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ABSTRACT Recently, small-signal stability of the modular multilevel converter (MMC) based high-voltage
direct current (HVDC) transmission for wind farm integration has attracted great attentions. The
impedance-based frequency-domain method is an effective tool for such studies, in which the accuracy
of the impedance model is of significant importance. Currently, the decoupled single-input single-output
(SISO) sequence impedance of the MMC-HVDC system with wind farm is commonly used due to the
simplicity in stability analysis. However, since both the MMC and wind farm exhibit frequency coupling
behaviors, the decoupled SISO sequence impedance model may lead to inaccurate stability conclusion
under certain conditions. In order to improve the model accuracy, based on the harmonic state-space
(HSS) modeling approach, this paper proposes a generalized multi-input multi-output (MIMO) sequence
impedance model of the MMC-wind farm system. The proposed MIMO impedance model can effectively
capture the frequency couplings in the interconnected system, based on which the coupling mechanism of
multi-frequency components within the MMC is then revealed. To facilitate the interconnection analysis,
the model truncation criteria is proposed and validated by comparing the accuracy of the MIMO model
with different truncated dimensions. In addition, this paper considers the internal impedance network of the
wind farm when developing the aggregated wind farm impedance model for interaction stability analysis.
Finally, the proposed MIMO sequence impedance model is applied to accurately predict the instability of
the MMC-HVDC connected wind farm system.

INDEX TERMS Wind farm, modular multilevel converter, frequency coupling, sequence impedance,

stability.

I. INTRODUCTION

Modular Multilevel Converter (MMC) [1] -based high volt-
age direct current (HVDC) transmission is the preferred
scheme for grid integration of large-scale long-distance off-
shore wind farms, as shown in Figure 1, thanks to its mod-
ularity, scalability, high efficiency, [2], [3], etc. In the last
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ten years, more than ten MMC-HVDC projects have been
commissioned all over the world, especially in China and
Germany. However, frequent occurrences of wide-band oscil-
lations in the actual MMC-HVDC systems greatly hinder
the project development. Therefore, for practical application,
it is very important to accurately predict the small-signal
instability of such interconnected system.

To study such small-signal stability problems, both the
state space-based [4] and the impedance-based methods
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FIGURE 1. Structure diagram of wind farm integration via MMC-HVDC.

can be applied. In this work, the impedance-based method
is preferred, since most of the oscillations are caused by
port-interactions between source and load subsystem, for
which the input-output characteristic is analyzed. The sub-
synchronous oscillation phenomenon in a real MMC-HVDC
connected with wind farm was first reported in [5], where
the impedance-based method was applied to investigate the
interaction mechanism. However, the Ref [5] does not con-
sider the effect of the submodule capacitor voltage ripples
on the MMC impedance. This flaw is remedied in Ref [6],
where the three-phase phase-domain controller in abc sta-
tionary frame is adopted. Based on the model of MMC in
Ref [6], the stabilization control and the controller param-
eter optimal design were proposed in [7] and [8] respec-
tively to improve the stability of the interconnected system.
The [9] analyzed the stability of a self-synchronization-based
wind farm with MMC-HVDC. The low-frequency oscillation
around the fundamental frequency in the doubly-fed induc-
tion generator (DFIG) based wind farm with MMC-HVDC
was studied in [10]. However, most of the interconnected
stability analysis were based on the decoupled single-input-
single-output (SISO) sequence impedances. The frequency
couplings inside the MMC and its influence imposed on the
interconnected system have not been studied deeply.

Due to the unique characteristics of the MMC’s multi-
frequency responses, the accurate characterization of non-
negligible frequency couplings is the first key issue for
the MMC modeling. Recently, several methods, such as
multi-harmonic linearization [11] and harmonic state-space
(HSS) [12], [13], have so far been proposed for the MMC
impedance modeling. In [12], the HSS method was applied
in the MMC impedance modeling considering the internal
dynamics effects. And the [11] utilized the multi-harmonic
linearization method to include the d-g current loop and
phase-lock loop (PLL). However, the above resulting models
for analysis are still based on the conventional definition
of sequence impedance, which are actually decoupled SISO
models focusing on the input and output relationship at the
same frequency. In [13], a two-by-two impedance matrix
is derived to incorporate the influence of frequency cou-
plings, in which, however, the MMC is used for feeding a
linear system that does not exhibit the frequency coupling
behavior. For this paper, the MMC is used for integrating
the wind farm where the frequency couplings exist in both
systems, thus the resulting frequency coupling behavior is
worth being clarified. The second key issue is how to capture
the dominant frequency couplings and reduce the dimension
of the MIMO impedance model for the sake of complex
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interaction analysis. According to [12], at least the third har-
monic needs to be considered to ensure the accuracy of the
MMC impedance model. Alternatively, this paper aims at a
truncation method by exploiting the property of frequency
couplings of the MMC-wind farm system.

The third issue is to improve the accuracy of wind farm
aggregation model, rather than adopting the simplified single-
machine aggregation model as in the past researches [5]-[10],
which is not able to reflect the internal characteristics of
the wind farm. The detailed internal electrical network of
the wind farm will be considered in this paper when imple-
menting the interaction stability analysis of the MMC-wind
farm system. The impedance modeling of the wind turbine
is well-established such as Type IV [14] and Type III [15]
wind turbine. Nevertheless, careful attention should be paid to
the reference frame transformation of individual impedances
when formulating the final wind farm impedance. This issue
has been well-discussed in [16]-[18] to acquire an accurate
impedance aggregation model.

The main contribution of this paper includes: 1) the more
accurate and generalized MIMO impedance model of the
MMC is proposed, and the frequency couplings within the
MMC are clarified not only considering the mirror frequency
coupling effect but also the sequence coupling effect; 2) a fea-
sible model truncation criterion is proven, which is sufficient
for the interaction stability assessment of the MMC-wind
farm interconnected system under balanced three-phase con-
ditions; 3) the impedance network based wind farm aggre-
gated model is adopted to improve the accuracy of the
interaction stability analysis.

The rest of the paper is organized as below. In Section II,
the generalized MIMO sequence impedance model of the
MMC is established using the HSS modeling method.
In Section III, the frequency coupling mechanism inside the
MMIC is illustrated, based on which a reasonable truncated
sequence impedance matrix is extracted. Besides, the accu-
racy of the proposed MIMO impedance models with differ-
ent truncated dimensions is also compared. In Section IV,
a case study on the MMC-HVDC connected wind farm sys-
tem is carried out to show the effectiveness and accuracy
of the derived sequence impedance model considering the
frequency couplings. Section V concludes the paper.

Il. MIMO SEQUENCE IMPEDANCE MODEL OF THE MMC

Since this paper is mainly focused on the interconnected
system with wind farm and wind farm sidle MMC (WFMMC),
the grid-side MMC (GSMMC) shown in Figure 1 can be
represented by a dc voltage source and the detailed intercon-
nected system is shown in Figure 2. In this section, the MIMO
sequence impedance of the MMC is developed consider-
ing multiple harmonics couplings. Compared with [11], the
derivation process in this paper is more straightforward and
the obtained sequence impedance model not only considers
the input/output relationship at the same frequency, but also
incorporates other frequency components. Different from the
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FIGURE 2. Topology of the wind-farm MMC interconnected system.

Ref [6] and Ref [12], the commonly-used double-loop control
is also incorporated into the MMC modeling.

A. LINEARIZED THREE-PHASE STATE-SPACE

MODEL OF THE MMC

The topology of the MMC is given in Figure 2. The modeling
of the main circuit of the MMC in abc frame [19] is briefly
summarized in Eq. (1).

diCX R . nux n]_x
= ——le — —Veuxr — —V
dt [ TG T
dveur nue (. n 1,
=— |1 —
dt Carm \ &1 28 0
dverx ny 1,
= — iy — =1
dt Carm \ & 2%
digy  ny Ry R. Vox
= —Vcx — —Veuxr — —lox — —
T e A A )
where icx, Veur, Velrs grs Vox (X = a, b, c) represent the

time-periodic circulating current, upper arm voltage, lower
arm voltage and ac-side current, respectively. For a nonlinear
system in Eq. (1), the linearization needs to be applied to
acquire its linear model.
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FIGURE 3. Block diagram of the ac voltage control loop of WFMMC.

where the superscript s represents the periodic steady-state
value of state variables. Since the WFMMC operates at the
ac voltage control mode, only fundamental-frequency com-
ponent will exist in the modulation indices, whose linearized
form is

Avref
Any = — &
o 3
Avr‘}t
Any = :
Ve

Now the linearized three-phase state-space model of the
MMC main circuit is established, then the next step is to
calculate the modulation signal Av“jf of the control part.
The commonly-used double-loop d-g control scheme [10] is
considered in this paper as shown in Figure 3.

The outer loop can be descripted like

irg%fq = va (Ufqu - ngq) + Kivxdql + Kfvgdq
d
d_txdql = Uszf — Vadq 4

where the x4q1 represents the output of the outer loop inte-
grator and the Ky is the feedforward gain. The inner loop is
like
£ .ref . .
Vf;jq = Kpi (lgaq — lgdq> + Kiixdqo + Kidigqd
d

sref s
axqu = lrgedq — lgdq ©)
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where the xqq> represents the output of the inner loop integra-
tor and the Kjq is the decoupling gain equaling to wL.

To connect with the three-phase model of the MMC main
circuit, the state variables of the control part in d-g frame
(Eq. (4) & Eq. (5)) need to be transformed into those in abc
frame. The transformation of the Eq. (4) is expanded here as
an example. The algebraic equation in Eq. (4) is expanded as:

ref ref
T? ‘ed | _ b K. Uy || Ved
dq/abc léeqt dq/abe 124 Uéef ng

Xd1 Ved
+Kiv[ }+Kf[ ¢ D (6)
Xql Veq
-ref
lgaf , , Ugrlef Vgef
-re _ ref | _ ref
lgb - dg/abc abc/dg va Ub vb
iref Uref vref
ac ¢ c
ref ref
xla, Va .
+Kiy | X | + K | vt (7
ref ref
Xle Ve

The differential equation in Eq. (4) is expanded as:
d Fla d 0 Xd1 d 6 Xd1
& X1b = a (qu/ahc [qu }) :C()O@ (qu/abc> ’ |:xq1 }
Xlc

d[x
o 9| xal
+ qu/abc dt [qu }

d 0 0 ta
= wOE (qu/ahc) ’ Tab(‘/dq Xb
Xc
ref ref
0 0 Ua £ 0 Ve
ref | _ e
+ qu/abc Tabzr/dq Ub Tabc/dq Vb
ref Vref
C C

®)
The vector form of the Eq. (7) and Eq (8) is given below:

.ref _ 0 0 ref
lgx - qu/ahc (T(lb(‘/dq (va <ng

_Vgx) — Ky + Kivxlx)) ©
dxiy 0 0 0 0
dt = wO@ (Tabc/dq> ’ Tabc/dqxlx + qu/abc ’ abc/dq
x (U~ ver) (10)

where the x1, represents the three-phase form of the xqq1.
The transformation of the inner loop can be derived similarly,
which is like:

ref _ 76 0 o ref _ ,
Vgx - qu/abc (Tab(‘/dq <Kp1 (lgx lgx) + K11x2x)

+T be/qd Kidig: ) (a
dxzx d 0 0 6 0
T - wo@ (qu/abzr) Tabc’/dqx2x + Td@/ab('T“bc/dq

x (if i ) (12)

The park and the inverse park transformation used above is
given in Appendix A, including qu/abc, Tth/dq and Tgbc/qd.
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The linearized form of the Eq. (9) ~ Eq. (12) is like
.ref
Alrgfc
6 6
=T (Tabc raq (= (Kpv + Ki) - Avge + Kiy - Axlx)>
dAx|,

_ 4y 0
dt = o d@ <Tabz‘/dq> Tnbc/dq

Axyy — qu/abc . bec/dq Avgy

(13)
Avrgexf
-7 (waq (Kpi (Aifgif _ Aigx) + K szx)
+T5hc/quidAigx) (14)
B L e
+T Zq/abc bec/dq <Airg B Aigx)

It is noticed that the multiplication terms originating from
the park and inverse park transformation are constant matri-
ces defined as k1, k2 in Eq. (15) and (16), whose values are
listed in Appendix. A.

_ 7o 0
kl - qu/abc ’ Tab(‘/dq (15)
d
_ 70 0 _ 0 0
kz - qu/ab(‘Tabc/qd - _E (Tabc/dq) Tahc/dq (16)

Now, by integrating Eq. (13) and (14) into Eq. (2) and (3),
the linearized three-phase state-space model of the MMC can
be obtained in Eq. (17).

d
aX O 18x1 =4 (O 18x18 X O 18x1+B O 18x18-U (D13x1
(17)

where the X() are state vectors including Aicy, Aveyy, AVely,
Aigy, Avgy, AX1x, AXyy, totally 18 variables. U(¢) are input
vectors containing Avgy. A(?) is the state-space matrix and
B(t) is the input-space matrix, whose explicit expressions are
given in Appendix E.

B. HARMONIC STATE-SPACE MODEL OF THE MMC

The state-space model of the MMC in Eq. (17) is still time-
periodic, which needs to be converted into the harmonic state-
space (HSS) model in frequency domain. In HSS, variables
are transformed from time domain into the frequency domain,
presented by Fourier coefficients as:

x(t) = Zxkef"w” (18)

keZ

By expanding Eq. (17) into the Fourier series, we get
Ak ()= A" Ax+ " B,ed"" Au (19)

in which A, and B,, are the Fourier coefficients of A(t) and
B(t) respectively and wj is the fundamental frequency. Taking
Laplace transform on Eq (19), we have

SAX () = Y ApAx (s — jnwr) + Y ByAu (s — jnw)
(20)
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The Eq. (20) can be written in matrix form as
sX=A-N)-X+B-U 21

The Equation (21) can be rewritten as (22). It is pointed out
that the matrix (A-Np) should be full rank [12].

X,=—(A—N,)'B-U,(N,=sI+N) (22
According to [12], the harmonic order of the HSS is set as
three to guarantee the enough accuracy. The X}, and N, are
defined in Eq. (23) and Eq. (24).
T
Xp = [Xa»pfswl) v X () X(wp+3w1)]
X(a)p:thwl)

(wpEhwy)
= ( Aicy Aveur Avere Algy Axix AXxoy ])1 18

i X
(23)

[J(w0p = 3en) 1

Np — ijI

I j (a)p + 3601) 1

(24

The Toeplitz matrix of the Fourier coefficients of the
system matrix A(t) is shown in Eq. (25). The form of the
Toeplitz matrix B is the same as the A. It is pointed out that
there mainly exists dc, fundamental, and double-frequency
components in the capacitor voltages and arm currents of the
MMC under normal conditions. Therefore, those harmonics
above double-frequency can be ignored.

Ay A_, A
A Ay A

A A
Ansxize=|"2 ! (25)
A, A
A Ay A
Ar Ay Ao

The perturbation voltage U, can be either positive- or
negative-sequence. To acquire a n x n impedance matrix,
n perturbations at different frequencies need to be injected.
If the perturbation is injected at wy, the U, is like:

T
Up=[ U300 Ut Voo ] (26)
U, = [03><1 03x1 03x1 Avgy 035 03x)

The essence of the impedance calculation is to establish
the relationship between the perturbation voltage and the
resulting current. The perturbation voltage and the feedback
ac current need to be extracted from the X, as:

1% _ wp—3w; wp wp+3w; T
g = | Avgy s Avgy -- Avgy

wp—3w] R0 wp+3wy T
ngz[mg;c A A ] 27)
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C. DERIVATION OF THE MIMO SEQUENCE

IMPEDANCE OF THE MMC

The linear symmetric transformation [20] is applied here to
transform state variables in abc domain to those in sequence
domain. The zero-sequence is omitted because there are no
paths for zero-sequence currents. The symmetric transform
is extended as:

. 1 1 esz” e_jo”
E=diag(...,e,e,e,...), e=— P o
311 73 €3

(28)

The sequence component of the ac-side voltage Ugap and
current Igype can be gotten as.

T
I —E-I,.—= wp—3w] . wp wp+3wi
gpn gx [ Algpn Algpn Algpn ]
Ven=E - Vg .
— wp—3w] wp wp+3w; 29
[Avgpn © Avgpn v+ Avgpy ] (29)

Therefore, the MIMO sequence impedance can be derived
as:

- (30)

Zlfzxm = Vpn - (Igpn)
Ill. FREQEUNCY COUPLING ANALYSIS AND TRUNCATION
OF THE MMC MIMO SEQUENCE IMPEDANCE
The developed MMC sequence impedance above is of large
dimension which is not suitable for numeric stability assess-
ment. In order to derive an appropriate model order for
efficient stability analysis, the harmonics coupling inside the
MMC especially the frequency couplings should be first ana-
lyzed and elucidated. The parameters of the interconnected
system are listed in Appendix. B.

A. THE MULTI-FREQUENCY RESPONSE

CHARACTERISTICS OF THE MMC

This part will discuss the multi-frequency response charac-
teristics of the LTP system like MMC. The Eq. (22) could be
rewritten as:

X,=—(A-N,)"'BU, 31)
—_——
R

whose matrix form is like:

Ax('s—l) Ro(s—1) R1(s0) R 2(sy1)

Ax (so) | = Ri(s—1) Ro(so) R_1(sy1)
Ax (54+1) Ry (s—1) Ryi(so) Ro(s41)
Au (.Sfl)
Au (s0) (32)

Au (s11)
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FIGURE 4. Multi-frequency response characteristics of the MMC.

To see the multi-frequency response characteristics rep-
resented by the HSS matrix, the Ax(sp) is extracted from
Eq. (32) with s = jw.

h
Ax (jo) =) (R, (jo + jnw1) - Au (jo + jnwr))
—h

(33)

Supposing that the input Au only has single frequency wp,
ie., Au = Ue®?", which could be expressed in frequency
domain as:

Au (jo) = US (o — wp) (34)
The corresponding output spectrum is:
h
Ax (jo) =Y (R, (jo+jnw)) - Us (o+nw) — wp))  (35)
—h

where §,, is the Dirac function. It’s clear from Eq. (35) that
multiple frequencies wp + nw; appear in the output spec-
trum under single-frequency input which is summarized in
Figure.4. Therefore, to acquire a n x n dimensional matrix, n
perturbations need to be injected.

Steady-state

B. ANALYSIS OF THE FREQUENCY COUPLING

INSIDE THE MMC

Usually, two main types of couplings exist in the impedance
of the converter-based power electronic systems, i.e., fre-
quency coupling and sequence coupling. For the frequency
coupling between two different frequencies, it should be
defined at the same sequence domain, either positive- or
negative-sequence. For the sequence coupling between the
positive- and negative-sequence impedances, it should be
defined at the same frequency [20].

Thanks to various types of impedance models proposed in
recent years, the couplings inside the converters are under-
stood gradually. Divided by the reference frame, there are
d-q impedance [21], modified sequence impedance [22],
a-f impedance [23] and traditional sequence impedance [24].
Divided by the dimension, there are SISO impedance and
MIMO impedance. The above-mentioned impedance models
have illustrated the frequency coupling mechanism of the
VSC very well, which is mainly originated from the asym-
metric d-q control [22] generated by PLL, outer control loop,
etc. However, the frequency coupling within the MMC needs
further discussions.

As shown in Figure 5 and Figure 6, the injected small-
signal perturbation current at 35 Hz will trigger another per-
turbation current at mirror coupling frequency (65 Hz) either
under open-loop control or close-loop control. The frequency
couplings exist even under the open-loop control which is
totally different from the VSC. In addition to the asymmetric
d-q control [22], another important factor producing the fre-
quency coupling within the MMC is the internal double-
frequency harmonics, which will interact with the injected
frequency making the ac-side exhibiting the frequency cou-
pling characteristics. Therefore, the frequency couplings of
the MMC could not be ignored under any control modes as
long as the double-frequency harmonics existing. Another
noteworthy phenomenon is that, there exist some small har-
monics at 1 Hz, 79 Hz, 100 Hz and 121 Hz either under
steady-state or small-signal perturbation. These inherent

Small-signal perturbation

0.025 0.025
~ 0.02 0.02 35Hz
3 = Al
[
[}
IS
© 0.015 0.015
el "
S Frequency coupling
[T
o 001F 0.01F
2
= 79Hz 121Hz o nar 65
0.005
Internal dynamics S
1Hz 100Hz
0 0
0 50 100 150 200 0 50 100 150 200

Frequency (Hz)
(2

Frequency (Hz)
(b)

FIGURE 5. Harmonic components of the ac-side current of MMC under open loop control, (a) steady state;

(b) small-signal perturbation.
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100Hz

~ 002} 0.02f 35Hz
©
g A
[
% 0.015 0.015
2 1Mz '
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s Internal dynamics
° 001 79Hz | TETEY 0.01
X 24
j=))
©
=

0.005 0.005 65H

0 0
0 50 100 150 0 50 100 150 200

Frequency (Hz)

Frequency (Hz)

FIGURE 6. Harmonic components of the ac-side current of MMC under closed loop control, (a) steady state;

(b) small-signal perturbation.

harmonics are caused by the internal dynamics discussed
in [12], that’s why the HSS model needs to incorporate the
third harmonics.

The distribution of the MIMO sequence impedance derived
from the HSS is given in Eq. (36).

"
¥p+1
Vo
P
v,
-1
Vp1
V.,
-2
sz
Vi
0 0
Zy 32 Ziy
0z .
Zy 01 Zy,
B 0 zl,
- -2
0 ar
2y 0 7 .
2y 0 7z,
+1
”
70
P
IO
X Iﬁ] (36)
Ip—l
[
)4
172
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Positive Sequence
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Z3 .

Negative Sequence
Zys

Frequency coupling

ZO +2 . g
12 E 21 in positive-sequence

+1

e
+2
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FIGURE 7. Modified distribution of the frequency coupling in positive-
and negative-sequence impedances.

Frequency coupling
in negative-sequence

According to Ref [25] and [26], when extending
the frequency coupling of MIMO impedance matrix, the
symmetrical transformation needs to be modified to avoid the
frequency coupling happening between sequences. The mod-
ified coupling propagation path in positive/negative sequence
is given in Figure 7. The arrows represent the coupling
between two frequencies. The frequencies in orange color
belong to the positive sequence, while the frequencies in blue
color belong to the negative sequence. The dotted line means
that the frequency coupling will not appear in this truncated
frequency range. Taking one pair of the coupled frequency
(s + jowi, s — jwi) for example, the frequency coupling
appears in the positive-sequence, while it doesn’t show up
in the negative-sequence. But the frequency couplings in the
negative-sequence appears in the third harmonic (s + 3jw1),
and the positive-sequence will not exhibit the frequency
couplings this time. Therefore, for any given two coupled
frequencies, there will only exist one pair of frequency
couplings either in positive- or negative-sequence. And the
frequency coupling will appear alternately in positive- and
negative-sequence impedances.
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FIGURE 8. Positive-sequence impedance of the MMC (amplitudes).

The positive- and negative- sequence is split as:

m Y43 ]
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37)

(38)

Frequency (Hz)

Frequency (Hz) Frequency (Hz) Frequency (Hz)

The frequency scanning results are given to verify the
correctness of the extracted impedance model in Eq. (37)
and Eq. (38). As shown in Figure 8, amplitudes of the ana-
lytical positive sequence impedance fit well with the results
of the frequency scanning. It can be observed that there
exist frequency couplings in two set of frequencies: s + jw
and s — jow1; s + 2jw; and s. Correspondingly, the negative
sequence impedance and its frequency scanning results are
given in Figure 9, which also shows a good conformity.
Similarly, there exist frequency couplings in three set of
frequencies: s — jw; and the s — 3jw;, s and s + 2jwy,
s + jw1 and s 4+ 3jw;. Unlike the VSC-based wind farm,
the off-diagonal terms of the frequency coupling in MMC will
decline rapidly in the medium- and high-frequency range,
where the frequency couplings in MMC can be ignored.

Therefore, the frequency coupling depicts the coupling
at two different frequencies but in the same sequence. The
sequence coupling depicts the coupling between positive-
and negative-sequence but at the same frequency. In three-
phase balanced system, only the frequency coupling needs
to be taken into account. And for the MMC, the frequency
couplings cannot be ignored, which is the foundation of the
model truncation in the following part.

C. TRUNCATION OF THE MMC MIMO SEQUENCE
IMPEDANCE MODEL

Actually, the modified sequence impedance [22] reflects the
frequency coupling very well. In this section, it’s found that
the derived MIMO sequence impedance matrix will exhibit
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FIGURE 9. Negative-sequence impedance of the MMC (amplitudes).

a more compact distribution in modified sequence domain, By integrating Eq. (36) into the Eq. (40), the MIMO mod-
which is very helpful for estimating the truncation criteria. ified sequence impedance could be obtained as:
Therefore, the MIMO sequence impedance (p/n) matrix is _ -
transformed into the MIMO modified sequence impedance :
(Mp/Mn) matrix by using the relationship as: anl‘;
v, Jott— () v, Vi
pl_|¢ Mp v
-] e
S— Mn
P Vﬂgpl
- | Vit
Therefore, the modified sequence impedance could be :
obtained as: L & 4
-1
Zypn = P Z),P), (40) Zl_|i1 Zl.gl III/IF;
. . - AR I
where the Toeplitz matrix of the Py, is like: 2L 22 L o Mn
— Zy Z%)z Ly
B 7] Zy Zy ' . 1181;}
Zu] 212] Ly
0 0 Zy Iy I A},{
0 1 - :
1 0 0 0 - - ”
P, = 0 0 1 41 (42)
1 0 . It can be observed from Eq. (42) that under the fun-
0 damental frequency rotating frame, the frequency coupling
could be rearranged in a more compact form, i.e., diago-
L i nal block matrix without decentralized couplings. Therefore,
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one two-by-two impedance matrix could include all essential = s s-2jw1
information of Eq. (42) or Eq. (36) since the other entries can 2150 100
. . . °
be gotten by shifting sto s, (n = 1; —1; 2; —2; ...). In partic- ’ %100 50
ular, if s is shifted to s_1, the same model as the one proposed L - : - , ok - ,
. . . . 10 10 10 10 10 10° 10
in [22] could be obtained, which has been recognized as a 200 200

modified sequence impedance in the stationary frame.
[ v, (0) ]=|:ZPI (s —jor) Z}), (s—jwn] [ I, (0) }
V, (=2) 23 (s — jor) Z3y (s — jor) | [ 1n (—=2)
(43)

Thus, one two-by-two impedance matrix containing a pair
of frequency coupling is enough for stability analysis. The
information of the seven-by-seven impedance matrix is dupli-
cated in stability judgement, because it’s just the frequency
shift of one two-by-two impedance matrix. This conclusion is
only valid when MMC operates under three-phase balanced
condition. If the MMC went into three-phase unbalanced
condition, the order of the MIMO model needs to be raised
to incorporate the sequence coupling.

D. ACCURACY COMPARISON OF THE TRUNCATED
MODELS WITH DIFFERENT DIMENSIONS

To make the model truncation more persuasive, the accuracy
of the model with different dimensions are compared by
transforming them into the SISO impedance model (a method
introduced in Ref [27]). Here, the four-by-four, two-by-two
and one-by-one positive-sequence impedances are compared,
whose expressions are like:

il orzh oz 1!
il o7 Bl
v, ! z) 1 zy, 1 !

viil Lz 2y L
MR .
Vp_l_ | 73, 73, 2x2 IP_I
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+1 _ [0 +1 1 _[,0 -1
Y _[Z“]lxllp’ Ve _[222]1x111’ (46)

The above three truncated models are compared in
Figure 10 via the SISO equivalent impedances [27]. It can be
observed that the truncated two-by-two sequence impedance
in Eq. (45) could guarantee the sufficient accuracy, which is
rewritten as

e _[20C 2
ZYMC | TP o (47)
P MMC MMC

ZP_21 ZP_22

where the subscript P denotes the positive-sequence. The
phase verification of one pair of coupled frequencies in
positive and negative sequence are listed in Appendix C.
The decoupled sequence impedance adopted in the past
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FIGURE 12. Stability analysis considering frequency couplings.

research [5]-[9] ignoring the off-diagonal components is like:

S MMC
ZMMC _ |:ZP_11 N?Mc}
0 Zp 3

(48)

IV. STABILITY ANALYSIS OF THE

INTERCONNECTED SYSTEM

In this section, the truncated two-by-two sequence impedance
of the MMC will be used for stability analysis of the inter-
connected system. Also, the impedance network-based wind
farm aggregation model is also validated.

A. IMPEDANCE VALIDATION OF THE WIND FARM

The impedance network-based wind farm model is adopted in
this paper. The accuracy of the model is guaranteed by con-
sidering the detailed doubly-fed induction generator-based
wind turbine model [14], collection network model, trans-
formers and filter branches. The topology of the wind farm
has been given in Figure 2, which contains twenty-five DFIG-
based wind turbines, 0.69/35kV transformers and three filter
branches. The positive-sequence impedance of the wind farm
considering frequency couplings is derived in Appendix D.
To match with the truncated MMC positive-sequence

impedance, one pair of coupled frequencies is considered
which is like

Vo ] we Iy (5)
[Vp<sp—2jw1>]‘ZP (”'[Ipup—zj'wl)} )

where

ZWF ZWF
:| (50)

Z§VF (s) = |: P_11 P_12
WF WEF

Zoo1 ey

The impedance validation of the positive-sequence
impedance of the wind farm is given in Figure 11. It can be
seen that both the amplitude and phase of the analytical model
fit well with the frequency scanning results. The decoupled
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FIGURE 15. Stability analysis without considering frequency couplings.

B. STABILITY ANALYSIS CONSIDERING

FREQUENCY COUPLINGS

Actually, the MMC-HVDC connected wind farm is a type
‘Z+Y’ interconnected system as stated in [28]. According
to [28], there will not exist right-half-plane (RHP) poles
when the subsystem is stable in stand-alone mode. If the
interconnected system can operate normally, the wind farm
and MMC-HVDC system will work stably when connected
to the ideal voltage or current source in stand-alone mode.
Based on this, the effects of the RHP can be excluded.
The impedance ratio considering frequency couplings is like

L =Z}™MC ) - inv (Z)7 ) (52)

Because L; does not contain any right RHP pole,
the closed-loop system is stable if and only if the eigen-loci
of L1 does not encircle the critical point (—1, 07). The Nyquist
plots are shown in Figure 12. When the output active power
of the wind farm approaches 88% of the rated power, the sta-
bility margin is small and close to the critical state. When
two more wind turbines are put into service (96% of the rated
power), the eigen-loci of the L; encircles the (—1,05). The
theoretical analysis is verified by the time-domain simula-
tions and FFT analysis, as shown in Figure 13 and Figure 14.
Under the stable state, the PCC current mainly consists of the
fundamental component. Under the unstable state, the oscilla-
tion appears at 22 Hz and the coupled term happens at 78 Hz.
Therefore, the accuracy of the sequence impedance model
considering the frequency couplings has been verified.

C. STABILITY ANALYSIS IGNORING FREQUENCY
COUPLINGS

The stability judgement of the same interconnected system
based on the decoupled sequence impedance model [5]-[10]
is also given in this part. The impedance ratio L, without
considering frequency couplings is like

Ly = Zy™€ (s) - inv(Z)'") (53)

As shown in Figure 15, the critical state is indicated when
the wind farm output power reaches 96% of the rated power,
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which is contradictable with the time-domain somulation
results in Figure 13. And when the wind farm output power
reaches 100% of the rated power, the unstable state is pre-
dicted by the conventional stability judgement. Therefore,
for the studied system, an optimistic stabilty result is given
by the conventional stability judgement without considering
the frequency couplings. Worth mentioning that there exist
many other cases where the SISO model fails in the stability
assessement, this points to the necessity of using a more
detailed model for analysis.

V. CONCLUSION

This paper proposes a generalized MIMO sequence
impedance model of the MMC, aiming at accurately predict-
ing instabilities of the interconnected wind farm-MMC sys-
tem. The established MIMO sequence impedance model of
the MMC is verified by the frequency scanning. Based on this
modeling process, a better understanding of the frequency
couplings inside the MMC is achieved. And this knowledge is
useful for model truncation since the distribution of frequency
couplings is closely related to the model dimension. By com-
paring the accuracy of the truncated impedance models with
different dimensions, the MMC impedance model including
one pair of coupled frequency components is proven to be
sufficient for the stability analysis under balanced three-phase
systems. Finally, the accuracy of the proposed impedance
models has been confirmed by both the frequency-domain
analysis and time-domain simulations of the MMC-HVDC
connected wind farm system. In addition, it is noted that the
proposed MMC MIMO impedance model can also be applied
for the stability analysis under unbalanced three-phase sys-
tems, which will be further discussed in the future work.

APPENDIX

A. SYMBOLS DEFINITION

The park transformation is given in Eq. (A1). The inverse park
transformation is given in Eq. (A2). The park transformation
when g axis leads d axis is given in Eq. (A3). The constant
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TABLE 1. Parameters of the wind farm. 200 s-2jw1
100
— 100
Items Value Items Value » g 0 °
S
Rated power 2MW Stator resistance 0.00672pu & 100 -100
Rated voltage 690V Stator inductance 0.0985pu 200 200
Nomina} Frequency ~ 50Hz Rotor yesistance 0.00504pu ity 102 0% 100 102 103
Mutual inductance 4.316pu Rotor inductance 0.0996pu P
DC link capacitor 10mF 35kV-bus resistance 0.18Q/km 200 100
DC link voltage 1.1kV 35kV-bus inductance 1.2mH/km 100
Number of DFIG 25 110kV-bus resistance 0.1/km -z 50
Filter inductance 0.38mH 110kV-bus inductance  0.5SmH/km 2 & o 0
"8 00 50
TABLE 2. Parameters of the MMC. -200 +100¢
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Frequency (Hz) Frequency (Hz)
Items Value Items Value FIGURE 16. Impedance validation of the MMC negative- sequence
impedance (Phase).
Rated power 50MW  Rated voltage 166kV il ( )
Nominal Frequency ~ 50Hz Arm resistance 1Q
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- 100
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B. SYSTEM PARAMETERS
The parameters of the wind farm are listed in Table 1 and the
parameters of the MMC station is given in Table 2.

C. SUPPLEMENTARY VALIDATION
The phase verification of the positive-sequence impedance is
given in Figure 16, taking one pair of coupled frequencies

55614

(s, s — 2jw;) for example. The phase verification of the
negative-sequence impedance is given in Figure 17, taking
one pair of coupled frequencies (s + 2jw1, s) for example.

D. IMPEDANC NETWORK-BASED MODELING

OF THE WIND FARM

Firstly, the detailed impedance model [16] of the DFIG-based
wind turbine is adopted, which considers the dynamics of
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the induction generator, rotor-side converter (RSC), grid-side
converter (GSC) and dc-link. The whole impedance of the
DFIG-based wind turbine contains three parts, i.e., GSC, RSC
and equivalent dc-side, which is expressed as
2 =7 T 4 7

The next step is to establish the impedance network of
the wind farm, which shows higher accuracy in stability
analysis [16]. The basic idea is to integrate the impedances
of the wind turbines, transformers and cables into a circuit
network as shown in Figure 18. Since the impedances of the
wind turbines are modeled locally, they need to be reoriented
to the global reference frame defined at the point of common
coupling (PCC). Taking the wind turbine located in the first
row and first column for example, a rotation matrix is applied
according to the deviation angle of the local voltage, which is
like Eq. (D2) and Eq. (D3).

(D)

2N =iz (1) (D2)
1 _ | cosb sin 01
Toq = |:— sinfy;  cosfi; ] (D3)

After unifying the d-q frame of all wind turbines, the cir-
cuit operation could be applied to simplify the impedance
network. For example, the accurate output impedance of the
feeder 1 of the wind farm is like

~1
Zy = (@ + 2l + 20 + @+ 2007

where ZT  represents the impedance of the step-up trans-

former of wind turbine.
Hence, the total impedance of the wind farm is shown
below.

-1 -1 -1
ZX:;F = <<Z\1V_4> +---+ <Z€V_4) +Zp3+Zrs +ZF7>

+Zhg  (D5)
where the Zgi oh Tepresents the impedance of the step-up trans-
former of wind farm. Zg3, Zps, Zp7 represents the impedance
of the 3™ order, 5™ order and 7 order filter branches.

The d-q impedance can be transformed to the modified
sequence domain using (D5).

Zyion () = AZZY AL (D6)
1 1 Jj 1 1 1
Az = — oAyt =—
VG B B zZ = pl-io

D7)

The 2 x 2 positive-sequence impedance of the wind farm
is like
Zp" () = Z\p, (5) (D8)

The 2 x 2 negative-sequence impedance of the wind farm
is like

WEF WE )
25" (5) = Zypp, (s + 2jwr) (D9)
1 1 -1 W T =1\
Zy 4= ((Zw; T2 + @5 +Zy,) ) +ZL E. SYMBOL DEFINITION
(D4) Equations are shown at the pages 14-17.
TR g 0 ZMa g o ™o 0 A[LI0] A[LII A[LI12] AL, 13] 0 0 A[L16] 0 o
Lo T 2L ' ' ' e '
0 -~ o o fwoqo5 o Mo a0 A211] Al212] 0  A[214 0 0 AR17] 0
Lo o rL
o o - o o M 0 ' AB,10] AR 1] A[312] 0 0 A[BI5] 0 0 A[3 18]
: L 2L 2L
C"““ 0 0 0 0 0 0 0 0 A[410] AM11] A[412] A[413] 0 0 A[416 0 0
.
0 gi’ 0 0 0 0 0 0 0 A[5100 A[511] A[512] 0 A[514] 0 0 A7) 0
arm s
0 0 g“c 0 0 0 0 0 0 A[610] A[611] A[612] 0 0 A[6,15] 0 0 A[6 18]
s arm
C’"ﬂ 0O 0 0 0 0 0 0 0 A[T10] A[71] A[l12] A[713] 0 0 A[ML16] 0 0
0 C”"‘“ 0 0 0 0 0 0 0 A[810] A8 1] A[812] 0  A[814 0 0 A[B.17] 0
o
0o o M o 0 0 0 0 0 A[10] A[11] A[912 0 0 A9 15 0 0 A[9 18]
A = Carm s
0 0 0 "Lﬁ 0 0 0 0 0 A[010] A[10,11] A[10,12] A[10,13] 0 0 A[l0,16] 0 0
S
0 0 0 o0 ”L—" 0 0 0 0 A[LIO] A[ILI1] A[11,12] 0  A[L,14 0 0 A[LITl 0
S
0o 0o o o0 0 % 0 0 0 A[210] A[I2,11] A[12,12] O 0 A[215] 0 0 A[12,18]
o 0 0 0 0 o o0 0 0 T 0 0 0 —2%’[" z’i/éf" Kiv 0 0
o 0 0 0 0 o 0o 0 0 0 T 0 27:/'§fo 0 —2%’[" Kiv 0
o 0 0 0 0 o 0o 0 0 0 0 T 0 —2%" 27:/'§fo 0 Kiv
2 -fo 27 -fo
o 0o o o o0 0o 0o 0 o -z 0 0 0 0 0 o -7 =
27 - fo 27 - fo
0o 0 o o 0 0 o0 0 0 0 -z 0 0 0 0 - o -
o 0 0 0 0 o 0o 0 0 0 0 -z 0 0 0 0 moh 2 h
L L NG 3
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