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High-frequency Resonance Analysis and
Impedance Reshaping Control of MMC-HVDC
System Based on Frequency Coupling
Impedance Model

Juanjuan Wang, Wei Chen, Yuekun Liu, Chuang Fu, Yunming Ye, and Junjie Feng

Abstract—In recent years, high-frequency resonance (HFR)
events occurred in several modular multilevel converter based
high-voltage direct current (MMC-HVDC) projects. The time
delay of an MMC-HVDC system is the critical factor that in-
duces HFR. The frequency coupling affects the impedance char-
acteristics of an MMC and further deteriorates system stability.
Therefore, in this paper, a multi-input multi-output admittance
model of an MMC-HVDC system is developed to analyze its fre-
quency characteristics. The effects of current loop, power loop,
phase-locked loop, and operating point on the MMC frequency
coupling degree are analyzed in detail. Meanwhile, to further
suppress HFR in the MMC-HVDC system, an enhanced imped-
ance reshaping control strategy based on the equivalent single-
input single-output impedance model is proposed. Finally, the
accuracy of the enhanced impedance model and the effective-
ness of the impedance reshaping control are verified by electro-
magnetic transient simulations in PSCAD.

Index Terms—Modular multilevel converter based high-volt-
age direct current (MMC-HVDC), high-frequency resonance,
frequency coupling, impedance model, impedance reshaping
control.

1. INTRODUCTION

ODULAR multilevel converter based high-voltage di-
rect current (MMC-HVDC) transmission has been
widely used in renewable energy systems, large-scale and
long-distance power transmissions, and asynchronous net-
work interconnections [1]-[4]. Nevertheless, sub-synchronous
resonance at 10-30 Hz, medium-frequency resonance at 250-
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350 Hz, and high-frequency resonance (HFR) at 550-3000 Hz
have been observed in several practical high-voltage direct
current (HVDC) projects. HFR phenomena are generally
caused by the interaction between modular multilevel con-
verter (MMC) and alternating current (AC) systems [5]-[8].
A 1.6 kHz HFR event was reported in the INELFE project
[5], and similar HFR events also occurred in both the Luxi
[6] and Chongqing-Hubei back-to-back HVDC projects in
China [7]. These HFRs can distort the AC system and result
in large fluctuations in voltages and currents.

Currently, sub- or super-synchronous resonances or HFRs
in power systems are primarily analyzed by using the eigen-
value-based method [9] - [13] or impedance-based method
[14]-[18]. The eigenvalue-based method can present system
eigenvalues and reveal their stability using the state-space
model [9]-[13]. However, the impedance-based method fo-
cuses on the port characteristics of an MMC-HVDC system,
in which the system is divided into two sub-systems, name-
ly, MMC and AC. The Nyquist stability criterion is usually
used to assess stability with sub-system impedances [14] and
states that a resonance will occur when the phase angle dif-
ference is greater than 180° at the amplitude intersection of
the MMC and AC system impedances [5]. Therefore, HFR
usually occurs in the frequency band in which the MMC im-
pedance phase is greater than 90°. In other words, MMC im-
pedance presents inductive negative damping characteris-
tics [15].

In [5], a simplified MMC impedance model is established
for HFR analysis. The paper indicates that the time delay of
the MMC is the main reason for the negative damping char-
acteristics of the MMC impedance and that the risk of HFR
could be lowered by reducing the time delay. To suppress
the negative damping characteristics, a low-pass filter (LPF)
in the voltage feed-forward path is presented in [6]. Howev-
er, the impedance characteristics at medium frequencies may
deteriorate via this path. A novel nonlinear filter is proposed
in [7] to filter out harmonic components in the voltage feed-
forward path, presenting a better harmonic suppression effect
than the LPF in [6].

In addition, an HFR damping controller is proposed in
[16], in which the AC voltage is superimposed with the ref-
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erence current after passing through the damping controller.
However, the damping controller design is quite complicated
because its order is high. Reference [17] shows that the
phase-locked loop (PLL) has a negligible influence on im-
pedance characteristics at high frequencies, and the negative
damping characteristics of MMC can be reduced by the pro-
portional coefficient of current and power loops. A new pas-
sive damper for MMCs that considers arm inductors is pro-
posed in [18]. Finally, a novel HFR suppression measure is
proposed in [15], which is achieved by adding an LPF to the
voltage feed-forward path and an LPF to the proportional
path of the current control.

Nevertheless, in the aforementioned studies, the MMC is
regarded as a single-input single-output (SISO) system, and
the frequency coupling effect of the MMC is not considered,
which may lead to an inaccurate impedance model and sta-
bility analytical results [19]. In general, if a perturbation volt-
age with frequency f;, is injected into the point of common
coupling (PCC), corresponding currents will exist at frequen-
cies f,, and 2f, —f,, at the PCC [20]. The coupling current at
frequency 2f, —f;; will generate a perturbation voltage at the
same frequency through the AC system impedance and in
turn lead to further coupling with the perturbation current at
frequency f,,. Therefore, MMC-HVDC systems present
multi-input multi-output (MIMO) characteristics [21]. Be-
cause of their asymmetry in the dg frame, the current control
and PLL are the main reasons for these MIMO characteris-
tics [22]-[24].

Frequency coupling occurs in interconnected systems with
AC/DC power electronic equipment such as MMC-HVDCs,
three-phase grid-connected inverters, and doubly-fed induc-
tion generator (DFIG) systems. The mechanism of frequency
coupling can be analyzed using a similar method. A two-di-
mensional MIMO admittance matrix is proposed to describe
the port characteristics of the MMC system and is then de-
composed by a novel method into an SISO system for stabil-
ity analysis [23]. In SISO systems, the Nyquist criterion is
more convenient for stability analysis than the generalized
Nyquist criterion (GNC) in MIMO systems [24]. For a pho-
tovoltaic inverter connected to an AC grid, the frequency
coupling increases with a decreasing short-circuit ratio
(SCR) of the AC grid, and its impact on system stability is
greater [25]. When a DFIG system adopts direct power con-
trol, the time delay can intensify the frequency coupling de-
gree, leading to periodic changes in the equivalent imped-
ance phase at high frequencies, which indicates that the time
delay and frequency coupling will affect system stability
[26], [27]. In general, the time delay of MMC-HVDC sys-
tems can reach 400-500 ps, which is greater than that of grid-
connected inverters or DFIG systems [6], [7]. However, an
analytical frequency coupling impedance model suitable for
analyzing HFR in MMC-HVDC systems and the effects of
time delay and frequency coupling on system stability must
be further studied.

Accordingly, in this paper, an MIMO admittance model of
an MMC-HVDC system is developed. The effects of time
delay on impedance characteristics and those of the PLL,
current loop, power loop, and SCR on the MMC frequency
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coupling degree are analyzed. Focusing on the significant
frequency coupling effect in the high-frequency band, this
paper proposes a frequency coupling suppression method
that considers the power loop. An improved control method
is also offered to suppress the HFR with a flexible control
parameter adaptive to the negative damping frequency band
of the MMC. The effectiveness of the improved control
method is verified via the electromagnetic transient (EMT)
model of the Luxi back-to-back HVDC project.

The rest of this paper is organized as follows. Section II
introduces the control structure of MMC-HVDC system. Sec-
tion III introduces frequency coupling model of MMC-
HVDC system. Section IV describes the establishment of fre-
quency coupling admittance model of the MMC-HVDC sys-
tem. Section V presents the stability analysis based on fre-
quency coupling impedance model. Section VI analyzes the
novel HFR suppression strategy based on the impedance re-
shaping control strategy. Section VII concludes the paper.

II. CONTROL STRUCTURE OF MMC-HVDC SYSTEM

This paper focuses on the impedance characteristics of the
MMC-HVDC system at medium and high frequencies. Be-
cause the control mainly affects the impedance characteris-
tics of MMC in the low-frequency bands, the following can
be ignored: (D circulating current suppression control (CCSC)
[13], @ capacitor voltage balancing algorithm, and 3 dy-
namics of the bridge arm [28].

The equivalent circuit at the inverter side of the MMC-
HVDC system is shown in Fig. 1, where Z, is the system im-
pedance; and V, is the AC system voltage.

In PCCIAV(RD | 7z Ve
1 |pme FOO—AH OO0

Small perturbation at frequency fp,

Fig. 1. Equivalent circuit at inverter side of MMC-HVDC system.

The control circuit of MMC is shown in Fig. 2, in which
a dual closed-loop control structure is adopted. The power
loop achieves constant active and reactive power controls,
and the current loop independently controls the positive- and
negative-sequence currents [3].

In Fig. 2, uzp, up and wu,y, u,y are the positive- and nega-
tive-sequence dg-axis components of AC voltage u g, Te-
spectively; i, i,p and iy, i, are the positive- and negative-
sequence dg-axis components of AC current i,5., respective-
ly; 65, is the positive-sequence phase angle output by PLL;
G, is the transfer function (TF) of the quarter fundamental
frequency periodic delay filter; P, P™, O, and O™ are the ac-
tive power, active power reference, reactive power, and reac-
tive power reference, respectively; i and lffpf are the refer-
ences of dg-axis current; G, and G; are the proportional in-
tegra (PI) controllers of the power and current control, re-
spectively; K, is the decoupling coefficient of the current in-
ner loop; G; is the TF of the second-order LPF in the volt-
age feed-forward path; G, is the system delay; uly, uly and
u'ss, uffbfI are the dg-axis components of the voltage reference
from the positive- and negative-sequence current inner loops,
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respectively; ulpcp and upey are the positive- and negative-
sequence voltage references, respectively; and u'h. is the
voltage reference in three-phase frame.
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Fig. 2. Control circuit of MMC.

Figure 3 shows the schematic of control link delay compo-
sition of a practical MMC control system, which consists of
voltage and current transformers, an analog-to-digital conver-
sion (ADC) unit, converter control, valve base control, sub-
module (SM) control, and zero-order holder (ZOH) equiva-
lent delay. The link delay of the entire control system can be
represented by a lumped delay T, in series with the ZOH
equivalent delay 7.. Then, G, can be expressed as:

Gy ()= (1 —e ") (j2n/T,) (M

Valve
base
control

ZOH
1 equivalent
delay

) ) J‘
7, T,

s

Voltage and
current >
transformer

ADC
unit

SM
control

Converter
>l
control

Fig. 3. Schematic of control link delay composition of a practical MMC
control system.

III. FREQUENCY COUPLING MODEL OF MMC-HVDC
SYSTEM

A. Definition of MIMO Admittance Model of MMC

Assuming that a small perturbation voltage at frequency
ol (AVS (fp1)) is injected into the AC system, as shown in
Fig. 1, the PCC will contain perturbation components both
at frequency f,, and coupling frequency 2f,—fp,. Let fp,=
2f,—fp- The voltage and current of phase A at PCC can be
expressed as:

va=Vcos(w 1)+ Vy; cos(wp 1+ @p )+ Vi, cOS(Wpyf + @5y )

in=1; cos(wt+@; )+ Ip COS(Wpit+Pip )+ Ipy COS(Wpyt + Pipy )

@)
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where V| and w, are the amplitude and angular frequency of
the fundamental frequency voltage, respectively; V,, and ¢,
are the amplitude and phase of the perturbation voltage at
5, Tespectively; V,, and ¢,, are the amplitude and phase of
the perturbation voltage at w.,, respectively; /, and ¢, are
the fundamental frequency amplitude and phase of the cur-
rent, respectively; /,, and ¢, are the amplitude and phase of
the perturbation current at wy,, respectively; and 7, and ¢,
are the amplitude and phase of the perturbation current at
Wp,, Tespectively.

Let [, =0.5I,¢"" I,=0.51,e"" V,=05V,¢", and
Vpy=0.5V,,¢2 The MIMO admittance model of MMC can
then be described by a 2 x 2 matrix ¥y,c as:

[Im} ) [Y” Yn]le}
I Y, Yl (3)

YMM(I
where the diagonal elements Y, and Y, represent self-admit-
tances; the non-diagonal elements Y,, and Y,, represent cou-
pling admittances; and the superscript * indicates a conju-
gate operation.
According to [29], Yywc has the following symmetric
characteristics:

Yll(fPl )=Yy (2f1 _fPl )*
Y, (fPl )= Y12(2f| _fPI )*

Therefore, the frequency coupling effect can be analyzed
based on Y|, and Y,,. In addition, when the amplitudes of the
coupling admittance are sufficiently small, their effects on
system stability can be ignored. Accordingly, the impedance
matrix can be expressed as:

Vi _|:Z11 0:' Iy
i Loz i

p2

“)

)

where Z,,=1/Y,, and Z,,=1/Y,,.

B. Equivalent SISO Impedance Model of MMC

The AC system can be described in the frequency domain
as:

VPI = Vs(.fPl )_jng(fm)

Vljzz_j;zzg @fi=fe)
Based on (3) and (6), the MIMO admittance model of

MMC-HVDC system is shown in Fig. 4. The equivalent

SISO impedance model can be obtained, and Y, can be ex-
pressed as:

(6)

I
ch:'il:Yll_Ycon
P1

_ leYzlz; (zfl _fp1)
o 1+ YZZZg* (2f1 _fpl )
where Y,

on 1s the admittance introduced by frequency cou-

pling characteristics that contain MMC system admittance
and coupling impedance Zg* QCfi—fp1)-

The equivalent SISO impedance can be expressed as Z,, =

/Y,

eq

(7
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AV(/PI) + Vp]

Fig. 4. MIMO admittance model of MMC-HVDC system.

The larger the amplitude of Y, , the greater the effect of
the frequency coupling on Y, , and vice versa. When the am-
plitude of Y__ is sufficiently small Y., has a negligible influ-

con con

ence, and then Y ~Y,,.

IV. ESTABLISHMENT OF FREQUENCY COUPLING
ADMITTANCE MODEL OF MMC-HVDC

A. MIMO Admittance Model of MMC
1) PLL
The closed-loop TF of the PLL is expressed as:
Goo (N =Hp, (NI +V Hpp ()]
% Hyp (f):(Kp,PLL +Ki,PLL/(j2nf))/(j2nf)

where K p; and K, are the PI parameters of the PLL.
The output phase angle of PLL can be obtained by:

=G (f )(Vp] Vp*Z) S :fpl -fi
jGPLL (f)(V;1 sz) f:f1 _fpl

Note that AO(f,—f,,)=(A0(f, —f ))’; that is, the expres-
sion of AO(f) at f=f, —f, and f=f,—f, has the following
symmetrical relationship: G(j2nf)=(G(~j2nf))". This symmet-
rical relationship is applicable to other electrical quantities.
To simplify the equation, only the expression of the electri-
cal quantity at fis given, and the expression at —f can be ob-
tained based on the symmetrical relationship.

2) Power Loop

The active and reactive power perturbations can be ob-

tained in the frequency domain by:

AP(f)z(Vl*jpl+V I +Vl[p2+Vp*2jl) S=fe =N
AQ(f):j(Vl*jpl_Vplll _V11p2+Vp*2jl) f:fpl_fl

According to Fig. 2, the reference current perturbations
can be expressed as:

At (1)==Gro (NAP(S)
Aigp ()= Gro (NAQO(S)

3) Positive- and Negative-sequence Current Loops
The voltage and current perturbations in the positive-se-
quence dq frame at f=f,, —f, can be expressed as:

®)

AO(f)= ©

(10)

(11)

Augp (=G (Vi + Vi) f=fu—fi (12a)
Aty (=G 4 (V1 = Vs )= Gy (S, A0(f)
S=l=h (12b)
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Big ()= G (N +13) =1~ (12¢)
AiqP (f):_std (f)(jpl _1:2 )_ V1 Gsd (f)A@(f)
I=f=fi (124d)
where G, is expressed as:
Gy (f)=0.51+e ™) (13)

where T is the fundamental frequency period.

Similarly, the expressions for perturbations in the negative-
sequence current loop, i.e., Au,y, Au,y, Aigy, and Aiy, can
be obtained. The derivation process is found in [17].

According to Fig. 2, the perturbation in the reference volt-
ages in the dg frame can be obtained by:

Aui (f)==G; (f N Aigp ()= Aigp () +
G (N)Augp (f)+KAigp (f)

Au () ==G, (f NAigs (f)=Aip (1) +
Gf(f)Aqu (N —KyAig (f)

A ()= Gy (N ()= KyBig () + Ge(N)Att g ()
At ()= Gy (NI () + KyBigy () + Ge(N)Au gy ()

The second-order LPF is expressed as:

Gi(NH=

(14

O pr
(27f ) + 280 i (21 ) + 0
where ( is the damping ratio, the value of which is 0.707;
and o is the cutoff frequency of the LPF.
The positive- and negative-sequence voltage references
can be obtained by:

Ut =F(cos(w,t)— Afsin(w ) F(u5 () +
F(—sin(w,t)— Af cos(w,t))F (uref )

Ut =F(cos(w, 1)~ Adsin(w 1)) F (us (1)) —
F(=sin(w,)— A0 cos(w, ) F(ujy (£))

(16)

an

where F(y(¢)) is the frequency-domain transformation of the
time-domain signal y(¢). The frequency-domain expression of
perturbations in u'55 is given by:

S L A (A

(%u;epfo :;Pfo)AH(f 1) S=/n
Auy (f)= 1 o

AU )+ 5 Au’ef(f+f1 )—

(L5 ;ﬁfo)w(ﬂm f=fo2
where uly, and uy, are the steady-state quantities of the posi-
tive-sequence dg-axis reference voltage, respectively. Similar-
ly, the expression of Au’k can be obtained.
4) Frequency Coupling Impedance Model of MMC

The perturbations of output voltage of phase A can be ex-
pressed as:

Aug" ()= Gy (NN Auz (f)+ Ay () (19)

According to the AC equivalent circuit, the AC-side dy-
namic equations can be obtained by:
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Vpl —Auy" (fpl )=j2nfpl Ljpl
Vip = Aul fy —fo)=320Q2f, — ) LI,

where L is the equivalent inductance on the AC side of the
converter.

(20)
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Based on (8)-(20), the admittance matrix ¥, can be de-
rived. As the PLL control can be ignored, ¥, can be sim-
plified and derived by the following equation, in which Y,,
and Y,, are not given due to page limitation.

1-Gy($[Gi(s—5,)G(s—5,)+ Gr(s+5,)G (s +5,)]

Y, =

SL+G (NG (s—5,)Gy(s—5)+Gi(s+5,)G(s+5,)—JK;Gy (s —5,)+]K ;G (s +5,)+A(s)]
=Gy(s—25))G;(s—s, )GPQ(S_SI ),

ey

Y21

where A(s)=G,(s—s,)Gpq (s =5, V}; s=]j2nf;, and s, =]2nf,.

B. Verification of MIMO Admittance Model

The MIMO admittance model of MMC is established in
MATLAB. The EMT model is established in PSCAD, which
is the same as the inverter of the Luxi back-to-back HVDC
project in China. The parameters of the MMC-HVDC sys-
tem and MMC controllers are shown in Tables I and II, re-
spectively. The structure and parameters of the AC system
are the same as those given in [6], which are presented in
Fig. 5 and Table I, respectively.

TABLE I
PARAMETERS OF MMC-HVDC SYSTEM

Category Parameter Value
Rated capacity (MVA) 1000
Primary voltage (kV) 525
Rated DC voltage (kV) 700
MMC .
Arm inductor (mH) 104
T, (us) 400
T, (us) 100
Rated capacity (MVA) 1000
Transformer Transformation ratio 525/375
Leakage inductance (%) 14
L, (mH) 169.3
C, (uF) 0.18
AC system R, (@ 2.4
R, (Q) 171
TABLE 11
PARAMETERS OF MMC CONTROLLERS
Parameter Value
Proportional/integral coefficient of PLL 0.01/0.04
Proportional/integral coefficient of current controller 1.0/10
Proportional/integral coefficient of power controller 0.8/20

Lg R 1
1
MMC-HVDC >~
1
C R,

Fig. 5. Structure of AC system.

To verify the correctness of Yy, the impedance scanning
method is adopted in the EMT model. A controlled voltage

B (=25 )L+ Gy(s =25 )[G; (55, )Ty (s—5,)+ G (s =35 )Gy (s =35, )~ JKG g (s =35, )+ KyG (25, —5) + A()]

source is used to superimpose a perturbation voltage with an
amplitude of 5 kV on the grid voltage, and its frequency range
is 10-3000 Hz. The scanning frequency interval is 100 Hz. Fig-
ure 6 shows the frequency characteristics of MIMO admit-
tance. The calculation results in MATLAB and the simula-
tion results in PSCAD are consistent.

2 20 2 20
= °
2 O 3 L
Z E
£-20% g -20¢
< <
= 40 ‘ = 40
180 180,
< 9 < 90
% 0f _% 0
= -90Ff | o aooeeeeooOoo0o0000000 = -90
-180 v v . -180 . v ;
0 1000 2000 3000 0 1000 2000 3000
Frequency (Hz) Frequency (Hz)
(a) (b)
. 20r
m
°
o Of
3 $
2
S -20F
&
<
= 40
180
< 90ff
é 0
= -90
-180 v v . -180 . . .
0 1000 2000 3000 0 1000 2000 3000
Frequency (Hz) Frequency (Hz)
(0) (d
° PSCAD; — MATLAB
Fig. 6. Frequency characteristics of MIMO admittance. (a) Y,,. (b) Y,,. (c)
Y,. (d7,,.

V. STABILITY ANALYSIS BASED ON FREQUENCY COUPLING
IMPEDANCE MODEL

A. Frequency Characteristic Analysis of Self-impedance Z,,

The frequency characteristics of the self-impedance have
been analyzed in detail in [17]. The delay time of the con-
trol system and the voltage feed-forward path have signifi-
cant effects on the impedance characteristics of Z,,.

When the second-order LPF in the voltage feed-forward
path is not considered, i.e., G;=1, the effects of different
lumped delays on the impedance characteristics of Z;, can be
illustrated, as shown in Fig. 7.
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Magnitude (dB)

1000 1500 2000 2500 3000
Frequency (Hz)

— T4=400 ps; — T;=300 ps; — T3=200 ps; —74=100 ps

0 500

Fig. 7. Impedance characteristics of Z, under different delays.

When T, is 100 ps, the phase of the MMC impedance is
less than 90°. With an increase in 7, the phase of the MMC
impedance is greater than 90° in the high-frequency band,
showing more obvious negative damping characteristics,
which is the main reason for the HFR. As Fig. 8 shows, af-
ter the second-order LPF in the voltage feed-forward path is
adopted, the impedance characteristics at high frequencies
can be improved. However, the impedance characteristics at
middle frequencies deteriorate and show more obvious nega-
tive damping characteristics. In addition, reducing the band-
width of the LPF, i.e., 100 Hz, cannot prevent deterioration.

60
40
20

Magnitude (dB)

20 . s . . . .

Negative damping

o 90t
2 Of
£
a -90 . .
10 Negative damping
o 500 1000 1500 2000 2500 3000
Frequency (Hz)

— Without LPF; — o, pp=100 Hz; — @ ,;=200 Hz

Fig. 8. Impedance characteristics of MMC with LPF inserted in voltage
feed-forward path.

Figure 9 shows the impedance characteristics of Z,, before
and after considering PLL. The impedance characteristics of
MMC remain essentially unchanged because the TF of the
PLL has a strong attenuation in the frequency band (except
at approximately 50 Hz), and therefore, the effect of the
PLL can be ignored when HFR is analyzed. Thus, the simpli-
fication of (21) is reasonable.

B. Frequency Coupling Degree Analysis

Based on the analysis presented in Section III, the frequen-
cy coupling degree is related to the amplitude of the diago-
nal and non-diagonal elements of the admittance ma-
trix Yy
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Magnitude (dB)

Phase (°)
=)

-180 . . . - -
0 1000 1500 2000 2500 3000
Frequency (Hz)

— Z,, with Gpy; = = Z;, without Gy

500

Fig. 9. Impedance characteristics of Z, before and after considering PLL.

When the symmetry of the admittance matrix is consid-
ered, a frequency coupling coefficient (FCC) is defined by
the following equation to describe the frequency coupling de-
gree qualitatively. The smaller the FCC, the smaller the fre-
quency coupling, and vice versa.

V2|
11

Figure 10(a) and (b) shows the effects of the current loop
proportional coefficient K; and power loop proportional co-
efficient K, on the FCC. Clearly, FCC decreases with a de-
crease in K ; or K, and thus the frequency coupling degree
also decreases.

40 40
30 301
~ 20 ~ 20
g 10 g 10
© 0 © o0
= -10H = -10 K
-20H 220+
-30 : . ) 230 . . ,
0 1000 2000 3000 0 1000 2000 3000
Frequency (Hz) Frequency (Hz)
—K,;70.3; — K, =0.6 K, pq=0.3; — K, ,i=0.6
—K,=2.0 — K, 5720
(a) (b)
401 40
30 30
~ 20 ~ 20
g 10 g 10
O o O of
= -10H = -10+
220+ 220+
30 v v . -30 v v :
0 1000 2000 3000 0 1000 2000 3000
Frequency (Hz) Frequency (Hz)
— P=0.5p.u. — Ge=1
—P=0.75p.u. ofpe
—Ptopu O R+ 22+
() (d)
Fig. 10. FCC curves under different parameters. (a) K ;. (b) K, . (¢) DC

power. (d) G,.

The impedance model is obtained by linearizing the non-
linear model at the operating point. Therefore, analyzing the
effects of the operating point on the frequency coupling ef-
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fect is necessary. Figure 10(c) shows the FCC curves when
the DC power is 1.0 p.u., 0.75 p.u., and 0.5 p.u., respective-
ly. FCC decreases with DC power, and thus, the frequency
coupling degree also decreases. It should be noted that Y|, in
(21) and Y,, are independent of /. Therefore, different
steady-state operating points under a unity power factor have
no effect on the impedance characteristics of Y, and Y,
However, Y|, and Y,, have a linear relationship with /,. Thus,
when the operating point changes, only the impedance char-
acteristics of Y|, and Y,, are affected.

Figure 10(d) shows the effects of the voltage feed-forward
path on the FCC. According to (21), the expression of Y,
does not include G, inserted in the voltage feed-forward
path, and therefore, the LPF does not help to improve the
frequency characteristics of Y,,. Thus, after the second-order
LPF is adopted, the FCC does not decrease significantly in
the high-frequency band.

Figure 11 shows the FCC curves under different PLL
bandwidths. The effects of PLL bandwidth on the FCC
curve are mainly less than 150 Hz when the PLL bandwidth
changes from 10 to 30 Hz, and the frequency characteristics
in the high-frequency band are basically the same. There-
fore, although the PLL is a major reason for the frequency
coupling effect [22], it has little influence on the frequency
coupling effect of MMC in the high-frequency band.

40r 40
30t 30
~ 20} — 20k
g 10 g 1o} &
O 0 U o0
O Q
= .10k = -10
=20 -20
30 ‘ ‘ .30 s s ‘ ‘
0 1000 2000 3000 0 50 100 150 200
Frequency (Hz) Frequency (Hz)
(a) (®)
— 10 Hz; ---20 Hz; -+ 30 Hz
Fig. 11.  FCC curves under different PLL bandwidths. (a) Frequency rang-

ing from 0 to 3000 Hz. (b) Frequency ranging from 0 to 200 Hz.

C. Improved Frequency Coupling Suppression Method (FC-
SM) to Reduce Frequency Coupling Degree

Next, an improved FCSM is proposed to reduce the fre-
quency coupling degree. Because the coupling voltage and
current components are mainly transmitted to the control sys-
tem of the MMC through the power calculation path, a first-
order LPF can be inserted into the power calculation path to
filter out the high-frequency components.

The FCC curves under different 7}, are shown in Fig.
12, where T}, is the time constant of an LPF. With the in-
crease in Ty pr from 2 to 10 ms, the FCC decreases signifi-
cantly, and the frequency coupling degree also decreases. Be-
cause of the fast dynamic response performance of the sys-
tem, 7, can be set to be 5 ms. In this case, the impedance
characteristics of Z,, and Z, with the FCSM are essentially
the same, as shown in Fig. 13, which proves the effective-
ness of the FCSM.

Figure 13 shows the impedance characteristics of MMC
and AC systems.
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Fig. 13. Impedance characteristics of MMC and AC systems.

When FCSM is not adopted, the impedance characteristics
of Z,, show obvious negative damping in the high-frequency
band. The phase angle difference is greater than 180° at the
cutoff frequency of 1061 Hz, and therefore, the system can-
not maintain stability. When the LPF (7,,;=5 ms) is added
to the power loop, the phase difference between Z,, and Z,
is 165.1° at a cutoff frequency of 1219 Hz. Therefore, the
system remains stable.

The negative-damping characteristics of MMC impedance
mainly derive from the system link delay, which is the main
reason for the HFR. The frequency coupling effect increases
the complexity of the system analysis, and if it is not consid-
ered, it may lead to incorrect stability analytical results.

To further verify the correctness of the aforementioned
analysis, a simulation is conducted in the EMT model, as
shown in Fig. 14. The lumped delay 7, increases from 0 to
400 ps at 1.0 s, and then the FCSM is adopted at 1.2 s.

Two instances of HFR clearly occur in the system, and
the resonant frequencies are 1060 Hz and 960 Hz, respective-
ly, where the difference of 100 Hz satisfies the frequency
coupling relationship, indicating that the MMC-HVDC sys-
tem has strong frequency coupling characteristics. The reso-
nance frequency is basically the same as the analytical result
presented in Fig. 13, thus verifying the theoretical analysis.
When the LPF is placed into operation, the system gradually
returns to stability, thus verifying the effectiveness of the
proposed FCSM.
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Fig. 14. Phase A voltage from PCC and FFT analytical results.

VI. NovEL HFR SUPPRESSION STRATEGY BASED ON
IMPEDANCE RESHAPING CONTROL STRATEGY

Although the frequency coupling degree can be reduced
by adopting the method proposed in the previous section,
the equivalent impedance continues to present negative
damping characteristics in the high-frequency band, and the
system still faces the risk of HFR occurrence. Next, a novel
HFR suppression strategy based on impedance reshaping
control is proposed. A schematic of the impedance reshaping
control strategy is shown in Fig. 15. The strategy includes in-
serting the nonlinear filter in the voltage feed-forward path
and adopting an additional damping controller G in the
current loop.
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Fig. 15. Schematic of impedance reshaping control strategy.

A. Nonlinear Filter

Inserting an LPF in the voltage feed-forward path deterio-
rates the impedance characteristics at the middle frequency.
Therefore, a novel nonlinear filter is proposed in [7], which
aims to eliminate the effects of time delay on the voltage
feed-forward path. The principle of a nonlinear filter is de-
scribed in detail in [7], and its control flow is shown in
Fig. 16.

| Transform the AC voltage into positive and negative dg axis components |

I

‘ Calculate the average of voltage sequence component of N sampling points ‘

{

Compare the current average with the output of the nonlinear
filter during the last period

l

Correct the output of the nonlinear filter during the current period

l

Insert the output of the nonlinear filter, which is a fixed value and
varies according to the gradient and voltage feed-forward path

End

Fig. 16. Control flow chart of nonlinear filter.

The nonlinear filter adopts a hysteresis comparator and us-
es a close fixed feed-forward value based on the amplitude
of the AC voltage. Only when the difference between the
current voltage and feed-forward voltage sequence compo-
nents in the last period is greater than the preset threshold
can the output feed-forward voltage be updated; otherwise,
the original output voltage is maintained.

According to the modeling method described in Section
IV, after the nonlinear filter is adopted, the MMC self-imped-
ance can be expressed as:

Zy,,=sL+ GG (s—5)G (s —5,)+Gi(s+5, )Ty (s+s,)—
JK Gy (s—5)+jK,G (s +s, )+A(S)Glpf] (23)

where G, is the first-order LPF inserted into the power cal-
culation path.

The integration link between the current loop and power
loop can be ignored at high frequencies. Therefore, we ob-
tain:

G (f-f)=G (f+] )zKp,i

24
Goo (=/1)= G (f+/1)=K,, ¢9
For G, we have:
Gsd(S_Sl )+Gsd(s+sl ): 1
(25)

Z'o)
Gy(s=s,)=Gy(s+s, )=J’ei4J

When (24) and (25) are substituted into Z, , in (23), Z,,,
can be simplified as:

1'«)
Zm:ja)L+(Kp.i+Kde 4! )Gd+ VK, K, GGy (26)

B. Principle and Modeling of Impedance Reshaping Control

After the nonlinear filter is adopted, (26) still contains the
delay term, and therefore, the negative damping cannot be
completely eliminated. To further improve the negative
damping characteristics of MMC, an additional damping con-
troller is inserted in the current loop. The dg-axis compo-
nents of AC current are superimposed with themselves
through the damping controller G,,, and then input into the
current loop controller. The expressions for the positive-se-
quence current loop are given as:
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ref =G, [ldl’ (1 + Gdamp )ZdP ]_(l + Gdamp )Kdiql’

ref . . (27)
=G, [qu (I + G g Jigp 1+ (L + G gy VK i

damp

According to the modeling method described in Section
IV, with the impedance reshaping control, the expression of
MMC self-impedance Z,, , is given as:

211,2=211,1+Z (28)
where Z

4amp 18 the virtual impedance introduced by the damp-
ing controller Gdamp and can be derived by:

Z (s—5,)Gy(s—s )G (s—s,)—jK;1G;+
(s+5,)Gy(s+5)G, (s+5,)+]K,1G,4

damp

damp damp

damp (29)
C. Effects of Impedance Reshaping Control on Impedance
Characteristics of MMC

At medium and high frequencies, let us suppose that
G gamp (5 =51 )= G gy (s +5, )= G g, (5)- Equation (29) can then
be simplified as:

T
Z (K +Ke4‘)G GG,

damp = damp (30)

A comparison of (26) and (30) shows that the purpose of
the virtual impedance Z;,, is to counteract the negative
damping effect of Z,, and reduce the influence of the time
delay in Z, . Therefore, G, can be designed as a band-
pass filter (BPF), where the pass band should completely
avoid the negative damping frequency band.

Ggump can be composed of a high-pass filter (HPF), an
LPF, and a gain coefficient k, and can be expressed as:
ks o

G L
S+owy s+o;

€Ly

where wy and w; are the bandwidths of HPF and LPF, re-
spectively.

According to the definition of the BPF bandwidth, we
have:

damp =

ijCO a)L
(jo+wy) jo+o,)

V2

where w, is the cutoff frequency of the BPF.

Based on the solution given in (32), we can obtain the up-
per and lower cutoff frequencies w,, and w,,, respectively.

Because the phase of Z,,, between 550 Hz and 1600 Hz
is greater than 90°, to avoid the negative damping frequency
band of Z,,, and avoid system instability at low frequencies,
the bandwidth of the designed filter should satisfy the re-
quirements:

(32)

w=w,

Wy, >2m-200 rad/s

W, <2m-500 rad/s (33)

A flow of the damping controller parameter setting is pre-
sented in Fig. 17.

The initial range of the damping controller parameters is set
to be k,e[-1.5,-0.1], f,,€[100,500]Hz, and f; €[100, 1000]Hz,
and the step lengths of &, f;;, and f; are set to be 0.02, 20 Hz,
and 20 Hz, respectively. According to the previous method,
the feasible region of the damping controller parameters can
be obtained, as shown in Fig. 18.
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‘ Set the initial range and change step length of &, f;;, and f;

l

Calculate the upper cutoff frequency and lower cutoff
frequency according to (32)

|

| Determine whether the cutoff frequency satisfies (33) |

{

| Obtain the parameter feasible region for the damping controller |

l

Bring parameters of the feasible region into the MMC impedance
model to determine whether resonance can be suppressed

l

Simulate the damping controller in the EMT model to verify
its effectiveness

End
Fig. 17. Flow of damping controller parameter setting.
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Fig. 18. Feasible region of damping controller parameters.

When the impedance characteristics of Z,,, are fully con-
sidered, the parameters of G,,,, are determined to be k=
—-0.8, f3=150 Hz, and f; =550 Hz.

Figure 19 shows that the impedance reshaping control has
a stronger HFR suppression capabilities than other HFR sup-
pression strategies. Four cases are investigated.

In Case 1, the AC system is the same as in Fig. 5, and the
impedance parameters are determined to be L,=200 mH,
C,=0.5 pF, R;=84 Q, and R,=120 Q. In Cases 2 and 3,
the AC system uses an AC cable with a length of 50 km. In
Case 4, the length of the AC cable is 100 km.

The positive-sequence resistance, inductance reactance,
and capacitance reactance are 5x 107 Q/m, 1.2x10™ Q/m,
and 17 MQ/m, respectively.

As Fig. 19 shows, the impedance characteristics of the
MMC with the impedance reshaping control at the middle
frequency are significantly improved, and the negative damp-
ing frequency band is further reduced compared with that us-
ing other control strategies. Note that the yellow shaded ar-
eas indicate negative damping. Cases 1 and 2 show that the
impedance reshaping control has a better HFR suppression
effect than the nonlinear filter control.
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Fig. 19. Impedance characteristics of MMC and Z,. (a) Case 1. (b) Case 2.
(c) Case 3. (d) Case 4.

When only the nonlinear filter control is adopted, the am-
plitude of the MMC and Z, intersect at 809 Hz and 640 Hz
in Cases 1 and 2, respectively, and the corresponding phase
differences are 181.9° and 195.5°, respectively. Thus, the sys-
tem will resonate in both cases. After the impedance reshap-
ing control is adopted, the corresponding phase differences
between the MMC impedance and Z, are 163.6° and 160.1°
in Cases 1 and 2, respectively. Thus, the HFR is effectively
suppressed.

Case 3 compares the HFR suppression effect of the imped-
ance reshaping control and control strategy with the second-
order LPF adopted in the voltage feed-forward path.

In addition, an LPF is adopted in the power outer loop.
As Fig. 19(c) shows, the phase difference of Z, and Z, with
an LPF in the voltage feed-forward path is 185.3° at 629
Hz. Therefore, the system cannot remain stable.

A novel HFR suppression strategy is proposed in [15],
which is achieved by adding a second-order LPF to the volt-
age feed-forward path and an LPF to the proportional path
of the current control. The bandwidth of the LPF in the pro-
portional path is 300 Hz. When the length of the AC cable
is 50 km, both the suppression strategy in [15] and the one
in this paper can maintain stability. However, as shown in
Fig. 19(d), when the length is changed to 100 km, the phase
difference of Z, and Z,, with the strategy in [15] is 180.1° at
335 Hz.

In the aforementioned four cases, when the impedance re-
shaping control is adopted, the system can maintain stability,
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which indicates that the impedance reshaping control has a
better HFR suppression effect.

D. Verification of Effectiveness of Impedance Reshaping
Control

Next, the correctness and effectiveness of the impedance
reshaping control are verified by EMT simulation.

To verify the effects of time delay and impedance reshap-
ing control, in the initial state, the system lumped delay 7,
is set to be 0 ps, 7, and 7, are the same as in Table I, and
another control strategy such as the nonlinear filter control is
adopted. 7, step changes are from 0 to 400 us at 1.0 s, and
the impedance reshaping control is adopted after the system
oscillates. Simulation results under 7, step changes are
shown in Fig. 20.
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Fig. 20. Simulation results under T, step changes. (a) Active power in

Case 1. (b) Active power in Case 2. (¢) Voltage at PCC in Case 1. (d) Volt-
age at PCC in Case 2. (e) Active power in Case 3. (f) Active power in Case
4. (g) Voltage at PCC in Case 3. (h) Voltage at PCC in Case 4.

In Cases 1 and 2, when only the nonlinear filter control is
adopted, the system resonates due to the effect of the link de-
lay. FFT analytical results of three-phase voltage show that
the resonant frequencies are 804 Hz and 631 Hz in Cases 1
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and 2, respectively, which are essentially the same as the an-
alytical results presented in Fig. 19(a) and (b), respectively.
In Case 3, with the increase in link delay, HFR occurs in the
system, and the resonance frequency is 629 Hz, which is es-
sentially the same as the analytical result presented in Fig.
19(c). In Case 4, before the impedance reshaping control is
adopted, the HFR phenomenon cannot be suppressed, and
the resonance frequency is 339 Hz, which is essentially the
same as the analytical result presented in Fig. 19(d).

After impedance reshaping control is adopted, the reso-
nance disappears in all four cases, which verifies the HFR
suppression capabilities of the impedance reshaping control.

Figure 21 shows the transient performance of the imped-
ance reshaping control in Cases 1 and 2. A single-phase met-
al grounding fault is applied at the AC bus at 1.0 s, and the
duration of the fault is 0.1 s. In addition, to verify that the
impedance reshaping control has HFR suppression capabili-
ties within a certain time-delay range, the simulations are
conducted when 7', are 400 ps and 500 ps, respectively.
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Fig. 21. Transient performance of impedance reshaping control. (a) Case
1. (b) Case 2.

Figure 21 shows that regardless of whether 7, is 400 ps
or 500 ps, after the single-phase metal grounding fault is re-
moved, the system can restore stability and has fault ride-
through capabilities in both cases, thus verifying the effec-
tiveness of the impedance reshaping control.

VII. CONCLUSION

In this paper, the frequency coupling impedance and

equivalent SISO impedance models of MMC-HVDC sys-
tems are established, and their accuracies are verified by the
impedance scanning method and EMT simulations. The anal-
ysis of the frequency characteristics of the self-impedance
and coupling admittance reveals that the link delay and
MMC frequency coupling significantly affect system stabili-
ty. The MMC frequency coupling effect can be reduced by
the proportional coefficient of the current loop or power
loop. The analysis and simulations also demonstrate that in-
serting an LPF into the power calculation path can reduce
the frequency coupling effect. To further improve the fre-
quency characteristics of the MMC equivalent impedance
and suppress the negative damping at middle and high fre-
quencies, an impedance reshaping control strategy is pro-
posed. HFR suppression capabilities and the transient perfor-
mance of the impedance reshaping control are verified by
EMT simulations in PSCAD/EMTDC.
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