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In order to study the influence of wind power grid connection on the small-signal stability of the
multi-terminal VSC-HVDC system, based on the complete doubly-fed wind turbine model,
damping characteristics of the multi-terminal VSC-HVDC system are qualitatively analyzed.
Analyzed the influence of the doubly-fed induction generator (DFIG)-based wind turbine (WT)
connection on the damping characteristics and stability of the multi-terminal VSC-HVDC
system from maultiple perspectives including the access point of the WT, the WT’s capacity and
transmission distance. The methods of the eigenvalue analysis and time-domain simulation
analysis are adopted in this paper. Firstly, a complete three-terminal VSC-HVDC system model
is built in PSCAD, and the systems after the WT connected to the grid are analyzed and
compared. Then, based on the total least squares-estimation of signal parameters via rotational
invariance techniques (TLS-ESPRIT) algorithm, some information of the system can be
obtained such as eigenvalue, frequency, damping ratio and so on. The research results show that
when the WT is connected to the inverter side, the damping ratio tends to be greater than
connected to the rectifier side. In addition, within a certain range, as the capacity and
transmission distance of the WT increase, the damping ratio also tends to increase. In this
way, it provides a technical reference for the planning of wind farm access to multi-terminal
VSC-HVDC system.

Keywords: Damping characteristic; multi-terminal VSC-HVDC system; low frequency oscillation;
wind farm

1. Introduction

With the advancement of power electronics technology, VSC-HVDC system as a new
generation of direct current (DC) transmission technology, can easily solve many problems
faced by current AC and DC transmission technology, and provide a new solution for the
transformation of power transmission methods and the construction of future power grids
[1]. Since the super grid plan is proposed in Europe in 2008 [2], the world's first multi-
terminal VSC-HVDC transmission demonstration project has been built on Nan'ao Island
[3], the world's first five-terminal VSC-HVDC transmission project has also been put into
operation in Zhoushan Island in China [4]. In addition, Zhangbei demonstration project
which is the world's first demonstration of VSC-HVDC loop grid has been officially put
into operation [5]. Thus, VSC-HVDC transmission system has entered a stage of rapid
development. At the same time, as a new energy with advantages in alleviating energy
crisis, protecting the environment, promoting energy and environmental sustain-able
development, wind energy is highly valued by countries all over the world [6-8].

As wind power generation technology gradually matures, it is gradually integrated into
the VSC-HVDC transmission system on a large scale. At the same time, it also brings new
challenges such as the various oscillations in the VSC-HVDC system. Studies have shown
that the stability problems caused by the connection of large-capacity wind turbines to the
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VSC-HVDC system can't be ignored [9-12]. Thus, various oscillation problems caused by
the system have become an important research direction.

At present, the feeding of new energy into the multi-terminal DC system has become
one of the future development trends, so when the WT is integrated into the multi-terminal
HVDC system, the stability of the system is worth analyzing and studying. References [9-
10] and references [11-12] pointed out that the interaction between the control systems of
wind farm and HVDC station will cause the stability problem of the interconnected system,
which mainly is based on the methods of sequence impedance analysis and the
characteristic root analysis. Reference [13] studied the interconnection system of wind
farms and modular multilevel converter based high voltage DC transmission (MMC-
HVDC) used the characteristic root method, and the study showed that as the output of
wind farms increases, the interconnected system will experience oscillation instability.
References [14-15] studied the sub-synchronous damping characteristics of the alternating
current (AC)/DC hybrid system with conventional DC transmission system, and the
research showed that improper setting of the relevant parameters of the converter will bring
about the risk of sub-synchronous oscillation. Reference [16] uses the small signal analysis
method to study the HVDC system with DFIG, and analyzes the damping through
characteristic roots, but does not explain the mechanism of oscillation. Reference [17]
established an impedance model based on direct-drive WT, analyzing the cause of
oscillation, and believed that its port exhibits capacitive negative resistance characteristics
within a specific frequency range, which causes sub-synchronous oscillations with the
inductive AC power grid. In addition, reference [18] studied the causes of sub-synchronous
oscillations in the system from the perspective of electromagnetic torque, and studied the
influence of the parameters of the HVDC system controller and the steady-state
transmission power on the system stability.

Under the above background, this paper studies the influence of the connection of
the DFIG-based WT into multi-terminal VSC-HVDC system on the low-frequency
oscillation mode and damping characteristics from multiple aspects such as the WT’s
location, capacity and transmission distance. This paper adopts the methods of eigenvalue
analysis and time-domain simulation analysis. Firstly, the three-terminal VSC-HVDC
system model of wind power grid-connected is established on the PSCAD/EMTDC
simulation platform, and the corresponding power angle curve is obtained by simulation.
Then, the TLS-ESPRIT algorithm is used to identify the eigenvalues of the system and
other information. Based on this, the influence of the access point, capacity, and
transmission distance of the WT on the system oscillation and damping characteristics is
obtained. Considering this, the research can provide corresponding technical reference for

the planning of wind power grid connection to multi-terminal VSC-HVDC system.
2. Model analysis and Low frequency oscillation research method
2.1. DFIG-based WT model

Wind power generation systems differ according to the generator operation mode, which
can be divided into constant speed and constant frequency wind power generation systems
and variable speed and constant frequency wind power generation systems [19]. Because
the DFIG has the advantages of small excitation inverter capacity, low cost, and variable-
speed constant-frequency operation, the application of doubly-fed power generation

systems is extensive and the research is getting deeper and deeper [20].
2.1.1. System structure of DFIG-based WT model
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DFIG-based WT is mainly composed of a wind turbine system and a doubly-fed power
generation system. The wind turbine system can capture wind energy and realize power
control, and convert wind energy into mechanical energy. At the same time, the double-fed
power generation system can realize the conversion of mechanical energy to electric energy
[21], and the structure of the DFIG-based WT system is shown in Fig. (1).
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Fig.1. The DFIG-based WT model

2.1.2. Mathematical model of DFIG-based WT

DFIG-based WT has the characteristics of high-order and strong coupling, and its
operating characteristics are very complex. Apply park transformation to transform the
basic electromagnetic relationship of the doubly-fed induction generator on the abc axis of
the coordinate system to the d-g axis coordinate system of the rotor [22]. Then, the voltage
equation, flux equation, power equation and torque equation on the d-q axis of the
coordinate system can be obtained.

The expression of the DFIG-based wind turbines’ voltage is:

u, =R, +%—wy/qx (1
u, = —Rii, +%+Ww )
W, =Ri, + dzl/—tf’f— o, 3)

u, =R, +%+ oy, @)

Where u, ,u

dr

are the stator voltage and the rotor voltage of d —axis, u g o U, are the stator

voltage and the rotor voltage of g—axis, i, ,i, are the stator current and the rotor current

i, are the stator current and the rotor current of g—axis, R , R are the

qs ° “qr

of d —axis, i

resistance of stator and rotor, w represents the synchronous speed, w, represents the slip

speed.
The flux linkage equation is
Wi =Lty + Ly, ®)
V=L, +L,i, (6)
Vi =Ly — L,y ™)
v, =L,i, L, (®)

Where ¢, , @, are stator flux linkage and the rotor flux linkage of d - axis, ¢, , ¢, are

stator flux linkage and the rotor flux linkage of g— axis, L , L, are respectively inductance
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of the stator and rotor, L  represents mutual inductance. In addition,

m

LSS = Ls +Lm ’er = Lr +Lm .
The DFIG-based WT’s active power output equation is
Ps = ulL\' id.s' + uq.\'iqx (9)
Pr = udridr + uqriqr (10)
Eg =udgidg+quiqg (1)
DFIG =R+Rq (12)
Where P, P, P, are the active power output of the stator-side, rotor-side and grid-side

converters respectively, P, is the active power output of the DFIG-based WT.
The DFIG-based WT’s reactive power output equation is

Qs = uqs idx - udx iq.& (1 3)
Qg =y idg Uy iqg (14)
Opric =0, + Qg (15)

Where O, and Q, are the reactive power output of the rotor-side converter and the grid-
side converter, O, is the reactive power output of the DFIG-based WT. In addition,
usually 0, =0.

The rotor-side’s electromagnetic power output equation is

Pes=L"(W,i, —W¥,i,) (16)
The DFIG-based WT’s electromagnetic torque output equation is as follows
P, d-s)P pooo .
T =-20¢=-- ~o_p =] i =W i 17
e W (1 _ S)W es (‘//(,; qr l//qA dr) ( )

2.2. System model
2.2.1. Multi-terminal VSC-HVDC system model

The multi-terminal VSC-HVDC system is a DC system containing three or even more
voltage source converter stations. Unlike the double-ended DC transmission system which
has only one DC transmission line, the multi-terminal VSC-HVDC system requires
multiple DC transmission lines. According to different operating conditions and design
requirements, the multi-terminal VSC-HVDC power trans-mission system mainly has three
connection modes: series, parallel and hybrid. What this text establishes is radiating three-
terminal VSC-HVDC interconnection system in parallel as shown in Fig. (2). In addition,
the converter stations in the multi-terminal VSC-HVDC system adopt constant active
power control.

Re1

@ VSCl .,
VSC3 —@

@ VSC2

Fig. 2. Three-terminal VSC-HVDC system
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In the fig. (2), Re; is a voltage source with rated capacities of 100 MW. S, and S; are
generator systems where rated capacities both are 360 MW. In addition, VSC1 and VSC2
are rectifier stations, and VSC3 is an inverter station where rated capacity is 60 MW, 60
MW and 120 MW respectively. At the same time, when the active power of the converter
station is injected into the AC side, the direction is assumed to be positive.

2.2.2. Multi-terminal VSC-HVDC system model with DFIG-based WT

In order to analyze the impact of wind power on the multi-terminal VSC-HVDC grid,
this paper uses an interconnection system composed of the DFIG-based WT and three-
terminal VSC-HVDC system which can be seen as follows. In Fig. (3), @ and ) indicate
that the DFIG-based WT is connected in parallel on the rectifier side and the inverter side
of multi-terminal VSC-HVDC system respectively.

e
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Fig. 3. The DFIG-based WT and three-terminal VSC-HVDC connected to the Grid

2.3. Low frequency oscillation research method

There have been many mature research methods for the analysis of low-frequency
oscillation characteristics in power systems, including methods based on modal,
measurement signal and low-frequency oscillation characteristics analysis built on
probabilistic small disturbance stability [18]. At the same time, the signal analysis method
based on the measured signal is a hot spot in the current research on low-frequency
oscillation of the power system. System identification is an important branch of signal
analysis method, which can be used to obtain system oscillation mode parameters. System
identification includes a variety of identification algorithms. This paper uses the TLS-
ESPRIT algorithm which has a stronger robustness to identify low-frequency oscillation
modes.

2.3.1. Basic principles of TLS-ESPRIT algorithm identi-fication

The TLS-ESPRIT identification algorithm is a high-resolution signal analysis method
formed on the signal subspace, which is evolved from the ESPRIT algorithm [23]. The
principle of ESPRIT is to calculate the rotation factor of the signal by sampling the data,
and to improve the reliability and robustness of the ESPRIT algorithm by adding TLS. The
mathematical principles of the TLS-ESPRIT algorithm are as follows.

(1) First, sample the low-frequency oscillation signal, and then sort the sampled low-
frequency oscillation signal into a combination of attenuated sinusoidal signal and white
noise. The mathematical formula for the low-frequency oscillation signal at sampling time
n is as follows:

x(n) =Y e’ e’ T 4yy(n) (18)
k=1
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Where P ,T,,w(n) are the mode order, sampling period and white Gaussian noise of the
system. ¢, , 6, , 0, are respectively the amplitude of the k —th attenuated sine, the initial
phase, the attenuation coefficient and angular frequency.

(2) Construct a Hankel matrix X for the sampled original sequence X(n) shown as
follows.

x(0) x(D) e x(M -1
X = x(:l) X(:Z) x(]:ll) (19)
x(L-1) x(N-L) - x(N-1)

Where L is the number of data records or snapshots, M is the length of the time. In
addition, LLM >P , L+ M —-1=N.

(3) Perform singular value decomposition of X to obtain signal subspace and noise
subspace shown as follows.

X =UAV" =[U; UN]F‘E)S ZO }L‘jﬂ (20)

Where U and V are classified according to the singular value of the signal space, the
subscripts S and N are respectively the signal subspace and the noise subspace, the
superscript H is the conjugate transpose, A represents the diagonal matrix, U ,V
Corresponding to the unitary matrix of LXLand M XM respectively.

(4) The signal subspace after singular value decomposition has rotation invariance. So
the signal subspace can be divided into two interwoven subspaces. In addition, the
reversible diagonal matrix ¥ can be found so that the following formula holds.

Vs = m - {v } 1)

V,=Vy

Where V,,V, are respectively the matrixes obtained by removing the last row and the
first row of matrix S,. Then, the matrix V' is constructed through matrix V, and matrix

V, , and the singular value decomposition of V' is performed to obtain the matrix V, shown

as follows.
V= [V1 Vz]
v {VH Vlz} (22)
VZI V22

(5) By obtaining the eigenvalue A, of the matrix ¥, ( k=123---p ), some
information can be estimated such as the frequency f, , damping factor o, and damping

ratio &, of the signal as follows.
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arctan( Im(4, ))
f = Re(4,)
¢ 27T,
k 7—-‘

Joi+@xf)’

(6) Then use the method of the least square to get the amplitude and the initial phase
angle. In addition, according to the sampling signal at N point, the formula can be

obtained as follows.
H =4 xY (24)

Next, by using the least square method again, the solution of the above formula can be
obtained as follows.

Y=,"4)"'A'H (25)
At last, the amplitude and the initial phase can be calculated as follows.
o, =2|,]
Im(Y, (26)
6, = arctan( m( "))
e(Y,)

3. Simulation and analysis results
The WT in the simulation model is a DFIG-based WT where rated power is 100MVA
and rated output voltage is 13.8kV. In addition, the specific parameters of the model are
shown in Table 1.
Table 1: Model parameters

Parameter Value
Generator rated power/MVA 100
Generator rated voltage /kV 13.8
Frequency/rad.s-1 376.99
Stator-rotor turns ratio 3
Moment of inertia/s 0.7267
Mechanical damping(pu) 0.001

3.1. Impact of WT’s location on the damping characteri-stics of the system

The wind speed of the DFIG-based WT is set to 11.5m/s during the initial operation.
After 8s, the wind speed becomes 10.5m/s. First, the WT is incorporated at O in Fig. (3)
where a set of time-domain data is obtained by simulation. Then apply a small disturbance
excitation signal to the system. The specific implementation method is to decrease the
power command value by 0.02 at two seconds at the converter station 1, and obtain another
set of time domain data through simulation. Thus, the two sets of generator power angle
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data before and after the disturbance are obtained. At last, the two sets of sampled data are

analyzed through the TLS-ESPRIT algorithm to obtain the identified oscillation modes
which is shown in Table 2 as follows.

Table 2: Oscillation model identification results

Oscillation Mode Eigenvalue Frequency/Hz = Damping ratio/ %
LFO mode 1 -0.0443+1.7081i 0.2719 2.59
LFO mode 2 -0.0214+ 2.5344i 0.4034 0.84
LFO mode 3 -0.0336+ 5.5329i 0.8806 0.61

It can be seen from Table 2 that there are three oscillation modes, all of which are low
frequency oscillation (LFO) modes, and their damping ratios gradually decrease with
increasing frequency. In addition, the damping ratios of the three modes are relatively
small.

Use the same method to obtain the two sets of generator power angle data when the WTs
are connected in parallel at @ in Fig. 3. Then, the two sets of data sampled are analyzed

through the TLS-ESPRIT algorithm to obtain the identified oscillation modes which is
shown in Table 3 as follows.

Table 3: Oscillation model identification results

Oscillation Mode Eigenvalue Frequency/Hz  Damping ratio/ %
LFO mode 1 -0.0838+ 4.26961 0.6795 1.96
LFO mode 2 -0.0761+ 7.1505i 1.1380 1.06
LFO mode 3 -0.0927+ 9.09461 1.4474 1.02

It can be seen from Table 3 that the system also has three low-frequency oscillation
modes. As the frequency increases, the corresponding damping ratio gradually decreases,
and the damping ratios of these modes are relatively weak.

3

Rectifier side
Inverter side ||

25 \

: \
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Damping ratio/(%)

1 \\

0.5
) ﬂsFrequmcyl(Hz) : 13

Fig. 4. Different access point of DFIG-based WT

As can be seen from the frequency-damping ratio characteristic in Fig. (4), when the WT
is connected to the multi-terminal VSC-HVDC from the rectifier side, the damping ratio
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shows a downward trend with the increase of frequency, all showing a low frequency
oscillation mode. When the WT is connected to the multi-terminal VSC-HVDC system
from the inverter side, the damping ratio also shows a downward trend as the frequency
increases. At the same time, it can be seen from the two sets of curves that at the same
oscillation frequency, the damping ratio of the WT integrated into the inverter side is
greater than that of the WT integrated into the rectifier side.
3.2. Impact of WT’s capacity on the damping characteri-stics of the system

By changing the capacity of the WT, the influence of WT on the oscillation mode and
damping characteristics of the multi-terminal VSC-HVDC system is analyzed. Cor-
responding simulations are made where the capacity of the WT in different locations is
changed. First, the WT’s capacity is increased from 100MW to 150MW. Then, the TLS-
ESPRIT algorithm is used to analyze the sampled two sets of generator power angle data to
obtain the identified oscillation modes.

Table 4: Oscillation model identification results

Oscillation Mode Eigenvalue Frequency/Hz  Damping ratio/ %
LFO mode 1 -0.0457+1.1812i 0.1880 3.86
LFO mode 2 -0.0663+2.2770i 0.3624 291
LFO mode 3 -0.0243+5.3594i 0.8530 0.45

Table 4 shows the differences caused by change of WT’s capacity in the system
oscillation mode and damping characteristic when the WT’s position is at D of Fig. (3). As
we can see from Table 4 that there are three low-frequency oscillation modes. Also, the
damping ratio gradually decreases to almost zero as the frequency increases.

4

— WT 100MVA
— WT 150MVA

Damping ratio/(%)
s} w

0 0.2 0.4 0.6
Frequency/{(Hz)

Fig. 5. Different capacity of DFIG-based WT in the rectifier side
As can be seen from the frequency-damping ratio characteristic of Fig. (5), when the WT

is located in the rectifier side of the multi-terminal VSC-HVDC system, at the same

oscillation frequency, the larger the wind turbine capacity is, the bigger the damping ratio
is.
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Table 5: Oscillation model identification results

Oscillation Mode Eigenvalue Frequency/Hz  Damping ratio/ %
LFO mode 1 -0.2559+5.3651i 0.8539 4.76
LFO mode 2 -0.1432+8.4157i 1.3394 1.70
LFO mode 3 -0.1149+9.7229i 1.5474 1.18

Table 5 shows the differences caused by change of WT’s capacity in the system
oscillation mode and damping characteristic when the WT’s position is at @) of Fig (3). As
we can see from Table 5 that there are three low-frequency oscillation modes. Also, the
damping ratio gradually decreases as the frequency increases.

o
— WT 100MVA
— WT 150MVA

I

W]

Darnping ratiof{%)

0.&

1 1.2 1.4 1.6
Frequencyi Hz)

Fig. 6. Different capacity of DFIG-based WT in the inverter side

As can be seen from the frequency-damping ratio characteristic of Fig. (6), when the WT
is located in the inverter side of the multi-terminal VSC-HVDC system, at the same

oscillation frequency, the larger WT’s capacity is, the larger the corresponding damping
ratio tends to be.

3.3. Impact of WT’s transmission distance on the damping characteristics of the system

By changing the WT’s transmission distance, the influence of WT on the oscillation
mode and damping characteristics of the multi-terminal VSC-HVDC system is analyzed.
Corresponding simulations are made where the WT’s transmission distance in different
locations is changed. First, transmission distance of the WT where its capacity is 150 MW
is decreased from 4000km to 3000km. Then, the TLS-ESPRIT algorithm is used to analyze

the sampled two sets of generator power angle data to obtain the identified oscillation
modes.

Table 6: Oscillation model identification results

Oscillation Mode Eigenvalue Frequency/Hz  Damping ratio/ %
LFO mode 1 -0.0786+1.0623i 0.1691 7.38
LFO mode 2 -0.0126+2.2178i 0.3530 0.57
LFO mode 3 -0.0283+4.6020i 0.7324 0.62

Table 6 shows the system's corresponding oscillation mode and its damping
characteristics when the WT is located at (D in Fig (3) and the WT’s capacity is 150MVA.
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It can be seen from Table 6 that the system contains three low-frequency oscillation modes.

In addition, in these modes, the damping ratio first drops and then rises as the frequency
increases, but the overall trend is gradually decreasing.

H

— WT 4000KM

. — WT 3000KM
g
E
G4t ]
g
(=1
g
a1t 1

D 1 1 1 1

0 0.2 0.4 0.6 0.8 1

Frequency/(Hz)
Fig. 7. Different transmission distance of DFIG-based WT in the rectifier side

As can be seen from the frequency-damping ratio characteristics in Fig. (7), when the
WT is connected to system from the rectifier side of multi-terminal VSC-HVDC, at the

same oscillation frequency, the greater the transmission distance of the WT, the greater the
damping ratio.

Table 7: Oscillation model identification results

Oscillation Mode Eigenvalue Frequency/Hz  Damping ratio/ %
LFO mode 1 -0.1327£1.3773i 0.2192 9.59
LFO mode 2 -0.0103+5.0572i 0.8049 0.20
LFO mode 3 -0.0757+5.4894i 0.8737 1.38

Table 7 shows the system's corresponding oscillation mode and its damping
characteristics when the WT is located at @ in Fig (3) and the WT’s capacity is 150MVA.
It can be seen from Table 7 that the rule is similar to Table 6's. At the same oscillation
frequency, the greater the transmission distance of the WT, the greater the damping ratio
when the WT is located at the Inverter side of multi-terminal VSC- HVDC system.

10

— WT 4000EI
— WT 3000EM

[=%]

[=2
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Damping ratiof{%)

()

D 1 1 1 1 1
0.2 04 08 08 1 12 14 1.6

Frequency/iHz)

Fig. 8. Different transmission distance of DFIG-based WT in the Inverter side
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As can be seen from the frequency-damping ratio characteristics in Fig. (8), when the
WT is connected to the system from the multi-terminal VSC-HVDC inverter side, at the
same low-frequency oscillation frequency, the greater the WT’s transmission distance, the
greater the damping ratio tends to be.

4. Conclusion

This paper establishes a model of the DFIG-based WT integrated into a three-terminal VSC-
HVDC system. Through PSCAD/EMTDC platform simulation, the corresponding power angle
curve is obtained and then the system is identified through the TLS-ESPRIT algorithm. At last,
through eigenvalue analysis, the influence of different locations, different capacities, and
different transmission distances of the WT connected to the three-terminal VSC-HVDC system
on the oscillation mode and damping characteristics is studied. In addition, the specific
conclusions are as follows:

(1) When the DFIG-based WT is connected to the three-terminal VSC-HVDC system from
the rectifier side and the inverter side respectively, it will cause the system to produce
corresponding low frequency oscillation modes, and its damping ratio will decrease with the
increase of frequency. In addition, under the same oscillation frequency, the damping ratio when
wind power is connected to the inverter side tends to be greater than that when it is connected to
the rectifier side.

(2) Based on the different access points of the DFIG-based WT whether connected to the
rectifier side or the inverter side of the VSC-HVDC system. When the WT’s capacity increases
from 100MVA to 150MVA, the damping ratio tends to increase as the capacity of the WT
increases.

(3) Based on the different access points of the DFIG-based WT whether connected to the
rectifier side or the inverter side of the VSC-HVDC system. When the transmission distance is
reduced from 4000KM to 3000KM, as the transmission distance of WT increases, the damping
ratio tends to increase.
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