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Abstract: Wind power integration through the voltage source converter-based high-voltage
direct current (VSC-HVDC) system will be a potential solution for delivering large-scale
wind power to the “Three-North Regions” of China. However, the interaction between
the doubly-fed induction generator (DFIG) and VSC-HVDC system may cause the risk of
subsynchronous oscillation (SSO). This paper establishes a small-signal model of the VSC
based multi-terminal direct current (VSC-MTDC) system with new energy access for the
problem, and the influencing factors causing SSO are analyzed based on the eigenvalue
analysis method. The theoretical analysis results show that the SSO in the system is related
to the wind farm operating conditions, the rotor-side controller (RSC) of the DFIG and the
interaction of the controller in the VSC-MTDC system. Then, the phase lag characteristic
is obtained based on the signal test method, and a multi-channel variable-parameter sub-
synchronous damping controller (SSDC) is designed via selecting reasonable parameters.
Finally, the correctness of the theoretical analysis and the effectiveness of the multi-channel
variable-parameter SSDC are verified based on time-domain simulation.

Key words: doubly-fed induction generator, eigenvalue analysis, multi-channel variable-
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1. Introduction

It is urgent to carry out long-distance transmission of wind power because wind resources and
power demand are inversely distributed in the “Three-North Regions” of China [1]. Compared
with the voltage source converter-based high-voltage direct current (VSC-HVDC) system, VSC-
based multi-terminal direct current (VSC-MTDC) not only can solve the problem, but also has
the advantages such as economy, flexibility and reliability, it has more technical advantages and
can better ensure the reliable output of a wind farm [1-4]. However, with the access of large-scale
wind power, the interaction mechanism between a wind turbine and VSC-MTDC control device
is more complicated and may cause subsynchronous oscillation (SSO). Therefore, the safe and
stable operation of the power grid faces greater challenges [5-9].

Regarding SSO problems caused by wind power, the existing research is based on a simple
grid-connected model of the direct-drive permanent magnet synchronous generator (D-PMSG)
or the doubly-fed induction generator (DFIG). There are few studies that have studied the SSO of
the DFIG delivered by the VSC-MTDC. In [10, 11], the stability of the system of a DFIG-based
wind farm via the VSC-HVDC grid-connected system is studied, but there is no oscillation mode
due to interaction. In [12, 13], it is found that the improper matching of VSC-HVDC and DFIG
control parameters would cause SSO. In [14], two types of SSO induced by the grid connection
of offshore wind farms via VSC-HVDC are studied, and the coordinated suppression measures
are proposed. In [15, 16], the SSO caused by a DFIG-based wind farm connected to the grid
by the modular multilevel converter-based HVDC (MMC-HVDC) is studied, and the control
strategy of additional SSO current suppression is proposed. In [17, 18], the SSO and multi-band
oscillations caused by a D-PMSG-based wind farm connected to the grid via the VSC-HVDC are
studied. Besides, additional damping controllers on the machine and grid sides are designed [18].
In [19], the SSO characteristics of a D-PMSG-based wind farm connected to the grid via the
MMC-HVDC are studied, and the SSO is suppressed via adding a series virtual resistor to the
MMC outer loop controller.

In summary, most of the existing researches have studied the SSO mechanism and suppression
method of wind power via VSC-HVDC grid connection. However, the VSC-MTDC system is
more complex, and because of the randomness and fluctuation of wind power, the suppression
methods mentioned above have low adaptability of operating conditions. Therefore, the paper
takes the SSO caused by the interaction between the DFIG-based wind farm and VSC-MTDC
system as the research object. The authors established a small-signal model of the whole system
and analyze the SSO characteristics based on the eigenvalue analysis method. A multi-channel
subsynchronous damping controller (SSDC) is designed based on the principle of the power
system stabilizer (PSS) to suppress low frequency oscillation. Finally, the correctness of the
theoretical analysis and the effectiveness of the suppression method are verified.

2. System modeling
Fig. 1 shows the structure of a DFIG-based wind farm integrated with the grid via the VSC-

MTDC system. The DFIG adopts the form of “one machine and one transformer”. A single wind
turbine is connected to a 35 kV collector line via a generator-side transformer, and then connected
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to the VSC-MTDC system via 35/330/750 kV transformers. The paper ignores the interaction
between wind turbines. Therefore, the wind farm can be equivalent to a single wind turbine.

RO

Tl T3 AC2
Wind Farm
ACI W) T4 AC3

VSC2 VSC4
Fig. 1. Structure diagram of VSC-MTDC for DFIG- based wind farm

In Fig. 1, VSCI provides stable AC power for the point of common coupling (PCC) and
controls the amplitude and frequency of AC voltage. VSC3 uses constant DC voltage control and
provides voltage support for the DC system. VSC2 and VSC4 use active power control.

2.1. Modeling of DFIG power generation system

1) A mathematical model of a wind turbine shaft
The two-mass model of a wind turbine shaft can be described as [20, 21]:

dw do,
2th—t‘ =T, — K05 — By d;
dw do
2H, dtr = T, + K0 + B, d; , (1)
do de,
SW— Wy, — =W
dt R P '

where: H, is the inertia constant of the wind turbine mass, w is the wind turbine speed, Ty, is the
mechanical torque of the wind turbine, K is the stiffness coefficient of the transmission shaft, 6
is the torsional vibration angle of the shafting, B is the torsional vibration damping coefficient
of the transmission shaft, H, is the inertia constant of the mass of the generator, w; is the angular
velocity of the rotor, Tt is the electromagnetic torque of the induction motor.

Linearize (1) and the small-signal model of the shafting can be obtained as shown in (2).

AXM = AMAxM + BMAuM, AyM = CMA)CM +DMAuM, (2)

where:
Axy = [Awr, Aw, A8y, AO)T,  Aun = [AT, AT.]T.
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2) A mathematical model of an induction generator
It is modeled in a dg synchronous rotating coordinate system. Both stator side and rotor side
use the motor convention and parameters of the rotor side are convert to the stator side [20,21].

Ugs = Rslds - (A)Slﬂqs + w—s & 9, Ugs = Rsqu - wslﬁds + aTb d;{s d
) 1 dyy . 1 dy
Ugr = Riigr — (s — wp)gr + won d¢t S g = Reigr = (w5 = wr)ar + wy dtq’r )
Vs = (Xs + Xim) igs + Xmigr Yas = (Xs + Xim) fas + Xmlar
qu = (Xr + Xm) iCIr + XmiqS7 'ﬁdr = (Xl' + Xm) idr + Xmids

where: the subscripts s and r represent the stator and rotor, respectively; the subscripts d and

q represent the d-axis component and g-axis component, respectively; Ay is the flux linkage;

R represents resistances of the dg axis of the stator and rotor; ws is the angular velocity of the

stator, that is, the rotational speed of the synchronous rotating coordinate system; wy, is the system

reference frequency; X, X;, and Xy, stand for the stator and rotor winding reactance, respectively.
The small-signal model of the induction generator can be obtained by linearizing (3).

AX‘G = Ac,AxG + BGAuc,, AyG = Cc,AxG +D(‘,AMG, (4)

where: Axg = [Ags, A gs, A g1, AT, Aug = [Augs, Autgs, Autgr, Augy, Aw,]T.

3) A mathematical model of a rotor side converter

The stator voltage orientated control (SVOC) is used in the rotor side converter (RSC). The
stator voltage vector orientation usually coincides with the d-axis of the synchronous rotating
coordinate system. Therefore, ugs = Us = —wsi 45, Ugs = 0, and the following can be obtained:

N . . 1 S
U. L (U )’ )

Vas =0, Ygs=Ys=——, igs=———ldgn igs=—-—|—+ Lmig
4 Wg Ly 4 L \ws 4
where: Uy is the magnitude of the stator voltage vector. L is the stator self-induction coefficient
in the dg system. L, is the mutual inductance between the stator and rotor in the dg coordinate
system.
Therefore, the active and reactive power of the stator can be obtained:

3 . ) 3L .
Py = E (udslds + ”qslqs) = f:Usldr, .
3, U . ©
0Os = 5 <uqslds - udslqs) = _2w1Lss (Us + U)sLmlqr) .
The voltage of the rotor is as follows:
di L
Ugr = Reigr + O'eri — Wglip __mUs +0Lyig),
dr wWgLgg
. (N
digr

Ugr = Rriqr + O'erF + wslipO'eriqr’

where: wglip = ws — wy, ws = 21 f;, f; is the frequency of the stator, L, is the rotor self-induction
coeflicient in the dq coordinate system, o is the magnetic flux leakage coeflicient of the generator.
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In summary, the control block diagram of the RSC is shown in Fig. 2. Fig. 2 shows that Kp,
Ki1, Kp3, and Kj3 are the proportional and integral gains of the RSC outer loop, Psrer and Qg et
are the reference values of the stator active and reactive power, Kp, and Ky, are the proportional
and integral gains of the RSC inner loop.

Ps ref X K id X

5 | I r ref X2 KIZ Uy
p @r Kot g +>® sz""Tf:@—r’
° i _1 ) i

.l.dr Uy
Lgr U,
X3 K X 4 K + i Ugr

Qsﬁref 3 iqrﬁref P
o — K+ > K 4+ 222 1y
P3 P2
és +_§§ s + ¢

Fig. 2. Control block diagram of RSC

Therefore, the small-signal model of the RSC can be obtained.
AxX, = A;Ax, + B, Au,, Ay, = CiAx, + D, Au,, (8)

where: Ax; = [Ax1, Axa, Axs, Axa]T, Au, = [Auys, Augs, Ai gs, Aigs, Aigr, Al gr, APs ref, AQqrer]T.
4) A mathematical model of a grid side converter
The SVOC is adopted in the grid side converter (GSC), which is operating in unity power
factor mode. The mathematical model of the GSC in the dg synchronous coordinate system is as
follows:

. didg . . diqg .
Ugs = —Rgige — Lg_dt + wsLglge +Ugs, Uge = —Riige — Lg a WsLgige + Uys ©)
dUdc _ icg - icr '

dr Cyco

where: ugg and ugy, are the converter arm side voltage components of the d-axis and g-axis, igg
and i, are the converter input current components of the d-axis and g-axis, Ly and R are the
inductor and resistance on the converter side, Cqyco is the DC bus voltage of the back-to-back
converters, Uy, is the capacitor voltage of the DC bus, i, is the current flowing from the GSC to
the DC bus, and i, is the current flowing from the DC bus to the RSC.

It can be seen from (9) that 14, and uye on the bridge arm side are affected by the cross-
coupling and grid voltage disturbance terms, respectively. Since the GSC also uses the SVOC,
the amount of disturbance can be abbreviated as:

’ . ’ .
Ugy = wsLglige + Ugs, Uge = —wsLglgg.

In summary, the control block diagram of the GSC is shown in Fig. 3.
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Fig. 3. Control block diagram of GSC

where: Kp; and Kjg are the proportional and integral gains of the GSC inner loop, Ugc et is
the reference value of Uyc, Kpgg and Kjgg are the proportional and integral gains of the GSC
outer loop.

Therefore, the small-signal model of the GSC can be obtained.

A.X.Tg = AgA.X'g +BgAug, Ayg = CgAxg +DgAug’ (10)

where:
Axy = [Axs, Axe, Ax71",  Aug = [AUpc ref, AUpc, Aiggref, Aigg, Aiggl” -

2.2. Modeling of VSC-MTDC system

According to the modular modeling method in [22], the small-signal model of each subsystem
can be obtained.
The small-signal model of AC and DC sides of VSC1 are as shown in (11) and (12).

Axpe = AacAXac + BacAltyc, (11)
where:
Axye = [Aig, Aigl", Aty = [Autea, Aticg, Autsg, Ausy 1" .
AXde = AdcAxdc + BacAugc, (12)
where:

Axge = [Aige1l”,  Auge = [Adtine].

VSCs of the VSC-MTDC system mostly adopt double closed loop control [23,24], the control
block diagram of which is shown in Fig. 4.

In Fig. 4, Kpo and Kjp are the proportional and integral gains of the outer loop controller. Kpy
and Ky are the proportional and integral gains of the inner loop controller. L; is the equivalent
inductance for the coupling reactor and transformer.

The small-signal model of VSC1 can be obtained by combining the control block diagram
shown in Fig. 4 with the control strategy described in Section 2.

Ax, = AAx. + BcAue, Ay, = CAx. + D Au, (13)
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Outer loop control i} Inner loop control Ugs]
-Kpo “

Fig. 4. Control block diagram of active and reactive power controller

where:
Axc = [Az1, Az, Az3, Azal”,  Aute = [Attae, Attaerets Afs Afer]” -

In order to simplify the modeling of VSCs, the flags can be added to the control block diagram
of the VSC [22]. Therefore, the small-signal models of VSC2~VSC4 controllers can be derived.

The control block diagram of the phase lock loop (PLL) can be obtained from [22], and the
small-signal model of the PLL can be obtained, which is shown in (14).

Axpn = ApnAxpn + BpnAugy, A8 = CopAxyy, (14)

where:
Axpn = [Axpn, AOTT,  Augy = [Ag],

¢ is the voltage phase at the PCC point, 6 is the output of the PLL.
In summary, the small-signal model of the VSC-MTDC system can be obtained.

Axsys = AsysAxsys + BsysAusys s (15)
where:
Axsys = [Axconl, AxconZ’ AxconS’ Axcon4s Axnet]T, Axcon,— = [Axac,-’ Axdci, Axcn Axpll,-]T’

i represents a different VSC, Ax,g, is the state vector of the DC transmission line.

2.3. Small-signal model of the whole system
According to the above derivation, the small-signal model of the whole system can be obtained.
Ax = AAx + BAu, (16)

where: Ax is the state vector, Au is the input vector, A is the state matrix, B is the input matrix. Ax
is composed of the state vector Axprig of the DFIG and the state vector Axys of the VSC-MTDC
system, where:

AxDFIG = [Awﬁ Awl, AHI" Aes; Aqu; Alﬁds, Awa” Awdl" Al]DC’ Axla sz, Ax37 Ax49 AxS, Axﬁ’ Ax7]T5
Axsys = [AXconla AXconZ, AXcon?n AXcon4, AXnet]T‘
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3. SSO characteristics analysis of the system

Based on the small-signal model of the whole system established above, the eigenvalue
analysis method is used to analyze the SSO characteristics.

3.1. Eigenvalue analysis of the system

The set capacity of the wind farm is 500 MW, the wind speed and the rotate speed are 8.5 m/s
and 0.8 pu, the rated rotor speed is 1.2 pu. Some parameters of the system are shown in Table 1.

Table 1. Parameters of the system

Parameters Value

Output voltage of DFIG/kV 0.69

Rated wind speed/(m/s) 12

Rated DC voltage of VSC/kV 800

Rated Capacity of VSC1/MW 500
Proportional/integral coeflicient (Kpo1/Kio1) of outer loop controller of VSC1 0.8/10
Proportional/integral coefficient (Kpy; /Kyp) of Inner loop controller of VSC1 0.5/10
Proportional/integral coefficient (Kppr 1 vsci/KipLrL vsci) of PLL of VSC1 2/200

Therefore, 13 pairs of SSO modes which are shown in Table 2 can be obtained when the
system runs stably and the oscillation modes in the high frequency band are ignored.

Table 2. Main oscillation modes

Modes 5tj w f/Hz Di‘:t‘i’(")“g Modes S5+j w f/Hz Dar‘:tli’(i)“g

1| -13.1+313.00 | 4997 | 0.042 8 | -5.72+i174.05 | 27.70 | 0.033
2 | —28.05+188.28 | 2997 | 0.147 9 | -186+j324.52 | 2739 | o0.011
3 —4.98+j69.18 | 11.01 | 0.072 10 | -16.51+£j20.46 | 327 | 0.628
4 | —083+j142.38 | 22.66 | 0.006 11 | -10.00+j22.36 | 356 | 0.408
5 ~0.99+22.72 | 362 | 0.044 12 | -1.16%j13.98 | 222 | 0.083
6 | -12.91+i217.04 | 3454 | 0.059 13 | 08621420 | 226 | 0060
7 | —431%j217.03 | 3454 | 0020

The following conclusions can be obtained via the participation factor analysis. Mode 1,
Mode 2 and Mode 4 are related to the magnetic link of the stator and rotor of the DFIG. Besides,
Mode 4 is also related to the RSC and the control mode of VSC1. Mode 3 is related to the RSC.
Mode 5 is related to the control of VSC1 and VSC2. Mode 6 and Mode 7 are related to the control
of VSC3. Mode 8 is related to the control of VSC1 and VSC3. Mode 9 is related to the control of
VSCI1. Mode 10 is related to the control of VSC3 and VSC4. Mode 11 is related to the control of
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VSC2 and VSC4. Mode 12 is related to the control of VSC2 and VSC3. Mode 13 is related to DC
transmission lines. From Table 2 we can see that there is no interaction with the state variables
on the VSC-MTDC system in the modes dominated by the DFIG. The modes dominated by the
VSC-MTDC system are all related to its PI parameters. While the damping ratio is the lowest
when SSO is caused via the control interaction of the DFIG and VSCI1. Therefore, the detailed
participation factor analysis of Mode 4 (SSO-4) is shown in Fig. 5.

0.35

0.30 |
£02s
L;.‘: .
5020
EXRERS
2
£0.10 |
=%

0.05 |

0.00 I 1 I I | I I I I & 1 1
8 16 24 32 40 48 56
Participation variable

Fig. 5. Participatory factor analysis of SSO-4

Fig. 5 shows that SSO-4 is mainly affected by the interaction between the DFIG magnetic
link, RSC inner loop controller, VSCI controller, and the PLL of VSC1.

3.2. Sensitivity analysis of controller parameters

The sensitivity analysis of the control parameters of SSO-4 is shown in Table 3.

Table 3. Eigenvalue sensitivity of SSO-4

Parameters Eigenvalue sensitivity Parameters Eigenvalue sensitivity
Kp 0.0753 +j0.0510 Kpr —5.1052 - j0.3878
Kp 0.0043 +j0.0017 Km 0.0036 +j0.0352
Kpo1 -5.1195 - j0.5198 Kppr1Lvsct —-0.0566 —j0.0821
Kio1 0.0027 + j0.0353 KipLLvsC1 —-0.0109 + j0.0074

Table 3 shows that the sensitivity of the proportional gains of the RSC inner loop, VSC1 outer
loop and inner loop controllers, and the PLL to SSO is greater than the integral gains. Therefore,
the influence of proportional gains of the controllers on the SSO characteristics will be analyzed.

3.3. Impact of wind turbine operating conditions on SSO

The change of the grid connection distance of the wind power and the wind speed, respectively,
as well as their influence on SSO characteristics, is shown in Fig. 6.

Looking at the characteristics of the damping ratio and frequency of the system in Fig. 6,
it can be concluded that the damping ratio gradually decreases while the frequency gradually
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Fig. 6. Changes in locus of damping ratio over oscillation frequency as operating conditions change: (a) grid
connection distance; (b) wind speed

increases with the increase of the grid connection distance. Thence, there may be a risk of SSO
in the system when the grid connection distance is long. Fig. 6(b) shows that the damping ratio
increases while the frequency decreases with the increase of wind speed. However, the influence
on frequency is smaller than the damping ratio. Thence, the system would be more stable when
wind speed increases.

3.4. Impact of controller parameters on SSO

The impact of Kpy, Kpo1, Kpr1 and Kpprp vsci on SSO characteristics is analyzed in this part.
Change the corresponding proportionality coefficient and keep other parameters unchanged..

Fig. 7(a) shows that the damping ratio gradually decreases while the frequency increases with
the increase of Kp,. Therefore, the stability of the system decreases as Kp, increases. Fig. 7(b)

0.05 0.04F A
o a o 0.03 o
2 0.00 | A*}\} £ oo Bn
= A o 0.01 AL
- A
é -0.05 D, . £ 000 a,
£ A 5 -0.01 B
0 -0.10 | AA o -0.02 ‘A‘A‘A
003, o, B
'0'122.6 227 228 229 230 231 232 233 20.0 20.5 21.0 21.5 22.0 22.5 23.0 23.5 24.0
Frequency of SSO/Hz Frequency of SSO/Hz
(a) The change of Kp) (b) The change of Kpg
0.02
0.008 | R
g 0N otn p 20006 . pnit st
] AAA o \
o 0.00F Bn ©0.004 - A
j= "A E “‘
a A o !
S.001t A £ 0.002 &
a8 E 8
-0.02 - -\ 0.000 F A
A
-0.03 L L L L L L L -0. L - - L L
222 224 226 228 230 232 234 236 238 220 222 224 226 228 230 232
Frequency of SSO/Hz Frequency of SSO/Hz
(c) The change of Kpy; (d) The change of KpprL vsci

Fig. 7. Changes in the locus of damping ratio over oscillation frequency with the change of parameter
controllers: (a)Kpa; (b)Kpo1; (¢) Kpin; (d) KppLL vscl
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shows that the damping ratio gradually increases while the frequency gradually decreases with
the increase of Kpo;. Therefore, the stability of the system increases as Kpo; increases. As shown
in Fig. 7(c), the change trend of the damping ratio and frequency is similar with Kpg;. Therefore,
the system is more stable when Kpy; increases. As shown in Fig. 7(d), both the damping ratio and
the frequency decrease when Kppy 1 vsci increases, thence the stability of the system is decreased
when Kppp [ vsc] increases. In summary, it can be seen from Fig. 8 that the influence of Kpp; and
Kpr on the damping characteristic is similar, and Kpo; has the greatest influence on the damping
ratio and frequency. The PLL has the lowest influence on the SSO characteristic.

4. Design of damping controller

4.1. Suppression principle of damping controller

When the phase of the electromagnetic torque change AT, of the generator lags behind the
speed offset Aw between 90° ~ 270°, SSO may occur [25]. Then, if the additional electromagnetic
torque AT/ can be provided in the 1st quadrant, so that the phasor sum AT/’ of AT, and AT, are
in the 1st quadrant, the system damping torque is positive and SSO can be suppressed.

4.2. Structure of SSDC

A multi-channel variable-parameter SSDC, which is suitable for a DFIG-based wind farm
integrated into the grid via the VSC-MTDC system, is designed according to the design method
of the multi-channel variable- parameter [26], and the structure of which is shown in Fig. 8.

filter] | K, - STy, > 1+ 5T,
1+sTy, \1+sT,,
Af sT, 1+sT,, +p
filter2 > K, [-» W2 — 2 _ SSDC
2N s, (14T, ;®+%
T- 14T, ) W

»filtern» K, > 5w 2l
1+sT,,| \1+sT,

Fig. 8. Structure diagram of multi-channel SSDC

In order to reduce the mutual influence between the phase compensation links as much as
possible, a band-pass filter can be used to separate the components. The internal parameters of
the SSDC designed based on this method can be adjusted in real time as the operating conditions
change. Select the AC voltage of VSC1 AC bus as the input of the SSDC, and the system frequency
deviation Af can be obtained via the measurement link and the PLL. Then, the SSDC output
signal can be obtained via DC blocking link, gain, phase compensation, and limiting steps. For
the VSC-HVDC system, the inner-loop superposition method is not affected by the control mode
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change of the outer-loop controller, and is highly versatile. Thence, the SSDC output signal is
superimposed on the d-axis current reference value i;rf, and its additional position is shown
in Fig. 9.

iqrcf N
Outer loop Inner loop

controller ’drff controller

Af

— | SSDC

Fig. 9. Signal overlay block diagram of SSDC

In order to minimize the impact of the DC blocking link on the phase compensation: set the
time constant of the DC blocking link Ty = 5 s; the limiting link is taken as + 0.1 pu; the lead/lag
time constants 77 and 7, of the phase compensation link can be obtained via [26]. Based on the
test signal method, the corresponding phase compensation parameters can be obtained when the
input active power of VSC1 changes, as shown in Table 4.

Table 4. Phase compensation parameters

P =0.65 pu P =0.75 pu P =0.85 pu
T T, Ty T, Ty T,
222 0.107186 0.047951 0.104527 0.049171 0.101868 0.050391
3.27 0.068233 0.034718 0.066413 0.035669 0.064593 0.036621

f/Hz

3.56 0.06169 0.032399 0.060029 0.033295 0.058369 0.034191
3.62 0.060187 0.032116 0.058578 0.032998 0.05697 0.03388
11.01 0.019189 0.01089 0.020162 0.010364 0.021135 0.009839
22.66 0.013342 0.003697 0.013636 0.003618 0.013929 0.003538
27.39 0.008536 0.003955 0.01149 0.002939 0.014444 0.001922
27.7 0.008255 0.003999 0.010986 0.003005 0.013717 0.002011

29.97 0.008063 0.003498 0.009644 0.002924 0.011226 0.002351
34.54 0.005795 0.003664 0.005149 0.004124 0.004502 0.004584
49.97 0.006566 0.001545 0.006584 0.001541 0.006601 0.001537

It can be seen from Table 4 that within the range of VSCI1 input active power, the phase lag
characteristic changes substantially linearly with input active power. Because the phase lag angle
does not change drastically with power, 71 and 7> also change approximately linearly within the
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change range of power. For example, 77 and 75 change as following at 2.22 Hz.

T1 = 0.1244695 — 0.02659P, a7
T, = 0.040021 + 0.0122P, (18)

where P is the input active power of VSC1.

In the same way, the linear expression of 77 and 7, varying with P at each frequency can
be obtained. When transmission line losses are ignored, the input power of VSCI can reflect
the dynamic change of output power of a wind farm. When the participation factors of a certain
oscillation mode in the system change so that the output active power of the wind farm will also
change, the SSDC can adjust 77 and 7, according to the change of the output active power of the
wind farm, so that it can make the best damping compensation for the system.

5. Simulation verification

5.1. Impact of wind farm operating conditions

The impact of a grid connection distance and wind speed on SSO is analyzed in this part.

The results obtained from Fig. 10(a) indicate that the system reaches the critical oscillation
point when the grid-connected distance is 7 km, with the increase of the grid-connected distance,
the system power oscillation diverges. Fig. 10(b) shows that the system reaches the critical
oscillation point when the wind speed is 8.5 m/s. When the wind speed increases from 7.5 m/s to
9.5 m/s, the system power oscillation converges..

410

380 5km 9.5m/s

51 ool — 2™y
390

£380 7km 3800 g5mis
=370 s
g 2370 I WWWW

3SOMNWWMMMMNMWUWWWVWWWW O L

370 320

1.5 2.0 2.5 3.0 15 20 25 3.0
tls tls

(a) Impact of grid connection distance (b) Impact of wind speed
on SSO on SSO

Fig. 10. Impact of wind farm operating conditions: (a) grid connection distance; (b) wind speed

5.2. Impact of controller parameters

The operating conditions are as follows: the grid connection distance is set to 5 km, the wind
speed is set to 8.5 m/s, the rotating speed is set to 0.8 pu.

According to Fig. 11(a), the system reaches the critical oscillation point when Kp, is about
0.25. When Kp; decreases from 0.25 to 0.18, the system power oscillation converges. According
to Fig. 11(b), the system reaches the critical oscillation point when Kpg; is about 0.74. When
Kpo1 increases from 0.7 to 0.78, the system power oscillation converges. Fig. 11(c) shows that
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the critical value of Kpy; is about 0.44, with the increase of Kpyj, the system power oscillation
converges. Fig. 11(d) shows that the critical value of Kppyry vsci is about 2, with the decrease of
KpprLvsci, the system power oscillation converges.

380r  Kp,=0.25 3801 Kpo1=0.7

370} 370l
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tls t/s

(a) Impact of Kpy on SSO (b) Impact of Kpgj on SSO
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(c) Impact of Kpy; on SSO (d) Impact of Kppy 1 vsci on SSO

Fig. 11. Impact of controller parameters: (a) Kpy; (b) Kpo1; (¢) Kpy; (d) KppLL vsci

5.3. Verification of multi-channel variable-parameter SSDC effectiveness

Keep other operating conditions unchanged and study the dynamic response of the wind farm
output active power when the wind speed is 8.5 m/s and 7.5 m/s.

It can be seen from Fig. 12 that when the wind farm output power changes, the wind farm
output active power can stabilize in a short time, which reduces the risk of SSO in the system and
indicates the multi-channel variable-parameter SSDC can suppress SSO to a certain extent.

Am: somls \\’\[\(\l\(‘Nl‘\(l”m{||'4'lyl,l'tIl(t'i'lyl|l’i‘l'iylliltllyl]lyﬁh*)Mililllv’%ﬁt'xltytllxxllxxﬁn}n[nxamﬂxr
j: o | '.‘\',‘.\‘.‘\',‘.‘,'.‘.",‘,’.‘l',',‘f,‘,x,l,‘]).l,"l,‘l]‘l“ll'l,#,‘l'!l"ll'll"l’w\l"ll'll 1
15 2.0 2.5 3.0 "5

tls

Fig. 12. Output power of wind farm when SSDC is turned on at different wind speeds
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6. Conclusions

The paper establishes a small-signal model of the system, and analyzes the SSO characteristics
of the system based on the eigenvalue analysis method and time-domain simulation. The following
conclusions are obtained: 1) When a DFIG-based wind farm is connected via the VSC-MTDC
system, the risk of SSO will exist in the system due to the interaction of DFIG and VSC-MTDC
system controllers, and the interaction of VSCs; 2) The longer the distance of a wind farm
connected to the grid, the lower the wind speed, the higher the risk of SSO in the system; 3)
The parameters of controllers such as the proportion gains of the RSC inner loop, the inner and
the outer loops of VSC1 and the PLL of VSCI1 are more sensitive to SSO than corresponding
integration gains; 4) The multi-channel variable-parameter SSDC can increase the damping of
each oscillation mode to suppress SSO and avoid the danger of SSO divergence. Besides, it still
has a good oscillation suppression effect via adjusting control parameters automatically when the
operating conditions of the system change.
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Appendix

The small signal model of the DFIG is as follows:
Axpri = ApriGAXDFIG + BpRiGAu.

The matrix Appg is expressed as follows:

Anp kntkmy  Osx1 Ogxq 0453
kg3Cn Ag 0351 kGG 0453
Apric = | Oixa  kpcskcgt O1x1 kpcaCr  kpcokpes + kpci1Cy |,
kiCn  kokcay 04 Ay 0453
0354 0354 kg 034 Ay +kCy
where:
_ B By 0 K
2H, 2H, 2H,
B B _K
An=| 2@ T2m “2H, |’
1 0 0 0

-1 1 0

o



www.czasopisma.pan.pl P N www.journals.pan.pl
TN

68 Miaohong Su, Haiying Dong, Kaiqi Liu, Weiwei Zou Arch. Elect. Eng.
1 0
P 0 O 0
2H, L 0 0
kmi=| 0 |, km=| 2H, |, ka2 = ko3 =
0 0 w, O WsWHY dr0
0 0 0  wp —WsWo gr0

Cn=[1 00 0], Cr:[K"2 K Koo 09 ]

0 0 Kp K3 Kp

kpci = [iqgo idgo] , kpc = [ngo udgo] . kpca = [_iqro - idro] N

0 _ 1
kpcs = [ 1 “SLg ] kpcs = [—Mqro _udro]»

wsLg

0

K K; K 0 K;
C, = [ Pgl dg  Kigl ] kg = OPI
0

0 0 K ’
I A 0 0
kg1 = | —Kpar |, ko= PIHAsO PI¥aso o o |’ ko= -1 0 [,
0 —Ugs0 Uds0 0 -1
—Kp3ugso  Kpsugso -1 0
TR
Ag=| K 0 0|, A, =] "0 ,
e (‘)dg 0 0 g 0 0 Kz 0
O 0 O o0
X X
> 0 D 0
g X 0 _Xm
k = X b 1 X2 D
Tl _dm g |+ 2m 0 ’
D X, + X D
Xm 1 X2
_Zm 14+ 2m
0 D 0 Xr+Xm( D
wWp Ry X v wpRs Xm
_—D —WsWh — D 0
wp Ry Xir W RsXm
N> ° "D
Ag = wp R X wp R Xss
0 D —S0WsWh
0 wp R X wp R X
— —SWsWp «———
D D

The small signal model of VSC1 is as follows:

Axcont = Acon1 Axcon1 + Beon1 Alkconi -
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The matrix Acon is expressed as follows:

Ay Bckycugc BckycoCpn BckycmaeCc
Aol = kidc1aq 0151 kudc0Cpit kudeMagCc
con Bpikglag  Bpuikguae  Apn + Bpuky oCpu Bk mgaCo
Betikiniag  Beritksilude BesitksiioCpn A¢ + Besitksiimag Co
where:
Rt w 0 0 0
Lot 0 —Kipu _| Ko 0 0
Auc wo R | Api [ 1 —Kppu 4s 0 0
Lot 0 0 Kpo
Kipui
B, = P , Con=1[0 1],
pll [ Kepit ] il = [ ]
0 0 0 0 0 0 0
0 0 K 0 0 0
Bref = 0 0 (1;0 0 0 s Bcfil = _Bref -1 0 s
0 0 0O 0 -Kpo 0 -1
K _ | Mao P Kiutaco | Mao k _ Kiugeo
ucudec — M 0 P uch — T MqO P ucMdqg — Ts
q
3K
kidc1aq = iCo [ Mg My ]
_ 3K, Mao _ 3K,
kuaco = 1Cy [ Lao  1g0 ] My | ucMdq = @[ Lao  1Ig0 ]
Rupq0 Rupqo
kga ldg = B ) B K
2 pq0 2 pq0 )
u 1+—— u 1+——
pd0 [ (ude) ] pdO [ (Mde j|
1
Lyupgo Lyupqo L
k<p ude = Lk > 2 > kucude» B = LiOt
2 Upq0 2 Upq0 -
Mpdo |:l + (_updo updo 1+ _updo Ltot
C. = —KpiKio —Ku 0 0
° 0 0 —KpKio Ky |’
Litisg0 Liupao
kcpqu = i z kuchq7

2 2
Upg0 Upq0
T 1+(—pq ) T 1+(—pq )
P Upd0 P Upd0

(=l el o)
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3] i i u u ]
= ('10 'qO + pd0 pq0 L2pcc Kuycude
2| —ig0 fao Updo —Updo
1250 Lopec K,
kfiludc _ 2x2 2p6c ucudc i

0
0

3| iao  igo Upd)  UpgO
L2pchuchq12><2_ . .q + P pd
2 —igo ldo Updd —Updo

ktiiMag = Lopee KueMag 12x2 ,
01><2
0252
idO +1 0
ko = | . R
140 + 140

Therefore, the small signal model of the VSC-MTDC can be obtained in the same way.
Then, the small signal model of the whole system can be obtained:

Ax = AAx + BAu.

The state matrix A can be described as follows:

[ Apric 0
kl Aconl BlinelHlinel
A= Acon2 B line2H line2
Ac0n3 B linc3H line3 ’
Acon4 Bline4H1ine4
0 BnetlHdcl BnetZHdCZ Bnet3Hdc3 Bnet4Hdc4 Anet
where:
[ _Ra
L
i
Apet = Ly Ry, ’
Ly
Ry
Ly3 |
b 0 0 0
2o 1 0 0
Byen = 0 » Buen = 2L3 s Bpes = _L s Brew = 0 s
0 0 2L4» B E
0 0 0 Ins

1 T
Bjjpe; = | 0- 0 0] i k1=[02><4 Ccgr  Ooxs

Caci 0O9x16
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0 er 0 _Xm
Ceai = X Xr + (X5 + X)X XX + (s + Xp) X ’
er _Xm

0

X Xr + (X5 + X)X

0

X Xr + (X5 + Xi) Xim

where: R;; and L;; represent the resistance and inductance of a DC transmission line, i represents
the different converters. Each element of Hjjp; has two values of 0 and 1, when Axpe () is the input
current of the DC transmission line, which is connected with thei-th converter, Hijne; (i, j) = 1.

Table 5. Main parameters of the system

Parameters Value Parameters Value
Rated stator/rotor 0.8511 pu./0.8968 pu Stator/ro_tor winding 0.0084pu/0.0083 pu
current resistance
Statc?r/rotor leakage 0.167 pu/0.1323 pu Magnetizing inductance 5.419 pu
inductance
Ly 0.06278 H Kp1/K11/Kp2/K12/Kp3 /K13 |0.4/10/0.02/0.2/0.3/10
Kp,, /K1,,/Kpg/Kig 10/2/0.1/2 Kp1o /K12 /Kpo2/ K102 0.3/10/0.2/10
Kp13/ K13/ Kpo3 /K103 8/10/6/10 Kp14/Kna/Kpo4/ K104 0.35/10/0.4/10
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