of inserted SMs in the
upper and lower arms of the conventional NLC method were
adjusted to control the circulating current using a limit con-
troller. The limit controller allowed the peak-to-peak value of
the circulating current to be significantly reduced compared
to the conventional NLC method, but the adjustment of the
number of inserted SMs in the upper and lower arms with
this method could not be controlled. This might result in
deterioration of the output voltage quality. Recently, an NLC
method with circulating harmonic current suppression with
deadbeat control was proposed in [21], where the numbers
of inserted SMs in the upper and lower arms from the level-
increased NLC II were adjusted based on the deadbeat con-
troller to regulate the circulating current. This control scheme
inherited the merits of both the level-increased NLC II and
deadbeat controller to improve the output quality and control
the circulating current.

This paper proposes a modified NLC method to improve
the output quality of theMMCwith a low number of SMs and
to solve the problems observed in previous NLC methods.
Unlike the previous NLC methods, the proposed technique
uses the output voltage reference to calculate the difference
in the number of inserted SMs in the lower and upper arms,
as this difference defines the first condition regarding output
voltage control. The first predefined condition guarantees
accuracy of the output voltage level number and smooth
transition among the adjacent output voltage levels. The cir-
culating current control is implemented by selecting the total
number of inserted SMs via a simple comparison between
the measured circulating current and reference value. The
total number of inserted SMs defines the condition for the
circulating current control. By combining two predefined
conditions, the numbers of inserted SMs in the upper and
lower arms can be calculated by solving a system of first-
order two-variable equations. The proposed method guaran-
tees the control objectives of the MMC and improves the
output quality with a low THD output current and voltage
while suppressing the circulating current compared to previ-
ous NLC methods. The proposed method’s performance was
confirmed via simulations and experiments.

The rest of the paper is structured as follows. Section II
discusses the topology and mathematical model for a single-
phase MMC. Section III provides an overview of the con-
ventional NLC method and any relevant NLC methods
proposed in existing studies. Section IV introduces the pro-
posed modified NLC technique. The simulated and exper-
imental results for the proposed control scheme are given
in Section V, and the concluding remarks are presented in
Section VI.

II. MATHEMATICAL MODEL AND OPERATION
OF THE MMC
The circuit configuration of the three-phase MMC is shown
in Fig. 1(a). Each phase leg of the MMC contains two arms
with N identical series-connected half-bridge SMs per arm.

110238 VOLUME 8, 2020



M. H. Nguyen, S. Kwak: NLC Method With Improved Output Quality for MMCs

FIGURE 1. Circuit configuration of the MMC: (a) three-phase MMC and
half-bridge SM; (b) single-phase MMC.

In each arm, an inductor La is connected in series with
the SMs. Owing to the symmetry of the three-phase MMC,
the analysis was carried out for each phase leg, as shown
in Fig. 1(b). The upper and lower arm voltages are denoted
by vu and vl , respectively, whereas the upper and lower arm
currents and output current are iu, il , and io, respectively.
Applying the Kirchhoff’s current law to the single-phase
MMC circuit, the output current can be expressed as

io = iu − il . (1)

The mean value of the upper and lower arm currents is
referred to as the circulating current and is expressed as

follows:

icirc =
iu + il

2
. (2)

Applying Kirchhoff’s voltage law, as shown in Fig. 1(b),
the voltage relationship can be defined as

Vdc
2
− vu − La

diu (t)
dt
− Rio − L

dio (t)
dt
= 0, (3)

−
Vdc
2
+ vl + La

dil (t)
dt
− Rio − L

dio (t)
dt
= 0. (4)

Adding (3) and (4) and using io from (1), the output voltage
is expressed by

vo = Rio + L
dio (t)
dt
=
vl − vu

2
−
La
2
dio (t)
dt

. (5)

The upper and lower arm voltages of the single-phase MMC
can also be described by

vu = NuvCu_avg, (6)

vl = NlvCl_avg (7)

where Nu and Nl are the numbers of inserted SMs in the
upper and lower arms, respectively. vCu_avg and vCl_avg are the
average capacitor voltages in the associated arms. Assuming
that the SM capacitor voltages are maintained steadily at a
nominal value V ∗C = Vdc

/
N and the voltage drops on the

arm inductors La are negligible, the output voltage can be
expressed as

vo =
Nl − Nu

2
V ∗C . (8)

III. NLCs IN MMCs
Fig. 2(a) depicts the control diagram for the conventional
NLC method. The upper and lower arm voltage references
are first normalized by the nominal value of the SM capacitor
voltage V ∗C ; then, the round function generates an integral
number of inserted SMs corresponding to the nearest volt-
age level. The acquired number for the SMs is then sent to
the voltage sorting algorithm, which generates the switching
signals to operate the MMC. The numbers of inserted SMs in
the upper and lower arms are calculated by

N ∗u_final = round
(
N
v∗u
V ∗C

)
, (9)

N ∗l_final = round
(
N
v∗l
V ∗C

)
, (10)

where

v∗u =
Vdc
2

[1−Mcos (2π fot)] , (11)

v∗l =
Vdc
2

[1+Mcos (2π fot)] . (12)

Fig. 3(a) illustrates the voltage waveforms of the conven-
tional NLCmethod withN = 7 and modulation indexM = 1
for a fundamental period of To. The resulting output voltage
vroundo can be observed to have a maximum level number of
N +1 with a step height of V ∗C and a maximum possible error
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FIGURE 2. Control diagram representing a (a) conventional NLC [15], (b) level-increased NLC I [16], and
(c) level-increased NLC II [17].

of 0.5V ∗C . The waveforms of the upper and lower arm step
voltages vroundu and vroundl are symmetrical to each other and
to the vertical y = Vdc

/
2 line. Therefore, all the transition

instants of vroundu and vroundl are aligned (two such pairs are
shown by black lines in Fig. 3(a)).

Although implementing the conventional NLC is straight-
forward, the MMC system is recommended to contain a large
number of SMs so that the output quality is adequate com-
pared to the conventional NLC. Hence, two level-increased
NLC methods were developed in 2015 and 2016, especially
for MMC systems with lower numbers of SMs, to improve
the output quality. The working principles of the two level-
increased NLC methods are illustrated in Fig. 2(b) and 2(c),
respectively. As for the level-increased NLC I, by replacing
the standard round function with an altered round function
round0.25 (.), the control scheme shifts the instants of step
changes in the upper and lower arm voltages. Then, the num-
bers of inserted SMs in the upper and lower arms are calcu-
lated by

N ∗u_final = round0.25

(
N
v∗u
V ∗C

)
, (13)

N ∗l_final = round0.25

(
N
v∗l
V ∗C

)
. (14)

The modified round function round0.25 (.) is equivalent
to adding an offset term δ = 0.25 to the round function as
round0.5 (x + 0.25), which then produces

N ∗u_final = round
(
N
v∗u
V ∗C
+ 0.25

)
, (15)

N ∗l_final = round
(
N
v∗l
V ∗C
+ 0.25

)
. (16)

The level-increased NLC I method can be understood as
adding offsets to the upper and lower arm voltage references
and breaking the vertical symmetry of the resulting step
voltage vroundu and vroundl so that all the transition instants
are unaligned, as shown in Fig. 3(b). Using the modified
round function round0.25 (.), the MMC output voltage has

2N + 1 levels with a step height that is reduced to 0.5V ∗C .
The output voltage quality is therefore improved compared
with that of the conventional NLC method. However, this
technique causes changes to the average voltages of the SM
capacitors and consequently results in amplitude changes in
the output voltage.

The level-increased NLC II method shown in Fig. 2(c)
resolves the problems of both the conventional NLC and
level-increased NLC I methods by inserting an offset term
δ in the round function and also alternating the offset term δ

between the positive and negative values at the double fun-
damental frequency. By applying this NLC control scheme,
the numbers of inserted SMs in the upper and lower arms are
calculated as

N ∗u_final = round
(
N
v∗u
V ∗C
+ δ

)
, (17)

N ∗l_final = round
(
N
v∗l
V ∗C
+ δ

)
. (18)

The offset term δ can be varied from −0.5 to 0.5. The
change of the offset term δ at the double fundamental fre-
quency results in variation of the total number of inserted SMs
as N , N − 1, or N + 1, as shown in Fig. 4(c). Additionally,
the total number of inserted SMs with the conventional NLC
method can be considered δ = 0, as shown in Fig. 4(a),
whereas the total number of inserted SMs with the level-
increased NLC I is similar to δ = 0.25, as in Fig. 4(b).
From Fig.4 (b), the total number of inserted SMs with the
level-increased NLC I can be seen to vary between N and
N+1. Hence, the average SM capacitor voltages are changed.
Meanwhile, the level-increased NLC II maintains the average
number of inserted SMs at N to stabilize the average SM
capacitor voltage at the nominal value V ∗C .
The output voltages from the two level-increased NLC

control schemes are improved compared to that of the conven-
tional NLC. However, another control objective of the MMC
is suppression of the circulating current, which is not guar-
anteed. In [18], a small second-order harmonic control term
was inserted at the upper and lower arm voltage references.
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FIGURE 3. Working principles of the (a) conventional NLC and
(b) level-increased NLC.

These voltage references considering the circulating current
control can be expressed as

v∗u =
Vdc
2

[1−Mcos (2π fot)− m2] , (19)

v∗l =
Vdc
2

[1+Mcos (2π fot)− m2] (20)

where m2 is the inserted circulating current control term that
is calculated as

m2 = M2cos (4π fot) . (21)

The detailed calculation of m2 from the NLC-C scheme
can be found in [18]. The control diagram of the NLC-C is
depicted in Fig. 5(a). Although the termm2 can help suppress
the second-order harmonic component in the circulating cur-
rent, the effectiveness of such circulating current control is

FIGURE 4. Total numbers of inserted SMs when (a) δ = 0, (b) δ = 0.25,
and (c) δ alternating at double fundamental frequency.

dependent on the energy storage coefficient kE [22], which
represents the minimum energy storage required to transfer
the rated VA volume of the converter.
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FIGURE 5. Control diagrams of the (a) NLC-C [18], (b) predictive NLC [19], (c) NLC with modified circulating current control [20], and
(d) level-increased NLC with deadbeat control [21].

In [19], the authors proposed a control scheme named
predictive NLC, which inherits the advantages of both pre-
dictive control and NLC, as shown in Fig. 5(b). The general
idea of the predictive NLC is to use the predicted values of
the output and circulating currents to generate the optimal
upper and lower arm voltage references. Using the Euler
approximation [23], the discrete-time model of the output
and circulating currents can be obtained from (3) and (4),
respectively, as

io (t + Ts) =
(

Ts
2L + La

)
[vl (t)− vu(t)]

+

(
1−

2RTs
2L + La

)
io (t) , (22)

icirc (t + Ts) =
(
Ts
2La

)
[Vdc − vl (t)− vu(t)]

+ icirc (t) . (23)

The optimal value of the upper and lower arm voltages can
be obtained from (22) and (23) by replacing io (t + Ts) and
icirc (t + Ts) with their respective reference values i∗o(t + Ts)
and i∗circ(t + Ts). Hence, the optimal upper and lower arm

voltages are given as

voptu =
Vdc
2
−
A+ B
2

, (24)

voptl =
Vdc
2
+
A− B
2

, (25)

where

A =
2L + La
Ts

[
i∗o (t + Ts)− io (t)

]
+ 2Rio (t) , (26)

B =
2L
Ts

[
i∗circ(t + Ts)− icirc(t)

]
. (27)

The predictive NLC is based on the deadbeat controller
used to regulate the output and circulating currents. However,
the output performance of this NLC technique is strongly
dependent on the mathematical model of the MMC system.
The predictive NLC is sensitive to parameter mismatches and
has a high switching frequency.

The NLCmethod with modified circulating current control
depicted in Fig. 5(c) combines the conventional NLCmethod
and a limit controller to regulate theMMC system. By adjust-
ing the numbers of inserted SMs in the upper and lower arms
from the conventional NLC method based on the difference
between the measured and reference circulating currents icirc
and i∗circ, respectively, this control scheme regulates the cir-
culating current by limiting the peak-to-peak value within a
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fixed band. However, adjusting the number of inserted SMs of
the conventional NLCmethod without considering the output
voltage level might lead to degradation of the output voltage
waveforms.

Recently, the level-increased NLC with deadbeat control
has been combined with the level-increased NLC II and
deadbeat control to regulate the MMC system, as shown
in Fig. 5(d). The total number of inserted SMs is acquired
using deadbeat control for the circulating current. First,
the total voltage of the upper and lower arms is obtained from
the discrete-time model of the circulating current (23) and by
replacing icirc (t + Ts) with i∗circ(t + Ts), as in the predictive
NLC method, which can be expressed as:

V ∗6 = vu (t)+ vl (t)

= Vdc −
2La
Ts

[
i∗circ (t + Ts)− icirc (t)

]
. (28)

Accordingly, the total number of inserted SMs, considering
the circulating current control, is deduced as

N ∗62 = int
[
N
V ∗6
Vdc

]
. (29)

Hence, the obtained numbers of inserted SMs in the upper
and lower arms from the level-increased NLC II part are
adjusted based on the total number of inserted SMs by
considering the circulating current control and predefined
conditions.

IV. PROPOSED NLC
A. OUTPUT VOLTAGE CONTROL
The basic idea behind the NLC method is to use the upper
and lower arm voltage references to generate the number of
inserted SMs in the corresponding arm. However, adjustment
of these numbers of inserted SMs in the upper and lower arms
to guarantee the control objective might deteriorate the output
voltage quality or the average SM capacitor voltages [17].
To resolve this problem, the proposed modified NLC uses the
output voltage and circulating current references to calculate
the numbers of inserted SMs in the upper and lower arms. The
proposed method also guarantees the control objectives of the
MMC and improves the output quality compared to previous
NLC methods.

The control diagram depicting the proposed technique is
illustrated in Fig. 6. For output voltage control, the output
voltage reference can be defined as

v∗o =
Vdc
2
cos (2π fot) . (30)

From (8), the output voltage under ideal conditions is
calculated by multiplying the difference in the numbers of
inserted SMs in the upper and lower arms, Ndiff , with the
nominal SM capacitor voltage value V ∗C . From (8) and (30),
the normalized output voltage can be given as

vo_nom =
Ndiff
2
=
Nl − Nu

2
= round

(
N
v∗o
V ∗C

)
. (31)

For the 2N + 1 output voltage level, the differences in the
numbers of inserted SMs in the upper and lower arms vary
among –N , –N + 1 . . . , 0 . . . ,N − 1, N depending upon the
associated output voltage level. The output voltage level is
described as

l = Nl − Nu + N + 1. (32)

With different combinations of Nl − Nu, the resulting output
voltage levels range from 1 to 2N+1 whereas the output volt-
age correspondingly ranges from−V dc

/
2 toVdc

/
2. The rela-

tionship between the output voltage and numbers of inserted
SMs in the upper and lower arms are shown in Table 1.

TABLE 1. Correlation between the differences in the numbers of inserted
SMs and output voltages.

By applying the output voltage reference and the round
function, the difference between the numbers of inserted SMs
in the upper and lower arms is generated. These inserted
SMs in the two arms are not directly calculated during this
step, but the output voltages and the transitions among the
closest output voltage levels are guaranteed, which improves
the output quality of the MMC system.

B. CIRCULATING CURRENT CONTROL
To regulate the circulating current without deteriorating the
quality of the output voltage and output current as well as the
average SM capacitor voltage, the numbers of inserted SMs
in the upper and lower arms should be calculated correctly.
Using (6), (7), and (23), the discrete-time model of the circu-
lating current can be expressed as

icirc (t+Ts)=
(
Ts
2La

) [
NV ∗C−(Nu+Nl)V

∗
C
]
+icirc (t) . (33)

In the ideal condition, if the total number of inserted SMs
in the upper and lower arms Nsum equals N , the circulating
current will remain unchanged over time. However, in the
2N + 1 output voltage level MMC system, the total number
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FIGURE 6. Control diagram depicting the proposed NLC.

FIGURE 7. Diagram representing calculation of the number of inserted SMs in the upper and lower arms.

of inserted SMs in the upper and lower arms can be N , N −1,
or N + 1 [24]. This means that with the varying number of
inserted SMs in the upper and lower arms, the circulating
current in the next sampling instant can increase, decrease,
or remain unchanged. When the total number of inserted
SMs in the upper and lower arms equals N − 1, (33) can be
expressed as

icirc (t+Ts)=
(
Ts
2La

) [
NV ∗C−(N−1)V

∗
C
]
+icirc (t) . (34)

In this case, the first term of (34) will be positive, and the
circulating current difference tends to increase according to

1icirc =
Ts
2La

V ∗C . (35)

However, if the total number of inserted SMs in the upper
and lower arms equalsN+1, the circulating current difference
tends to decrease by the amount noted in (35). Apparently,

the circulating current can be controlled by adjusting the
total number of inserted SMs in the upper and lower arms.
However, the total number of inserted SMs is not limited to
N , N − 1, or N + 1 but varies among N − λ, N − λ+1,
. . .N−1, N , N+1,. . . , and N+λ (1≤ λ ≤ N ). Consequently,
the corresponding change in the circulating current ranges
from 0 to NV ∗CTs

/
2La. If the value of λ is not selected

correctly, the circulating current control might deteriorate
along with the average SM capacitor voltage. In this study,
the choice of λ followed the principle for the selection of
λ in [25]. Following the analysis in [25], λ = 1 is suitable
for MMC systems with lower numbers of SMs (N < 13),
which guarantees circulating current controllability while not
deteriorating the output quality. In this study, the regulation of
the circulating current was implemented by selecting the total
number of inserted SMs in the upper and lower arms based on
the comparison between the measured circulating current and
associated reference value. The reference for the circulating
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current was calculated based on the real power transferred to
the dc-side by

I∗dc =
−P
Vdc

, (36)

where i∗circ = I∗dc for single-phase MMC system and i∗circ =
I∗dc

/
3 for the three-phase MMC system [26]. Hence, if the

measured circulating current is higher than the reference
value, the total number of inserted SMs would be chosen as
N + 1; however, N − 1 would be selected if the measured
circulating current is lower than the reference.

From the first predefined condition corresponding to out-
put voltage control, the difference between the numbers of
inserted SMs in the upper and lower arms is acquired. More-
over, the circulating current control generates the second
predefined condition for the selection of the total number of
inserted SMs. From these two predefined conditions, the final
value of the numbers of inserted SMs in the upper and lower
arms can be calculated by simply solving a system of first-
order two-variable equations using Cramer’s rule:

Nu_final =
Nsum − Ndiff

2
, (37)

Nl_final =
Nsum + Ndiff

2
. (38)

The procedure used to calculate the number of inserted
SMs in the upper and lower arms is shown in Fig. 7. It should
be noted that the total number of inserted SMs for the lowest
and the highest output voltage levels always equal N . For the
other output voltage levels, the total numbers of inserted SMs
are selected via the predefined circulating current control
condition. The integer solutions of the system of first-order
two-variable equations give the corresponding numbers of
inserted SMs in the upper and lower arms.

C. VOLTAGE SORTING ALGORITHM
From the obtained number of inserted SMs, the voltage sort-
ing algorithm in [27] generates the output switching signals
to achieve balances SM capacitor voltages and to operate the
MMC system, as shown in Fig. 8. The upper and lower arm
currents are measured to identify the corresponding direc-
tions before determining the output switching states. If the
arm current is positive (i.e., capacitor is charged), the SMs
with the lowest capacitor voltages are inserted; similarly,
the SMs with the highest capacitor voltages are inserted for
the negative arm currents. Hence, the switching states are
generated to operate the MMC system.

Unlike previous NLC methods, the proposed modified
NLC technique indirectly calculates the numbers of inserted
SMs in the upper and lower arms for the two predefined con-
ditions for the output voltage control and circulating current
control. The proposed control scheme improves the output
quality of the MMC system compared to the conventional
NLC and level-increased NLC methods while guaranteeing
that the circulating current control and SM capacitor voltages
are balanced without deteriorating the output performance.

FIGURE 8. Voltage sorting algorithm.

TABLE 2. Parameters of the single-phase MMC system in the simulations
and experiments.

V. SIMULATED AND EXPERIMENTAL RESULTS
A. SIMULATED RESULTS
Simulations were carried out in PSIM software to validate
the proposed technique. The configuration of the simulated
single-phase MMC is the same as that in Fig. 1(b) with
7 SMs per arm (N = 7). The simulation parameters are
given in Table 2. To acquire comprehensive evaluations, com-
parisons between the proposed, modified NLC, and three
previous NLC methods, including the conventional NLC,
level-increased NLC II, and predictive NLC methods, were
also obtained by simulation.

As shown in Fig. 9(a), the output voltage level from the
conventional NLC method was eight levels (N+ 1), with
the THD reaching 9.15%, whereas the THD of the output
current reached 3.58%. In addition, the capacitor voltage
ripple from the conventional NLCmethodwas relatively large
because of the uncontrolled circulating current. This also led
to the circulating current showing a second-order harmonic
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FIGURE 9. Simulated results of the (a) conventional NLC, (b) level-increased NLC II [17], (c) predictive NLC [19], and (d) proposed
modified NLC.

component and high rms value (approximately 66.24 A).
The level-increased NLC II method with the optimal offset,
y = 0.25 in this simulation, increased the output voltage level

by varying the total number of inserted SMs in one phase
among N , N − 1, and N + 1. As a result, the output voltage
level using the conventional NLC method almost doubled
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from eight levels (N+ 1) to 15 levels (2N+ 1) in comparison
to the level-increased NLC II method, as observed from
Fig. 9(b). The step height of the output voltage was reduced
from V ∗C to 0.5V ∗C . The qualities of the output voltage and
output current were improved with a lower THD of 5.68%
and 2.42%, respectively, compared to the conventional NLC
method. However, the variation in the total number of inserted
SMs from the level-increased NLC II considerably impacted
the circulating current, which reached an rms value of approx-
imately 73.93 A.

The simulation results from the predictive NLC, as shown
in Fig. 9(c), contain well-regulated output current and cir-
culating current. The THD of the output current from the
predictive NLC was low at 1.13%, whereas the rms value of
the circulating current was 39 A, which is nearly the same
as that of the circulating current reference value of 38.7 A.
In addition, the capacitor voltages were balanced with low
ripple owing to the controlled circulating current. Despite
these noticeable results, the output voltage from the predic-
tive NLC method had a substantial THD value of 8.12%.
It can be noted that the total number of inserted SMs from
the predictive NLC method varied with high frequency to
ensure regulation of the output and circulating currents and
to increase the output voltage level. This led to non-smooth
transitions between the neighboring output voltage levels,
as shown in Fig. 9(c). When using the proposed modified
NLC method, THDs of the output current and output volt-
age were relatively low at 1.38% and 4.78%, respectively.
As observed in Fig. 9(d), the output voltage from the pro-
posed technique contains 15 levels and apparently smooth
transitions among the adjacent levels. The capacitor voltages
were well regulated at the nominal value V ∗C whereas the
rms value of the circulating current (38.86 A) was close
to the circulating current reference value. It can be seen
from Fig. 9(d) that the peak-to-peak value of the circulating
current from the proposed technique is a bit higher than in
the predictive NLC method. This is attributable to the total
number of inserted SMs, which was retained at N for a
specific output voltage level as the lowest and the highest
output voltage levels. However, the switching frequency of
the proposed modified NLC method was significantly lower
than that of the predictive NLC method. The comparisons
between the proposed modified NLC and the three previous
methods validate the operative function and merits of the
proposed modified NLC method.

B. EXPERIMETAL RESULTS
The circuit diagram representing the single-phase MMC pro-
totype is depicted in Fig. 10(a) Moreover, the photo of the
prototype and control board is shown in Fig. 10(b). To verify
the proposed control scheme, experiments using the proposed
technique in comparison to the three previous NLC methods
from the Simulations were conducted on the prototype with
the parameters given in Table 2. The control circuit includes
a Texas Instruments TMS320F28335 digital signal processor
(DSP), voltage sensors, current sensors, etc.

FIGURE 10. Experimental arrangement of the single-phase MMC with
three SMs per arm (N = 3): (a) circuit diagram; (b) control board with the
single-phase MMC prototype.

The experimental waveforms of the MMC using the con-
ventional NLC method, level-increased NLC II method,
predictive NLC, and the proposed technique are shown
in Fig. 11(a)–(d), which are compatible with the simulation
results. In Fig. 11(a), the output voltage from the conven-
tional NLC contains four levels (N + 1) with a step height
of V ∗C = 50V. It can be found that the output current is
not smoothly sinusoidal in comparison to the other NLC
methods. The output current from the conventional NLC
method has the highest THD value at 8.57%. The capacitor
voltages are measured from the upper and lower arm SM
capacitors, as illustrated in Fig. 11(a). The capacitor voltages
retained balance at the nominal value of V ∗C = 50V, but
the capacitor voltage ripple was relatively large. Meanwhile,
the circulating current was dominated by the second-order
harmonic component. The output voltage in Fig. 11(b) from
the level-increased NLC II method had a double-level num-
ber in comparison to the conventional NLC (7 levels) with
a step height of 0.5V ∗C = 25V. The output current and
capacitor voltages were better than the conventional NLC
method, but the circulating current was not regulated well.
In Fig. 11(c), the predictive NLC method has a seven-level
(2N + 1) output voltage and sinusoidal output current. The
circulating current from the predictive NLC was minimized,
similar to the results found in the Simulation section. As for
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FIGURE 11. Experimental results for the (a) conventional NLC, (b) level-increased NLC II [17], (c) predictive NLC [19], and (d) proposed
modified NLC.

the proposed method (Fig. 11[d]), the output voltage con-
tained the exact seven levels as the level-increased NLC II
method and the predictive NLC method, whereas the output
current was a correctly sinusoidal form with a considerably
low THD of 3.91%. The capacitor voltages measured from
the prototype were well balanced with relatively low ripple.
The circulating current was also suppressed as a result of the
predictive NLC.

The THD value and frequency spectrum of the output
voltage from the four methods were obtained using the power
analysis application module in the Tektronix digital oscillo-
scope, as shown in Fig 12(a)–(d). The THD of the output
voltage from the proposed technique (Fig. 12(d)) can be seen

to be significantly improved compared to other NLCmethods
with the lowest value at 6.08%. Besides, due to the high-order
harmonic components, the THD of the output voltage from
the predictive NLC method (Fig. 12(c)) was notably high.
The THD value of the output voltage from the level-increased
NLC II method in Fig. 12(b) was improved compared to
the conventional NLC method. However, due to the large
magnitude of the odd-order harmonic components, it was
still higher than the proposed modified NLC method. From
the experimental results for the proposed technique and the
other NLC methods, it can be concluded that the proposed
control scheme can significantly improve the output quality
of MMCs.
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FIGURE 12. Frequency spectrum of the output voltage: (a) conventional NLC, (b) level-increased NLC II [17], (c) predictive NLC [19],
and (d) proposed modified NLC.

TABLE 3. Comparison of the existing NLC methods.

From the analysis yielded by the state-of-the-art simu-
lations and experimental results, the comparisons among
the existing NLC methods are presented in Table 3 with
a description of the output voltage level, circulating cur-
rent controllability, output quality, and complexity for each
control scheme. The complexity depends on the additional
variables needed in the controller and the programming

efforts for realization. The conventional NLC method is the
simplest technique to implement, but it generates a poorer
output quality than others. The level-increased NLC methods
improve the output quality of the MMC system. However,
they do not guarantee other control objectives, such as the
circulating current control or SM capacitor voltage ripple.
Recent NLC methods have aimed to control the circulating
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current based on previous NLC approaches, but these new
methods might exert a negative impact on the output quality
or be complicated. The proposed modified NLCmethod does
not require a complicated procedure while being able to
significantly improve the output quality of MMCs.

VI. CONCLUSION
This paper presented a modified NLC method to improve the
output quality of MMC systems with a low number of SMs,
and both the simulated and experimental studies verified
the proposed technique’s effectiveness. Unlike previous NLC
methods for MMCs, the proposed technique guarantees the
control objectives of the MMC system by defining strict con-
ditions regarding the output voltage and circulating current
controls. Moreover, the output quality is enhanced, resulting
in the reduction of the output voltage and current THD, a low
SM capacitor voltage ripple, and a suppressed circulating
current. To ensure a comprehensive evaluation, comparisons
between the proposed modified NLC and previous NLC
methods have also been presented, which matched well with
the design expectation.
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