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Abstract

Modular multilevel converter (MMC) is widely employed in high-voltage direct current
(HVDC) systems for the long-distance renewable energy transmission, where the larger
submodule (SM) capacitors significantly increase its size, weight and cost. Conventional
capacitor voltage fluctuation suppression methods, such as composite harmonic injection
(CHI) strategies, can achieve lightweight MMC. However, these approaches often neglect
the dynamic constraints between harmonic injection parameters and their coupled effect
on modulation wave, which not only leads to suboptimal global solutions but also in-
creases the risk of system overshoot. Therefore, this paper proposes a comprehensive
CHI parameters optimization method to minimize capacitor voltage fluctuations, thereby
allowing for a smaller SM capacitor. First, the analytical expression of SM average capac-
itor voltage is developed, incorporating the injected second-order harmonic circulating
current and third-order harmonic voltage. On this basis, an objective function is defined
to minimize the sum of the fundamental and second-order harmonic components of the
average capacitor voltage, with the harmonic injection parameters and modulation in-
dex as optimization variables. Then, these parameters are optimized using a particle
swarm optimization (PSO) algorithm, where their constraints are set to prevent modulation
wave overshoot and additional power loss. Finally, the optimization method is validated
through a £500 kV, 1500 MW MMC-HVDC system under various power conditions in
PSCAD/EMTDC (version 4.6.3). In addition, simulation results demonstrate that the pro-
posed method can achieve a 13.33% greater reduction in SM capacitance value compared
to conventional strategies.

Keywords: modular multilevel converter (MMC); submodule capacitor voltage fluctuation;
composite harmonic injection; particle swarm optimization; modulation index

1. Introduction

Voltage source converter-based high-voltage direct current (VSC-HVDC) technology
has become the preferred solution for long-distance high-capacity power transmission
owing to no commutation failure, independent control of active and reactive power, and
high control flexibility [1-3]. The modular multilevel converter (MMC), with its high
modularity, superior scalability, low output harmonic distortion, and reduced switching
losses, is regarded as the most feasible topology for VSC-HVDC technology [4-7]. At
present, a number of MMC-based HVDC projects have been commissioned in China, such
as the 500 kV /3000 MW Zhangbei Flexible DC Project, 800 kV /5000 MW KBL Hybrid
Multi-terminal Ultra HVDC Project, 400 kV /1100 MW Rudong Offshore Wind Power
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Flexible DC Project, and £800 kV /8000 MW Baihetan-Jiangsu Hybrid Cascaded Ultra
HVDC Project [8,9]. However, the distributed and cascaded submodules (SMs) in MMCs
result in large size, heavy weight, and high manufacturing costs, presenting considerable
challenges for practical implementation [10]. For instance, the MMC valve of Rudong
project occupies approximately 347,000 m3, weighs 22,000 t, and costs about USD52.26
million [11]. As HVDC transmission technology advances toward higher voltage level and
larger capacity, the need for MMC lightweight is becoming increasingly urgent.

The SM capacitors account for about 50%, 80%, and 30% of the total volume, weight,
and cost in industrial applications, respectively, making the reduction in its capacitance
value a primary target for MMC lightweighting [12,13]. The fundamental design principle
for SM capacitor is to suppress its voltage fluctuation, as a larger capacitor inherently
provides superior suppression effects [14]. Consequently, minimizing the capacitor voltage
fluctuation within an acceptable range can reduce the required capacitance value, pro-
viding a direct pathway to achieve lightweight MMC designs. Existing research on SM
capacitor voltage fluctuation suppression can be broadly categorized into two approaches:
topology optimization and auxiliary control strategies [15-17]. Topology optimization
modifies MMC topology to create additional control degrees of freedom or alternative
energy exchange paths for capacitor voltage regulation [18]. In contrast, auxiliary control
strategies can effectively suppress SM capacitor voltage fluctuations without hardware
modifications, offering a low-cost and flexible alternative [17]. Common implementations
include circulating current suppressing control (CCSC), second-order harmonic current
injection (SHCI), third-order harmonic voltage injection (THVI), and composite harmonic
injection (CHI).

The CCSC is the most widely adopted auxiliary control strategy in existing engineering
projects, can slightly reduce arm current and SM capacitor voltage fluctuation. However,
conventional proportional-integral (PI) controller based CCSC cannot fully suppress the
high-order components of the arm circulating current. Hence, reference [19] uses two
parallel proportional-resonant (PR) controllers to suppress the even-order components of
the circulating current. In [20], a CCSC scheme based on a PR controller in -3 frame is
proposed to suppress the circulating current under unbalance grid conditions. To lever-
age the high dynamic performance of PI controller and enhance the circulating current
suppression performance, reference [21] a repetitive-plus-PI control scheme. According
to the mathematical relationship between the arm circulating current and common-mode
voltage, reference [22] proposes a CCSC strategy based on arm common-mode voltage
control. However, the aforementioned control strategies exhibit limited effect in suppress-
ing capacitor voltage fluctuation as the circulating current constitutes a low proportion in
arm current.

In contrast to the CCSC, the SHCI strategy suppresses the capacitor voltage fluctuation
by injecting a specific circulating current to eliminate the second-order component of arm
power. This method is implemented in [23], but requires a lookup table indexed by MMC
output current magnitude and phase to determine the injected circulating current reference
value. Reference [24] employs an exhaustive search algorithm to obtain the optimal parame-
ters of the injected second-order circulating current under different operating conditions. To
minimize the second-order component of the SM capacitor voltage, reference [25] proposes
a calculation method for the injected circulating current based on the magnitude of AC
output current. Based on the phase of any phase voltage, the three-phase instantaneous
currents, and the modulation index, the parameters of the injected circulating current can
be calculated online [26]. However, the SHCI strategy is limited by the increased power
losses arising from excessive circulating current injection.
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The THVI strategy raises the upper limit of the modulation index by injecting a third-
order harmonic voltage into the modulation wave, thereby increasing the fundamental
component of the arm voltage. In other words, this strategy reduces the fundamental arm
current required to transmit the same power, so that the SM capacitor voltage fluctuation
can be appreciably suppressed. Reference [27] proposes a curve fitting method to determine
the optimal parameters of THVI under different operating conditions, reducing online
computational burden. Reference [28] proposes a design strategy for the amplitude and
phase of THVI to reduce operating loss and increase the upper limit of the modulation
index. However, when MMC-HVDC system adopts an Yg/Yg interface transformer, there
will be a zero-sequence path that allows undesired third-order harmonic currents to flow
into the AC grid, may lead to maloperation of the protection device [29]. Therefore, to
avoid this issue, an Yg/A interface transformer is required in such applications [30]. In
addition, while THVI effectively reduces the fundamental component of the capacitor
voltage fluctuation, its ability to suppress the second-order harmonic component is limited.

The CHI strategy, which simultaneously injects two or more circulating currents and
harmonic voltages into the MMC, offers greater potential for reducing the required capaci-
tance value. The combination of SHCI and THVI is commonly employed in this method.
For example, reference [31] enables online calculation of the injected second-order circu-
lating current amplitude without relying on lookup tables. Reference [16] optimizes CHI
parameters and the modulation index by minimizing the sum of the magnitudes of the
fundamental, second, and third components of the instantaneous arm power. Neverthe-
less, the objective function does not accurately reflect the integral relationship between
capacitor voltage fluctuation and instantaneous power, and the optimization process fails
to account for the coupling between the modulation index and other injection parameters.
Furthermore, reference [32] presents a CHI strategy based on third-order harmonic voltage
combined with second- and fourth-order circulating current injections. This approach first
determines the optimal THVI parameters and circulating current phases, then obtains the
optimal amplitudes of the two injected circulating currents at different modulation index
through iteration. However, since all parameters are optimized independently, the solution
is not guaranteed to be globally optimal.

This paper proposes a comprehensive CHI parameter optimization method for half-
bridge MMC to minimize its SM capacitor voltage fluctuation, addressing the limitations of
existing strategies. Specifically, the optimization aims to minimize the combined magnitude
of the fundamental and second-order components in the average SM capacitor voltage
under CHI strategy. The harmonic injection parameters and the modulation index serve
as the key optimization variables, with their feasible ranges determined by constraints on
modulation margin and circulating current losses. The particle swarm optimization (PSO)
algorithm is employed to identify the globally optimal parameter set. The effectiveness of
the proposed method is validated through simulations of an MMC-HVDC system under
various power conditions. Comparative results demonstrate its superiority over traditional
methods in reducing the required SM capacitance value.

2. Capacitor Voltage Fluctuation Suppression Strategy Based on CHI
Parameters Optimization
2.1. Calculation of Average SM Capacitor Voltage Under CHI Strategy

Figure 1 shows the topology of three-phase MMC based on half-bridge SMs (HBSMs).
The MMC is composed of six arms, and each arm includes N SMs and a reactor Larm.
The DC-side voltage and current are denoted by Uy and I4., respectively; while the AC-
side voltage and current for phase j (je{a, b, c}) are represented by u; and i, respectively.
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Correspondingly, u;y and ujq represent the upper and lower arm voltages, respectively;
while ijy and ijq represent the respective arm currents. Csm is the SM capacitance value.

iau ibu icu Idc
* dsm| dsm] dsM]
SM| 4SM| 4sSM]
" rov] Hem] Hom) YA
PCC i Larm arm Larm
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# Mad ibd fed

Figure 1. Topology of MMC based on HBSMs.

After injecting the second-order circulating current, the upper and lower arm currents
of phase A can be expressed as

. I . .

fau = ¢+ 173 sin(wt — @) + igir 1

R . (1)
faqg = & — 3 sin(wt — @) + icir

where ¢ is the power factor angle, I, is the amplitude of the ac side current, and i, is the

second-order circulating current, which is shown in Equation (2), where I, and ¢; represent

its amplitude and phase angle, respectively.
icir = I sin(2wt + ¢3) ()

The injection of a third-order harmonic voltage into the modulation wave modifies
the arm voltages of MMC. Meanwhile, the injected second-order circulating current also
induces a corresponding voltage component across the arm inductor Larm. Considering
both effects, the upper and lower arm voltages for phase A can be expressed as

3)

j

Ugy = %[1 — msin(wt)] — Uzsin(3wt + @3) + Larm déct“
Uad = %<1+ msin(wt)] + Ussin(3wt + ¢3) + Larm S

where m is the modulation index, which is defined as Equation (4); U3 and ¢3 are the
amplitude and phase angle of the injected third-order harmonic voltage, respectively.

m= ZUa
udc

(4)

To facilitate the subsequent analysis, the coefficients for the injected second-order
circulating current and the third-order harmonic voltage, defined as k; and k3, can be
expressed as

ky =32
{ K, — 2l (5)
T Uge
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Neglecting the arm power loss, the relationship between the DC- and AC-side active
power of the MMC satisfies:

3U,I
Pye = Pac & Ugclae = za % cos ¢ (6)

where Py, and P, represent the DC- and AC-side active power of the MMC, respectively.
From Equation (6), the amplitude of the AC-side current I, can be calculated by

_ 2u'dc Idc

= 7
a 3cos pU, @

Substituting Equations (2), (4), (5) and (7) into Equation (1), the upper and lower arm
currents i,y and i,q can be rewritten as

fau = %Idc 1+ ﬁosq) sin(wt — @) + kpsin(2wt + ¢3) ®)
fad = %Idc 1-— #Ow sin(wt — @) + kpsin(2wt + ¢2) | = iau(wt — 1)

Substituting Equations (2), (4) and (5) into Equation (3), the upper and lower arm
voltages 1,y and 1,4 can be rewritten as

Ugy = uzdc [1—msin(wt) — kssin(3wt + ¢3) + ky cos(2wt + @3)] ©)
lag = 5551 4 msin(wt) + kssin(3wt + @3) + ko cos(2wt + ¢2)]
where the expression for the coefficient  is shown in Equation (10)
4wlgcLarm
=— 10
b=, (10)

The upper and lower arm voltages and their corresponding switching functions satisfy:

{ Uay = Saullgc 11)

Uad = Sad udc

Therefore, based on Equations (9) and (11), the switching functions S, and S,4 under
CHI strategy can be expressed as

Sau = 3[1—msin(wt) — kasin(3wt + @3) + ko cos(2wt + ¢2)]

Sad = 3|1+ msin(wt) + kssin(3wt + @3) + ko cos(2wt + ¢3)] 12)
= 1[1— msin(wt — 1) — kasin(3(wt — ) + @3) + ko cos(2(wt — 7T) + ¢2)]
= Sau(wt — )

Assuming that the capacitor voltages of all SMs in the arm are approximately balanced, the
average capacitor voltage of upper arm SMs in phase A, denoted as tc,y, can be derived as

_ 1 .
UCau = C7/ Saulaudt (13)
sm -

Substituting Equations (8) and (12) into Equation (13), and expressing UCay in terms
of its harmonic components #cay «, the individual harmonic components can be given by
Equations (14)—(18), where x =1, 2,.. ., 5.

4
I4c " mcos g

12wCsm | koks sin(wt + @3 — ¢2) +

cos(wt — @) + 2m cos(wt) — mky sin(wt + ¢2)— 14)
2Bk
mcﬁoszgo cos(wt + $2 + (P)

ﬁCau,l =
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ky sin(2ewt L sin(2wt — ¢)—
g = Jac | PlasinQut+ o)+ 9 sin(2wt — ¢) (15)
Cau2 = 120Cem | Ky cos(2wt + ¢2) — proaso sin(2wt + @3 + @)
- I mT n(3wt + ¢2) + k3 cos(3wt + ¢3)— (16)
Cau3 ™ 18wCem ’5 s cos(Bwt + g2 — @)

— _ I4c k3 . ﬁ 2

caus = 5706 | prcos ’ sin(4wt + @3 — @) — —== cos(4wt + 2¢) (17)
_ I4c

lcaus = g5 Csm ——=—koks sin(5wt + @3 + ¢2) (18)

uCau,l

uCau,Z

T 12wCem :4tanqo
_ 2 2
\/ A5 + B3

T 12wCsm

From Equations (8) and (12), it can be observed that the upper arm current and switching
function exhibit a 180° phase difference compared to those of the lower arm, while their
magnitudes remain the same. Combined with Equation (13), the magnitudes of all harmonic
components in the average capacitor voltages of the upper and lower arms are identical.
Given this symmetry, the following analysis focuses solely on the upper arm of phase A.

2.2. CHI Parameters Optimization Based on PSO
2.2.1. Objective Function

Based on the magnitude of the harmonic coefficients in Equations (14)—(18), it is
evident that the fundamental and second-order harmonic components are significantly
larger than the other higher-order harmonics. Therefore, the higher-order harmonics can
be neglected, with only the fundamental and second-order components considered. In
other words, the primary objective of this study is to suppress the fundamental and second
harmonic components. Generally, the capacitor voltage fluctuation is evaluated using its
peak-to-peak value, thus the minimum amplitude sum of the fundamental and second-
order harmonic components, namely min{Uc,, ; + Ucau,2}, is defined as the objective
function for suppressing the SM capacitor voltage fluctuation. Accordingly, these two
harmonic components in Equations (14) and (15) can be rewritten as

Ucau1 = A cos(wt) + By sin(wt)
A= ety e 5 C0s(92 + @) — ksky sin(g3 — 2) — mkz sin ¢, (19)
B = 125}‘1551“ 4tanq) + 2Bk sin(@o + @) + ksky cos(@3 — @2) + mky cos @o

mcos ¢

Ucaup = Az cos(2wt) + By sin(2wt)
Ay = 12¢idésm 2ty 2 5 C0s(p2 + @) — ksky sin(g3 — 2) — mikz sin ¢, (20)
By = 12551551“ 4tanq) + 2B sin(g2 + @) + kska cos(@3 — @2) + nka cos gy

1m.cos @

From Equations (19) and (20), the amplitudes of the fundamental and second-order
harmonic components can be calculated by

_ B

- 2
" 2m —4 4 mzéﬁ(i(sz(p COS(QDZ + q)) — k3k2 sin(q03 — ([)2) - mk2 sin ([)2] +

mcos ¢

2
i 2Bk, sin(@o + @) + kzka cos(@3 — @2) + mky cos 4)2} 1)

2
ko (Bsin ¢y — cos @) — tan ¢ — %Osq, sin(¢g3 + (P)} +

Iqc

2
ka2 (B cos 2 +singz) +1 — mCOSq) cos(@3 + (p)}
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Based on Equation (21), the parameters ky, ¢y, k3, and ¢3 can be optimized to minimize
the objective function Ucay,1 + Ucau2, thereby maximizing the suppression of the SM
capacitor voltage fluctuation. However, the injection of the third-order harmonic voltage
alters the feasible range of the modulation index m. Moreover, as indicated by Equation (21),
m directly influences Ucay,1 + Ucau2- Given its dual impact on both operational constraints
and the optimization objective, the modulation index m is consequently treated as the fifth
optimization parameter. Subsequently, the feasible ranges of these optimization parameters
need to be determined.

2.2.2. Constraints and Feasible Ranges of Optimization Parameters
e Injection coefficient k,

Given that excessive circulating current increases MMC power loss and adversely
impacts operational economy, the amplitude of the injected second-order circulating current

should be constrained not to exceed its inherent value Iy without any auxiliary control
strategy [33]. Consequently, the injection coefficient k, must satisfy:

3

0<ky<kyp= I
C

(22)

Then, the expression of Iy should be determined. Based on Equation (12), the switch-
ing function of the upper arm in phase A without any auxiliary control strategy can be
expressed as

Sau0 = %[1 — mp sin(wt)] (23)

where my is the initial modulation index of MMC.
From Equation (8), the upper arm current in phase A without any auxiliary control
strategy can be rewritten as

lac

fau0 = 3 sin(wt — @) + kysin(2 wt + ¢o) (24)

g oS @
where ¢y represent the phase angle of the second-order circulating current in MMC
without any auxiliary control strategy.

Based on Equations (13), (23) and (24), the upper arm voltage in phase A without any
strategy can be derived as

_ NS .
Uaup = NSauOuCauO = C 2 f SauOIauOdt
sm
Ny .
= 2wCen [1 — mgsin(wt)]
12 t 3k 2wt 6 t 2
7moc70sgocos(w — @) — 3kppcos(2wt + (pzo) + 6mg cos(wt)
+cos p sin(2wt — ¢) — 3mokyg sin(wt + @a0) +mokag sin(3 wt + @ap)

As indicated by Equation (25), the second-order component uy in #,y0 is approxi-
mately equal to the voltage across the arm inductor Larm, leading to the following relation:

digiro Nlyc Cogsq] sin(2wt — @) — 3m3 sin(2wt)—
Larm = —Ucir0 = 2 (26)
dt 72wCsm (2m0 + 3)kop cos(2wt + q)zo)

where iy = Ippsin(2wt + @gp) is the second-order circulating current in MMC without any
auxiliary control strategy.
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Therefore, the amplitude of i.jyo can be derived as

\/9sec2(p—6m%+mg

I (27)

0 = I4c 2
48w LﬁmCsm o (2m(2) + 3)

e  Phase angles of the injected harmonics

The phase angles of the injected second-order circulating current and the third-order
harmonic voltage, ¢, and ¢3, are both constrained to the interval [-7, 7].

e  Modulation ratio m and injection coefficient k3

To maintain a sufficient modulation margin as a safety buffer against disturbances, a
linear constraint in Equation (28) must be applied to the switching function Say. This
prevents the modulation signal from saturating at the limits (0 or 1), thereby ensur-
ing continuous control over the number of inserted SMs and avoiding overcurrent or
converter blockings.

e<Su<1-—c¢ (28)

where ¢ is the preset modulation margin.

Theoretically, the modulation ratio m of a traditional half-bridge MMC is typically
within the range of [0, 1]. This range can be extended through control strategies such
as THI or the use of full-bridge SMs capable of generating negative voltage. In practical
engineering, to maintain high DC voltage utilization rate, m is generally kept above 0.8.
Existing studies indicate that when m lies within [1, V2], increasing m can reduce both the
fundamental and second-order components of SM capacitor voltage, thereby allowing a
reduction in capacitance value. However, this reduction effect becomes negligible once m
exceeds /2 [34]. Therefore, the feasible range of m is set to [0.8, ﬁ].

Finally, the range of the injected third-order harmonic voltage parameter k3 remains to
be determined. Within an appropriate range, a larger k3 corresponds to a higher third-order
harmonic voltage, which enhances the peak suppression effect of the switching function.
Beyond this range, however, the effect is reversed. Therefore, k3 must be constrained to
ensure that the modulation wave under CHI strategy does not exceed the preset modulation
margin ¢. It should also be noted that, according to Equations (12) and (28), the injected
second-order circulating current further influences the modulation wave, as illustrated in
Figure 2. Therefore, the relationship between kspax, 1 and k; is illustrated in Figure 3. It
shows that for m > 1.2, the modulation margin constraint on the switching function S,y is
only satisfied when k3 = 0, meaning any injection of third-order harmonic voltage would
exceed the margin limit. Therefore, the maximum permissible value of m is set to 1.2, and
the feasible range for kj is set as [0, 0.55].

Fundamental _

frequency -- Only THVI — HCI

T

1.0

1 1.01 1.02 1.03 1.04

Figure 2. Modulation waveforms under different harmonic injection strategies.
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Figure 3. Relationship diagram of k3 may, k2, and m.

Based on the preceding analysis, the feasible lower and upper bounds for all optimized
parameters have been summarized in Table 1.

Table 1. Parameters to be optimized and their value ranges.

Parameters Symbols Value Ranges
Coefficient of the injected second-order circulating current k> [0, ko]
Phase angle of the injected second-order circulating current @2 [—m, 7]
Coefficient of the injected third-order harmonic voltage k3 [0, 0.55]
Phase angle of the injected third-order harmonic voltage P3 [—m, 7]
Modulation index m [0.8,1.2]

2.2.3. Parameters Optimization Based on PSO Algorithm

Given the complexity of the expression for Ucay 1 + Ucau2 and the strong coupling
among the parameters to be optimized, an analytical solution is infeasible. At present,
many optimization algorithms exist for solving the proposed parameter optimization task.
Given its straightforward implementation and effectiveness in global optimization within
defined boundaries [35], the particle swarm optimization (PSO) algorithm is therefore selected
for parameter optimization. Specifically, PSO algorithm usually converges rapidly, making
it suitable for scenarios involving variable power conditions. Meanwhile, PSO algorithm
operates with fewer parameters and relatively simple iterative computations, which meets the
reliability requirements of control systems in high-voltage large-capacity MMCs.

The specific workflow of the PSO algorithm is illustrated in Figure 4. The procedure
starts with the input of system parameters. Then, the algorithm parameters are initialized.
These parameters include swarm size, particle dimension, iteration count, inertia weight,
acceleration constants, and velocity range. Next, the value ranges for the variables ky,
@2, k3, @3, and m are set to define the search space. In each iteration, the fitness function
Ucau,1 + Ucay is evaluated for all particles, and the minimum fitness value is recorded.
This iterative process continues until the preset iteration limit is reached. Finally, the
algorithm outputs the optimal particle set, which contains the variables ky, @7, k3, ¢3, and
m, together with the corresponding minimized fitness value.
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Iteration count +1

A

Input of system parameters

v

Algorithm parameter initialization

v

Variable value range setting and
search space construction

le
I

Calculate fitness value Ucau1+Ucau2

v

Find and record min(Ucau1+Ucau2)

=lIteration upper limit

Yes

Output particles (kz, 2, ks, s, m)
and fitness value Ucauyi+Ucauz

End

Figure 4. Flowchart of PSO algorithm application.

The control block diagram of the MMC with the proposed CHI strategy is presented
in Figure 5. The optimally tuned parameters obtained from the PSO algorithm are fed

into the CHI control module, which outputs the optimal common-mode second-order

harmonic voltage and differential-mode third-order harmonic voltage. These harmonic

components are superimposed onto the fundamental voltage generated by the dual-loop

controller, together with half of the DC bus voltage, to form the final arm modulation signal.

This composite signal then drives the nearest-level modulation and capacitor voltage

equalization control, which govern the switching of the SMs in MMC.

in, o, e s [ Double o
Lol | Toveq | g, g | Closed-loop  —{ Tagabe
Controller 0.5Udc
0
ke—{ 13 |y
_’< PLL 1@ + Recent Low-level
Ua, Uty Ue | . Modulation
mp] U2 | — _
k2 and @27 2 F > s
S THVI .
PSO ks and @3 ksw Capacitor Voltage
CHI Equalization
Control
ip 2 L
T S i MMC Submodule
lnT . . .
Switch Switching

Figure 5. Block diagram of MMC with the proposed CHI strategy.
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3. Simulation Analysis and Verification
3.1. Simulation System Description

To further verify the effectiveness of the proposed optimization method, a £500 kV,
1500 MW MMC-HVDC system is established in PSCAD/EMTDC, as shown in Figure 6.
The main system parameters are shown in Table 2. The initial capacitance value used
in MMC is 15 mF. To demonstrate the SM capacitance reduction effect of the proposed
method under different system power levels, both rated-power and 50% rated-power
conditions are set and simulated. The key parameters of the PSO algorithm are listed in
Table 3. Figure 7 shows the relationship between iteration count and optimal solution in
the PSO algorithm under these two conditions. It can be observed that the fitness value
gradually decreases with increasing iteration count and converges within approximately
50 iterations, indicating that the algorithm reaches a stable optimum under each operating
condition. Upon convergence, the algorithm outputs a distinct set of optimal parameters.
The optimized values for five key parameters are shown in Table 4. These optimized
values, comprising the key harmonic injection coefficients and the modulation index, are
subsequently implemented in the CHI strategy of the simulation system model.

MMC +500 kV MMC
N, =
= AY
i gl
n, =
= AY
Sending-end Receiving-end

Figure 6. Configuration of the MMC-HVDC system.

Table 2. Main parameters of simulation system.

System Parameters Values
Rated DC voltage £500 kV
Transformer turns ratio 230 kV/262.26 kV
Rated power of the system 1500 MW
Rated voltage of SM capacitor 22kV
Number of SMs 227
Capacitance value of SM 15 mF
Arm reactor 50 mH
Initial modulation index 0.85
Preset modulation margin 7%

Table 3. Key parameters of PSO algorithm.

PSO Parameters Values
Swarm size 300
Particle dimension 5
Iteration count 100
Inertia weight 0.2~0.8
Acceleration constants c1=2,c=2
Velocity range [-2,2]
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Figure 7. Relationship between iteration count and optimal solution in the PSO algorithm:
(a) Sending-end MMC under rated-power condition, (b) Sending-end MMC under 50% rated-power
condition, (c) Receiving-end MMC under rated-power condition.

Table 4. Optimal parameters based on the proposed method.

Parameters Values (Sending-End MMC Values (Sending-End MMC Under Values (Receiving-End MMC
Under Rated-Power Condition) 50% Rated-Power Condition) Under Rated-Power Condition)
k> 0.6092 0.6092 0.5940
2 —1.5714 —1.5804 —1.5708
k3 0.1351 0.1531 0.1483
@3 0.0002 0.0012 0.0000
m 0.8934 0.9317 0.9646

3.2. Simulation Results of Sending-End MMC Under Rated-Power Condition

To evaluate the superiority and feasibility of the proposed method, comparative simu-
lations are performed against some existing voltage fluctuation suppression strategies. The
simulation waveforms are divided into three stages, each employing a different suppres-
sion strategy, as summarized in Figure 8. Stage I (2.2-2.6 s) adopts the conventional CCSC
strategy. Stage II (2.6-3.2 s) introduces an additional 15% third-order harmonic voltage
injection on the basis of Stage I. Stage III (3.2-3.8 s) implements the CHI strategy based on
the proposed parameter optimization method.
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Figure 8. Simulation waveforms of sending-end MMC under rated-power condition: (a) average SM

capacitor voltage, (b) FFT of SM capacitor voltage, (c) arm circulating current, (d) RMS value of arm
current (e) modulation wave of phase A.

As shown in Figure 8a, the average SM capacitor voltage exhibits a clear reduction
in peak-to-peak fluctuation across the stages: 346 V in Stage I, 289 V in Stage II, and
249 V in Stage III. The fluctuation in Stage III represents reductions of 28.03% and 13.84%
compared to Stage I and Stage II, respectively. The fast Fourier transform (FFT) analysis in
Figure 8b confirms that the capacitor voltage fluctuation is dominated by fundamental and
second-order harmonic components, with higher-order harmonics being negligible. This
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validates the selection of Uc,y,1 + Ucay2 as the optimization objective. Meanwhile, the
amplitude sum of the fundamental and second-order harmonic components in capacitor
voltage is approximately consistent with the optimal solution in Figure 7a. The improved
performance in Stage III is primarily attributable to a further suppression of the second-
order harmonic component compared to Stages I and II.

Figure 8c displays the circulating current in the upper arm of phase A. The proposed
CHI strategy results in a higher peak circulating current compared to the other two stages,
indicating a corresponding increase in the overall arm current. As shown in Figure 8d, the
root-mean-square (RMS) values of the upper arm current are 1.92 kA in Stage I, 1.80 kA in
Stage II, and 1.90 kA in Stage III. Although the RMS current in Stage III is lower than in
Stage I, it is 5.6% higher than in Stage II. The increased arm current in Stage III will lead to
higher conduction and switching losses than that of Stage II. According to [36], the power
loss of a typical MMC represents about 0.73% of the transmitted power. Assuming constant
equivalent loss resistances, the additional loss introduced in Stage III can be estimated at
only (1.92 — 1.8%)/1.8% x 0.73% = 0.083% of the transmitted power, which is an acceptable
trade-off given the significant improvement in voltage fluctuation suppression.

Figure 8e illustrates the modulation wave for the upper arm of phase A. In Stage I, the
waveform is a pure fundamental sinusoid. In Stages II and III, it exhibits a distinct non-
sinusoidal shape due to harmonic injection. It should be pointed out that the modulation
wave amplitude in all three stages remains strictly within the predefined safety margin 7%.
This design prevents AC-side waveform distortion caused by modulation over-modulation
and ensures system stability.

The potential of the proposed method for capacitance reduction is demonstrated in
Figure 9, which shows the capacitor voltage fluctuation in Stage III after decreasing the
SM capacitance from 15 mF to 13 mF, corresponding to a reduction of 13.33%. With the
reduced capacitance, the peak-to-peak voltage fluctuation reaches 284 V. Although this
value is higher than that observed in Stage III with the original capacitance, it is still lower
than the fluctuation level measured in Stage II before the capacitance reduction. This result
confirms that the proposed parameter optimization method enables a further reduction
in SM capacitance under the rated-power condition compared to conventional strategies.
Therefore, the optimized capacitor value is 13 mF for sending-end MMC.

25
241 0 1
231 !
22

2.1 a
2.0 ) = 2.070

3.4 3.2 4.0
t/s

/kV

UcCau

Figure 9. SM capacitor voltage of sending-end MMC under rated-power condition when its capaci-
tance value is reduced by 13.33%.

3.3. Simulation Results of Sending-End MMC Under 50% Rated-Power Condition

Figure 10 presents the simulation waveforms of sending-end MMC under 50% rated-
power condition, employing the same suppression strategies as those applied under rated-
power condition for each stage. As shown in Figure 10a, the reduction in transmitted power
decreases the capacitor voltage in peak-to-peak fluctuation in all stages: 171 V in Stage I,
136 V in Stage II, and 108 V in Stage II1. It should be noted that, compared to the rated-power
condition, the reduction in capacitor voltage fluctuation is attributable to the decrease in
arm current. The fluctuation in Stage III represents reductions of 28.03% and 13.84%
compared to Stage I and Stage II, respectively, demonstrating the superior effectiveness of
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the proposed strategy in suppressing voltage fluctuation under 50% rated-power condition.
The FFT analysis results in Figure 10b similarly reveals that the voltage fluctuation is
dominated by the fundamental and second-order harmonic components. Moreover, the
better suppression effect in Stage Il is clearly attributable to a further reduction in the

second-order harmonic component compared to the preceding stages.
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Figure 10. Simulation waveforms of sending-end MMC under 50% rated-power condition:

(a) average SM capacitor voltage, (b) FFT of SM capacitor voltage, (c) arm circulating current,
(d) RMS value of arm current (e) modulation wave of phase A.
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As shown in Figure 10c, the peak circulating current in the upper arm for Stage II1
is nearly half of that under rated power condition. As shown in Figure 10d, the RMS
values of the upper arm current also nearly decreases by half compared to that under
rated-power condition, which are 0.96 kA in Stage I, 0.89 kA in Stage II, and 0.93 kA in
Stage III. The RMS current in Stage III is lower than in Stage I, but it is 4.5% higher than
in Stage II. Therefore, the additional loss introduced in Stage III can be estimated at only
(0.932 — 0.892)/0.892 x 0.73% = 0.092% of the transmitted power, which is acceptable. As
shown in Figure 10e, the modulation wave amplitude for the upper arm of phase A still
remains strictly within the predefined safety margin 7% in all three stages.

Figure 11 shows the capacitor voltage fluctuation in Stage III after a 13.33% reduction
in capacitance value under 50% rated-power condition. With the reduced SM capacitor, the
voltage fluctuation reaches 126 V. Although this value increases slightly after capacitance
reduction, it remains lower than the voltage fluctuation level measured in Stage II before
the capacitance reduction, which also confirms that the proposed parameter optimization
method enables a further reduction in SM capacitance under 50% rated-power condition
compared to conventional strategies.

25 :
241 1
2.275
g 23+ v {
| 1 a
21 2.149
2.0 ‘
3.4 3.2 4.0
t/s

Figure 11. SM capacitor voltage of sending-end MMC under 50% rated-power condition when its
capacitance value is reduced by 13.33%.

3.4. Simulation Results of Receiving-End MMC Under Rated-Power Condition

Figure 12a shows the peak-to-peak capacitor voltage fluctuation at the receiving end
decreases sequentially across the three stages: 337 V, 281 V, and 228 V. Stage III achieves
reductions of 32.34% and 18.86% compared to Stage I and Stage II, respectively. The
FFT results in Figure 12b indicate that the voltage fluctuation is primarily composed of
fundamental and second-order harmonic components. In Stage 111, although higher-order
harmonics show a slight increase, fundamental and second-order harmonic components
are further suppressed, with the second-order harmonic being reduced by nearly 2/3.

As observed in Figure 12¢, the proposed strategy raises the circulating current due to
active second-harmonic injection. The corresponding RMS values of upper-arm current are
1.9 kA, 1.76 kA, and 1.86 kA in the three stages, as shown in Figure 12d. The additional
power loss in Stage III is estimated at only 0.076% of the transmitted power, which is
acceptable given the significant capacitor voltage fluctuation reduction.

Figure 13 presents the results with a 13.33% reduction in capacitance. The peak-to-peak
fluctuation reaches 263 V, which is still lower than 281 V in Stage II before capacitance
reduction. This confirms that the proposed approach can effectively reduce capacitance
values of receiving-end MMC under the rated-power condition. Therefore, the optimized
capacitor value is 13 mF for receiving-end MMC.
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Figure 12. Simulation waveforms of receiving-end MMC under rated-power condition: (a) average
SM capacitor voltage, (b) FFT of SM capacitor voltage, (c) arm circulating current, (d) RMS value of
arm current (e) modulation wave of phase A.
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Figure 13. SM capacitor voltage of receiving-end MMC under rated-power condition when its
capacitance value is reduced by 13.33%.

3.5. A Brief Contribution Analysis of SM Capacitance Reduction to MMC Size and Cost

In practical MMC designs, the larger SM capacitor is typically implemented by con-
necting numerous low-capacitor units in parallel. Consequently, the required number
of these individual capacitor units is directly proportional to the submodule capacitance.
Reducing SM capacitance therefore enables a proportional decrease in the total component
count. Industry data indicates that SM capacitors constitute approximately 50% of the
total volume and 30% of the total cost in an MMC [12,13]. Since the method proposed in
this paper achieves a further 13.3% reduction in the required SM capacitance compared to
traditional strategies, this translates directly into estimated reductions in overall system
volume and cost of 6.65% (50% x 13.3%) and 3.99% (30% x 13.3%), respectively.

4. Discussions

Many optimization algorithms exist for solving the proposed parameter optimization
task. For example, genetic algorithm (GA) and artificial bee colony (ABC) algorithm.
Therefore, a performance comparison with the GA and ABC algorithm is meaningful and
will help address potential questions regarding algorithm selection. In this section, we
conducted 30 independent optimization tests using the PSO, GA, and ABC algorithms,
respectively. In each test, the maximum number of iterations is set to 100, and the swarm
size for PSO algorithm, population size for GA, and bee colony size for ABC algorithm all
set to 300. A summary of the optimization results is provided in Table 5.

Table 5. Parameter optimization results of 30 tests using different algorithms.

Overall Optimal Average Optimal Sample Standard Count of Error Within 1% of

Algorithms Solution Solution Deviation Overall Optimal Solution
PSO algorithm 131.637 133.997 8.682 28
GA 131.815 135.450 9.085 22
ABC algorithm 132.715 155.424 14.332 1

From Table 5, the PSO algorithm achieves the smallest overall optimal solution and the
lowest mean optimal solution among the three algorithms, indicating its superior solution
quality. The standard deviation for PSO algorithm is 8.682, significantly lower than the
values of 9.085 for GA and 14.332 for ABC algorithm, respectively. Furthermore, PSO yields
the fewest instances where the solution exceeds 1.01 times the overall optimal solution,
indicating its highest stability and consistency. To visualize the differences among the three
algorithms, Figure 14 shows the relationship between iteration count and optimal solution
for the 5th, 10th, 15th, 20th, 25th, and 30th tests. It can be observed that the ABC algorithm
exhibits the poorest optimization performance. GA performs better and more stable than
ABC algorithm, consistently converging close to the global optimum, but its convergence
speed is noticeably slower than that of PSO algorithm. In summary, the PSO algorithm
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outperforms both GA and ABC algorithm and is more suitable for the proposed parameter
optimization task.
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Figure 14. Relationship between iteration count and optimal solution of 5th, 10th, 15th, 20th, 25th
and 30th tests using different algorithms: (a) waveforms of the 5th test; (b) waveforms of the 10th
test; (c) waveforms of the 15th test; (d) waveforms of the 20th test; (e) waveforms of the 25th test;
(f) waveforms of the 30th test.

5. Conclusions

With the continuous increase in transmission capacity and voltage levels of renewable-
energy HVDC systems, the demand for lightweight MMCs has become both urgent and
significant. This paper proposes a comprehensive CHI parameters optimization method
to minimize the SM capacitor voltage fluctuation of MMC, thereby achieving a further
reduction in capacitance value compared to existing strategies. The effectiveness of the
proposed method is verified through detailed simulations and comparative evaluations
against conventional strategies under rated-power and 50% rated-power conditions. The
main conclusions are summarized as follows:

1. Analysis of the average SM capacitor voltage fluctuation characteristics reveals that
the fundamental and second-order harmonic components dominate he voltage fluctu-
ation, with other higher-order components contributing negligible. Consequently, the
optimization objective in this paper is defined as minimizing the magnitude sum of
these two dominant harmonic components.

2. Building upon the third-harmonic voltage, the injected second-order circulating cur-
rent further modifies the modulation wave through the arm inductance. This interac-
tion introduces significant coupling between the CHI parameters and the modulation
index. By incorporating switching function modeling and modulation margin con-
straints, this paper refines the feasible ranges of these parameters and then employs
PSO to effectively solve the resulting constrained optimization problem.

3. Simulation results under different power conditions demonstrate that, compared with
the conventional CCSC strategy combined with 15% THVI, the proposed method
further reduces the second-order harmonic component of the SM capacitor voltage,
leading to enhanced voltage fluctuation suppression. Even with a 13.33% reduction
in SM capacitance (from 15 mF to 13 mF), the resulting voltage fluctuation using
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the proposed method remains lower than that of the CCSC strategy with 15% THVI
prior to capacitance reduction. This capacitance reduction translates directly into an
estimated 6.65% decrease in overall MMC volume and a 3.99% reduction in system
cost, confirming the potential of the proposed method for MMC lightweighting and
cost efficiency.

4. The proposed method introduces a controllable second-order circulating current,
which results in a corresponding increase in the conduction and switching losses
of MMC. However, this additional loss is relatively small and is estimated to be
below 0.1% of the transmitted power. In practice, if the magnitude of the injected
circulating current is further constrained, the arm current and MMC losses can be
correspondingly reduced, which will be further studied in the future.

Author Contributions: Conceptualization, T.L. and Y.W.; methodology, T.L. and Y.W.; validation, B.Y.
and Y.M.; writing—original draft preparation, T.L. and Y.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by State Grid Economic and Technological Research Institute Co.,
Ltd.—Non-Dissipative Surplus Power Suppression Technology for Ultra-High Voltage Flexible DC
Transmission Systems, grant number ZZKJ-2025-27.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors Tan Li, Yingxin Wang, Bin Yuan and Yu Meng were employed by the
company State Grid Economic and Technological Research Institute Co., Ltd. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest. The authors declare that this study receive
funding from State Grid Economic and Technological Research Institute Co., Ltd. The funder was not
involved in the study design, collection, analysis, interpretation of data, the writing of this article or
the decision to submit it for publication.

Abbreviations

The following abbreviations are used in this manuscript:

MMC Modular multilevel converter

HVDC High-voltage direct current
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PSO Particle swarm optimization
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