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Abstract

With the rapid development of flexible DC transmission systems, the application of modular multilevel converter MMC is
becoming increasingly widespread. Meanwhile, the nearest-level modulation is most applied. This paper establishes a simple
and efficient harmonic model of MMC based on nearest-level modulation with the equidistant controlled firing scheme. First,
based on the analysis of the working principle of MMC and the modulation principle, the Fourier decomposition of the stair
wave is obtained. Then, according to the equivalent circuit diagram of MMC, the stair wave is exactly the differential-mode
voltage. Moreover, the amplitude and phase of each differential-mode voltage harmonic content are obtained. So far, MMC can
be regarded as a harmonic voltage source. Finally, simulations were performed on PSCAD to verify the accuracy of the MMC
harmonic model proposed in this paper. Furthermore, the MMC harmonic model under the equidistant controlled firing scheme
and real-time trigger control were also compared. The final results show that the model proposed in the paper can accurately

reflect the harmonic characteristics of MMC in the existing power system after considering the equally-spaced trigger control.
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Abstract With the rapid development of flexible DC transmission systems, the application of modular multilevel converter MMC
is becoming increasingly widespread. Meanwhile, the nearest-level modulation is most applied. This paper establishes a simple and
efficient harmonic model of MMC based on nearest-level modulation with the equidistant controlled firing scheme. First, based on
the analysis of the working principle of MMC and the modulation principle, the Fourier decomposition of the stair wave is obtained.
Then, according to the equivalent circuit diagram of MMC, the stair wave is exactly the differential-mode voltage. Moreover, the
amplitude and phase of each differential-mode voltage harmonic content are obtained. So far, MMC can be regarded as a harmonic
voltage source. Finally, simulations were performed on PSCAD to verify the accuracy of the MMC harmonic model proposed in
this paper. Furthermore, the MMC harmonic model under the equidistant controlled firing scheme and real-time trigger control
were also compared. The final results show that the model proposed in the paper can accurately reflect the harmonic characteristics

of MMC in the existing power system after considering the equally-spaced trigger control.
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. INTRODUCTION

he modular multilevel converter (MMC) is a core
equipment in flexible AC transmission systems. The
MMC topology is highly modular and has the advantages of
low losses, low output voltage harmonic distortion, and ease
of scalability, making it a promising technology for a wide
range of applications. However, the high voltage levels and
complex modulation strategies of MMCs make harmonic
analysis challenging at high control frequencies [2-7], which
typically use nearest-level modulation (NLM) to
approximate a sine modulation wave with a stair wave.
MMCs with higher voltage levels and higher control
frequencies generally have better harmonic characteristics.
However, there is still a practical need for modeling MMC
harmonics. In this paper, we analyze the harmonic
characteristics of equidistant controlled firing scheme and
the NLM modulation strategies. We propose an MMC
harmonic model with time-domain discreteness, which is
important for harmonic analysis and resonance suppression
in hybrid AC/DC power systems.

Currently, most harmonic models for modular multilevel
converters (MMC) are based on real-time trigger control [1],
an idealized time-continuous triggering method that assumes
the control frequency to be infinitely high. However, in
practical power systems, the control frequency of the control
system is a finite value, and this control method is called
equidistant controlled firing scheme. Therefore, the
time-domain discretization characteristic of equidistant
controlled firing scheme challenges the harmonic modeling
of MMC in actual power systems.

According to the topology of the modular multilevel
converter (MMC), the electrical quantities, such as the
capacitor voltage, submodule voltage, phase voltage, and
inter-phase circulating current, are solved using the IGBT
switch function model in reference [5]. The voltage
analytical expressions only contain low-frequency 2", 3¢,
and 4™ harmonic components while ignoring the high-order
harmonic components. Reference [6] establishes a
frequency-domain impedance model for small disturbances
based on the continuous MMC model's positive and negative
sequence decomposition. The DC-side impedance is viewed
as a series connection of RLC passive elements, and the
AC-side impedance is composed of fixed and variable
impedances. However, the mathematical, analytical



expression of the harmonic impedance model is too complex
to compute and cannot be simulated by components.
Moreover, the impedance frequency characteristics under
voltage and current excitation are different and have no
obvious regularity, making it difficult to apply in practice.
Reference [7] derives the MMC harmonic model's
frequency-domain expression based on the Lu-Xi power
project's simplified control transfer function and equivalent
to the converter as a harmonic current source parallel
impedance in engineering applications. Although this model
highly depends on complex actual control parameters and
can accurately reflect the harmonic characteristics of MMC,
its modeling complexity limits its promotional value.
References [8-12] are all based on the principle of staircase
wave modulation. They derive the mathematical expressions
of staircase waves under real-time trigger control by
averaging the switch function and Fourier series
decomposition. However, due to the idealized characteristics
of real-time trigger control, it can only be used for simplified
qualitative analysis and cannot consider the engineering
reality too much.

In summary, previous literature on the harmonic

characteristics analysis of MMC has certain limitations
[1-16]. The time-domain analytical method based on the
switch function obtains the Fourier series of the ideal stair
wave. This idealized time-domain continuous model does
not match the engineering system. The time-domain
simulation method is very slow due to the highly
modularized structure of the MMC. The frequency-domain
analytical method that considers the complex and detailed
control system is difficult to implement due to the difficulty
obtaining control parameters. Therefore, it is urgent to
establish a simple, efficient, and practically applicable
harmonic model for MMC under equidistant controlled
firing scheme in actual power systems.
The first part of this paper provides a detailed analysis of the
topology, working  principle, and  nearest-level
approximation modulation principle of the Modular
Multilevel Converter (MMC). In the second part, starting
from the stair wave, the Fourier expansion of the stair wave
is derived through Fourier decomposition. Meanwhile, based
on the simplified equivalent circuit diagram of the MMC, the
expression for the differential-mode voltage is obtained, and
the harmonic equivalent circuit diagram of the power system
containing the MMC is analyzed. Finally, in the third part,
the proposed harmonic model of the MMC under equidistant
controlled firing scheme is validated through PSCAD
simulation experiments. Moreover, a comparative analysis is
conducted between the proposed harmonic model and the
real-time trigger control harmonic model of the MMC
proposed in previous studies.

Il. PRINCIPLE OF OPERATION OF MODULAR MULTILEVEL
CONVERTER (MMC)

A. Main Circuit Topology
The modular multilevel converter (MMC) circuit is highly

modular, as shown in Figure 1. Each phase of the three-phase
MMC consists of two bridge arms, namely upper and lower
arms, resulting in six bridge arms. Each bridge arm
comprises an inductor and N submodules (SM) connected in
series. The bridge arm inductor suppresses the circulating
current between phases and the impact current during faults.
The most common submodule uses a half-bridge topology.
Each submodule can be equivalently modeled as a fully
controllable switch, which outputs a DC-side capacitor
voltage of U, or 0. By controlling the switch of each

submodule, a stair wave is generated to approximate a sine
wave.

phase unit

(a)The topology of 3-phase MMC

(c)The equivalent diagram

Fig.1 The topology of MMC

The submodule comprises two fully controllable power
electronic devices, VT1 and VT2, two anti-parallel diodes
D1 and D2, and a DC-side energy storage capacitor C,
forming a half-bridge unit. The submodule has a and b
connection ports for series connection to the main circuit,
and it has three operating states as shown in Figure 2: the
locked state where both VT1 and VT2 are turned off, the
turn-on state where VT1 is conducting and VT2 are turned
off, and the turn-off state where VT1 is turned off and VT2 is
conducting.

Locked(0,0) Turn-on(1,0)

Turn-off(0,1)

On VTA
bo

off vl
—C  a

Il
1
a

On VT}I
be

Fig.2 The 3 operating states of submodule
Each operating state has two operating modes, as shown in
Table 1: current flows from a to b; current flows from b to a.

Tab.1 The 6 statues of submodule

Working Current Capacitive
VT: VT2 D: D2 Usm
state Flow state
Locked 0 0 1 0 atob Uc Charging
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0 1 btoa 0 Bypass
Turned 1 0 atob Uc Charging
on 0 0 0 btoa Uc Discharging
Turned 0 0 atob 0 Bypass
off ! 0 1 btoa 0 Bypass

(Note: 1 represents the turn-on state, O represents the turn-off
state)
The MMC supports the voltage of the DC bus (V,,) by the

DC-side capacitor voltage of each submodule (U ). At any

time, a total of N submodules are engaged in each phase of

the MMC. That is, the MMC satisfies the following
characteristics:

Ny + Ny = N Q

Vae = NU¢ (2)

where j represents phase A, B, or C; n, and n,; are the

number of submodules that need to be engaged in the upper
and lower bridge arms of phase j, respectively; N is the

number of submodules in each arm (upper and lower arms
have the same number of submodules), which is usually an

even number; V. is the DC voltage value; U represents

the submodule DC-side capacitor voltage.

The number of active submodules in a single bridge arm
can be 0, 1, 2...N. Usually, N is an even number so that the
number of active submodules in the upper and lower bridge
arms is equal. When it equals to N/2, the phase voltage is
zero. Therefore, an MMC with N submodules in each arm
can output up to  (N+1) voltage levels,

0.+U. % 2UC\---\i%UC , when the DC-side midpoint

is the zero voltage level.

B. Principle of Nearest-Level Modulation

Recently, nearest-level modulation (NLM) has become
the most commonly used stair wave modulation strategy, as
shown in Figure 3. As the instantaneous value of the
modulation wave rises from zero, the number of submodules
in the lower bridge arm of the corresponding phase unit that
is in the on-state needs to gradually increase, while the
number of submodules in the upper bridge arm in the
on-state needs to correspondingly decrease, so that the
output voltage of the phase unit follows the rise of the
modulation wave. As the instantaneous value of the
modulation wave starts to decrease from its maximum value,
the situation is reversed. Since the direct voltage of the

submodule (U, ) is the smallest voltage unit, the value of the

stair wave can only be a multiple of U, and it is the nearest

integer approximation value of the sine modulation wave.
NLM tracks the sine modulation wave by switching the
direct voltage level of the submodules on and off to generate
the output wave.

“ 4 Nearest-level modulation

Va2 F——=
| : Sine modulation wave
= I_l_ _' _______
U, =
: o &
9 ) at

Fig.3 The diagram of nearest-level modulation (NLM)
In practical operation, the control system of MMC updates

the trigger signals every control period T, . For an MMC
with N submodules in a bridge arm, when the control system
starts from any moment t; (6, relative to the phase angle of
the sine modulation wave). In every control period, the

number of submodules for each arm is updated according to
equations (1) and (2):

u,(t+T
Ny (t+T) = % —round (M) ?3)
C
u;(t+T
Nyt +Tn) = % + round (M) 4)

Cc

(0<n,~ n;<N)

where u,; is the instantaneous value of the j phase

modulation wave, T, represents the control period, and
round(x) represents the nearest integer to x , which

satisfies the rounding rule.

After determining the number of active submodules in the
upper and lower arms, triggering signals are sent to the
corresponding submodules in conjunction with the
capacitance voltage balancing strategy, so that the output
voltage of the MMC is the closest to the instantaneous sine
modulation wave.

Based on the modulation wave and the NLM algorithm,
the output stair waves of the MMC with different numbers of
submodules can be obtained. The stair wave does not

necessarily experience a transition every control cycle T, ,

nor does it necessarily change U. by one step during a
transition. When the control cycle T, is finite, NLM can
ensure that the difference between the stair wave and the sine

. . LY
modulation wave is controlled within J_rTc at control cycle
points, but it cannot guarantee the difference to be controlled
within J_r?C at all time points, hence there is atime delay in

the approximation of the stair wave to the modulation wave
under a limited control frequency. Discreteness and lag are
inherent characteristics of equidistant controlled firing
scheme. As the control frequency increases and the control



cycle T, decreases, the delay decreases.

When the control frequency is infinite, the control period
T, is 0. As long as the difference between the modulation

Cl

. U . .
wave and the stair wave reaches J_r7, the stair wave will

jump once, and the jump value is U, . The difference
between the stair wave and the sine modulation wave is

controlled within iUTC at any time. This trigger mode of

the NLM modulation is called real-time trigger control,
which has continuity and ideal features. At this case, the
output voltage of the MMC is an ideal stair wave that best
approximates the sine modulation wave.

I1l. HARMONIC MODEL oOF MMC

A. Fundamental Assumptions

This model is established under the steady-state operating
condition, and all theoretical derivations are based on the
following assumptions:

1. The modulation waves of the three phases are standard
sine waves, with a phase shift of 120 degrees in sequence.

2. The MMC adopts an appropriate capacitance
equalization strategy to ensure slight DC-side capacitor
voltage fluctuation of the submodules.

3. The MMC adopts equidistant controlled firing scheme.

B. Derivation of Harmonic Analytical Expressions

Firstly, a stair wave is composed of F rectangular waves,
F represents the carrier ratio, which is equal to the ratio of
the control frequency to the fundamental frequency and also
equal to the ratio of the fundamental period to the control

. _fan _ To . . :

period, F = = . The harmonic analysis method will
1:O Tctrl

decompose the stair wave into Fourier components,

transforming it into the Fourier components of the F

rectangular waves that make up the stair wave.

The stair wave and its rectangular waves are both periodic
waves with a period of one fundamental period of 20ms.
Within one fundamental period, the triggering signal is
updated every control period. Therefore, one period contains

F control time points, whose phases are respectively
6~ 0,---0- relative to the sine modulation wave. Under

equidistant controlled firing scheme, the stair wave does not
satisfy the odd symmetry condition.

Taking the A-phase stair wave of the five-level MMC as
an example. When the carrier ratio is 9, the control system
updates the trigger signal nine times in one fundamental

period, and the control time points are 6. 6,---6, ,
respectively. The A-phase stair wave voltage is u, , the

number of active submodules in the upper arm is n, , and

the number of active submodules in the lower arm is n.,

during different periods within one fundamental period
shown in Table 2. Meanwhile, the submodule ON/OFF
states of the five-level MMC satisfy equations (1) and (2).

Tab.2 The different statues of submodule
in A-phase of 5-level MMC(F=9)

. O+ B2 O3 O4 6Os 6O OGr— Os— O
Tlme 27[+
62 f3 s BOs Bs HO71 Os B9 0,

Ua Uc 2Uc  2Uc Uc -Uc  -2Uc -2Uc -Uc

Npa 1 0 0 1 3 4 4 3

NN | O

Nna 3 4 4 3 1 0 0 1

N 4 4 4 4 4 4 4 4 4

Ve 4Uqc 4Ugc  4Uqc 4Uqc 4Udc  4Uqc 4Uqc 4Uqc 4Uqc

The A phase stair wave of five-level MMC under NLM
modulation is considered as a combination of a series of
rectangular waves, as shown in Figure 4.

2Uc

N The modulation wave
|
/]
|
Ue ! : ! The stair wave
| | ! /
| | |
| | 1 \ . O
0 [ [ i I T2
61 10, | | |
I I I |
I I I | |
o I I |
Ve I I I
| I | |
| I |
| I |
2Ucl | I I
2Uc | | |
2Ucr | I I
| | |
| | |
| | |
| I I .
Uek The first rectangular wave
—
Tctrl |
<> |
0 I z
B | |
I |
I |
I |
Ucr | |
I I
I I
I I
| I I
NoE
The second rectangular wave
Uce b Tetrl — g
>
0 ' 2
0,
-Uc
-2Uc -

Fig.4 The stairs-wave of 5-level MMC (F=9)
Assuming the analytical expression of phase A
modulation wave is:

Uya t= Uv Sin(a)ot) ®)
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where U, represents the amplitude of the modulation wave,
and a, represents the fundamental angular frequency.
The expression of the k ™ rectangular wave in Figure 4 is:
0 O<a,t <6,
fi (0 =1 A O <t <6, (6)
0 6. <ot<2r
where the three elements of the rectangular wave are
included: the start time 6, , the end time 6,,, (actually
referring to the width T,, ), and the height A,
(k=1.2.---v F).
According to the equidistant controlled firing scheme and

the nearest-level modulation, the following relationship is
satisfied:

6 =0+ Zk-DTy=6+Zk-1) (@)
To F

A, =round (UVZ;ngk)UC (8)

c

Define the modulation ratio of the MMC as m, which
equals the amplitude of the modulation wave divided by the
half of DC voltage value. The expression for the modulation

Ugaira (1) = £, ) + £, O +---+ fL (O +---+ T (1)
1

F

k=1 n=1

ratio is:

Uv
m_vdc/2 (9)

After substituting equations (2) and (9) into equation (8),
the expression for the amplitude of the rectangular wave is
obtained:

. \Y/
A = round(lmN sing, ) - (10)
2 N
The Fourier series expansion expression of the k ¥
rectangular wave is: (k =1.2.---+ F)
f ()= A{l+ ii[(sin né, ., —sin ng, ) cos na,t
F ' N7

—(cosng,,, —cosnd,)sin na,t]}

(11

The rectangular waves are superimposed. Then the
Fourier series expansion expression of the phase A stair
wave is obtained, as shown in Equation (12).

From Equation (12), the amplitude and phase expressions
of the n harmonic in the MMC stair wave voltage can be
obtained as shown in Equations (13-14):

= Z{round[% mN sin 6, ]\%{E + Ziﬁ[(sin né, ., —sinné, ) cos na,t — (cosng, ,, —cosng, )sin na)ot]}}

(12)

ZF:round(

F F
= [>_round (% mNssin 6, )(sinn 6, ,, —sinn §,)F* +[ Y _ round (% mNsin 6, )(—cosn 6, , +cosn 6,)]* (13)
NN 7 k=1 k=1

;mNsin 6,)(sinng,,, —sinn6,)

> round(
k=1

Vdc
stair_n
PH,,;, , = arctan 2=
where n represents the n™ harmonic.
2r
9k =91+(k—1)F
) (15)
T
O =0+ = K

Similarly, the B and C phase modulation waves lag behind
the A phase by 120° and 240° respectively. The Fourier
series expansion of their stair waves are both similar to that
of the A phase.

For MMC based on the nearest-level modulation with
equidistant controlled firing scheme, this harmonic analysis
method only utilizes five data: modulation ratio m, carrier

ratio F , DC-side voltage V,, , number of bridge arm

c

(14)

; mNsin g, )(—cosn 6, ,, +cosn 6, )

submodules N, and initial triggering time corresponding to
electrical angle 6, . By substituting them into Equation (12),

the harmonic contents of the output stair wave can be
obtained.

C. Harmonic Equivalent Circuit of MMC

The MMC single-phase equivalent circuit is shown in
Figure 5. The bridge arm impedance in the MMC is directly
connected in series with the bridge arm, unlike in traditional
two-level converters where it is connected between the
converter and the AC system [1].
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l'_Udiffj

+ —1+
Un{? T, Va2

Fig.5 The single-phase equivalent model of MMC
The stair wave represented by equation (12) actually
refers to the voltage at the virtual equipotential point A
between the upper and lower bridge arms of phase A, that is,

the differential-mode voltage Uy, , which satisfies the

following equation:
1

Usairj = Ygirj = E (16)

(Uy —uy)
where, | represent phases A, B, and C, respectively; Ugy;
is the stair wave voltage of phase j; Ugy is the

differential-mode voltage of phase j; u, and u, are the

voltages of the upper and lower bridge arms of phase j,
respectively.

Therefore, looking into the AC-side port, the MMC can be
equivalent to a harmonic voltage source Uy , (t) series

with the bridge arm impedance of the equivalent harmonic

21-level MMC1
D

Transf Iy —
20kV ransformer 0.0lomm 0. 001H
@ «.» — Vac=20kV
20:10 O

n

model. Then, the AC-side port is connected to the n®
harmonic network via the converter transformer T (and

Ugisr o (t) =Uggr (1) ). Thus, the equivalent model of the

n" harmonic system including MMC is shown in Figure 6.

The PCC point

Ls Rs T

Ro/2 Lo/2

Uit n

Us_n
The system MMC

Fig.6 The equivalent harmonic model of nt" network including
MMC

IV. SIMULATION

A two-terminal MMC-HVDC system was constructed on
PSCAD as shown in Fig. 7. The system has a capacity of 60
MVA, and both AC side voltages are 20 kV, while the DC
side voltage is 20 kV. The upper and lower arms of the MMC
each have 20 submodules, and the MMC adopts NLM
modulation strategy under the equidistant controlled firing
scheme.

21-level MMC2

- /N Transformer 20kV
0. 00LH ¢ 01ohm
Eim= D=
_ 10:20

Fig.7 The system of 2-terminal MMC-HVDC

When the model is in steady-state operation, the two
MMC stations' control frequency was changed
simultaneously, resulting in five operating states with
specific parameters shown in Table 3.

Tab.3 The parameters of MMCL in state operations with

different control frequencies

Number of Initial
ubppgrllower fr(égﬂgr?cly C?_rréle:r) Motti_ul(ati;)n volljtgge t:r?gleer
ridge arm ratio ratio(m
submo%ules(N) (fan/H2) (VackV) (CD)
Casel 1000 20 0.8028 19.9611
Case2 1050 21 0.8026 19.9508
Case3 20 1100 22 0.8074 19.8368 0
Case4 1150 23 0.8057 19.8910
Case5 1200 24 0.8093 19.7994

The electromagnetic simulation results of the 5 cases were
analyzed by Discrete Fourier Transform (FFT) to obtain the
harmonic content of the differential-mode voltage of MMCL.

Then, the parameters of the 5 cases were substituted into
Equation (13) to calculate the harmonic content of the
harmonic model. The comparison between the simulation

result and the model calculation results is shown in Figure 8.
20%

The simulation result

The calculation result
15%

10%

5%

THD of the harmonic voltage

0%
1 3 5 7 9111315171921 23 2527 29 3133 3537 3941 43 45 47 49
Harmonic order
(a) The comparison diagram of MMC harmonic model

when the control frequency is 1000Hz
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20%
M The simulation result

The calculation result
15%

10%

5%

0% |||||||||||||I...‘.‘...|II.||.I|.....|.|...|.

135 7 91113151719 2123252729 31333537394143454749

Harmonic order

THD of the harmonic voltage

(b) The comparison diagram of MMC harmonic model

when the control frequency is 1050Hz

20%
M The simulation result

The calculation result
15%

10%

5%

THD of the harmonic voltage

0% ||||||||||||I|||.. ..|..|||......||.,..
1 3 5 7 9111315171921 2325272931333537394143454749
Harmonic order

(c) The comparison diagram of MMC harmonic model
when the control frequency is 1100Hz

20%

M The simulation result

The calculation result
15%

10%

5%

THD of the harmonic voltage

0% |‘I||||||||||.|.... ‘ ‘ TP
135 7 9 11131517 19 21 23 25 27 20 31 33 35 37 30 41 43 45 47 49

Harmonic order
(d) The comparison diagram of MMC harmonic model

when the control frequency is 1150Hz

20%
M The simulation result

The calculation result
15%

10%

5%

THD of the harmonic voltage

0% I|||||||||||||I||... TR TR RN ||
1 3 5 7 9 1113151719 2123252729 31333537394143454749
Harmonic order
(e) The comparison diagram of MMC harmonic model
when the control frequency is 1200Hz
Fig.8 The comparison of the harmonics between PSCAD and
the model formula

Meanwhile, the total harmonic distortion (THD) of the
harmonic voltage is used to measure whether the MMC
harmonic model under the equidistant controlled firing

scheme is closer to the simulation model compared with the
MMC harmonic model under real-time trigger control. The
comparison results of the THD of the three models are
shown in Table 4. The MMC model under real-time trigger
control uses the formula in reference [9].
Tab.4 The comparison of MMC’s harmonic models between
equidistant controlled firing scheme and real-time trigger
control by THD

THD Casel Case2 Case3 Cased  Caseb

Simulation  10.91%  1156% 10.39% 9.83% 10.06%

Harmonic
model under
the
equidistant
controlled
firing scheme

10.70% 9.83% 8.35% 8.16%  7.38%

Harmonic
model under
real-time 4.30% 4.30% 420% 4.24% 4.17%
trigger
control

In conclusion, the following results can be drawn:

(@) The MMC harmonic model under the equidistant
controlled firing scheme proposed in this paper has
significant features: the harmonic distribution is influenced
by the control frequency, and the harmonics mainly
distribute near the control frequency and its multiples,

especially when the frequency is Kf, + f,, the harmonic

content is relatively large ( fctr,\ f0 represents the control

frequency and the fundamental frequency, respectively; k
is a positive integer);

(b) The frequency spectrum of the NLM-modulated
MMC harmonic model under the equidistant controlled
firing scheme has a small error compared with the
electromagnetic simulation model, and the harmonic model
under the equidistant controlled firing scheme reflects the
distribution law and variation trend of the MMC harmonics
well;

(c) From the perspective of the total harmonic distortion
rate THD, the MMC harmonic model under the equidistant
controlled firing scheme is closer to the electromagnetic
simulation model, while the MMC model under the real-time
trigger control has a large difference from the
electromagnetic simulation model.

Therefore, the MMC harmonic model proposed in this
paper can more accurately reflect the actual harmonic
characteristics of the MMC in the power system after
considering the equidistant controlled firing scheme.

V. CONCLUSION

Based on a detailed analysis of the topology, working
principle, and modulation strategies of the nearest-level
modulation (NLM), this paper focuses on the characteristic
of the NLM modulation strategy under the equidistant
controlled firing scheme, decomposes the generated stair
wave into a series of related rectangular waves, simplifies
the Fourier decomposition process of the stair wave, and



ultimately obtains the amplitude and phase expressions of
each harmonic component of the MMC differential-mode
voltage. Thus, MMC can be regarded as a harmonic voltage
source. Furthermore, this paper analyzes the equivalent
harmonic circuit model of a power system containing MMC,
which will help to analyze the harmonic and resonance
suppression calculations of AC/DC hybrid power systems.

To validate the accuracy of the proposed harmonic model,
PSCAD simulation experiments were conducted to compare
the electromagnetic simulation results of a 21-level
MMC-HVDC system with the harmonic model under the
equidistant controlled firing scheme and the harmonic model
under real-time trigger control. The final results show that
the proposed MMC harmonic model can more accurately
reflect the harmonic characteristics of the actual power
system MMC after considering the equidistant controlled
firing scheme.
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