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Abstract: With the development of large-scale new energy, the wind—thermal bundled system trans-
mitted via high-voltage direct current (HVDC) has become the main method to solve the problem
of wind power consumption. At the same time, the problem of subsynchronous oscillation among
wind power generators, high-voltage direct current (HVDC), and synchronous generators (SGs) has
become increasingly prominent. According to the dynamic interaction among doubly fed induction
generators (DFIGs), HVDC, and SGs, a linearization model of DFIGs and SGs transmitted via HVDC
is established, and the influence of the electromagnetic transient of wind turbines and HVDC on the
electromechanical transient processes of SGs is studied. Using the method of additional excitation
signal injection, the influence of the main factors of DFIG on the damping characteristics of each
torsional mode of SG is analyzed, including control parameters and operation conditions when the
capacity of HVDC is fixed. The mechanism of the negative damping torsional of SGs is identified.
ﬁr;,ecfgtfg A time-domain simulation model is built in Electromagnetic Transients including DC/Power Sys-
tems Computer Aided Design (EMTDC/PSCAD) to verify the correctness and effectiveness of the
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1. Introduction
Received: 22 December 2020 In recent years, developing wind resources vigorously has been an important way of
Accepted: 12 January 2021 promoting energy transition and meeting the environmental challenges [1,2]. In the first
Published: 17 January 2021 half of 2020, China’s new grid-connected installed capacity was 6.32 million MW. By the

end of June, the installed capacity of wind power was 217 million kW [3], and the installed
wind power capacity has increased steadily. It is estimated that, by 2050, the installed wind
power capacity will reach 2.4 billion kW in China [4].

Due to the uncoordinated distribution of wind power resources and load development
in China, there is a problem of wind power accommodation. Wind power requires large-
scale, long-distance, and stable transportation. Thus, the wind-thermal bundled system
transmitted via high-voltage direct current (HVDC) is the key means to solve this problem,

= such as the Lugu HVDC project and Hazheng HVDC project. However, while solving the
Copyright: © 2021 by the authors.  problem of accommodation, the security and stability of the sending network face hidden
Licensee MDPI, Basel, Switzerland. - pigleg [5 6], example.g., the problem of power oscillation. In July 2015, a subsynchronous
oscillation (SSO) occurred in a wind farm in Hami, Xinjiang, China, which caused the shaft
torsional oscillation of the synchronous generator (SG) at a distance of 300 km, threatening
the safe operation of the system [7,8].

Focusing on the power oscillation problem of the sending network, domestic and
foreign scholars have investigated the following aspects using the eigenvalue method,
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complex torque coefficient approach, impedance analysis approach, etc: (1) the problem
of SSO in SGs via HVDC transmission [9-11]; (2) the SSO of wind turbines transmit-
ted via HVDC [12-15]; (3) the SSO of wind-thermal bundled systems transmitted via
HVDC [16-18].

In the research of SGs via HVDC transmission, [9] pointed out that the HVDC trans-
mission capacity, strength of grid, and current loop control strategy all affect the torsional
vibration of the SG shafting and induce 11.5 Hz negative damping oscillation. The authors
of [10,11] studied the stability mechanism of SSO caused by HVDC using the complex
torque coefficient method, as well as pointed out that the nearby generators can produce
SSO negative damping when the bandwidth of the constant current controller on the recti-
fier side is 10-20 Hz. In terms of wind turbines via HVDC transmission, [12,13] used the
eigenvalue method and complex torque coefficient approach to study doubly fed induction
generator (DFIG) and HVDC system wind farm damping characteristics, showing that
their interaction is not obvious. The influence of DFIG controller parameters and wind
speed on the torsional mode of SG was evaluated using eigenvalue analysis in [14]. The
results showed that the frequency and damping of the torsional mode increased when the
rotor-side converter power outer loop parameter increased from 1 to 5 or the current inner
loop control parameter changed from 0.1 to 10; on the other hand, when the wind speed
increased from 11 m/s to 15 m/s, the torsional mode first decreased and then increased.
The authors of [15] pointed out that the damping of the SSO increases, and the coupling
mechanism was deduced as a function of the dynamic process between voltage and current
disturbance at the coupling point, when the proportional coefficient of the permanent
magnetic synchronous generator (PMSG) outer loop and HVDC constant current controller
increased or the integral coefficient decreased.

The research on the interaction between SGs or wind turbines and HVDC has been
relatively complete, but the research on the interaction of wind turbines, SGs, and HVDC is
still rare. The oscillation mechanism of the wind—thermal bundled system transmitted via
HVDC was evaluated using a time-domain simulation and eigenvalue analysis in [16,17],
pointing out that the connection of DFIG can alleviate the SSO of SGs caused by HVDC. The
authors of [18] proposed an active disturbance rejection additional damping control using
the least square to suppress the shaft torsional vibration of the wind—thermal bundled
system effectively transmitted via HVDC. However, the dynamic interaction mechanism
among the three has not been fully explained.

In wind-thermal bundled systems transmitted via HVDC, the torsional vibration of
the SG caused by grid-connected wind turbines is manifested in the rotor speed oscillation.
To be specific, the speed contains abundant electromechanical coupling information. If a
certain controllable disturbance is applied to stimulate speed oscillation, we can observe
the characteristics of speed response after the disturbance is removed, as well as judge the
electromechanical coupling characteristics among wind turbines, HVDC, and SGs, and the
contribution of various factors to torsional vibration can be identified.

Unlike previous studies, this paper proposes using the signal injection method to ana-
lyze the torsional vibration of a high-proportion wind power system [19], which involves
applying an alternating current (AC) voltage signal on the excitation winding to stimulate
speed oscillation. This paper observes the difference of the free response characteristics of
the speed disturbance, which is caused by the change in wind turbine scale, and it identifies
the coupling mechanism of DFIGs, HVDC, and SG shafting. The main contributions of this
paper are as follows:

e  The linearization models of DFIGs and SGs transmitted via HVDC are established.
Thus, the influence of the electromagnetic transient process of wind turbines and
HVDC on the electromechanical transient process of SGs is studied. Moreover, this
paper reveals the interaction mechanism of the system;

e  The influences of DFIG control parameters and operating conditions on the damping
characteristics of each torsional mode of SGs under the condition of a fixed capacity of
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HVDC is analyzed on the basis of injection signal identification. Then, the negative
damping torsional vibration mechanism of the SG shafting system is identified;

e  Considering the differences in operation conditions and control parameters of different
DFIGs in the wind farm, taking two-machine parallel systems as an example, the
influence of DFIGs on the torsional vibration of SG shafting is further expounded.

2. System Model

The topological structure of a wind-thermal bundled system transmitted via HVDC
is shown in Figure 1, which mainly includes DFIGs, SGs, and HVDC. Considering that
the DFIG in the actual system consists of hundreds and even thousands of wind turbines,
the model order is high; therefore, it is difficult to establish a detailed model. Therefore,
this paper establishes a single-machine model for DFIGs using the principle of similar
transformation, while the model of the SG is taken from the first sub-synchronous resonance
(SSR) benchmark [20], and the CIGRE Benchmark Model is used for HVDC [21].
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Figure 1. Structure of doubly fed induction generator (DFIG) wind farm connected with series compensated transmission network.

2.1. Model of DFIG

The DFIG topology structure and its control strategy are shown in Figure 2, consisting
of wind turbines, an induction generator, a rotor-side converter (RSC), and a grid-side con-
verter (GSC). The definitions of variables in Figure 2 are shown in Table A1 (Appendix A).
The stator is directly connected to the network, and the rotor is connected to the grid
through the RSC and GSC. The RSC and GSC usually use voltage vector-oriented con-
trol [22,23]. In order to maximize the utilization of wind energy, the RSC adopts the
maximum power point tracking (MPPT) control strategy, whereas the GSC takes DC
voltage and reactive power as the control targets.
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Figure 2. Cont.
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Figure 2. The topology and control system of a DFIG: (a) topology structure; (b) control strategy of
the grid-side converter (GSC); (c) control strategy of the rotor-side converter (RSC).

The mathematical model of the DFIG, as shown in [24], is linearized at the equilibrium
point to obtain the linearized model shown in Equation (1).

{ AXprIGs = ADFIGsAYDFIGs + BDFIGsAUDFIGS (1)
Ayprics = CoricsAYDFIGs + DpFiGsAUDFIGs

where Aprics, Borics, Cprics, and Dprjgs are the state matrix, input matrix, and output
matrix of DFIGs; the state variables are Axprigs = [Awr, APsq, Apsq, Apra, Athrq, Aigd, Aigg,
Aug., Ax1~Axg], and Axppigs is a 16 X 1 matrix; the input and output variables are Auppigs
= [Augg, Ausq]T and Ayprigs = [Algq, Az’sq]T, and Auprigs and Ayprigs are 2 x 1 matrices.
The transfer function of DFIGs is denoted in Equation (2).

AYprigs = Corics - (SI — Aprigs)” ' - Borigs + Dprigs: ()

2.2. Model of SG

The topological structure of an SG was described in [20], consisting of an electrical
part and shafting part. The electrical part includes stator/rotor excitation and voltage,
and the shafting part is equivalent to six mass blocks, namely, a high-pressure cylinder
(HP), intermediate-pressure cylinder (IP), low-pressure cylinder A (LPA), low-pressure
cylinder B (LPB), generator, and exciter. There are five natural oscillation frequencies in
the shaft system, which are 15.71 Hz (torsional mode 1, TM1), 20.21 Hz (TM2), 25.55 Hz
(TM3), 32.28 Hz (TM4), and 47.46 Hz (TM5), respectively, of which TM5 is not considered
in this paper.

The mathematical model of an SG was shown in [20], linearized at the equilibrium
point, and the linearized mode of the SG was obtained, as represented by Equation (3).

{ Axsg = AsgAxsg + BsgAusg

, 3
Aysg = CsgAxsg + DsgAusg ®)

where Agg, Bsg, Csg, and Dgg are the state matrix, input matrix, and output matrix of SG;
the state variables are Axsg = [Aw1~Awg, Ad1~Adg, AT1~AT3, Ax, Ay, Aig, Aip, Aig, Aig,
AEg4], and Axsg is a 22 x 1 matrix; the input and output variables are Augg = [Aug, Auq]T
and Aysg = [Aidg, Aiq]T, and Augg and Aysg are 2 x 1 matrices. The definitions of variables
are shown in Table A2 (Appendix A).

The transfer function of SG is further obtained as shown in Equation (4).

AYsg = Csg - (sI — Asc) ™' - Bsg + Dsc. 4)

2.3. Model of HVDC
The topology and mathematical model of HVDC were shown in [21]. The rectifier of

HVDC adopts constant current control and the inverter-side controller adopts constant
turn-off angle control. The linearized model structure can be given as

{ Axpvpc = ApvpcAxpvpe + BuvpcAunype 5)
Aynvpc = CavpcAxavpe + DuvpcAunvpe



Energies 2021, 14, 474

50f21

where Apvpe, Buvpe, Cavpe, and Dyype are the state matrix, input matrix and out-
put matrix of HVDC; the state variables are Axyypc = [Aly, Alrg, Mlgcr, Mg, AVge,
AVpcccl/ AVpccqr AV r2d, AVchqr Alrd, AILrlq/ AV r3d, AVcr3q/ AV crad, AVcr4qr Alyi24,
AlLng, Axo~Ax12], and Axgypc is a 21 x 1 matrix; the input and output variables are
Aupvpe = [AVyd, AVrg, Mlg)" and Aypype = [Alg, Alygl?, and Aupypc is a 3 x 1 ma-
trix and Aypvpc is a 2 x 1 matrix. The definitions of variables are shown in Table A3
(Appendix A).
The transfer function of HVDC can be obtained as shown in Equation (6):

AYnvpe = Cavoc - (sI — Aaype) ' - Buvpe + Davoc. (6)

3. Electromechanical Coupling Characteristics of Equipment

According to the SG linearized model, the electromagnetic torque disturbance ATe
can be expressed as shown in Equation (7).

AT, = —{[ i —iao ]+ [ ~¥q a0 |- { Ll(gS) Lz(ES) ]} [ e ]_1' { a0 ] - Aw,

' ' wo 8/ Wpase Pdo
[ a0 7ldL0 } 0 S/wbase —wo - Auy ’ (7)
* +[ _lpqO lde } ! 1(55) Lz(S) :| . |: wo S/wbuse :| . [ Auq ]

where wy is the SG rotor speed initial value, wy,;, is the reference value of the SG, and
Whase = 60 Hz.

L1(s) and Ly(s) represent the transfer function relationship between current and flux,
and the expressions are denoted in Equation (8).

B (Tc,l/05+l> (Té05+1)
- (Tgs-&-l) (’rés-&-l)Ld
Lz(s) B <T‘;/OS+1> (Téos+1) ’
(Tgerl) (TéS+1)Lq

®)

According to Equation (7), the SG electromagnetic torque disturbance is related to the
rotor speed disturbance and voltage disturbance, and the voltage disturbance is correlated
with the current disturbance and grid structure. The expression of voltage disturbance is
considered as shown in Equation (9).

Aud _ le Z12 ) Ald (9)
Auq 221 Zzz Alq !

where Z11, Z13, Zy1, and Zy; are the grid impedance matrix elements, and the current
disturbance expression is shown in Equation (10).

{Aid}: _{Llés) 0 }_{s/wm ~wp }f[—%ﬂ.AM

Aiq LZ(S) wo 8/ Whgse Pdo

L LiGs) 0 ] | s/Whase  —wo T Aug
| I | o]

0 Ly(s) wo S/ Wpase Aug

(10)

Equations (7)—(10) reflect the formation mechanism of SG electromagnetic torque, thus
giving the formation mechanism diagram shown in Figure 3a. The SG speed disturbance is
the input signal, and the electromagnetic torque is composed of two branches, of which
the first branch is mainly determined by the SG electrical part and the second branch is
codetermined by the SG electrical part and the grid. The expressions of G1(s), Ga(s), G3(s),
Gy(s), and Gs(s) in Figure 3b are shown in Equation (A1) (Appendix A).
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Figure 3. The electromagnetic torque formation mechanism of a synchronous generator (SG): (a) SG electromechanical

coupling mechanism; (b) speed disturbance transfer relationship.

It can be seen from Figure 3 that the SG speed disturbance transfer function can
be obtained.

AT, = {G1(5) + (Ga(s) - Ga(s) - [1 — Ga(s) - Gs(s)] " - Ga(s)) } - Acoy. (11)

When the DFIG and HVDC are connected to the system, the mechanism of interaction
with the SG is shown in Figure 4. It can be seen that the rotor disturbance Aw; of the SG
is the input disturbance of the electrical system. The output current disturbance Aigqq
is formed through the electromagnetic coupling relationship of the electrical part. On
the one hand, Aigqq directly forms the electromagnetic torque disturbance AT and acts
on the rotor; on the other hand, the terminal voltage disturbance Audq of the SG, wind
turbines, and HVDC is formed by the grid coupling. The SG terminal voltage disturbance
through its electromagnetic coupling relationship intensifies ATe and Aigqq; then, Aiggq
interacts with the terminal voltage disturbances of wind turbines and HVDC to produce
current disturbances Airgq and Aipgq. Furthermore, Airgq and Aipgq are superimposed
to continue the grid function and form a new terminal voltage disturbance Augyq, which
further aggravates AT, until the system rebalances or loses stability.

It can be seen from Figure 4 that the rotational speed disturbance transfer function
among the DFIG, HVDC, and SG is considered as shown in Equation (12).

AT, = {G1 (s) + (Ga(s) - Ga(s) - [1 — Gs(s) - (Gs(s) + Gprics(s) + Grvpe(s)] " - G4(S))} -Awy. (12)



Energies 2021, 14, 474

7 of 21

(
I T \
! ATe || J_@dq

| ATm=0 Akor Adsaq

| = Shafting SG -

I I

i

7

S —

S I .
Auaq Wind Airdq : At gxy=0
generators = 2 Lot cld |-eeea——

7

HVDC

——

I
I
I
I
: LCC- Al’hdq‘
I
I
1
1

==
> Al Av. -
Aco— (=) Gua(s) AT,

(b)

Figure 4. The dynamic interaction between various equipment and the SG: (a) SG electromechanical

coupling mechanism; (b) speed disturbance transfer relationship.

The above analysis reflects the influence of the electromechanical transient process of
power electronic equipment on the electromechanical transient process of current magneti-
zation equipment. The electromechanical coupling process among wind turbines, HVDC,
and SGs is revealed from the mechanism. At present, eigenvalue analysis, complex torque
analysis, impedance analysis, and the time-domain simulation method are commonly used
to analyze system SSO problems. Among them, eigenvalue analysis can obtain the inherent
mode of the system and judge the stability of the system at one operating point, but it
cannot explain the subsynchronous interaction mechanism clearly. Whether the complex
torque analysis is applicable to multimachines and multi-power electronics systems is still
inconclusive, and impedance analysis can only determine the stability of the subsystem
but not the entire system. The above methods are difficult to ensure calculation accuracy
when studying the SSO problem of complex systems including DFIGs, SGs, and HVDC,
while the time-domain simulation method can guarantee model integrity and calculation
accuracy to the maximum extent. Therefore, this paper studies the influence of various
equipment on SG shafting using the identification signal injection method.

4. Influence of Various Online Equipment on the Damping Characteristics of SGs
4.1. Additional Excitation Signal Injection Method

Common SG identification methods include the stator-side additional current injection
method and rotor-side additional excitation signal injection method. The latter is used
in this paper. The advantages of this method are that the frequency, amplitude, and time
length of the excitation signal can be changed according to needs, and all concerned modal
attenuation coefficients can be identified; in online application, due to the controllable
amplitude, it can ensure the safety of the shafting system without affecting the normal
operation of the system. From the dynamic coupling mechanism of various equipment, the
torsional vibration of the SG shafting system is caused by the transmission of wind turbines
via HVDC, which is manifested in the rotor speed oscillation; that is, the speed contains
abundant electromechanical coupling information. If a controllable disturbance is applied
to stimulate the rotation speed oscillation and to observe the response characteristics
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of the rotation speed after the disturbance is removed, the electromechanical coupling
characteristics among the wind turbines, HVDC, and SGs can be judged, and then the
contribution of each equipment to the shaft torsional vibration of the unit can be identified.

Taking the rotor motion equation as an example, the variation rules of rotor angle and
its frequency are as follows when there is external disturbance:

Abj + 204 A6 + W2 A6 = — ATy, (13)

where the electromagnetic torque ATg, = —Acos(wst).
Assuming the angle increment Ady(t = 0) = 0, the torsional vibration of SG can be
expressed as

Ao, = A(sk/t(t) + A(Sk,s(t)

Ay 4(t) = —Be*”kt<cos¢cos wgt + %ﬁm‘msq’ sinwdt) , (14)
Ady(t) = Bcos(wst — ¢)

_ A
B= 2 2)2 2
(W,,k*ws) +4(7k
207 / Wk
= arctan———1k 15
? T (ws /o) 15)
_ 2 _ 2
wy = wnk O'k

where Ady (t) is the transient response that only exists for a period of time, and Ady 4(t)
is the forced response under the excitation of the injected signal. It can be seen that the
SG rotor dynamic process contains attenuation components and forced excitation, and the
attenuation coefficient can characterize the modal damping of the system.

When the excitation signal is removed, the rotational speed of the torsional vibration
mode decays exponentially. Solving Equation (16) can obtain the expression of shafting
torsional vibration, which can be expressed as shown in Equations (17) and (18).

A8k+2(0'k+0'ek)A5k+w%kA5k =0 ) (16)
ANy (to) = Ddp
A S (t) = Coe ExE10) gin(wy(t — to) + ), t > to, (17)
A wi(t) = Coe E%10) cos(wy(t — to) + ), > ty, (18)

where Cg, C, are coefficients, and f is the time to remove the excitation. It can be seen
from Equation (18) that, after the excitation is withdrawn, the modal speed changes in the
form of attenuated oscillation, and the attenuation rate is the sum of mechanical damping
and electrical damping. The total mode can be obtained by identifying the attenuation rate
of the torsional vibration mode speed after removing the excitation.

The basic principle of the additional excitation signal injection method is shown in
Figure 5 [25], which shows that the modal signal generator superimposes the excitation
test signal us with controllable angular velocity, amplitude, and duration to the output
of automatic voltage regulator (AVR). The us can generate the electromagnetic torque
disturbance AT,, and it excites a safe and controllable SSO in shafting system. After
removing us, the change in generator speed depends on the result of the interaction
between the mechanical damping and electrical damping of the system, and the damping
can be identified using the spectrum analysis method on the basis of discrete Fourier
transform. Since the influence of mechanical damping is not considered in this paper, the
mechanical damping was set as 0. The main process of the injection method is depicted in
Figure 6.
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Figure 5. Basic principle of excitation-signal-injection method.
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Figure 6. Flowchart of the proposed identification approach.

4.2. Influence of Access to Various Equipment on SG Damping Characteristics

In order to illustrate the feasibility of the above method, the system shown in Figure 1
was taken as an example. The transmission capacity of HVDC was 800 MW, and the output
power of the SG was 600 MW. The installed capacity of a single DFIG was 1.5 MW, and the
grid-connected number and wind speed of DFIG were 1500 and 4 m/s.

When t = 0 s, the excitation signal disturbance was added, and then the signal was
removed at 15 s. The rotational speed curve of SG shafting in torsional vibration mode is
shown in Figure 7. The logarithm of the w, amplitude was taken and curve-fitting was
performed. The fitting results are shown in Figure 8, and the attenuation coefficients of
TM1-TM4 were —0.1235, —0.007909, —0.02113, and —0.06042, respectively.
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In order to further analyze the influence of wind speed and control parameters on
the torsional vibration of the SG shafting system under the condition of fixed HVDC
transmission capacity, the evolution law of the influence of various factors on the torsional
vibration was studied by taking a single-DFIG model and a two-machine parallel model
as examples.

4.2.1. Influence of Access to Single Equivalent DFIG on SG Shafting

The wind speed was 4 m/s, the transmission capacity of HVDC was 800 MW, the
output power of the SG was 600 MW, and the installed capacity of a single DFIG was
1.5 MW. When 1500 units were connected in parallel, the attenuation coefficient of each
SG torsional vibration mode was as shown in Figure 9 under the control parameters of
different DFIG rotor converter current inner loops.

’ = TM2
™3
- TM4

011 4

Decrement factors

-0.15
2 3 4 5 7 8 9 10
Ky/p.u
(a)
0 T
|4 ~=TM1L
£-0.051 =-Tm2
3 ™3
= - TM4
[
5
g -0.1F
[a]
015 ! i I ! !
0.5 1 15 2 25 3
Kilp.u
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Figure 9. Damping coefficient for each torsional mode of SG under different rotor converter current
inner loops: (a) different K,; (b) different integral coefficient of the current inner loop (Kj).

It can be seen from Figure 9 that, when the number of grid-connected DFIGs was
given, and when K, changed from 1 p.u. to 10 p.u., the attenuation coefficients of the
torsional vibration modes of SG shafting generally showed a trend of decrease, whereby
the attenuation coefficient of TM1 decreased 1.2-fold, the attenuation coefficients of TM2
and TM3 decreased 1.7-fold and 1.9-fold, and the attenuation coefficient of TM4 decreased
1.8-fold. The damping characteristics of the modes were enhanced, and, within the same
time range, TM1 changed more obviously. As the integral coefficient of the current in-
ner loop increased, the attenuation coefficients of the torsional modes of the SG did not
change significantly.

The installed capacity of a single DFIG was 1.5 MW, the output power of the SG was
600 MW, and the output power of HVDC remained at 800 MW. Under different operating
conditions of grid-connected DFIGs, the attenuation coefficients of the torsional mode of
the SG were as shown in Figure 10.
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Figure 10. Damping coefficient for each torsional mode of SG under different operating conditions.

It can be seen from Figure 10 that, as the wind speed increased from 4 m/s to 7 m/s,
the attenuation coefficients of the torsional modes of SG shafts increases, and the mode
damping characteristics weakened. Specifically, the attenuation coefficients of TM1-TM4
increased 1.6-fold, 1.8-fold, 1.5-fold, and 1.3-fold, respectively.

From all the above results, it can be seen that the K; of DFIGs, as well as the operating
conditions of the wind turbines, can affect the damping characteristics of the SG, while the
setting of K; has little effect on the SG damping characteristic.

4.2.2. Influence of Parallel Connection of Two DFIGs on SG Shafting

Considering that the actual wind turbines are often distributed in different regions,
the wind speed and the number of grid-connected units in different regions may be quite
different. Therefore, this section takes two DFIGs in parallel as an example, considering
the geographical distribution of wind turbines; furthermore, it studies the influence of
the control parameters and the change in operating conditions on SG shafting in a wind-
thermal bundled system transmitted via HVDC.

When the operating condition of DFIGs was 4 m/s, the number of grid-connected units
was 1500, and the output power of HVDC and SG was 800 MW and 600 MW, respectively,
the K, of the two DFIGs increased from 1 p.u to 10 p.u. The attenuation coefficient of TM1
of the SG shafting system is shown in Table 1, and the other modes are shown in Tables
A4-A6 (Appendix B); in the same way, the current inner loop control integral coefficients
of the two DFIGs increased from 0.5 p.u to 3 p.u. The attenuation coefficient of TM1 is
shown in Table 2. Tables 1 and 2 show that (1) when the K, of group1 was constant, with
the increase in K, of the current inner loop of group2, the damping characteristics of the
system were enhanced and the oscillation frequency decreased, (2) when the K; of group1
was constant, with the increase in K; of group2, the damping characteristics of the SG
shafting system changed little, and (3) in the two-DFIG parallel system, the increase in
proportional coefficient of the DFIG inner loop was conducive to the stability of TM1, and
the change trend was basically the same as the conclusion of the single system.

Table 1. Damping coefficient for TM1 of SG under different Kp,.

Group 1
1p.au 3pu 6 p.u 10 p.u
Group 2 P P P P

lpu —0.1137 —-0.125 —0.1291 —0.1262
3pu -0.125 —0.1339 -0.1371 —-0.1373
6p.u —0.1291 —-0.1371 —0.1412 —0.1418

10p.u —0.1262 —0.1373 —0.1418 —0.1375
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Table 2. Damping coefficient for TM1 of SG under different K;.

Group 1
0.5p.u 1.5p.u 2 p.u 3 p.u
Group 2 P P P P

0.5p.u —0.1412 —0.1427 —0.1425 —0.1427
1.5pu —0.1427 —0.1438 —0.1427 —0.1432
2pu —0.1425 —0.1427 —0.1436 —0.143
3pu —0.1427 —0.1432 —0.143 —0.1428

When K, was 3 p.u, the capacity of HVDC was 800 MW, and the SG output power
was 600 MW, the operating condition of the DFIGs increased from 4 m/s to 7 m/s, and
the attenuation coefficient of SG shafting torsional (TM1) was as shown in Table 3. It
can be seen from Table 3 that with the increase in wind speed of Group 2, the damping
characteristics of the system weakened and the oscillation frequency increased as the wind
speed of groupl was constant. Therefore, in the two-machine parallel system, the increase
in DFIG operating conditions was harmful to the stability of TM1, and the change trend
was consistent with the conclusion of the single system.

Table 3. Damping coefficient for TM1 of SG under different operating conditions.

Group 1
4 m/s 5m/s 6 m/s 7 m/s
Group 2

4m/s —-0.1339 —0.1376 -0.1219 -0.1071
5m/s —0.1376 —0.1345 —0.1224 —0.1085
6m/s —-0.1219 —0.1224 —0.107 —0.09429
7m/s —-0.1071 —0.1085 —0.09429 —0.08924

4.2.3. Influence of SG Parameters on SG Shafting

The influence of SG parameters on the torsional vibration of SG shafting were not
considered in the above analysis. This section mainly analyzes the influence of AVR and
mechanical damping coefficient of SG on the torsional modes of each shafting. The AC
exciter adopts the IEEE AC exciter module AC1A, and the transfer function block diagram
is shown in Figure A1 (Appendix C).

When the wind speed of the DFIGs was 4 m/s, the number of grid-connected units
was 1500, the HVDC transmission power was 800 MW, and the output power of the SG was
600 MW, under different AVR control parameters (Ko and Ty ), the attenuation coefficients
of each torsional mode of SG were as shown in Tables 4 and 5. The attenuation coefficients
of each torsional mode of SG are shown in Table 6 under different mechanical damping
coefficients (D).

Table 4. Damping coefficient for TM1-TM4 of SG under different Kp (To = 0.02).

Ka ™1 TM2 TM3 T™4
50 —0.1206 —0.008813 —0.0217 —0.02252
150 —0.1207 —0.008823 —0.02172 —0.02255

Table 5. Damping coefficient for TM1-TM4 of SG under different Tp (Kp = 50).

Ta ™1 ™2 TM3 T™4

0.02 —0.1206 —0.008813 —0.0217 —0.02252
0.2 —0.1206 —0.008816 —0.0217 —0.02253
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Table 6. Damping coefficient for TM1-TM4 of SG under different T5 (Kp = 50).

Dm ™1 T™2 ™3 T™4
0.05p.u -0.1762 —0.0154 —0.1021 —0.08473
0.1p.u —0.2128 —0.02149 —0.1182 —0.1009
02pu —0.2487 —0.03367 —0.1311 —-0.1332

From Tables 4-6, it can be seen that the change in AVR control parameters had little
influence on each torsional mode of the SG. The mechanical damping coefficient had a
great influence on the torsional mode of the SG, whereby larger coefficients were more
conducive to the stability of each torsional mode.

5. Time-Domain Simulation Verification

In order to verify the correctness of the theoretical analysis, a simulation model of
DFIGs, SGs, and HVDC connected to a grid system was built in EMTDC/PSCAD. Among
them, the SG adopted the IEEE SSR first standard model, and the simulation parameters
of SG were as shown in [17]. The HVDC adopted the CIGRE Benchmark Model, whose
rated transmission power was 1000 MW. The simulation parameters of HVDC and DFIG
are shown in Tables A10 and A1l (Appendix C).

5.1. Influence of Single Machine on Torsional Vibration of SG Shafting
5.1.1. Different Current Inner Loop Control Parameters

The wind speed of the DFIGs was 4 m/s, the number of grid-connected units was 1500,
the HVDC transmission power was 800 MW, and the output power of the SG was 600 MW.
A three-phase short circuit fault occurred in the system at t = 6 s, and the duration was
75 ms. The SG rotor speed response curve under the Kj, of DFIGs is shown in Figure 11a.
Time—frequency analysis was used to analyze the rotor speed data, and the time—frequency
analysis results are shown in Figure 11b,c.

1.0011 T T T T T T
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—K,=8p.u
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wlp.u

107
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Figure 11. Rotor speed response of SG and the time—frequency analysis result: (a) rotor speed
response curve; (b) Kp = 1.5 p.u; (c) Kp =8 p.u.
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As can be seen from Figure 11, with the increase in Ky, the attenuation trend of TM1
changed most significantly compared with other modes, and the mode damping was
enhanced. The time-domain simulation results were consistent with the analysis results in
Section 4.2.1.

5.1.2. Different Operation Conditions

When the control parameters of the DFIGs were constant, the number of grid-connected
units was 1500, and the output powers of the HVDC and the SG were fixed, the system had
a three-phase short circuit fault at t = 6 s with a duration of 75 ms. The results of the rotor
speed response curve and time-frequency analysis under different operating conditions of
DFIGs are shown in Figure 12.

1.0011

1.0005

1

Jrad/s

S]
0.9995
0.9989
5 10 15 20 s 25 30 35 40
(a)
20.06
So04
2002
50 s
20 25
f(Hz) 0 10 15 t(s)
(b)
008
2 0.06 ™ M3 Tz
Lo V/

3 40

0 -
20
f(Hz) 10

15 20 O]

0 10

(c)

Figure 12. Rotor speed response of SG and the time—frequency analysis result: (a) rotor speed
response curve; (b) v=4m/s; (c)v=7m/s.

Comparing Figure 12b with Figure 12¢, it can be concluded that, when the wind speed
of DFIGs increased from 4 m/s to 7 m/s, the change trend of TM1 was more obvious
than the other three modes and TM1 damping became weaker, which was not conducive
to system stability. The change trend was consistent with the identification results in
Figure 10.

5.2. Influence of Two-Machine Parallel System on Torsional Vibration of SG Shafting

The system parameters were the same as in Section 5.1. In this section, the two-
machine parallel system was simulated and verified. The torsional vibration of the SG
transmitted via an HVDC system was analyzed, accounting for the regional differences
in wind turbines, caused by different current inner loop control parameters, operating
conditions, and the number of grid-connected units. The results of the SG rotor speed
response curve and the time-frequency analysis are shown in Figures 13 and 14.
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(b)

Figure 13. Rotor speed response of SG: (a) Kp =1 p.u-10 p.u; (b) v =7 m/s4 m/s.
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Figure 14. Rotor speed response of SG and the time—frequency analysis result: (a) Kp, =1 p.u;
(b)Kp =10p.w; (c)v=4m/s;(d)v=7m/s.

From the time-domain analysis, it can be seen that, when the K, of the RSC in the
DFIG increased and the operating conditions decreased, it was conducive to the stability of
the system.

6. Conclusions

This paper proposed a torsional vibration analysis method for a system containing
HVDC, DFIGs, and SGs, using the additional excitation signal injection method. It revealed
the torsional modes of the SG shafting caused by DFIGs connected to the grid. The main
conclusions are as follows:
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(1) In a typical wind—thermal bundled system transmitted via HVDC, the electro-
magnetic transient process among wind turbines, SGs, and HVDC influences the elec-
tromechanical transient process of the system. There are some factors, such as the types
of grid-connected wind turbines, main control parameters, operating conditions, and; the
transmission power and control parameters of HVDC that affect the torsional modes of the
SG to some extent.

(2) For the DFIG and SG system transmitted via HVDC, under the given HVDC
transmission capacity, as the current inner loop control parameters of the RSC of the DFIG
decreased (K}, =10 p.u-1 p.u), the damping characteristics of each torsional mode of the SG
decreased; as the operating conditions of the DFIG decreased (v = 7—4 m/s), the damping
characteristics of each torsional mode gradually increased. With the increase in mechanical
damping coefficient (D, = 0.05 p.u-2 p.u), the damping of each torsional mode increased,
which was beneficial to the stability of the system.
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Appendix A

Table A1l. The definitions of variables for the DFIG.

Variable Notation
Reactive power of stator Qs
Active power of stator Py
Reactive power of grid Qg
Voltage of rotor Ur
Current of rotor i
Voltage of grid ug
Current of grid ig
Voltage of stator Us
DC capacitor voltage Udc
Direct current capacitor Cde
Connection reactance Lc
Output phase of phase-locked loop OprL
Wind speed v
Rotor speed Wr
The flux linkage of stator Ps
The flux linkage of rotor Pr
Output voltage of GSC Ucg
Output current of GSC icg
Inductance of GSC Ly
Inductance of rotor L
Rated angular speed of the stator wo
Slip s
Mutual reactance Xm
Reactance of the stator Xs

State variables in the control system X1~Xg
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Table A2. The definitions of variables for the SG.
Variable Notation
Stator voltage Ugq
Stator current idq
Stator linkage Pdq
Current of excitation winding it
Current of damping winding in the d-axis ip
Current of damping winding in the g-axis ig
Current of damping winding in the Q-axis iQ
Voltage of exciter Eqq
Location of speed relay «
Opening angle of valve u
Motive power of steam turbine T1~T3
Rotational speed of 6-mass w1~wg
Rotor phase of 6-mass 61~06
-1
- - Li(s) 0 s/ wp —wo —¥q0
Gq(s) = — 1 —1 — . . ase . q
1( ) { [ o a0 ] * [ quO lPdO ] { 0 L2 (S) wo S/wbase ¢d0
-1
GQ(S) _ Ll(s) 0 . S/ Whase —wo . _l/}qO
0 Ly (S) wo S /wbase 11de
VAVRVAY)
G = Al
3 (S) |: 221 Z22 ( )
-1
. . Li(s) O s/ wp —wy
Gy(s) = 1 —1 — . . ase
4(s) {[ © —ido ]+ [ —¥p Yao | [ 0 Ly(s) Wy S/ Whase
-1
Gs(s) = Li(s) 0 . §/ Whase —wo
> 0 Ly (S) wo $/ Wpase
Table A3. The definitions of variables for HVDC.
Variable Notation
AC system voltage Vi
AC system current I,
DC line current I4c
DC line capacitance voltage Ve
AC bus voltage Vpcce
Filter capacitance voltage Ver
Filter capacitance current Iy
State variables in the phase-locked loop controller X9~X10
State variables in the current loop controller X11~X12
Appendix B
Table A4. Damping coefficient for TM2 of SG under different Kp,.
Group 1
Group 2 0.01 0.03 0.06 0.10
0.01 —0.007161 —0.008144 —0.008696 —0.008758
0.03 —0.008144 —0.009209 —0.01047 —0.00998
0.06 —0.008696 —0.01047 —0.01127 —0.01153

0.10 —0.008758 —0.00998 —0.01153 —0.01187
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Table A5. Damping coefficient for TM3 of SG under different Kp,.

Group 1
Group 2

0.01 0.03 0.06 0.10
0.01 —0.01933 —0.02213 —0.02481 —0.0267
0.03 —0.02213 —0.02492 —0.02751 —0.03029
0.06 —0.02481 —0.02751 —0.03117 —0.03423
0.10 —0.0267 —0.03029 —0.03423 —0.03682
Table A6. Damping coefficient for TM4 of SG under different Kp,.
Group 1
Group 2 0.01 0.03 0.06 0.10
0.01 —0.05832 —0.06379 —0.06968 —0.07934
0.03 —0.06379 —0.06961 —0.07486 —0.0854
0.06 —0.06968 —0.07486 —0.08635 —0.09565
0.10 —0.07934 —0.0854 —0.09565 —0.1061
Table A7. Damping coefficient for TM2 of SG under different operating conditions.
Group 1
Group 2 4 m/s 5m/s 6 m/s 7 m/s
4m/s —0.009209 —0.009532 —0.008106 —0.007434
5m/s —0.009532 —0.009037 —0.007951 —0.007308
6m/s —0.008106 —0.007951 —0.007347 —0.006515
7m/s —0.007434 —0.007308 —0.006515 —0.006187
Table A8. Damping coefficient for TM3 of SG under different operating conditions.
Group 1
Group 2 4 m/s 5 m/s 6 m/s 7 m/s
4m/s —0.02492 —0.02601 —0.02296 —0.02096
5m/s —0.02601 —0.02437 —0.02296 —0.02103
6m/s —0.02296 —0.02296 —0.02112 —0.01892
7m/s —0.02096 —0.02103 —0.01892 —0.0183
Table A9. Damping coefficient for TM4 of SG under different operating conditions.
Group 1
Group 2 4 m/s 5m/s 6 m/s 7 m/s
4m/s —0.06961 —0.06708 —0.0659 —0.06452
5m/s —0.06708 —0.06817 —0.0668 —0.06279
6m/s —0.0659 —0.0668 —0.06526 —0.06163
7m/s —0.06452 —0.06279 —0.06163 —0.05618
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Appendix C
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Figure A1. The transfer function of AC1A.

Table A10. Main parameters of the DFIG.

Parameter Unit/p.u.
Nominal capacity of DFIG Ppgig 1.5
Voltage of grid ug 0.69
Resistance of the stator 7, 0.0164
Reactance of the stator xg 0.255
Resistance of the rotor 7 0.0183
Reactance of the rotor x; 0.222
Mutual reactance xm, 13.68
DC capacitor voltage 14, 15
Direct current capacity Cg, 0.09
Inductance of rotor L’ 0.005
Inductance of GSC Lq 0.005
Table A11. Parameters of the HVDC controller.
Parameter Unit/p.u.
Proportional coefficient of constant current controller Kp, 1.0989
Integral coefficient of constant current controller Kj; 1/0.01092
Proportional coefficient of turn-off angle controller Kp; 0.7506
Integral coefficient of fixed turnoff angle controller Kj; 1/0.0544
Proportional coefficient of measuring link K, 0.5
Integral coefficient of measuring link T, 0.0012
proportional coefficient of PLL Kpprr 10
Integral coefficient of PLL Kjpy, 50
Proportional coefficient of constant current controller Kp, 1.0989
Integral coefficient of constant current controller Kj; 1/0.01092
Proportional coefficient of turn-off angle controller Kp; 0.7506
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