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Abstract

The series-connected chain MMC with DC-blocking capacitor (C-SCMMC) is an emerging
topology for HVDC tapping applications with high voltage and relatively low power
capacity. However, the DC-blocking capacitor can be bulky and costly, which deteriorates
its economy and flexibility. This paper investigates the feasibility of DC-blocking capacitor
reduction, with special emphasis on the characteristics, control, and parameter design.
The principle of C-SCMMC considering the DC-blocking capacitor dynamics is firstly
modeled and analyzed, and the ripples and harmonics, as well as their influences on the
external performance of the converter, are analyzed; then, improved control strategies,
namely, the grid-tied harmonics suppression and current control, are proposed considering
the enlarged DC-blocking capacitor voltage ripple; after that, the influence of reduced
DC-blocking capacitor on the operation range and parameter design are analyzed, and
the economic advantage is demonstrated via parameter design and comparison based on
a typical bench mark. Analysis shows that the DC-blocking capacitor voltage ripple is
coupled with other parameters, such as the arm output voltage and SM capacitance, and
the advised range is from 0.1 to 0.3 p.u. at unity power factor to reduce the overall cost. In
a typical design, the C-SCMMC can reduce the number of SMs by 2/3 and the capacitor
energy storage capacity by 15% compared to the conventional MMC. Finally, simulation
results obtained in MATLAB/Simulink 2024b are provided to verify the feasibility of the
proposed converter and the correctness of the parameter design.

Keywords: capacitor-based serial chain-Link MMC; converter control; parameter design;
high-voltage direct current

1. Introduction

The high-voltage direct current (HVDC) technology is widely utilized for long-distance
transmission of bulky power. China has made ambitious plans to develop solar and wind
energies in the desert, Gobi, and desertification land, as well as the far-sea offshore wind
power, to meet its “Carbon peak, Carbon neutrality” goals, which rely on a series of massive
ultra-high voltage DC projects to transmit the generated power to its eastern and southern
load centers. However, apart from the sending and receiving terminals, the HVDC projects
can hardly benefit the distributed power source integration or load consumption needs
along the line because of the expensive cost of the AC/DC converter station [1-3].
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Therefore, the HVDC-tapping technology is proposed to extract or feed a small amount
of power, typically less than 0.1 p.u., from or into the HVDC system [4]. Series and shunt
tapping are the main types, and the shunt type is more favored considering its high
reliability and easy integration. Meanwhile, the modular multilevel converter (MMC)
technology is widely applied in high-voltage converters due to its advantages of low
harmonics and switching losses, as well as high controllability and reliability [5,6]. The most
commonly utilized MMC in HVDC is the three-phase parallel type, which can maximize the
power conversion capacity with the limited ratings of each individual power submodule
(SM) [7,8]. However, in the HVDC tapping scenarios, the converter power capacity is much
smaller while the DC voltage that predominates the number of SMs remains unchanged.
This would cause inadequate utilization of the SM power ratings and, therefore, high
converter cost if the three-phase parallel structure is still utilized [9-11].

To reduce the number of SMs and improve the converter economy, various novel
MMC topologies, as shown in Figure 1, have been extensively proposed in recent years.
One solution is the hybrid topology, specifically the alternative arm multilevel converter
(AAMC) proposed in [12,13]. AAMC can reduce approximately 50% SMs by combin-
ing a two-level converter and MMC, and replacing a proportion of SMs with director
switches [14,15]. However, the constantly varying power path in AAMC results in more
difficult inherent energy balancing and larger SM voltage fluctuation [16,17].
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Figure 1. Circuit of the discussed topologies.

Another solution is to utilize the three-phase series structure instead of the parallel
structure. The series-connected MMC (SMMC) proposed in [18-20] contains three single-
phase converter units in series connection to withstand the total DC voltage, and each phase
unit utilizes four SM-cascaded arms to form an H-bridge. In this way, the DC voltage across
each phase unit is reduced, and therefore, the number of SMs can be reduced by one-third
compared to the three-phase parallel MMC [21,22]. To further reduce the number of SMs,
the Hybrid SMMC proposed in [23,24] replaces two SM-cascaded arms with an H-bridge
converter formed from many serial-connected semiconductors in each phase unit. In this
way, the number of SMs is further reduced by 50%, but the additional semiconductors
required offset most of the savings.

The Series Chain-link MMC (SCMMC), as shown in Figure 2, is another three-phase
series family that achieves a good trade-off between the SM/semiconductor and capac-
itor cost [25]. In the SCMMC, each phase unit contains one major SM-cascaded arm
in serial connection with its two counterparts on the DC side, and each major arm
withstands 1/3 of the DC voltage. Meanwhile, to eliminate the influence of the DC voltage
on the AC side, each phase unit is equipped with a DC-blocking branch, also referred to as
a T-branch, between its DC and AC terminals, and a series of SCMMC family members
are proposed according to different T-branch structures. The active- and hybrid-SCMMC
are the most extensively investigated members because of control flexibility [25,26]. The
active-SCMMC utilizes another SM-cascaded arm as the T-branch, which provides the best
controllability at the cost of the highest expenses. The hybrid-SCMMC replaces some of the
SMs in the T-branch with a DC-blocking capacitor, but the energy balancing between the
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SMs and the capacitor is tough [26-29]. The LC-SCMMC further replaces the rest of the
SMs with an inductor. By properly tuning the LC parameters, the voltage drop across the
LC link equals zero at the fundamental frequency, but a high-voltage inductor is also costly.
On the other hand, the C-SCMMC that utilizes a pure capacitor as the T-branch attracts little
attention, because it is believed that the capacitor should be sufficiently large to reduce the
influences caused by voltage ripples to a negligible level [30,31]. However, the influences
have never been quantitatively investigated, nor has the possibility of utilizing reduced
capacitors, which will substantially improve the economic performance of the C-SCMMC.
Compared to the conventional MMC, the number of SMs in C-SCMMC is decreased by
67%, which is also helpful to reduce the total energy storage capacity. Meanwhile, the
C-SCMMC with the reduced DC-blocking capacitor further reduces the cost of the SMs and
the capacitor in relation to the active- and hybrid-SCMMC. Consequently, the C-SCMMC
with the reduced DC-blocking capacitor has the obvious economic advantage, but the
influences of the ripples and harmonics on the performance of the converter are not clear.
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Figure 2. Circuit of the SCMMC family.

To address this issue, this paper is focused on the characteristics, control, and pa-
rameter design of the C-SCMMC with a reduced DC-blocking capacitor. The reduced
DC-blocking capacitor leads to higher voltage ripples, which further influence the circuit
parameter, e.g., the arm voltage and the SM capacitor voltage, and the dynamics of the
AC-side current control. This paper will provide an in-depth investigation into the relation-
ship of these parameters, and two improved current control strategies, namely, capacitor
voltage feedforward and dg-axis cross-decoupling control, are proposed to guarantee the
performance of the AC-side current loop. After that, the ripple/harmonic coupling mecha-
nism in C-SCMMC is analyzed, and the grid-tied harmonics suppression current control
is proposed considering the enlarged DC-blocking capacitor voltage ripple; and the eco-
nomic advantage is demonstrated via parameter design and comparison based on a typical
bench mark; finally, the proposed strategies and conclusions are validated by simulation
conducted in MATLAB/Simulink 2024b.

The rest of the article is organized as follows. Section 2 introduces the configuration
and basic model of the C-SCMMC, and Section 3 establishes the models of the ripples
and harmonics. Section 4 describes the detailed control strategies to handle the harmonic
suppression and current control issues. Section 5 investigates the influence of a reduced DC-
blocking capacitor on parameter design and operation range. Section 6 provides simulation
results to validate the C-SCMMC operation and parameter design method. Finally, Section 7
summarizes the paper.
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2. Configuration and Modeling of C-SCMMC
2.1. Configuration

Figure 3 shows the configuration of C-SCMMC. The C-SCMMC comprises a trans-
former and three single-phase converter units. To achieve three-phase series operation,
the secondary side of the transformer employs an open-delta connection, with each phase
winding connected to its corresponding phase converter unit. Each single-phase converter
unit consists of a DC-blocking capacitor, an SM-cascaded arm, and an inductor. The trans-
former can isolate the zero-sequence voltage between the grid and the C-SCMMC, and the
three-phase AC-side voltages sum up to zero, which does not affect the DC-side output
voltage. Therefore, the DC-side voltage and current can remain a highly stable value with
extremely low ripple. Meanwhile, the DC-blocking capacitor can eliminate the DC offset
produced by the corresponding arm to ensure the high-quality AC-side voltage and current.
In the steady state, the three arms from different units are serially connected to share the
DC voltage. Consequently, each arm only needs to output one-third of the DC voltage
plus the corresponding phase AC voltage, so that the required number of SMs is reduced.
The arm current comprises the DC-side current and the AC-side phase current. And the
DC-blocking capacitor voltage and the SM capacitor voltage will fluctuate around their
rated value due to periodically varying current through them.
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Figure 3. Topology and equivalent circuit of C-SCMMC.

2.2. Basic Model of the C-SCMMC

The Kirchhoff voltage and current equations for C-SCMMC can be formulated with
the positive direction shown in Figure 3. To simplify the expression, x (x € {a, b, c}) will
be utilized to represent any phase in the rest of this paper. This section will provide an
in-depth investigation into the basic model and the fundamental operating principles
of C-SCMMC.

2.2.1. AC-Side Equations

In Figure 3, the Kirchhoff voltage law (KVL) equation for the converter units can be
established as follows:

€a OUCa iaca d Larma Oarma
ep| + [ven| — LTE iacb - Lﬂfma iarmh ~ | Yarmb | = 0 (1)
€c Uce lacc Larme Oarmc
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And the voltage and current of phase a can be expressed as follows:
{ eq = Egqc cos(wt) )

iaca = Iac Cos(wt - (P)

where e, denotes the x-phase grid voltage transformed to the secondary side; E;: and I,
denote the amplitude of the phase voltage and line current, respectively; ¢ represents the
power factor angle. The expressions for phase b and ¢ can be obtained by phase-leading or
lagging of 27t/3 on the basis of Equation (2), respectively; vc, represents the voltage of the
DC-blocking capacitor in phase x; Lt represents the leakage inductance of the converter
transformer; Ly, represents the arm inductance; v,y represents the output voltage of the
x-phase arm.

By ignoring the variation in capacitor voltages among the SMs within the same arm,
Uarmx can be expressed as follows:

Oarmx = NSM " OSMx * Mx 3)

where ng); denotes the number of SMs in each arm; vsy, represents the average SM
capacitor voltage of the x-phase arm; m, indicates the modulation signal for phase x.
In the steady-state, the three-phase currents sum up to zero:

Y acx =0 (4)

x=a,b,c

Consequently, applying the Clarke transformation to Equation (1) yields the following:

(o (Yer laca Larma Varma
ep + vcpg | — LTE iacﬁ - Lm’ma iurmﬁ — | Yarmp | = 0 ®)
€0 UC de Lac0 Lic Oarm_dc

where the subscripts «, 8, and 0 denote the a-axis, f-axis, and 0-axis components of the
corresponding variable; v,,,, 4. and vc 4. denote the DC component in the arm output
voltage and the DC-blocking capacitor voltage, respectively. In addition, the three-phase
grid voltage does not contain a common-mode (zero-sequence) component under normal
operating conditions; hence, ¢y = 0.

For each arm, the Kirchhoff current law (KCL) equation can be expressed as follows:

fgrmx = lacx + idc (6)

where iy and iy, are the AC-grid-tied current of phase x and the DC-grid-tied current,
respectively; iz denotes the current flowing through the arm of phase x.

According to Equation (6), i, is a common-mode component, and the «- and B-axis
components of the {izrma, igrmp, iarme} equal those of the {izeq, igcp, Tacc), i€.:

iarma,ﬁ = iacac,ﬁ (7)

Therefore, in Equation (5), the equations for a-axis and f-axis components can be
formulated as follows:

Cu

°p

_|_

vCa] . (LT+Larm)% [iaca] . |f’arm!| —0 )

vcp lacp Carmp
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2.2.2. DC-Side Equations
The KVL equation on the DC side can be established as follows:

d )
€dc — LurmE ( Z 1armx> - Z Varmx =0 )
x=a,b,c x=a,b,c

where e, represents the DC-side voltage;
Substituting Equation (4) into Equation (9) yields the following;:

d.
edc — 3Larm Eldc - 2 Varmx =0 (10)

x=a,b,c

Considering the circuit symmetry, the DC-side voltage is evenly distributed among
the arms, and by ignoring the impedance voltage drop, each arm outputs one-third of the
DC-side voltage in the steady state:

Oarm_dc ~ 1/3- €dc (11)

In addition, the modulation ratio p is expressed as follows:

_ 3E,

€dc

(12)

2.2.3. Capacitor Voltage Fluctuation Equation

The DC-blocking capacitor voltage and the SM capacitor voltage will fluctuate around
their rated value due to periodically varying current through them. The dynamic model
for this process can be expressed as follows:

d .
CEUCx = —lacx (13)

d .
CSME'USMJ( = Mxlarmx (14)

where C and Cgy denote the DC-blocking capacitance and SM capacitance, respectively.
For the SMs, the fluctuation center is the nominal SM capacitor voltage. For the
DC-blocking capacitor, by combining Equations (4), (5) and (11), we have the following:

vC_de — Larm 7riac — Varm_de =0 (15)

and the steady-state yields the following:
VC de = Vgrm de = 1/3 - eg4c (16)
Therefore, the DC-blocking capacitor voltages {vc,, vcp, vc.} will fluctuate around e /3.

3. Ripple/Harmonic Analysis of C-SCMMC

The inherent coupling between the capacitor voltage ripples and current harmonics is
a common problem in the MMC family. Nevertheless, this issue has not been investigated
in the C-SCMMC topology, and will be elaborated on in this section. Without loss of
generality, this paper selects phase a as a representative case for demonstration.
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https://doi.org/10.3390/electronics15132847

Electronics 2026, 15, 2847

7 of 21

Due to the ripple/harmonic coupling, the variables in C-SCMMC contain a series of
frequency components, and the generalized form is as follows:

x = Xo+ )_ Xg cos(kwt + 6;) (17)
k

where x represents the original variable, e.g., iaymx, Varmx, UCx, UsM, lacx, €.t.c. Xo and X
denote the amplitude of the DC- and kth-order components, respectively; 6y is the phase-
angle of the kth-order component.

3.1. Ripple of the DC-Blocking Capacitors

For the DC-blocking capacitors, the fundamental-frequency fluctuation component is
the dominant ripple, which can be obtained by substituting Equation (2) into Equation (13),

as follows:
2§ - sin(wt — @)

YCaac = T3 [ CE..

where v¢, g is the fluctuation component of the DC-blocking capacitor voltage in phase a;

(18)

S denotes the three-phase apparent power on the AC-side.

The DC-blocking and SM capacitors should be sufficiently large to limit their voltage
fluctuation within a specified range. Considering that vc_g, = ¢;./3 in the steady state, for
a specified relative voltage fluctuation limit ec, the DC-blocking capacitance should be
determined as follows: ’s

C=—— 19
wecEgceqc 19)

3.2. Capacitance Design of the SM Capacitors

For the SM capacitors, according to Equation (1), by ignoring the impedance voltage
drop, the output voltage of the a-phase arm can be expressed as follows:

Varma = €4c/3 + eq + UCa_ac (20)

Subsequently, the modulation signal can be obtained following Equation (3):

1 3E.
Ma =5+ 5

31
cos(wt) + Zt’dcﬁ sin(wt — ¢) (21)
The detailed expression for vgy, can be obtained by substituting Equation (21) into
Equation (14), which is presented in Appendix A for simplicity. vsy, contains a DC, a
fundamental-frequency, and a double-frequency fluctuation component, i.e.,:

UsMa = UsMa_de + A1 cos(wt +01) + Ap cos(2wt + 67) (22)

where vgp, 40, A1 and Ap represent the amplitudes of the DC-, fundamental- and double-
frequency components, respectively; 81 and 6, are the corresponding phase-angles. The
detailed expressions of A1 and A, are also provided in Appendix A.

In terms of capacitance design, further analysis shows that the amplitude of vsy, 4
increases as the power factor decreases. Consequently, given the apparent power, the SM
capacitance should be designed based on the operation point with the lowest power factor.
Specifically, if the C-SCMMC is required to have full reactive power output capability, the
SM capacitance should be determined as follows:

nsmQ Qnsmec 3Qnsm
2Eqcespywege  8egcEacesmw — 8eglegpmw

Csp = (23)
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where eg) is the required relative fluctuation limit of the SM capacitor voltage.

3.3. Harmonics in Arm Voltages and Currents

Considering the ripples in vsp1,, Varma contains a series of frequency components, and
can be expressed as follows:

Varma = Oarm_dc T Varma_w + Varma_2w + Varma_3w

(24)
=e4./3 + eq + vcy ac + Bz cos(2wt + ¢3) + Bz cos(3wt + ¢3)

where Vg0 der Varma_w, Varma_2w and Ugrma_3, represent the DC- to 3rd-order frequency
components in the a-phase arm output voltage, respectively; B, /¢, and B3/ ¢3 represent
the amplitudes/angles of the 2nd- and 3rd-order harmonic components, respectively. By
substitute Equations (21) and (22) into Equation (3), the detailed expressions of B, /¢, and
B3/ ¢3 can be derived, which are also presented in Appendix A for simplicity.

Similarly, the detailed expression for v, and Vg, can be obtained as follows:

Varmb 20 = Ba cos(2wt + ¢p +271/3) 25)
Oarmb_3w = Bs COS(3(‘Jt + ¢3)

Varme_ 20 = Ba cos(2wt + ¢p — 271/3) (26)
Varme 3w = B3 COS(3Wt + 4)3)

Therefore, Ugrmy 2, are of negative-sequence, whereas v, 3, are of zero-sequence. To
establish the model of the corresponding harmonic current, the flow path and impedance
should first be determined. For the 2nd-order component, they sum up to zero:

Z Varmx_2w = 0 (27)

x=a,b,c

and according to Equation (9), the 2nd-order harmonic current has no influence on the
DC side, and only circulates in each phase unit, as the yellow, green, and red dashed lines
shown in Figure 4. The KVL equation for phase-x can be established as follows:

, ) . 1
Larmx 2w = varmx_Zw/ <]2WLT + ]ZWL + ]2(4)(?) (28)
where igrux_ 20 represents the 2nd-order current harmonic component of gy

— €q + PR Y .

TCO  a-phase

Varma 20— .
larma 20 T converter unit
S e ettt il
+
Varmb_Z(u : b phase .
> = @ converter unit
— € +

c-phase
converter unit

Figure 4. Negative sequence loop diagram of C-SCMMC.
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For the 3rd-order component, two available paths exist, as shown in the blue dashed
lines in Figure 5. The first path circulates through the AC-side of the three phase-units,
while the second path flows through the DC side. The KVL equation for the two paths can
be established as follows:

{3varmx3w = j9WL “Larmx 3w + (ngULT + w%) lacx 3w (29)
3Uurmx_3w = j9wL : im’mx_3w + Rdidcjw
and the KCL equation on the DC-terminals yields the following:
iarmxjw = iacxjw + idc_Bw (30)

where iy 30 represents the triple-frequency harmonic component of the x-phase arm
current; igey 3, and iy 3, are triple-frequency components of AC- and DC- side currents,
respectively; R; is the internal resistance of the DC-voltage source.

— ey +

..........

converter unit W

=6+ | oo lIIIIII . idc_3w

— € +

iarmjw ] J‘
Y
=

g
3
(5]
)

converter unit ;

p— ) "':'é" """""

Figure 5. Zero sequence loop diagram of C-SCMMC.

According to Figures 4 and 5, all the current harmonics enter the external power
grid, and should be well suppressed to guarantee good output power quality and high
converter efficiency.

4. Control Design Considering Reduced DC-Blocking Capacitor
4.1. Overview of the Control System

The control system of C-SCMMC employs a hierarchy structure comprising the outer
loop, the inner loop, and the modulation link, as is shown in Figure 6. Specifically, the
outer loop is responsible for maintaining the energy balance of C-SCMMC, as well as
external performance regulation, such as PQ control, Vf control, droop control, etc., and
generates the current references for the inner loop. The inner loop ensures that the AC-
and DC-grid-tied currents accurately track their corresponding references, and output
the DC- and fundamental-frequency modulation signals. In addition, the suppression of
the grid-tied harmonic currents roused by the inherent dynamics of C-SCMMUC is also an
important part, which generates several higher-order components that merge with those
from the inner loop to form the final modulation signals. Finally, the modulation link
generates trigger pulses for each SM considering the inner-arm SM energy balancing.

The strategies for most blocks are identical to those of other MMC topologies, except
for the grid-tied current harmonic suppression. In addition, the enlarged DC-blocking
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capacitor voltage ripple deteriorates the performance of the AC current control loop. These
issues are discussed in this section.

Y.

VSMas VSMb» VSMe
e -
€dcsLdc . refy

SM gating
ignal:
current signais

g j Control

DC-side control

Nearest Level | _
Modulation

------- »eq, €h, € gy ip, L

Vb_ac

SM Voltage
Sorting
Sequence

Ve_ac

Capacitor voltage feedforward: Cross dg-axis decoupling

Figure 6. Control diagram of the C-SCMMC control.

4.2. Harmonic Suppression Strategy

On the DC-side, the higher-order coupling between the SM capacitor voltage ripple
and the modulation signal will generate a zero-sequence current component with triple
fundamental frequency. To mitigate this component, the DC-side current control is based
on PI control with an additional resonant element to suppress the triple fundamental
frequency harmonic current. The control equation can be expressed as follows:

varm_dcrgf = €4c — GPIR_idc (S) (idcref - idc) (31)

where v, 4" 9 denotes the reference for the DC component of the arm output voltage; Gprr_igc
(s) denotes the transfer function of the Proportional-Integral-Resonant (PIR) controller:

GpiRr idc(s) = Kp + K1 /s + Krwes/ <52 4+ 2wes + wg) (32)

where Kp, K}, and K denote proportional-, integral-, and resonant- gain, respectively; w,
and w, represent resonant bandwidth and frequency.

On the AC-side, the harmonics consist of a 2w component of negative-sequence
and a 3w component of zero-sequence. For the 3w component, it has the same origin as
the 3w component on the DC-side. If the DC-side harmonics are well suppressed, the

https:/ /doi.org/10.3390/electronics15132847
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3w component on the AC-side will be simultaneously mitigated. Meanwhile, the 2w
negative-sequence component merges with the fundamental-frequency positive-sequence
component, and they cannot be easily separated. After the wt-based Park transformation,
the w component is converted to a DC component, while the 2w component will be
converted to a 3w ripple. To achieve simultaneous control of these two components, the
PIR controller in Equation (32) can also be utilized for AC-side current control.

4.3. Inner Loop Considering DC-Blocking Capacitor Voltage Ripple

According to Equation (8), the reduced DC-blocking capacitor will cause a larger volt-
age ripple, which influences the dynamics of the AC-side current. According to the ripple
analysis in Section III, the fundamental-frequency component dominates the vc, ripple,
whose influence can be gradually compensated by the integral branch of the controller.
Therefore, the converter can still operate with a classic control strategy. However, the
responding speed is slow due to the integral delay. To address this issue, two solutions
are proposed in this section to guarantee the performance of the AC-side current loop, as
shown in Figure 6.

4.3.1. Capacitor Voltage Feedforward

The first solution is to install three additional voltage sensors and utilize the sensed
capacitor voltage as a feedforward component together with the grid-side voltage. The
control equation can be expressed as follows:

Varmd_ac™! = €4+ vca — Gpir_iag(s) (id™ — id) + wLeqlg 33)
Uarmq_acref =e5+0Ucy — GPIR_idq (s) iqref - iq) — wLegiy
where Uﬂrmdjcref , Uarmq_acref represent the references for the dg-axis components of the AC
component of the arm output voltage; vcy, vc, are the dg-components transformed from the
measured {vc;, Ucp, Uce); Leg denotes the equivalent total inductance of the current loop on
the AC-side; Gpjr_jg4(s) denotes the transfer function of the PIR controller for the AC-side
inner loop.

This method is expected to have the highest response speed at the cost of three
additional voltage sensors.

4.3.2. Cross dg-Axis Decoupling

Another solution is to consider the DC-blocking capacitor in the conventional dg-axis
cross-decoupling control architecture, as shown in the following equation:

Uarmdfacref =e4 — GPIRJ'dq (S) l-dref — id) + (aJqu — 1/CUC) iq

(34)
Uarmq_acref =eg5 — GPIR_idq(S> iqref - iq) - (CULeq - 1/(UC) ig
This method considers the vc, ripple as a voltage drop across a constant impedance
and requires no additional hardware. Therefore, it achieves a good balance between cost
and performance.
Subsequently, the references for the three-phase voltages va_,zcmf , vhjcmf , and vc_uc’ef
can be obtained by utilizing the inverse Park transform on va,mdiac”f and varmq_uc”f .

5. Influence of Reduced DC-Blocking Capacitor on Circuit Parameter Design

This paper explores the feasibility of C-SCMMC with a reduced DC-blocking capacitor,
i.e., parameter C in Figure 3. According to Equations (8), (19) and (23), the reduced DC-
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blocking capacitor leads to higher vy 4, which further influences vy _gc and vspy. The
rest of this paper will provide an in-depth investigation into these issues.

5.1. Influence on Arm Output Voltage Range and SM Count per Arm

According to Equations (1), (8) and (13), the reduced DC-blocking capacitor will cause
larger vcy 4c and further influence the AC component in the arm output voltage, i.e., Varmx_ac-
By neglecting the voltage drop across Lt and L, the phasor version of Equation (8) can
be expressed as follows:

~

n A - A facx
Ugrmx_ac = €x + UCx_ac = €x + jwC (35)

where £ denotes the phasor associated with the variable x.

The phasor diagram of Equation (35) is illustrated in Figure 7a. Since v¢, ,. always
lags izex by 90 degrees, the angle between UCx g and €y is determined by ¢. Therefore,
under given apparent power, Vs my o Will move along the dashed circle with ¢ varying
from 0 to 27t. Figure 7b—d show several special cases, i.e., ¢ = 0 and £77/2. According to
Figure 7b, v¢y ,. and ¢ have identical angle when ¢ = 77/2, resulting in the maximum
amplitude of va/mx_gc.. On the contrary, when ¢ = —7/2 in Figure 7c, v¢y ;. and é are
opposite, and the amplitude of U4y g is the smallest. In Figure 7d, when ¢ =0, v¢y 4.
and ¢ are orthogonal, which has relative moderate impact on the amplitude of Vs 4.

Val'm\' ac (Pu)

1 {

L [uu"ﬂ o : ? ~ 5 ; " L .
ex! o L e ! accy Ver ae Y o : ; !
—p L ———p 2
: : B — : B 0 Lacx
(a) General scene b)p=n/2 ) p=-n/2

Figure 7. Vector diagram.

Figure 8 further illustrates the varying amplitude of Ugyux o With various ec and
@. When ¢ € (0, m), the amplitude of vy ac increases as ec increases. However,
when ¢ € (-, 0), the amplitude of vgmx 4 initially decreases but subsequently increases.
Specifically, given that p = 0.8, ¢ = 0 and ec = 0.3, the amplitude of vy 5 Will increase by
6.8%. As ¢ decreases, that is, when C-SCMMC absorbs reactive power, the amplitude of
Varmx_ac Will also decrease, and vice versa.

1.4

NSM_min (Pu)
o o
\

: - : 0.8 * * .
0 0.1 0.2 0.3 0.4 ' ' )
Ec éc
— ¢=n/3 —— p=1/6 p=0 —— p=-1/6 — p=-1/3

Figure 8. The change of vsux_ac amplitude and rgy; i, With respect to ¢ and ec.

Furthermore, the arm output voltage range determines the necessary count of SMs in
each arm. Ignoring the backup SMs, the necessary count of SMs can be calculated following:
max|2e4./3, (e4c/3 + Varmx_ac) - 1.1]

NSM_min = -~ (36)
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where 716y i, denotes the minimum number of SMs in each arm; o™ represents the
reference of the SM capacitor voltage.

Figure 8 illustrates the varying ngys i, With various ec and ¢ when p = 0.8. When
¢ € (0, M), ngp1_min increases as ec increases. However, when ¢ € (—m, 0), ec € (0, 0.4),
the reduced DC-blocking capacitor has a negligible influence on ngy; ;. Therefore, C-
SCMMC is particularly suitable for operation with a unity power factor and reactive
power absorption.

5.2. Influence on the Total Capacitive Energy Storage Capacity

According to Equation (23), Csp should be enlarged to handle the larger energy
fluctuation caused by higher ec. Therefore, the reduced DC-blocking capacitor will increase
the SM capacitor. To evaluate the overall influence of the reduced DC-blocking capacitors,
this paper utilizes the total energy storage capacity of the capacitors, a general criterion for
the total capacitor cost, as the economic index. The total energy storage capacity can be
calculated as follows for C-SCMMC:

Wy = Wsym + We (37)

where
{WSM = 3nspmCsm0sm>/2 (38)

We = 3Couc?/2

Wy, denotes the total energy storage capacity of all capacitors within C-SCMMC; Wgy and
W represent the total energy storage capacities of the SM capacitor and the DC-blocking
capacitor, respectively.

The quantified variations in Wsy and W¢ with the changing ec are illustrated in
Figure 9a. It can be observed, and also proved with the capacitance design formulas in Ap-
pendix A, that Wy gently increases as ¢c increases, whereas W is inversely proportional
to ec, which has a very sharp declining slope with ec lower than 0.05. Figure 9b further
presents the curve of the Wx-¢c relationship. Wy, decreases drastically when ec increases
from 0.0 to 0.1, and maintains a gradual decrease when ¢¢ € [0.1, 0.3], and finally enters
the platform area where the change becomes marginal when ec > 0.3. Considering the
economic cost and operation challenge with extremely large vc, ripples, the advised range
of ec is from 0.1 to 0.3.

. = Wo (eu=5% 50 e =%
p— %SM ESW:]S:)/:)]/)) L —i?;,t;:zlg):/&
— Wsu (esy= Gz
__40 W (&\;;’;25%‘:) 40 o o
E — We
g 30 § 30:
220 g 20! min &¢, =0.34
- 10 N\ 10 m%n e =0.47
L min ¢, =0.5
0 0 | -
0 0.1 0.2 03 04 0.5 0 0.1 0.2 0.3 0.4 0.5
Ec ec
@Warr We ()W

Figure 9. The change in Wy, Wsy, and W with respect to egp; and ec.

5.3. Case Study and Economic Comparison

This section employs a 220 kV AC/800 kV DC, 135 MVA converter station as a typical
case to design the main circuit parameters of C-SCMMC. The hybrid-SCMMUC is the most
extensively investigated SCMMC family member, and the three-phase parallel MMC
topology is widely applied in high-voltage projects. Therefore, this section compares the
results with the hybrid-SCMMC and the conventional MMC parameters under the same
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voltage and power capacity conditions. And &g in each topology is set at 0.05 for a fair
comparison, while ec is set at 0.10 and 0.25 to provide a clear demonstration of its influence.
The results are presented in Table 1.

Table 1. Parameter comparison among C-SCMMC, HYBRID-SCMMC, and conventional MMC.

C-SCMMC C-SCMMC .
(ec = 10%) (ec = 25%) Hybrid-SCMMC Three-Phase Parallel MMC
number of arms 3 6 6
number of SMs 800 812 1000 2400
in rela.to MMC 33.33% 33.83% 41.67% 100%
We [M]] 6.37 2.55 1.20 0.00
in rela.to MMC Inf Inf Inf 100%
Wsm [M]] 15.20 15.68 25.18 21.25
in rela.to MMC 71.53% 73.79% 118.49% 100%
Wy [MJ] 21.57 18.23 26.38 21.25
in rela.to MMC 102% 85% 124% 100%

As illustrated in Table 1, the three-phase parallel MMC requires the highest number
of SMs, because the arm should withstand the whole DC voltage. In contrast, the series
topologies utilize more arms to share the DC voltage, and each phase converter unit only
handles one-third of the DC voltage. Therefore, the number of SMs in C-SCMMC is
decreased by 67% in relative to MMC, which is also helpful to reduce the measurement,
protection, and communication costs. The varying ¢ has a marginal influence on the SM
capacitance of C-SCMMC, and the SM energy capacity of C-SCMMUC is approximately
two-thirds of MMC due to the reduced SM number, despite the fact that C-SCMMC has to
employ larger capacitance in each individual SM to handle larger power fluctuation. The
W varies a lot under different ec, and is the dominant factor that determines the energy
capacity relationship between C-SCMMC and MMC. When ec = 0.1, their energy capacities
approximately equal, and when ec = 0.25, the total energy storage capacity of C-SCMMC
can be decreased by 15% in comparison to that of MMC. Compared with hybrid-SCMMC,
the number of SMs and the total energy storage capacity in C-SCMMC are further reduced.
In conclusion, C-SCMMC demonstrates a significant economic improvement compared to
hybrid-SCMMC and conventional MMC in HVDC tapping scenarios.

To highlight the economic advantages of C-SCMMC, a quantitative comparison is
provided. To simplify the calculations, the SM capacitor and DC-blocking capacitor are
composed of many series- and parallel-connected capacitors (model: FFLK6NO267K]JE,
manufactured by KEMET, Greenville, SC, USA). For the semiconductor device, the IGBTs
in C-SCMMC and the conventional MMC are respectively selected as FZ1200R45KL3_B5
(4.5kV/1.2 kA) and FZ800R45KL3_B5 (4.5 kV /0.8 kA) from Infineon (headquartered in
Neubiberg, Germany) based on their nominal voltage and current. The results are presented
in Table 2.

Table 2. Quantitative comparison among C-SCMMC, HYBRID-SCMMC, and conventional MMC.

s C-SCMMC C-SCMMC .
Cost (Million USD) (ec = 10%) (ec = 25%) Hybrid-SCMMC Three-Phase Parallel MMC
unit SM capacitor cost 0.0115 0.0117 0.0150 0.0052
total SM capacitor cost 9.20 9.50 15.03 12.56
in rela.to MMC 73.25% 75.64% 119.67% 100%
unit IGBT cost 0.0020 0.0020 0.0020 0.0018
total IGBT cost 3.17 3.22 3.97 8.81
in rela.to MMC 35.98% 36.55% 45.06% 100%
unit DC-blocking capacitor cost 1.00 0.40 0.18 0.00
total DC-blocking capacitor cost 3.00 1.20 0.54 0.00
in rela.to MMC Inf Inf Inf 100%
overall cost 15.37 13.92 19.54 21.37
in rela.to MMC 71.92% 65.14% 91.44% 100%

https:/ /doi.org/10.3390/electronics15132847


https://doi.org/10.3390/electronics15132847

Electronics 2026, 15, 2847

15 of 21

As illustrated in Table 2, the SM capacitor cost of C-SCMMC is approximately three-
fourths of MMC due to the reduced SM number, despite the fact that C-SCMMC has
larger SM capacitance and a higher unit cost. Among the compared topologies, the hybrid-
SCMMC represents the most expensive option for SM capacitors due to its highest unit
cost and greater quantity requirements. The unit IGBT costs in all topologies are relatively
similar, and the number of IGBTs is the dominant factor that determines the total IGBT
cost. Therefore, the total IGBT costs between hybrid-SCMMC and C-SCMMC have little
difference, and the total IGBT cost of C-SCMMC can be decreased by 64% in comparison
to that of MMC. Despite the additional cost of the DC-blocking capacitor, the C-SCMMC
remains the most cost-effective, with its overall cost reduced by 35% compared to the
conventional MMC.

6. Simulation Analysis
6.1. Simulation Parameters

Electromagnetic transient verification is conducted in the Matlab/Simulink environ-
ment based on the parameters listed in Table 3 to verify the accuracy of parameter design
and the effectiveness of the control strategy for C-SCMMC. Specifically, four typical opera-
tion points are selected with the parameters presented in Table 4, and both steady-state and
dynamic performances of C-SCMMC are analyzed.

Table 3. Bench mark parameters.

Parameter Value Parameter Value
SvN 135 MVA DC voltage 800 kV

AC frequency 50 Hz AC voltage 180 kV
SM number 267 Arm inductance 1 mH

Table 4. Operation points parameters.

Parameter Value Parameter Value
Operation Point @ P=135MVA,Q =0, ec =0.05 Operation Point ) P=135MVA,Q=0,¢ec =025
Operation Point 3 P=0,Q=135MVA, ¢ =0.25 Operation Point @ P, Q are mutated, ec = 0.25

6.2. Harmonic Current Suppression Simulation Result

Figures 10a and 11 show that without harmonic suppression, the DC-grid-tied current
contains a significantly large 3rd-order harmonic component (Total Harmonic Distor-
tion, THD = 10.26%) and the AC-grid-tied current exhibits 2nd- and 3rd-order harmonics
(THD = 9.62%). According to Figures 10b and 11, after applying the harmonic current
suppression method proposed in this paper, the THD values of iy, and iy are effectively
reduced to 1.3% and 0.6%, respectively.

0.1 0.1
$5 0 —— L ff fLo —_— i
—0.1 0.1
1 < 1
3 2 if »23: g l’[yr
S 5 R 1—i ] o 505
N iq S iq
E ~ A A A A A A A d ST d M
E‘Q\ 0 iy I 3 0 iy
05 . . —0.5 . s
3.10 3.15 320 3.25 330 3.10 3.15 3.20 325 3.30
Time(s) ) Time(s) )
(a) Without harmonic suppression (b) With harmonic suppression

Figure 10. Harmonic suppression simulation results in Operation Point (D).
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Figure 11. Spectrum of the DC and AC grid-tied current.

In conclusion, the validity and efficacy of ripple/harmonic coupling mechanism analysis
and the proposed harmonic suppression strategy are well supported by the simulation results.

6.3. Steady-State and Dynamic Simulation Result
6.3.1. Operation Point (D

Figure 12 shows the waveforms at Operation Point (. i4, i and i4, can consistently
track their respective references, indicating that C-SCMMC can achieve precise control of
active and reactive power. The voltage across the DC-blocking capacitor and the arm output
voltage are both composed of a DC component of ¢;./3 and a fundamental-frequency
component, which confirms the operation principle of C-SCMMC. Moreover, the phase of
vcx_qc lags the corresponding grid phase voltage by 90°. This makes the AC component
of the arm output voltage marginally higher than the grid voltage, which agrees with the
conclusions presented in Section 5.
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Time(s) Time(s)

Figure 12. Steady-state simulation results in Operation Point (D).

The voltage fluctuations on the SM capacitor and the DC-blocking capacitor, respectively,
remain from —3.65% to +3.45% and from —4.99% to +4.94%, indicating that the C-SCMMC
can maintain long-term steady operation, and its capacitances are appropriately designed.

6.3.2. Operation Point (2

The simulation waveforms of Operation Point (2) are shown in Figure 13. It can be seen
that C-SCMMC can still operate stably when ¢c increases to 0.25. Compared to Figure 12,
Uy gc Tises from 13.275 kV to 67.3 kV, resulting in the amplitude of Usx 4 increasing from
180.55 kV to 192.3 kV, which aligns with the previously discussed relationship between
ec and Ugrmx_ge in Section 5.1. Simultaneously, the amplitude of power fluctuation in the
SM has also slightly increased, and to maintain a constant voltage fluctuation across the
capacitor in the SM, its capacitance must be augmented from 9.4 mF to 9.9 mF.
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Figure 13. Steady-state simulation results in Operation Point (2).
6.3.3. Operation Point (3
The simulation waveforms for Operation Points (3) are presented in Figure 14. C-
SCMMC can maintain stable operation under condition of full reactive power absorption.
Compared to Figure 13, the SM capacitor voltage fluctuation has markedly increased,
with an amplitude of approximately 100 V, representing a fluctuation of around 5%. This
aligns with the design parameters for egys. In Operation Point 3, v¢cy 4 is opposite to ey in
phase-angle, leading to a substantial decrease in Ugrmy oc. Compared to Operation Point @),
the amplitude of vy qc is reduced approximately from 192.3 kV to 113.7 kV. Therefore,
C-SCMMC is more suitable for the reactive power absorption mode, where the arm output
voltage amplitude is significantly lower.
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Time(s) Time(s)

Figure 14. Steady-state simulation results in Operation Point (3).

6.3.4. Operation Point ()

Figure 15 illustrates the dynamic performance of the C-SCMMC. Att =3.6 s, P and Q are
step-changed from 400 MW and 300 MVA to 300 MW and 200 MVA, respectively. Notably,
the tracking delay of i; and i, are within 0.05 s, demonstrating a high response speed. vc, and
vspy have relatively longer responding delay of approximately 0.4 s. Overall, the dynamic
response speed is sufficient for the general requirements of an HVDC converter station.
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Furthermore, Figure 16 presents dynamic performance comparisons among three
control strategies: the capacitor voltage feedforward strategy (i;1/1;1), the cross dg-axis
decoupling strategy (is2/i42), and the classic control strategy (is3/i53). Compared to the
classic control strategy, the two strategies proposed in Section 4 achieve faster response
speeds, with the capacitor voltage feedforward strategy exhibiting the most superior
dynamic performance.
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Figure 16. Dynamic simulation results comparison.

In conclusion, C-SCMMC is capable of flexible AC/DC power conversion with excel-
lent steady-state and dynamic performance, and the validity and efficacy of the proposed
parameter design method and control strategy are well supported by the simulation results.

7. Conclusions

The C-SCMMC with reduced DC-blocking capacitor is proposed in this paper for
high-voltage low-power HVDC tapping applications. The principle, mathematical model,
control, and parameter design are described and discussed in detail. The research conclu-
sions are as follows:

(1) Under normal operation, the C-SCMMC contains 2w and 3w harmonics on the AC-
side, and 3w harmonics on the DC side. These harmonic components can be well
suppressed by introducing resonant terms in the current controllers, respectively.

(2) By introducing the feedforward term of the DC-blocking capacitor voltage ripple
in the current loop, the C-SCMMC can tolerate much higher DC-blocking capacitor
voltage ripple compared with conventional cases, and therefore, the DC-blocking
capacitance is much smaller.

The DC-blocking capacitor voltage ripple influences the arm voltage output voltage

and SM capacitance selection. The advised range of its relative ripple amplitude is

®G)
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from 0.1 to 0.3 at unity power factor, considering the overall cost. In the typical case,
the C-SCMMC can reduce the capacitor energy storage capacity by 15%.

(4) Considering the influence on the arm voltage output capability, the C-SCMMC is
more suitable for operation with unity or lagging power factor, i.e., in the reactive
power absorption mode.

(5) The simulation results validate the circuit principle, control strategy and parame-
ter design of the C-SCMMC, which also demonstrate its excellent steady-state and
dynamic performance.
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Appendix A

The SM capacitor voltage fluctuation of the a-phase arm can be expressed as follows:

4 — (3Eacl P & — & Piz 1
CSM dt USM[Z - ( Zfdcz 3Eac + wCEﬂCEdcz COS(Wt) 3Euc + wCEaCEdcz Sln((Ut)

A Al)
Pcos® ¢ 2PQ ) ( P2—-Q? Psm(pcosrp) . (
( 2e4¢ + 3wCE2eqe cos(2wt) + 3wCEqc2eqe + 2e4c sin(2wt)
The detailed expressions of A; and Aj; are calculated following:
Ay = S cos? - 3Eac _ 1 _ Ssin g 2+ _sin(p+ Scos? ¢ 2
1= (UCSM q) Zedcz 3Eac wCEacedcz 3Eac (UCEaCEdCZ (AZ)
A, — _S (cosq) Ssingocosgo)z (Scosqusziano _sinq))z
2= wCsy deqe 3wCEq2e . 6wCEqc2eq, 2e4c
The detailed expressions of B, and Bj are calculated following:
2
3NP? 3INQ NS? NQ?—NP? NP2Q

ZCCSMEZC(UZ SCSMede 12CC5ME,%C€de2 4CCSME§Cede2 CZCSME%CE:;CLUS (A3)

= 2

3NP 9E2 NP NP3 -NPQ? 3NPQ NPQ
+\ 8Comenc — 3 2 2.3 .3 3 2 2 2
SM¢Edc SCSMede 2C CSME,,Cede ZCCSMedCOJ 2CCsmEgceqcw
2
( NP2-NQ?>  3E.NQ 3NPZQ-NQ3

4CCgpEqce3.w?  16Cgpel.w  12C2CgpE3e2 w?

By = ¢ ¢ ¢ 5 (A4)
+ NP3—3NPQ?>  3E,NP NPQ
12C2CspE3ee5. w3 16Cgpe3.w  2CCgppEacel w?
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