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Abstract: To address the high-frequency resonance issues in renewable energy systems inte-
grated via MMC-HVDC transmission under weak grid conditions, this paper establishes a
wide-frequency sequence impedance model for renewable energy grid-side converters and
MMC-HVDC sending-end converters. The impedance characteristics of the MMC-HVDC
transmission system under two distinct control modes are compared, and the constant
power control mode is selected for detailed analysis to better evaluate the effectiveness of
suppression strategies. Based on this framework, the superposition theorem is employed
to analyze the interaction mechanism between the impedance characteristics of the MMC-
HVDC sending-end converter and the renewable energy grid-connected system. Since the
aim of this study is to propose suppression strategies for the MMC-HVDC transmission
system, a sensitivity analysis of its control parameters is conducted. The results identify
the current loop and voltage feedforward control as the dominant factors influencing high-
frequency oscillations. Accordingly, a coordinated control strategy combining current loop
regulation and voltage feedforward compensation is proposed. An electromagnetic tran-
sient simulation model is developed in MATLAB/Simulink. The simulations demonstrate
that the proposed strategy effectively suppresses oscillations in the MMC-HVDC system
across high-frequency ranges. Furthermore, it avoids negative damping characteristics
within a broad frequency band, significantly enhancing the steady-state performance of
renewable energy systems integrated via MMC-HVDC transmission.

Keywords: high-frequency oscillation; MMC-HVDC; impedance sensitivity; oscillation
suppression

1. Introduction

The modular multilevel converter (MMC) is widely recognized for its superior per-
formance characteristics, suitability for renewable energy integration, and enhanced grid
support capabilities. These features make it widely applicable in isolated island power
transmission, offshore wind power DC transmission, and other related fields [1-4].

Resonance issues have been observed in multiple MMC-HVDC transmission sys-
tem globally, compromising power system safety. Notable incidents include a 450 Hz
medium-high-frequency oscillation in the German North Sea MMC-HVDC transmission
system and 1000 Hz oscillations in the Zhoushan High-Voltage Direct Current project in
Zhejiang Province, China [5]. To prevent such oscillations in future projects, it is critical to
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investigate the oscillation mechanisms of new energy systems integrated via a modular
multilevel converter—high-voltage direct current.

Impedance analysis and eigenvalue analysis are two dominant techniques for power
system stability assessment. The former demonstrates superior intuitiveness and practical
applicability compared to eigenvalue-based approaches. It enables rapid stability analysis
in multi-machine systems and in scenarios where parameter variations alter the network
structure. Accurate and comprehensive modeling is a prerequisite for system stability
analysis [6]. Existing and well-established impedance modeling methods include the multi-
harmonic linearization method [7-9] and the harmonic state-space (HSS) method [10-12].

For instance, studies [13,14] modularly modeled the MMC control link using the HSS
method to investigate the impact of parameter variations on system stability, but a complete
control system model was not established. Study [15] proposed an impedance sensitivity
assessment method to identify the dominant factors affecting system stability but did not
provide a targeted resonance suppression strategy. Study [16] adopted the HSS modeling
method to establish a small-signal model of the system. The analysis revealed that the
phase-locked loop, outer control loops, and circulating current suppression loops exhibited
a negligible influence on high-frequency oscillations. Study [17] conducted a comparative
analysis between the harmonic linearization and HSS methods, deriving impedance models
for both approaches. However, these models did not comprehensively cover all control
links, necessitating the development of a complete impedance model incorporating all
control loops.

An oscillation suppression method incorporating a low-pass filter within the feedfor-
ward architecture was presented in study [18]. However, this strategy not only failed to
fully elevate the damping properties of the modular multilevel converter—high-voltage
direct current at specific frequencies, but also could not entirely eliminate the risk of
medium-high-frequency oscillations. An innovative solution to control delay-induced
instability was proposed in paper [19], featuring an adaptive band-stop filter integrated into
the current inner loop. Study [20] presented a dual-path inhibition method by embedding
low-pass filters in both the voltage feedforward and current proportional-integral control
paths. Study [21] designed an auxiliary controller based on passive control theory. Never-
theless, these approaches did not comprehensively evaluate their impact across the entire
high-frequency range. While the aforementioned methods have effectively suppressed
the harmonic phenomenon in MMC-HVDC systems, they may fail to fully eliminate the
exposures of the medium-high-frequency-band harmonic phenomenon.

To address the aforementioned issues, this study first builds up a sequence impedance
model for renewable energy integration through MMC-HVDC systems across wide fre-
quency bands. Building upon this theoretical foundation, a sensitivity analysis of differ-
ent control parameters in the MMC-HVDC transmission system reveals that the current
inner-loop control and voltage feedforward mechanism constitute the dominant factors
influencing system resonance. Considering the large-scale deployment of renewable en-
ergy stations, resonance suppression strategies are proposed for the sending-end system.
Through comparative analysis of impedance characteristics under two control modes in
MMC-HVDC transmission systems, the constant power control mode is selected for a de-
tailed investigation. A coordinated control methodology integrating voltage feedforward
compensation and current loop optimization is developed using dominant factor analysis
to mitigate oscillation phenomena. Electromagnetic transient simulation results ultimately
validate the effectiveness of the proposed control strategy.



Electronics 2025, 14, 1622

30f17

2. Renewable Energy Integration via Modular Multilevel
Converter—High-Voltage Direct Current Transmission System

2.1. System Architecture

Figure 1 illustrates the architecture of the Renewable Energy Integration System using

MMC-HVDC Transmission under weak grid conditions. Both the renewable energy grid-

side converter and the MMC-HVDC sending-end converter use grid-following MMC,

hereinafter referred to as MMC; and MMC,, respectively, with fixed DC potential and

Q-power adjustment for MMC; and constant power control for MMC,. The renewable

energy station interfaces with the PCC via a step-up conversion unit and AC transmission

line, extending the conventional single-inverter grid connection topology to link with the

converter station. Each variable is defined as follows: u4. is the DC bus voltage of the

MMC;; vp is the common coupling point potential of the MMCy; v; and 7y are the output

electrical parameters of the MMC; converter; vs is the voltage of the PCC point; X1 and

X1 are the leakage impedance of the two-stage step-up transformer; and vy, and iy, are the

output electrical parameters of the MMC;, respectively.

lde 10kV/
Udc 1 V, 35kV
Vi 1 p
IR
XTI hne
MMC,;
AC system Zg
HY 1

Zj S >

Figure 1. System architecture of renewable energy integration via MMC-HVDC transmission system

under weak grid conditions.

2.2. System Impedance Modeling and Characterization

Figure 2 details the coupled power circuit topology and closed-loop control logic for

MMC; /MMC;, where L is the inductance of the bridge arm; C is the submodule capacitance,

Ceq is the equivalent capacitance, and Ceq = C/N, Hp(s) is the active power outer-loop PI

control; Hy(s) is the reactive power outer-loop PI control; Hy/(s) is the dc voltage outer-loop

PI control; Hi(s) and K;j are the current-loop PI control and decoupling terms, respectively;

H.(s) and K, are defined as the circulating current PI transfer function and decoupling

terms, respectively; and kf is the voltage feedforward coefficient.

According to the MMC single bridge arm operating principle and KCL equation, the

frequency domain steady state model of the MMC main circuit is

(U + YL MyZcM, )iy

% . .
= YL (5 — (Va+ MuZcMy it — ) M

The modulation factor i1, represents the connection between each control loop. The

coupling dynamics of the modulation factor and control loops are mathematically formu-

lated as

mu:Ai+Ac+Av+Ap+Aq+Apll (2)

where A;, A, Ay, Ap, Ag, and Apu denote the connection between each control loop and

the modulation factor.
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Figure 2. Power topology and control block diagram for MMC; and MMC,.

The current inner-loop A; dynamics are governed by
Ai = Gii ®)

G;j is represented as by the auxiliary functions S; x and Sy x:

{ G; = 1diag[|S1k||S2x (4)

: (Hix — jS1Ki)]
Hi,k = kpi + H =

wp+ (k=51 x)wo)

where H; y is the transfer function of the current control inner-loop PI controller, and K; is
the decoupling coefficient in the current inner loop.

The auxiliary function S; ;. in Equation is used to characterize the phase sequence of
the physical quantities of the three-phase bridge arm.

4+1 n=3i
Sik= -1 n=3i+1 ,i=0,%+1,%+2,... (5)
0 n=3i—-1

S,k is used to characterize the phase sequence

1 n=2i+1 |,
Sy =4 THnEATL 140 ©6)
¢ 0 n=2i

The loop control A¢ can be expressed as
Ac = Gl )

where G, represents the effect of current loop suppression on the modulation factor, and
fity is expressed as

{ Ge = 3diag(|Syx|(1 — [Sax|) (Hox + jS1xKe)]

: o 8
Heje = kpe + 555, 7]

The effect of the phase-locked loop on the modulation factor can be expressed as

Apn = Gpuio )
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The elements in the Gpy matrix are as follows:

Gpll (n -2,n+ 1) = Tpll,flMu,2
Gpll (n -1n+ 1) = Tpll,fl (Hi,721u,71 - Mu,fl) (10)
Goun(n+1n+1) =Ty 1(Hioly1 — Mya)
Gpll n+2n+1)=— pll,flMu,—z
where T}, is the closed-loop transfer function of the phase-locked loop.
The effect of power control on the modulation factor can be expressed as
Ap = GixGpP, Aq = G;;G4Q (11)
P = Vpiy + Ipd, Q = Voiy + I (12)
Gp and G4 can be expressed as
Gp(n+1,n—1)=Gp(n—1,n—1)=3Hy
Hp ko = kpp + 750y 13)
pk = PP T j(w, tkawp)
{ Gyq(n+1,n—1)=Gq(n—1,n—1)=3Hg 4 ”
ki
Hyje = kpq + 505 Tkag)

The elements in the matrices Vp, Vg and Ip, Ig of Equation are distributed in the
following form:
Vp(n—1,n—1) =Vp(n—1,n) =3Uv

15
Ip(n—1,n—1)=Ii(n—1,n) =6l (15)

Vo(n—1,n—1) = =Vg(n —1,n) = =3Uv

16
Ig(n—1,n—-1)=—-Ig(n—1,n) =6l (16)

where Uy, is the Ac voltage, and I, i represents the Fourier complex factor of the k-th steady
state harmonic.
The DC voltage control can be expressed as

A‘U = GirGV@dc (17)

The control matrices Gy and Gj, are expressed as follows:

1.,
Gir = EdlﬂgHSl,k

|S2| Hix] (18)

iy (19)
The voltage feedforward link A,¢ can be expressed as

Ay = Gvf@ (20)

1..
Gy = Eulzag[va!SLk |S2x(] ey

The bridge arm impedance Y1, and the capacitive impedance Z¢ are expressed as

1—52,k|(1—|51,k|)}

Vo= diag| =g o) iR

(22)

— dige| 1
Zc= dlag j(wp-i-kwo)C
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2.3. AC Side Impedance Modeling of MMCq and MMC,

After modeling each control link individually, all the control links are combined to
obtain the effect of the modulation factors on the whole control system.
fity can be expressed as

fitg = (Wity + Wyd)e T (23)

where e =T denotes the control link delay, and W; and Wy are the effect of the upper bridge
arm current i, and AC voltage © on the modulation factor 7it,, respectively.

Yoe = (U—-K)A; Ay (24)

where U is the unit matrix, and the matrices Ai and Av in Equation represent the effect of
1y and 9 on the AC-side conductance Yac.
The expression for MMC; is shown below:
A =U+YL (O.SZe + MyZcM, + (Vu + MuZCIu)Wi) (25)
W; = Gir(GQVQ — GVZe) + G; + G¢
Ay = YL(U+ (Vu +MuZCIu)WV> (26)
Wy = Gpll + Gyt + Gi:Gglg

The expression for MMC; is shown below:
A =U+Y (MuZCMu + (Vu + MuZCIu)Wi) (27)
W; = Gir(GgVg + GpZp) + G; + G

(28)
Wy, = Gpll + Gvf + Gir(GQIQ + GPIP)

{ Ay = YL(U+ (Vu +MuZCIu)WV)

3. Analysis of High-Frequency Oscillation Mechanism of Renewable
Energy Integration via Modular Multilevel Converter—High-Voltage
Direct Current Transmission System Under Weak Grid Conditions
3.1. Impedance Characterization of Modular Multilevel Converter—High-Voltage Direct Current
Systems Under Different Control Methods

In order to select the control mode suitable for analyzing the high-frequency oscilla-
tion problem of the MMC-HVDC system, the impedance characteristics of the constant
power control and constant AC voltage control modes are shown in Figure 3. The control
parameters are the same except that the outer-loop control parameters are different.

Figure 3 shows that the impedance amplitude of MMC, under constant AC voltage
control shows no significant difference from that under constant power control. How-
ever, the damping characteristics of MMC, under constant AC voltage control in the
high-frequency band exhibit positive behavior, contrasting with the negative damping
characteristics observed under constant power control. Therefore, this paper selects the
constant power control mode of MMC,, which exhibits deeper negative damping, for
further analysis.
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Figure 3. Impedance characterization of MMC2 under different control modes.

3.2. Analysis of Oscillation Mechanism Based on Impedance Analysis Method

The renewable energy system is configured to emulate ideal current-source behavior
Irg in parallel with its port impedance Zrg. The converter station of the MMC-HVDC
system operates in constant power control mode, and the AC port can be equivalent to
Inivc connected in parallel with its port impedance Zypc. Under a weak grid background,
the renewable energy systems integrated via MMC-HVDC transmission under weak grid
conditions can be equivalent to a 3-port network composed of the renewable energy
system port equivalency model, the MMC-HVDC equivalent model, and the AC grid, and
the system stability is determined by all three together. Figure 4 details the operational
equivalence framework. In the figure, I,y is the output current of the renewable energy
generation; I is the port output current of the AC grid; and Itrans is the port current of the
MMC-HVDC system.

Renewable Energy SystemPort MMC-HVDC equivalent

| | | '

| | | '

| Equivalency Model I |

| 7 > ? | : model |

| out CN | | |

I I
I

: re© [ Zge : I Jeans :
[

| | > |

I . |
| +

: I [] Ol

I | £MMC -

| ' |

| | |

I I
I

- - :
I

I I I I

S 4 1

Figure 4. Port equivalence modeling of renewable energy integration via MMC-HVDC transmission
system under weak grid conditions.

According to the impedance analysis method, in addition to obtaining the port
impedance Zgg of the renewable energy generation system, it is also necessary to ob-
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tain the parallel point impedance Zsys of the renewable energy generation system and AC
power grid, and impedance modeling of the AC grid is similarly required.

ZreZg

Loys = —————2—
°ys ZRE + Zg

(29)

Since this paper primarily focuses on the sending-end system of the MMC-HVDC
transmission, the AC system is simplified by representing its impedance Z, with an equiv-
alent circuit consisting of a series RL circuit in parallel with a capacitor.

Ze = [(R+X1)//Xc] (30)

The AC-side stability of the MMC-HVDC sending-end system, as defined by
Equation (29), is determined by the output impedance ratio between the renewable energy
grid-connected system and the MMC-HVDC system. Applying the Nyquist stability cri-
terion, compliance with Equation (30) reveals that this impedance ratio induces negative
damping characteristics in the system, with oscillations emerging at the frequency corre-
sponding to the intersection of the impedance magnitudes. To mitigate such oscillations,
the control strategy must ensure that the phase difference between the system impedances
remains within 180°, thereby stabilizing the system.

|Zeys| _

1 Zvmc| X (31)
|£Zsys — £ Znac | > 180

From Figure 5, it can be observed that after the renewable energy grid connection
generation is transmitted via the MMC;, the impedances of the renewable energy gen-
eration grid connection system and the MMC; transmission system under different grid
conditions exhibit resonance points at 411 Hz and 2000 Hz, respectively, with negative
damping characteristics. The system lacks sufficient amplitude/phase stability margins,
indicating a risk of oscillations. The grid parameters are shown in Section 4.

8O]r:Re_newable _en?:?g? grid come&igll_f i

2a] —Renewable energy grid connectio

3 gofmMMCosystem______

S -

+

'S 40r

oo}

©

=

20
20

& 100-
=
>

& 07

©
=

2100

220 ; ERREE ~

10 100 1000 5000
frequency/Hz

Figure 5. Equivalent impedance of renewable energy integration via MMC, under weak
grid conditions.

3.3. MMC; Impedance Sensitivity Analysis

According to the project requirements, this paper chooses to design the suppres-
sion strategy in the MMC,. Before proceeding, it is necessary to clarify the impact of
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MMC,;’s impedance characteristics on the system. Since the multiple control loops of the
MMC-HVDC system are coupled, they collectively influence its impedance characteristics.
To analyze these effects, this section quantifies the contribution of each control loop by
applying MMC impedance sensitivity analysis.

Impedance sensitivity is defined as the sensitivity of the system impedance to small
changes in a specific parameter. A higher impedance sensitivity of a parameter indi-
cates that fine-tuning that parameter will more drastically alter the system’s impedance
characteristics. The absolute impedance sensitivity is defined as

Se(ks) = Z(k—l—Ak,s)zng(k—Ak,s) (32)

where k is the influence factor; Ak is the factor variation; s is the frequency domain identity;
and Z is the MMC impedance.

To simplify the analysis of impedance characteristics, the absolute sensitivity is divided
into magnitude sensitivity Sy mag(k, s) and phase-angle sensitivity S pha(k, ), which are

denoted as 12+ Ak, )| — |2(K — Ak, )]
+ Ak, s)| — — Ak, s
Sk,Mag (k/ S) - ‘2Ak| (33)

Im(Sk(k,s))
Re(Sk(k,s))
where Im and Re are the imaginary and real parts of the sensitivity, respectively.

The impedance sensitivity curves of phase-locked loop, voltage feedforward coeffi-
cient, current loop, active outer loop, reactive outer loop, and loop current suppression on
the MMC-HVDC system are given in Figure 6.

Sk.pha(k,s) = arctan( (34)

10

2z .

= 1

g s ]

Q -

o

p= 1

g

&N 4

< 0 . .

&0 10 100 1000 5000

frequency/Hz
(a)
2 - T
£ 60 | — Phase-locked loop |
= | — Voltage feedforward ||
5 | Current loo
2 40 P T
2 Circulation suppression |
%D 200 Active outer ring I
o Reactive outer ring !
N/ ARl e————— -
£ 0 | A o
1 10 100 1000 5000
frequency/Hz
(b)

Figure 6. Impedance sensitivity curves for each control parameter of MMGC;: (a) impedance magni-
tude Sensitivity; (b) impedance phase-angle sensitivity.

In Figure 6, the voltage feedforward control has a greater effect on the impedance char-
acteristics in the high-frequency band. The next largest impedance sensitivity is observed
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in the current inner loop. Across the full frequency range, the impedance sensitivities of
the circulating current suppression, active outer loop, and reactive outer loop are relatively
small. This indicates that the voltage feedforward coefficient and current inner loop sig-
nificantly influence the impedance stability of MMC, within the upper frequency band.
Therefore, further research on the coordinated control of these two loops is critical.

4. Coordinated Current—Voltage Feedforward Oscillation
Damping Method

The system exhibits vulnerability to high-frequency oscillations stemming from volt-
age feedforward dynamics and control loop latency. Addressing this instability necessitates
impedance reshaping of the MMC-HVDC infrastructure to mitigate negative damping
effects. A prevalent mitigation technique involves incorporating a low-pass filter into the
feedforward path, which effectively stabilizes MMC2 operations but may inadvertently
compromise impedance profiles across adjacent frequency ranges.

4.1. Control Analysis Based on Voltage Feedforward Control

To address negative damping phenomena in the MMC-HVDC transmission system
with renewable integration, this study introduces a second-order low-pass filter and a band-
pass filter into the voltage feedforward architecture. The resultant impedance modifications
are visualized in Figure 7.

I
| second-order |
9§ 50 | 1qw7pass ﬁlter |
3 | — band-pass filter '
2 4 ———mrmmmm——=l
=
OD -
g 3(
2 NN R e L
20 R TR R
o ] negapivd damping A
2 10( e ;v
= VU
8 N N N :_
<
< -
=200
1 10 100 1000 5000
frequency/Hz

Figure 7. Impedance of MMC2 after additional voltage feedforward filters.

Second-order low-pass filters are more effective than single-order filters in reducing
the impact of link delay on system performance.

2

e (35)

Hipp = 4—F———
M 2408 wes + w2

where ¢ is the damping coefficient, w.= 27 f,, where f, is the cut-off frequency of the
second-order low-pass filter.
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The band-pass filter Hpnk has a notch characteristic and is composed of a second-order
low-pass filter cascaded with a second-order high-pass filter. ¢ is the damping coefficient; k
is the gain of the band-pass filter; and wq= 27T fqown and wu= 27T fup.

2 2
wy S

$2+28wgs + w3 2 +28wys + Wi

Henkg = k (36)

Based on the above analysis, the control mode modification requires modifying
Equations (10) and (21) to the following equation.

1,.
Gyt = 5diag [KyeHipg|S1 k|| S2x]] (37)
Gpn(n—2,n+1) =Ty, 1Myp
Gpn(n—1,n+1) =Ty, 1(Hj 21,1 — My,—1 — KytGyt,1V1) (38)
Gpll (n +1,n+ 1) = —ipll,—1 (Hi,OIu,l - Mu,l + KVfGVf,1 Vl)
Gpll (n +2,n+ 1) = pll,flMu,—Z

Figure 7 demonstrates that the voltage feedforward with a band-pass filter offers
superior damping performance compared to a second-order low-pass filter, highlighting
the band-pass filter’s ability to enhance stability margins more effectively. However,
while the addition of a band-pass filter to the voltage feedforward loop can alleviate
negative damping characteristics in the high-frequency range of the MMC-HVDC sending-
end system, it may trigger oscillations in other frequency bands, thereby failing to fully
eliminate the negative damping frequency ranges in the system.

4.2. Oscillation Suppression Strategy for Modular Multilevel Converter—High-Voltage Direct
Current Sending-End Systems via Coordinated Voltage Feedforward and Current
Inner-Loop Control

The sensitivity analysis reveals that the current inner loop also affects the impedance
characteristics in this frequency band. To further eliminate negative damping frequency
bands and prevent impedance reshaping from impacting other frequency ranges, the
influence of the current inner loop is considered. A first-order low-pass filter is added to
the voltage feedforward loop, while an overshoot and hysteresis corrector is implemented
in the current inner loop.

A first-order low-pass filter is attached to the voltage feedforward link, and an over-
shooting hysteresis corrector is used in the current inner loop.

w1

H = 39
als) =7 ) (39)
where wi= 27t f1, where f; is the cut-off frequency of the low-pass filter.
s/wa+1
H, = kcHj——— 40
fZ(S) c IS/WCZ“Fl (40)

where k. is the damping factor, w.; is the lower limit of the angular frequency of the
overshoot and hysteresis corrector, and wp is the upper limit of the angular frequency of
the overshoot and hysteresis corrector. By setting k., the damping characteristics of the
high-frequency band can be adjusted; through reasonable setting of w.; and w¢,, we can
achieve an Hp, (s) control effect to cover the negative damping frequency range.
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Based on the above analysis, the control mode modification requires modifying

Equations (4), (10) and (21) to the following equation:

1 ..
Gy = Edlﬂg[vaHfzfsl,k |S2]]

1 . .
Gi = §Hf1dlag[\51,k’\Sz,k!(Hi,k — jS1Ki)]

Gpu(n—2,n+1) = Ty, 1My,

Gou(n—1,n+1) =Ty 1(HuH; 21y, —1 — My,—1 — KytGyg,1V1)
Gou(n+1,n+1) = —Tpy 1 (HunHiolu1 — My + KygGy1 V1)
Gpu(n+2,n+1) = =Ty, 1My,

(41)

(42)

(43)

After integrating a band-pass filter into the voltage feedforward path and applying an

overshoot hysteresis corrector to the current inner loop, the resultant impedance profile of

the system is obtained, as illustrated in Figures 8 and 9.

Vd—»| Hi prpnk(S)

] k;
iq ) ki
I ref u

Hi(s) >
Va—» Hi prenk(s)

Figure 8. Voltage feedforward additional filtering control.

Va—» Hp(s)
ki :
>k
Hj(s) ')Hfl(s)% >
Va— H(s)

Figure 9. Voltage feedforward and current loop synergistic control.

As shown in Figure 10, compared to the control strategy based solely on the volt-

age feedforward loop, the coordinated control of voltage feedforward and current inner

loop provides better stability margins for the MMC-HVDC sending-end system. This

approach further reduces the negative damping regions, thereby effectively improving the

system stability.
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Figure 10. Impedance of MMC2 after voltage feedforward and current loop synergistic control.

5. Verification of the Effectiveness of Oscillation Suppression Measures

To validate the accuracy of the impedance model, electromagnetic transient model
simulations were conducted for the control structure in Figure 2 using the parameters listed
in Table 1. As shown in Figures 11 and 12, the frequency-domain impedance spectrum
results are in good agreement with theoretical predictions, validating the accuracy of
the model.

Table 1. MMC; and MMC,; simulation model parameters.

Parametric MMC(C, MMCGC,
Vi 10 kV 220 kV
Ve 17.6 kV 310 kV
N 244 244
Csm 15 mF 15 mF
Larm 75 mH 75 mH
Rarm 010 0.10
Hy —1.1-1 x 1073/s none
Hq —5x107°-3 x 10*/s 1x1074+2x107%/s
H; 50 + 1500/s 50 + 1500/s
H, 100 + 200/s 50 +200/s
Hpyy (2.2 x 107* +0.014/s)/s (0.001 +0.01/s)/s
Hp none 1x1077+5x 1078/s

Case 1: When renewable energy is transmitted through the flexible DC transmission
system, the AC grid is represented by an RLC-equivalent circuit with the following pa-
rameters: R = 0.5 (); L = 0.02 H; C = 0.7 pE. If no oscillation suppression measures are
applied to the MMC-based flexible DC sending-end system, an oscillation phenomenon at
approximately 2000 Hz occurs in the AC voltage of the sending-end converter.

As shown in Figure 13, when renewable energy is transmitted through the MMC-
HVDC system, oscillations around 2000 Hz occur. After adding a second-order low-pass
filter to the voltage feedforward loop, the oscillation phenomenon in the MMC2 system
shifts to 400 Hz. However, with the addition of a band-pass filter, the oscillations in the
MMC2 system are eliminated.
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Condition 2: In the simulation verification of the control strategy incorporating a
first-order low-pass filter in the voltage feedforward loop and a lead-lag compensator in
the current inner loop, the AC grid impedance is modeled as an RLC equivalent circuit
with the following parameters: R = 0.5 (3; L = 0.02 H; C = 0.7 uFE. However, the volt-
age feedforward with a low-pass filter control strategy fails to effectively suppress the
oscillation phenomenon.

Based on Figure 14, when no filter is added, oscillations occur in the MMC2 system at
900 Hz. With the voltage feedforward and band-pass filter control strategy, oscillations shift
to the 650 Hz range. However, when the coordinated control of DC voltage feedforward and
current loop is implemented, the oscillations in the MMC-based MMC-HVDC sending-end
system are fully suppressed.

In conclusion, the coordinated voltage feedforward and current inner-loop suppres-
sion strategy effectively mitigates the oscillation phenomenon. The theoretical analysis
and simulation results in this paper validate the effectiveness and generalizability of the
proposed oscillation suppression strategy.
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6. Results

This study develops AC-side impedance models for both the renewable energy grid-
side converter and the MMC-HVDC sending-end converter through a multi-harmonic
linearization approach. The impedance characteristics of the system under two different
control modes are compared, and one is selected for analysis. The theoretical validity
of these models is further confirmed via impedance frequency-sweep simulations. The
stability influence patterns of different control loops are determined through the impedance
sensitivity analysis method. Based on the voltage feedforward with an additional filter, a
coordinated oscillation suppression strategy combining voltage feedforward and a current
loop control is proposed. The effectiveness of the proposed suppression strategy is exam-
ined through theoretical analysis and simulation verification, and the following conclusions
are obtained:

(1) The negative damping characteristics of MMC, in constant AC voltage mode
are more prominent than in constant power control mode. The degree of influence of
each control loop of MMC; on the stability of the grid-connected system is different, and
the impedance sensitivity analysis shows that the voltage feedforward and current loop
paths have a more obvious influence on the impedance stability of the MMC, than the
other control loop parameters, but the effect of improving the system stability in voltage
feedforward add-on filter control mode is limited.

(2) The synergistic suppression strategy based on the voltage feedforward link and
current inner loop can improve the negative damping bands of the MMC, impedance, and
the synergistic suppression strategy based on the voltage feedforward link and current
inner loop can improve multiple negative damping bands and improve the stability margin
of the system compared with the voltage feedforward add-on filter. Finally, the feasibility
of the impedance control optimization method is demonstrated by simulation verification.
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Abbreviations

Vi AC voltage fundamental frequency component magnitude
Vi  DC voltage steady-state value

N Number of bridge arm submodules

Csm Submodule capacitance

Larm  Bridge Arm Inductors

Rarm  Bridge Arm Resistors

Hy DC Voltage Controller

Hy Reactive power controller

H; Current inner-loop controller

H, Circulation Controller
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Hyp

Hp Active power controller

Phase-locked loop
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