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Abstract—The modular multilevel converter (MMC) is emerg-
ing to be a promising approach for medium- and high-voltage
applications. This paper proposes a modified nearest level modu-
lation (NLM) method for the MMC, with which the level number
of ac output voltage increases to 2N + 1 (where N is the submod-
ule numbers per arm) as great as that of the carrier-phase-shifted
PWM and the improved submodule unified PWM methods. The
level number is almost doubled and the height of the step in the
step wave is halved. Therefore, the ac output voltage waveform
quality using the proposed method is better than that using the
conventional NLM method. Besides, the proposed method keeps
the conventional NLM method’s characteristics such as low switch-
ing frequency and simple implementation. The performance of the
proposed method is verified by simulations and experiments using
a laboratory-scale prototype.

Index Terms—Modular multilevel converters (MMCs), nearest
level modulation (NLM), prototype, 2N + 1 level.

NOMENCLATURE

u Ac output voltage

uy  Upper-arm voltage

ur, Lower-arm voltage

ul¢®  Reference value of upper-arm voltage
u Reference value of lower-arm voltage

L Arm inductor

i Ac current

Ue Ac electromotive force

u'"  Reference value of ac electromotive force

Ujs. Dc voltage

m Modulation ratio

w Angle frequency

N Submodule number per arm

Ny Submodule number in the upper arm

Ny Submodule number in the lower arm

Uy Rated voltage of submodule capacitor
step

Uy Step wave of the upper-arm voltage

u; P Step wave of the lower-arm voltage

u'°P  Step wave of ac electromotive force
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I. INTRODUCTION

HE modular multilevel converter (MMC) is being conjec-
T tured as the most promising multilevel power converter
for medium- and high-voltage range applications such as high-
voltage direct current (HVDC) transmissions [1]-[3], trans-
formerless static synchronous compensators (STATCOMs) [4],
[5], high-power motor drives [6]-[9], electric railway supplies
[10], and unified power flow controllers (UPFCs) [11].

In recent years, the MMC has attracted much attention
by academic scholars resulting in large numbers of re-
search publications, which focus on mathematical modeling
[12]-[14], modulation methods [15]-[18], control strategies
[19]-[25], capacitor voltage balancing [26], simulation tech-
niques [27], circulating current suppressing [28], [29], fault
detection [30], and so on. As to the modulation methods for
MMCs, there are mainly two types [i.e., pulse width modulations
(PWMs) and step wave modulations]. Furthermore, PWM meth-
ods include the carrier-phase-shifted PWM (CPSPWM) [17],
the submodule unified PWM (SUPWM) [31], and the improved
SUPWM [16], sharing some common features such as high
switching frequency, large switching losses, and complex im-
plementation process. Among the PWM methods, the CPSPWM
and improved SUPWM can generate output voltages with
2 N + 1 levels, while the conventional SUPWM can only
generate output voltages with N + 1 levels. As for step wave
modulation methods, they mainly include selective harmonic
elimination (SHE) method [14] and nearest level modulation
(NLM) method [32], which share some common characteristics
such as low switching frequency and N+1 levels. Compared
to the SHE method, the NLM method does not need a com-
plex calculation of the trigger angles, making NLM method the
simplest and most practical modulation method for the MMC.
However, in spite of the low switching frequency and simple
implementation, the NLM method generates poorer quality
waveforms than the CPSPWM and the improved SUPWM meth-
ods in case of small numbers of sub-modules. Therefore, the
NLM method is mainly applied in high voltage applications
where the step number is large enough to improve the out-
put voltage. In order to improve the performance of the NLM
method in case of a small number of submodules, this paper pro-
poses a modified NLM method with which the maximum level
number reaches 2N + 1 as the same as that with the CPSPWM
and the improved SUPWM methods.

The outline of this paper is organized as follows: prin-
ciples of the MMC are briefly presented in Section II. In
Section III, the conventional NLM method is introduced. In
Section IV, a modified NLM method is proposed and analyzed.
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Fig. 1.
MMC.

(a) Topology of the single-phase MMC; (b) equivalent circuit of the

In Section V, simulation and experimental results validate the
proposed method.

II. PRINCIPLES OF THE MMC

The topology of a single-phase MMC as shown in Fig. 1(a)
consists of the upper and lower arms, each formed by N
series-connected identical half-bridge submodules as well as
one arm inductor. Applying Kirchhoff’s voltage law and Kirch-
hoff’s current law in Fig. 1(a) yields

di
:_uU_L%'F Udc
gl 1 (M
—uy + L% Zy,.
v= a 2%
=1 —1y. (2)

The equivalent circuit of the MMC is shown in Fig. 1(b).
From (1) and (2), the output voltage can be expressed as

1 Ldz

It can be seen from (3) that the ac electromotive force (EMF)
of the MMC is written as

1
Ue = i(UL —uy ). “)
In general, the reference value of ac EMF is expressed as
Ude
utet = mede cos(wt) (5)

where m(0 < m < 1) is the modulation index and is the angular
frequency. With the conventional NLM method, N submodules
are inserted in the circuit. Therefore, the following equation is
satisfied on the dc side.

Uge = uy +uyg. (6)
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Fig. 2. Overall diagram of the conventional NLM method.

From (5) to (7), reference voltages of the upper and lower
arms are determined by

{ st = UTd[l — mcos(wt)]

ulet = %[1 + mecos(wt)]

(N

Without redundant submodules, the submodule capacitor
voltage and the dc voltage satisfy the following equation:

Uise = NU,. ®

III. CONVENTIONAL NLM METHOD

Fig. 2 shows the overall diagram of the conventional NLM
method using the reduced switching-frequency voltage balanc-
ing algorithm [28]. The inserted submodule numbers of the
upper and lower arms are calculated by

Ny = roundg ; { Ude [1 — mcos(wt)]}
. )
Ny = roundy 5 { Uae 1 4 mcos(wt)]}

The round function (roundy ;5 ()) means that the real number
x is rounded to the nearest whole number according to the deci-
mal fraction of x. If the decimal fraction of x is bigger than 0.5,
x is rounded up to the next whole number, otherwise rounded
down to the next whole number.

Fig. 3 illustrates the operation principles of both the con-
ventional and modified NLM methods using an MMC with ten
submodules per arm. To understand the principle of the conven-
tional NLM method, two cases [t to o, £ to t3 in Fig. 2(a)] are
analyzed. Assuming uSLtep = MUy in the first case (i.e., from ¢;
to to), reference values of arm voltages and ac EMF at ¢ = ¢;can
be expressed as

urt = (M +0.5)Uy
; (10)
utt = [(N =M —1)+0.5]Uy
ul® = (M — 0.5N +0.5)U,. (11)

In the first case, the step waves of arm voltages and ac EMF
are expressed as

uS? = MU,

. (12)
WP = (N — MU,
WP = (M — 0.5N)U,. (13)
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Fig. 3. (a) Principles of the conventional NLM method. (b) Principles of the
modified NLM method.

The second case is from t, to t3. Reference values of arm
voltages and ac EMF at t = ¢, can be expressed as

ulet = [(M — 1) +0.5]U,

of (14)
upt = [(N — M) + 0.5]U,
urt = (M — 0.5N — 0.5)U,. (15)

In the second case, the step waves of arm voltages and ac
EMF are expressed as

s (16)
uy® = (N — M+ 1)Uy
u'? = (M — 0.5N — 1)U,. (17)

Comparing (13) and (17), it can be seen that the step height in
uS*P is U,. Because the positive and negative dc voltage limits
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Fig. 4.  Overall diagram of the modified NLM method.

are +0.5Uy., the maximum level number in ac EMF is equal
to Uy /Uy + 1 (i.e., N 4+ 1). The maximum error between ugef
and u3'°P appears at the moment of step changing (i.e., t1, 2,
and ¢3). Comparing (11) and (13) or (15) and (17), it is obvious
that the maximum error is 0.5U,;.

IV. MODIFIED NLM METHOD

As analyzed previously, the conventional NLM method gen-
erates N + 1 level waveform. Therefore, in the low-voltage
situation with a few submodules, the total harmonic distortion
(THD) of the output voltage tends to be large. To improve the
output voltage quality, a modified NLM method is proposed in
this section. With the proposed method, the number of the out-
put level increases to as great as 2N -+ 1 under the condition of
the same number of submodules.

Fig. 3(b) illustrates the principle of the modified NLM
method. It is worth noting that the moments of step changing in
3P and u};°P are not exactly the same. The level numbers of
arm voltages are N + 1, while the level number of output voltage
is 2N + 1. Moreover, the step height of the output voltage is
decreases to 0.5U,. This little difference leads to substantially
increased levels.

To shift the moments of step changing in the upper- and lower-
arm voltages, the arm inserted submodule numbers should be
modified as expressed in (18)

Ude
Ny = roundy 25 {25[1 — mcos(wt)]}
! (18)

Np, =roundy o5 {Udc[l +m cos(wt)]}
20U,

The round function (roundy 25 (x)) means that the real num-
ber x is rounded to the nearest whole number according to the
decimal fraction of x. If the decimal fraction of x is bigger
than 0.25, x is rounded up to the next whole number, otherwise
rounded down to the next whole number. The overall diagram
of the modified NLM method is illustrated in Fig. 4.

A. Principles of the 2N + 1 Level

The difference between the proposed method and the conven-
tional method is the round function. Two cases of the proposed
method are illustrated in Fig. 3(b).

The first case is from ¢; to to. Assuming uSLt‘ep = MU, in
the first case, reference values of arm voltages and ac EMF at
t = tjcan be expressed as

ulet = (M +0.25)Uy

ref (19)
upt = [(N — M — 1) +0.75)Uy
u'* = (M — 0.5N + 0.25)U,. (20)
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According to the modified round function, the step waves of
arm voltages and ac EMF in the first case are expressed as

u) P = MU,

: 1)
uy P = (N — M)Uy
WP = (M — 0.5N)U,. (22)

The second case is from ¢y to t3, reference values of arm
voltages and ac EMF at ¢ = tycan be expressed as

uret = (M — 1)+ 0.75]Uy ’3
uttt = [(N — M) + 0.25]U, =)
u'*t = (M — 0.5N — 0.25)U,. (24)

The step waves of arm voltages and ac EMF in the second
case are expressed as

up ™ = MU, (25)
uy® = (N — M+ 1)U,
W = (M — 0.5N — 0.5)U,. (26)

Comparing (22) and (26), it can be seen that the height of step
in uS*P is 0.5U,. Because the positive and negative dc voltage
limits are +0.5U,., the maximum level number in ac EMF is
equal to Uy./0.5U; + 1 (i.e., 2N + 1). The maximum error
between u!*' and uS'*P appears at the moments of step changing
(i.e., t1, to and t3). Comparing (19) and (20) or (24) and (26),
it is obvious that the maximum error is 0.25U;. Compared to
the conventional method, the proposed method almost doubles
the output level number. It leads to considerable suppression of
the ac output harmonics and EMI noise caused by dv/dt.

Compared to the conventional method, the proposed method
almost doubles the output level number. It leads to considerable
suppression of the ac output harmonics and EMI noise caused by
dv/dt. Also, the proposed method has low switching frequency
than the improved SUPWM method presented in [16].

B. Voltages on the dc Side

With the conventional NLM method, it is worth noting in (12)
and (16) that the sum of u}'*” and «},°? is always NU,. In other
words, the total number of the inserted submodules is a constant
N. However, with the modified NLM method the sum of v}
and usUtep is, respectively, in (21) and in (25). The total number
of the inserted submodules varies between N and N + 1. This

change makes pulse voltages appear across the arm inductors.

V. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed method in both the grid-
connected and load-connected situations, a three-phase MMC
simulation model and a single-phase MMC prototype are pre-
sented.
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Fig. 5. Setup of the three-phase MMC for simulation.

TABLE 1
MAIN CIRCUIT PARAMETERS FOR SIMULATIONS

Items Symbols Values
Rated ac line-line voltage Us 35kV
ac system inductance Lac 5 mH
ac system resistance Rac 0.03 ohm
Rated frequency f 50 Hz
Rated direct voltage Uge +5kV
Arm inductance L 15 mH
Total number of SMs per arm N 10
Capacitor voltage Uy 1kV
SM capacitance C 7000 uF

A. Simulation Results

The setup of the three-phase MMC for simulation is shown
in Fig. 5. The simulation is carried out in the PSCAD/EMTDC
software with circuit parameters listed in Table 1.

To demonstrate the effectiveness of the modified NLM
method, a comparison between the conventional NLM method
and the modified NLM method is made in the simulation. Ini-
tially, the conventional NLM method is adopted in the MMC.
The active current reference (ifff) is set to 0.2 kA (let the di-
rection from the grid to the MMC positive). At r = 0.5 s, the
modified NLM method is enabled with the same power trans-
mission.

Figs. 6-8 show the simulation results with both the con-
ventional and modified NLM methods. When using the conven-
tional NLM method, the three-phase ac voltages on the converter
side appear evident distortion and the THD reaches 5.90%. Since
currents flow through the submodule capacitors, the steps are
smoothed by the fluctuation of submodule capacitor voltages.
Anyway, it also can be seen 11 levels in the ac voltages. Be-
sides, the THD of three-phase ac currents reaches 4.86%, which
is caused by the harmonics of the ac voltages.

When using the modified NLM method, THDs of the three-
phase ac voltages and currents are reduced to 2.02% and 0.79%,
respectively. The voltage steps are too many and small to rec-
ognize. Moreover, the submodule capacitor voltages decrease a
little with the modified NLM method as shown in Fig. 7. This is
because the total number of inserted submodules varies between
Nand N + 1 (i.e., equivalent number is greater than N) with the
modified NLM method. The variation of the total number of
inserted submodule also leads to larger voltage across the upper
and lower arm inductors as shown in Fig. 7. Fig. 8 shows that
the error in 7,4 is reduced with the modified NLM method.
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Fig. 7. Capacitor voltages of submodules (Uc.p) and the voltage across the

upper and lower inductors (Uj; ).

B. Experimental Results

The circuit topology of the single-phase MMC prototype is
illustrated in Fig. 1 and the photo of the prototype is shown in
Fig. 9. To validate the proposed method, experiments are carried
out on the prototype with circuit parameters listed in Table II.
The main circuit uses MOSFET as the power switch. The con-
trol system includes two-level structure implemented by FPGA
and NI CompactRIO. Optical fibers are used to transmit neces-
sary signals (i.e., trigger pulses, submodule capacitor voltages,
and protective signals) between the main circuit and control
system. The dc voltage is supplied by a three-phase diode recti-
fier connected to a voltage regulator.

Figs. 10 and 11 show the experimental results with the con-
ventional NLM method and the modified NLM method, respec-
tively. Because the modulation ratio is 0.9, it is easily seen that
the ac output voltage (#) includes nine levels in Fig. 10 and
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Fig. 9.

Photo of the single-phase MMC prototype.

TABLE IT
MAIN CIRCUIT PARAMETERS FOR EXPERIMENTS

Items Symbols Values
Rated frequency f 50 Hz
Rated direct voltage Uqge 100 V
Modulation ratio m 0.9
Arm inductance L 15 mH
Total number of SMs per arm N 10
Rated capacitor voltage Uy 10V
Capacitor capacitance C 4000 uF
Load resistance Ry 100 ohm
Load inductor Ly 70 mH

17 levels in Fig. 9. Due to the limitation of experimental con-
ditions, only the upper arm current is measured. As shown in
Fig. 10, the voltage across the arm inductors (u;; ) tends to be zero
regardless of the voltage spikes caused by the dead-time effect.
On the contrary, u;; in the Fig. 11 tends to be larger. The switch-
ing frequency of the MOSFET with the conventional NLM
method stands almost 300 Hz similar to the modified NLM
method illustrated in ugy;.
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Fig.10.  Waveforms of experiment with the conventional NLM method: Direct
voltage (Uy. ), vertical 50 V/div; arm voltages (ur, uy, ), vertical 50 V/div; ac
output voltage (u), vertical 50 V/div; upper-arm current (77 ), vertical 0.5 A/div;
output voltage of a sub-module (ugyr ), vertical 5 V/div; the voltage across the
two inductors (u;;), vertical 20 V/div; horizon 0.5 ms/div.

Fig. 11.  Waveforms of experiment with the modified NLM method: Direct
voltage (Uq. ), vertical 50 V/div; arm voltages (ur, ur, ), vertical 50 V/div; ac
output voltage (u), vertical 50 V/div; upper-arm current (47 ), vertical 0.5 A/div;
output voltage of a submodule (ugyp), vertical 5 V/div; the voltage across the
two inductors (u;;), vertical 20 V/div; horizon 0.5 ms/div.

VI. CONCLUSIONS

A modified NLM method for modular multilevel converters,
which can generate 2N + 1 level ac output voltage, is proposed
in this paper. The level number of ac output voltage with the
modified NLM method is almost double than that with the con-
ventional NLM method. Compared to the improved SUPWM
and CPSPWM methods, which can both generate 2N + 1 level
ac output voltage, the modified NLM method has lower switch-
ing frequency. Principles of the modified NLM method are pre-
sented. Both simulation and experimental results validate the
effectiveness of the modified NLM method.
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