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Abstract: Deep decarbonization is the goal of modern power systems, so it is inevitable that large-
scale wind farms will be integrated into systems. This also gives rise to many problems, which have
been studied in detail in the literature. However, these studies basically have two deficiencies. One
is to assume that traditional generator units are fully loaded, and the other is not to compare the
differences in the impact of different types of wind farm. This paper discusses these two points in
detail. Taking a series-compensated transmission system as the research object, and assuming that the
wind farm only replaces part of the power of the traditional generator unit in the transition period of
energy conversion, the difference between the torsional vibration behaviors of the traditional unit
caused by adopting different types of wind farm is discussed. The results of the study show that
the impact of integration of the type 3 wind farm is dominated by the induction generator effect of
doubly fed induction generator units. The penetration rate as low as 19% could cause instability.
However, the paralleled metal-oxide varistor can effectively improve the stability. For the type 4 wind
farm, the dominant factor turns out to be the de-rating operations of the steam turbine generator
unit. The allowable penetration rate depends on the turbine damping. When the turbine damping
is sufficient, the penetration rate can be as high as 87.5%. In conclusion, in order to integrate wind
farms into a series compensated transmission system, one should not only focus on the compensation
factor to avoid the sub-synchronous torsional vibrations, but also pay attention to the types of wind
farm as well as the penetration rate. The findings can be used as the decision-making basis for the
integration of wind farms during the energy transition period.

Keywords: series compensation; wind farm; torsional vibration; sub-synchronous resonance

1. Introduction

Owing to energy depletion and environmental pollution, energy saving and carbon
reduction have become primary appeals for all walks of life all over the world. As a result,
the utilization of clean and renewable energies has become the mainstream of electric
power development. Consequently, plenty of large-scale wind farms are being integrated
into the existing power systems to replace the coal-fired generation units. The power
system gradually develops toward the wind power high penetration system. However,
such a development causes a lot of problems for power systems. When wind farm power
is integrated into a power system, in addition to the wind power generator units, a lot
of power regulation equipment like static VAR compensators and static synchronous
compensators will also be incorporated into the system. Usually, they are equipped with
non-linear characteristics, so a lot of harmonics are then introduced into the system. That
might disturb the system’s operations [1,2]. The fluctuating nature of wind power makes
power generation forecasts more and more difficult. That challenges the unit commitment
of power plants and power dispatch of a power system [3,4]. Inadequate reactive power
capacity of wind power generator units limits the capability of maintaining the system
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voltage. That affects the system voltage stability [5]. Lacking adequate inertia for wind
power generator units reduces the inertia of the power network. That will affect the
system’s transient stability when there is a large disturbance like a short-circuit fault [6].
More than that, when there is a short-circuit fault, the tripping of a wind farm might give
rise to a chain reaction and eventually result in a wide range of power loss. That challenges
the system protection and coordination, as well as the voltage and frequency ride-through
capability of wind power generator units [7,8].

Among the above-mentioned problems, there is no doubt the impact on system stabil-
ity is a worthwhile consideration. The integration of wind farms can give rise to both small
signal dynamic stability problems and large signal transient stability problems for power
systems. Several studies have been conducted to investigate the effects of wind penetra-
tions in power networks. The authors of [9] analyzed the dynamic performance of doubly
fed induction generator (DFIG) based wind farms and their effect on electromechanical
oscillations. It showed that the frequency and damping of the inter-area oscillations would
increase with a DFIG-based wind farm on a weak power network. The authors of [10]
demonstrated that increasing wind power penetration on the conventional power system
can have a significant impact on small-signal power system dynamics and operational
characteristics. In refs. [11,12], they show that the high penetration of the DFIG-based wind
farm can improve the small signal stability of the power system. In ref. [13], the authors
showed that the DFIG-based wind farm could decrease the damping of power oscillations,
hence increasing the instability of the power networks. In addition, the wind farm can
decrease the damping of the electromechanical oscillations for a DFIG-based wind farm
by interacting with the electromechanical modes of the synchronous generator. In ref. [14],
the authors showed that the DFIG-based wind farm can change the shapes of local and
inter-area modes and result in dynamic instability. For transient stability, there is also a
great deal of literature showing that wind generator technologies might influence transient
stability [15]. In ref. [16], the authors studied the transient behavior and transient stability
evaluation methods for a grid-fed wind turbine generator. The authors of [17] showed that
the power network with DFIG-based wind farms could restore power and voltages after a
grid fault, thereby enhancing the short-term stability. In addition, the DFIG-based wind
turbines can provide some reactive power support during transient disturbances, thereby
enhancing the transient response of the power system [18]. Recently, fast expansion of the
power electronic equipment and the renewable power plant further challenge the modern
power systems. The Sub-Synchronous Torsional Interaction (SSTI) and Sub-Synchronous
Control Interaction (SSCI) phenomena have become popular research topics. The SSTT is
found to possibly occur between the wind turbine mechanism and the flexible AC trans-
mission system controller, as well as between the steam turbine mechanism and the wind
power controller [19]. The SSCI is found to possibly occur between the inverter controls of
a wind power generator unit and the series capacitor [20,21].

According to the surveys above, the impacts of integrating wind farms on power
system dynamic and transient stability have been extensively studied. However, these
studies have two deficiencies. One is to assume that the traditional generator unit is
fully loaded. It was rarely studied whether the wind farm could replace part of the
power of a traditional generator unit. In fact, in the transition period of energy transfer
toward sustainability, this situation exists. Under such a situation, the traditional generator
unit will continue to operate in a reduced power mode because the power of the wind
farm is not enough to completely replace the traditional unit. Due to the change in the
operation conditions, the electromechanical vibration characteristics of the traditional
generator unit would be changed. As a result, the effect of integrating a wind farm on the
electromechanical vibration behavior of the unit may also be different. The other is that
there is no comparison between the impacts of different types of wind farms. Although
types 3 and 4 are the most common in modern wind farms, most research studies only
one of them. In fact, there is a fundamental difference between the two types of wind
farm. For example, the type 3 wind farm adopts the DFIGs and a partial power converter,
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while the type 4 wind farm adopts the Permanent Magnet Synchronous Generator (PMSG)
units and a full power converter. When these two types of wind farms are incorporated
into the power system, the impact will most likely be different. Whether the two points
above mentioned really have a noteworthy effect or not, as a matter of fact, depends on
the power system configuration. Different configurations may have different results. In
this paper, the series-compensated transmission system is chosen as the research object.
Under the situation that the wind farm only replaces part of the power and the traditional
unit operates with de-rated power, the differences in the torsional vibration behavior of the
traditional generator unit caused by the use of different types of wind farms are studied
and compared. It is found from the results that the impact of integrating the two types of
wind farm on the behaviors of turbine shaft torsional responses will be totally different.
For the type 3 wind farm, the dominant factor for the torsional behaviors of steam turbine
generator units is the Induction Generator Effect (IGE) of the DFIGs. A penetration rate
as low as 19% could induce instability. The stability can be improved by the Metal-Oxide
Varistor (MOV) but cannot be influenced by the turbine damping. For the type 4 wind farm,
the dominant factor is the de-rating operations of steam turbine generators. A penetration
rate of up to 87.5% is allowed. The stability is heavily dependent on turbine damping but
cannot be improved by the MOV.

There is literature studying the Sub-Synchronous Resonance (SSR) between wind
farms and series compensated transmission systems, but most of them are about induction
generators alone. In ref. [22], the authors study the potential of SSR in large wind farms
based on double-cage induction generators connected to a series-compensated line. It
is concluded that IGE-based SSR can potentially occur even at realistic levels of series
compensation. This is a preliminary study of the possibilities. In ref. [23], the authors
investigated the effect of varying the capacitive compensation level on the performance of
a squirrel cage induction generator through small signal modelling. It is shown that the
compensation level increase beyond 50% would lead to electromagnetic torque oscillations
at turbine shafts. This is a further study on the critical compensation factor. The authors
of [24] used a static synchronous compensator to improve the SSR generated by the induc-
tion generator-based wind farm and the series compensated transmission system. This is
to further propose the improvement method. Compared with the literature, the studies in
this paper have at least the following advances:

1. The focus of those studies is on the compensation factor. The effect of the penetration
rate is investigated further in this paper. It is shown that the wind power penetration
rate that causes instability in vibration modes is slightly different under different
compensation factors. The relationship between the compensation factor and the
penetration rate thus becomes clear;

2. Those studies paid attention only to the effect of the integration of wind farms. The
focus of this paper is further placed in the transition period of the energy transition,
which is different from those studies. Not only will the wind farm be integrated into
the system, but also the traditional generator units will continue to operate with a
reduced power mode. Therefore, the factors that will cause the sub-synchronous
vibrations are not only the induction generator effect but also the de-rating operations
of the traditional generator units. In this paper, the comparative study on the influence
degree of the two factors has been further conducted, and it is found that the IGE will
be dominant;

3.  The improvement method proposed in those studies is probably to adopt additional
active compensators for compensation control. This is obviously uneconomical in
terms of cost considerations. In contrast, MOV is the standard equipment of modern
series capacitors. Nevertheless, its impact on the SSR generated by the induction
generator-based wind farm and the series compensated transmission system has not
been studied. This has been done in this paper, and good efficacy was verified;

4. PMSGs are generally not discussed in the SSR issues of series compensated transmis-
sion systems, so there is no relevant literature to compare. However, in ref. [25], the
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authors have shown that replacing traditional generator units with the type 4 wind
turbine generators will change the damping and frequencies of the system inter-area
modes. Since the research is about the situation of PMSGs completely replacing the
traditional generators, there is no de-rating operations for the traditional generators,
so there will not be an impact on the torsional modes. This paper, focuses on the
transition period of the energy transition. The integration of the PMSG wind farm
will indirectly cause the traditional unit to operate with reduced power. The im-
pact on turbine torsional modes can thus be found. Therefore, it has extended the
wind farm type from DFIG to PMSG, which was usually ignored before. Addition-
ally, a comparative study on the effects of two types of wind farms has been con-
ducted with respect to the special situation of energy transition, which has never been
studied before.

2. System Studied
2.1. System Descriptions

A single-machine-to-infinite-bus power system, having a series-compensated trans-
mission line, is being studied. The single line diagram is shown in Figure 1. The nominal
frequency is 60 Hz, and the transmission voltage level is 500 kV. The transmission capacity
is limited to 800 MW. The steam turbine generator G is an 892 MVA unit. Two wind farms
are connected to the system at the 500 kV bus. One is the type 3 wind farm, which is
equipped with the DFIG units, and the other is the type 4 wind farm, which is equipped
with the PMSG units. Each of the wind farms consists of 140 wind turbines. Each wind
turbine has a nominal active power of 5 MW. When simulation studies are conducted, the
140 wind turbines are aggregated into seven DFIG or PMSG models. Each model represents
20 parallel machines and has 100 MW of active power.

MOV 26 kV
| ‘ / TR1 Steam
@ @ @ Turbine
| ‘ & Transmission line Generator
Series compensation DFIG Wind Farm

26 kV! 069kV
TR 2 TR 3

0

TR
| 0.4 kV
500 kv Y

PMSG Wind Farri‘r:

Figure 1. System studied.

2.2. System Model

The DIgSILENT PowerFactory software is adopted for the analysis and simulations.
Built-in models are employed to implement the system under study. However, some
modifications and settings are required for the steam turbine generators, DFIG and PMSG.

2.2.1. Steam Turbine Generator Model

The synchronous generator is modeled with a detailed six-order model, and the IEEE
Typel automatic voltage regulator is included. Those models are common and will not be
repeated here. However, the turbine-and-generator mechanism needs to be included to
study the turbine shaft dynamics, hence the multi-mass model is adopted. The turbine-
and-generator mechanism of each unit is equipped with a high-pressure turbine (HP),
an intermediate pressure turbine (IP), two low-pressure turbines (LPA and LPB), and an
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Tup
v Kyp 1p
JHP
W HP
Drp

exciter (EXC), in addition to the generator rotor (GEN). The lumped mass-damping-spring
model employed is shown in Figure 2. The model parameters are listed in Table 1, where
the symbols T, J, K, D, and w represent torque, inertia, stiffness, damping, and angular
velocity, respectively. The subscripts represent the locations. For example, Dyp represents
damping of turbine HP, and Kgp jp represents stiffness of the shaft between turbines HP
and IP. In addition, Te represents the electromagnetic torque which links the mechanical
and electrical systems. Based on the mass-damping-spring model, the dynamic equations
can be obtained. Taking the turbine IP as an example, the dynamic equation will be

dw
Tip — Kyp_tp(¢1p — ¢up) — Kip_rpa(¢1p — ¢rpa) — Dipwip = Jip dtlp 1)
d
wp = 73? (2)
where ¢ represents the turbine angle.
Ty Tipa Tips T,
* Kip 1pa v Kipa 1pB v Kirp cEn 4 Kexe cen
JLPA JLPB Jo FN JFX( C

w W/ PA
7%7 7%7DLPA

WLPB WGEN WEexC
Dips Dgey Dexc

Figure 2. Lumped mass-damping-spring model of the turbine-and-generator mechanism.

Table 1. Parameters of the mass-damping-spring model.

Parameter Value

Jup 1166.619 kgm?

Dyp 200 Nm/rad

Kyp_1p 45,693,376 Nms/rad
Jip 1953.917 kgm?

Dip 200 Nm/rad

Kip_1pa 82,682,688 Nms/rad
JLpa 10,783.35 kgm?

Dy pa 400 Nm/rad
Kipa_LpB 123,182,504 Nms/rad
JLpB 11,104.15 kgm?

Dy pp 400 Nm/rad
KipB_GEN 167,732,544 Nms/rad
JExc 429.6976 kgm?

DEgxc 0 Nm/rad

KEexc Gen 6,675,404 Nms/rad

2.2.2. DFIG Model

The DFIG with the control scheme employed is shown in Figure 3. The DFIG generator
model is a full-built-in model which integrates the induction machine and Rotor-Side
Converter (RSC). The grid-side converter and its control are not included because the
DC-link dynamics are not of interest [26,27]. The voltage equations in complex notation
and the electromagnetic torque formulas as follows describe the behavior.

1 dy,
ws dt

us = Rsis + jips + 3)

1 dy,
ws dt

ureij(wsiu}r) = Ryiy +] lPr 4)
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»

Wind turbine

Drive train

T, = wﬁ (wqridr + lpdriqr) = wﬁ (lpdsiqs + l/’qsids) (5)
s s

where u, i, and ¢ are voltage, current, and flux, respectively. The subscripts s and r denote
stator and rotor, respectively. T, is the electromagnetic torque; p is the pole pair; ws and w;,
are the synchronous speed and the angular speed of the rotor, respectively.

b @
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|
|
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|
T
|
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|

|

.

Pitch | 4 Crowbar i

control AC ! DC l

% °A DC UDCT‘ AC |

Maximum | !

power ! 4 |

tracking i !

| _ |

Sosed | Grid-side !

1 | controller !

control | |

e .

Ojer- neglect grid-side circuit
frequency

protection Rotor-side controller

Power control

Rotor current control

Figure 3. DFIG model.

During time domain simulations the converter is controlled through the pulse width
modulation factors PWM,; and PW M, which define the ratio between DC-voltage and the
AC-voltage at the slip rings. The DC-voltage is assumed to be constant because the DC-link
dynamics are ignored.

V3 Upc
u,y; = ——=PWM 6
rd 2\/§ d Uynom ©)
V3 Upc
Uy, = —=PWM 7
" 2\@ 1 Urnom @

where U, o1, is the nominal rotor voltage.

DFIG and RSC are represented in a rotor reference frame that rotates at generator
speed. However, because the RSC controller operates in a stator flux-oriented reference
frame rotating at grid synchronous speed, d-g axis rotor voltages (or PWM indices) and
currents must be transformed accordingly.

RSC control modifies the stator active and reactive power by regulating the g- and
d-axis rotor currents, respectively. The active power reference is obtained from a look-up
table representing the maximum power tracking algorithm. In the event of a fault, the
over-frequency protection sub-system can change the active power reference. The reactive
power reference can be obtained from a voltage or power factor controller.
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The crowbar protection is an integral part of the DFIG model in the DIgSILENT
PowerFactory. When the crowbar is triggered, the rotor is short-circuited over the crowbar
impedance, the RSC is disabled, and therefore, DFIG behaves as a squirrel cage induction
generator with an increased resistance.

The wind turbine is modeled as a two-mass model. The large mass corresponds
to the wind turbine’s inertia, and the small mass corresponds to the generator’s inertia.
The low-speed shaft is modeled by stiffness and damping, while the high-speed shaft is
assumed to be stiff. Moreover, a pitch control is included to regulate turbine speed.

2.2.3. PMSG Model

The PMSG with the control scheme employed is shown in Figure 4. According to [26],
PMSGs, which are connected through a full-size converter to the grid, can be modeled
as static generators, because the behavior of the plant (from the view of the grid side)
is determined by the converter. Usually, if the DC-link dynamics are not of interest, the
assumption of the DC-link voltage as a fixed value is sufficient to study the behavior of
the power system without much distortion. Therefore, when modeling the PMSGs for the
purpose of studies in this paper, the generator-side circuit can be neglected as depicted
in the figure. The behaviors of PMSGs are dominated by the grid-side converter, which
thus needs to be modeled in detail. The grid-side converter controls active and reactive
power in a grid voltage-oriented reference frame. Hence, the active power is controlled
by the d-component of the converter current, whereas the reactive power is controlled by
the g-component of the converter current. A power reduction function is also included in
order to modify the grid power reference in case of fault conditions.

n Wind turbine Generator-side Grid-side
( T converter converter
aero G Y
\ //' ey / \ AC L DC
v ‘ i ’ PMSG — DC
Ty — N / DC AC
] Drive train P \ 0
v Grid-side controller
Generator- _ e |
. D d !
side " Poia P control | v !
__controller | Hf’—+

PI

@

neglect generator-side circuit

Over-frequency . P i
power reduction

il

Figure 4. PMSG model.

3. Preliminary Studies

In order to understand the characteristics of the system, a fundamental investigation
of the system under consideration has been conducted. The study assumes that the steam
turbine generator unit has a rated power of 800 MW and that none of the wind power
generator units are operational.
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3.1. Eigen-Analysis

By using the modal analysis function provided by DIgSILENT PowerFactory, the
eigen-analysis can be made to obtain the torsional modes of the steam turbine generator
unit. The results are listed in Table 2. There are five torsional modes. It can be seen that
each of the modes has a positive value for damping ratio. Therefore, all the modes are
dynamically stable.

Table 2. Torsional modes of the steam turbine generator unit.

Mode Frequency Damping Ratio
1 47.5Hz 0.001947
2 32.0Hz 0.000865
3 254 Hz 0.005457
4 20.2Hz 0.000401
5 155 Hz 0.003348

3.2. Sub-Synchronous Resonance

The transmission line has an impedance of 5.6 + j140.07 ohms. By applying the series
capacitor with different susceptance values, the different compensation factors can be
obtained. The compensation factor could usually range from about 40% to 75%, hence only
the three cases are calculated and listed in Table 3. When the compensation factor is at 74%,
SSR would be induced. The resonance mode will be mode 4. In the same manner, when the
compensation factors are 56% and 41%, respectively, the resonance modes will be mode 3
and mode 2.

Table 3. Compensation factor.

Bc (S) Compensation Factor (%) Resonant Mode
0.00962 74 20.2Hz
0.0128 56 254 Hz
0.0175 41 32.0Hz

3.3. Transient Simulations

Time-domain simulations can be carried out by using the electromagnetic transient
simulation function provided by the DIgSILENT PowerFactory. It is assumed that the
transmission line is 65% compensated with a capacitor of 0.011 S. The compensation level
has been considered to avoid the possible occurrence of SSR. A 3-phase short-circuit fault,
with a fault impedance of 350 (2, is applied at the grid side of a 500 kV bus and cleared after
0.167 s. For the results, it is focused on the shaft torsional vibrations of the steam turbine
generator unit.

In Figure 5, it shows the resulting shaft torsional angles (A¢), which are equivalent
to the torsional vibrations of the generator unit. It can be seen that the responses are
convergent. There is no SSR phenomenon, as expected. However, it is noteworthy that
the frequency spectrum (obtained by the Fast Fourier Transform (FFT)) of the torsional
vibrations at the HP_IP shaft section, as shown in the upper right of the figure, shows
that there is a composition of 23 Hz in addition to the inherent torsional modes. This
composition is induced by the series compensation, which can be verified by checking the
generator current. In Figure 6, the generator phase-A current and its frequency spectrum
are shown. It can be seen that, in addition to the 60 Hz composition, there is indeed a
37 Hz composition, which is complementary to 23 Hz. Therefore, the current induced by
the series compensation excites non-negligible torsional responses on shafts, though not to such
an extent as to give rise to the SSR problems. Hereafter, this mode is called the ‘forced mode’.
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Figure 5. Torsional vibrations under the normal situation.
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Figure 6. Generator current and its frequency spectrum.

4. Integration of a DFIG Wind Farm

Since the transmission line has a limited transmission capacity, the steam turbine
generator unit needs to operate with de-rated power when a wind farm is integrated into
the system. It is assumed that the DFIG wind power generators are integrated into the
system step by step from 100 to 700 MW at an interval of 100 MW. The steam turbine
generator therefore operates at a de-rated power ranging from 700 to 100 MW.

4.1. Eigen-Analysis

The eigen-analysis is made in each step, and the results are organized. In Figure 7,
it shows the damping ratios of torsional modes for various wind powers introduced. It
can be seen that the damping ratios of all modes are decreased following the increases
in wind power integrated. Obviously, there is negative damping imposed on torsional
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modes. This negative damping is verified to be caused by the de-rating operations of the
synchronous generator by way of self-excitation, because the same results will also be
obtained when the generator is operating with de-rated power without any wind farm
incorporated. According to the diagram, mode 3 is the most sensitive one to the generator
de-rating operations. When the wind power integrated is more than 600 MW (or the steam
turbine generator operates with a de-rated power of 200 MW or less), mode 3 will become
dynamically unstable. However, this is not important because such an effect will be totally
hidden under the IGE of DFIGs as revealed in the following studies.

0.007
2
© —e—mode 1
2 —e—mode 2
Q
E mode 3
©
o
mode 4
-0.003 —e—mode 5

0 200 400 600 800
DFIG power {(MW)

Figure 7. Damping ratios of torsional modes for the incorporation of the DFIG wind farm.

4.2. Transient Simulations

In the time domain, electromagnetic transient simulations are also made in each step.
The events are assumed to be the same as in the preliminary studies. In Figure 8a,b, they
show the shaft torsional responses for integration of 100 MW and 200 MW DFIG wind
farms, respectively.
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Figure 8. Cont.
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Figure 8. (a) Shaft torsional responses for the integration of a 100 MW DFIG wind farm. (b) Shaft
torsional responses for the integration of a 200 MW DFIG wind farm.

The responses are still stable for the condition of 100 MW of wind power. However, ac-
cording to the frequency spectrum of the shaft HP_IP response as shown in the upper right
of the figure, the proportion distribution of compositions has changed. The proportion of
mode 3 is decreased, while that of the forced mode is increased. Obviously, the integration
of the DFIG wind farm enhances the response of the forced mode.

For the condition of 200 MW wind power, the responses are no longer stable. This is
very strange because the compensation factor has been selected to prevent it from inducing
the SSR problem, and the eigen-analysis shows all the torsional modes are stable. According
to the frequency spectrum of the shaft HP_IP response as shown in the upper right of the
figure, it can be seen that it is the forced mode that dominates the vibration behavior instead
of mode 3. Since such a sub-synchronous torsional vibration is excited by the resonance
current of the compensated line and the vibration frequency does not match with torsional
mode frequencies, it is a forced response. The forced response is irrelevant to the torsional
modes, so it cannot be analyzed by the eigen-analysis. This leads to the stability revealed
by the transient simulation contradicting with that predicted in Section 4.1.

The forced mode is excited by the resonance current of the compensated line. The
instability of the forced mode means instability in resonance current. This can be confirmed
by Figure 9. In the figure, it shows the generator currents and the torsional responses of the
HP_IP shaft for different penetration rates. By cross-checking the currents and torsional
responses, it can be seen that they are highly consistent with the inference. Incidentally, it
can be seen that the currents suddenly decrease at about 0.9 s and 0.8 s, respectively, for
the wind powers of 500 MW (62.5% of penetration rate) and 700 MW (87.5% of penetration
rate) situations. The torsional vibrations also reflect such a phenomenon. That is due to the
tripping of the wind power generator units because they are equipped with crow bars and
protection equipment.
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Figure 9. Generator currents and torsional vibrations for different penetration rates of DFIG wind
power, (a) 12.5%, (b) 37.5%, (c) 62.5%, and (d) 87.5%.

Based on the studies above, the mechanism for inducing the unstable torsional re-
sponses can be confirmed as the IGE of DFIGs (refer to Appendix A). Since the resonance
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frequency of compensated line current is smaller than the system frequency, the slip ratio
becomes negative for DFIGs. As a result, the DFIGs provide negative resistance to the
current. When integrating 100 MW of wind power (or 20 DFIGs), the negative resistance
is still less than the positive resistance, so the resonance current remains stable. When
integrating more than 200 MW of wind power (or more than 40 DFIGs), the negative
resistance exceeds the positive resistance, so the resonance current gets unstable.

In fact, the IGE and the effect of de-rating operations work simultaneously when the
type 3 wind farm is integrated into the system and the traditional generator operates with
de-rated power. However, by comparing the results of Sections 4.1 and 4.2, it can be seen
that the effect of IGE is far larger than the effect of de-rating operations. Therefore, the
effect of de-rating operations will be hidden under the effect of IGE. Overall, the IGE of
DFIGs dominates the torsional response behaviors.

4.2.1. Frequency Shift

In addition to the effect of IGE, the resonance frequency shift is found to be a significant
factor that affects the stability of torsional responses for integration of the DFIG wind farm.
Figure 10 shows the resonance frequencies of transmission line current. It is evident that
the frequency changes slightly for various penetration rates. Roughly speaking, it is about
1 Hz increase in frequency for every 100 MW increase in wind farm power. For example, the
current resonance frequency is 37.4 Hz for integrating 200 MW of wind power. It changes to
39.2 Hz for 400 MW. This is due to the changes in network impedance after the integration
of wind power generators. The current resonance frequency increases as the penetrating
rate increases. It leads to a decrease in forced mode frequency. Such a frequency shift in
forced mode is important and should be paid attention to because it might shift toward or
apart from the torsional mode frequency to give rise to or prevent the SSR problem. Take
the compensation of Bc = 0.0135 S as an example, for which the transient simulations are
done. In Figure 11a,b, the generator currents and their frequency spectrums without and
with a 100 MW DFIG wind farm are shown. It can be seen that the resonance currents for
both cases are stable. It is inferred from this that the forced mode responses should be stable
as well for both cases. However, it does not operate that way, in fact. The real situation
is that the current resonance frequency changes from 33.7 to 34.6 Hz for the integration
of a 100 MW wind farm. As a result, the frequency of the disturbance to shafts changes
from 26.3 to 25.4 Hz. The 25.4 Hz is just the frequency that could interact with mode 3 to
induce the SSR. In Figure 12, the torsional responses for the integration of a 100 MW DFIG
wind farm are shown. It can be seen that the SSR is indeed induced so that the torsional
responses at almost all shafts become unstable.

40

w
Xo]

w
~

frequency (Hz)
w
00

w
(0)]

0 200 400 600
wind farm power (MW)

Figure 10. Frequency of resonance current.
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Figure 11. Generator current, (a) without and (b) with 100 MW DFIG wind farm.
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Figure 12. Shaft torsional responses for the integration of a 100 MW DFIG wind farm under the
compensation of Bc = 0.0135S.

4.2.2. Studies on Compensation Factor

According to the research, two factors will influence the torsional response of the
DFIG wind farm integration. One is the IGE of DFIGs; the other is the frequency shift.
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So, both the wind power penetration rate and the series compensation factor affect the
stability of torsional responses. In Table 4, it confirms the inference. To avoid SSR, the
compensation factor of 65%, which is between 74% and 56%, and the compensation factors
of 51%, 47%, and 45%, which are between 56% and 41%, are selected for the studies. On the
other hand, due to the need for more fine differentiation of the penetration rates, some of
the wind turbine generators are not aggregated so that the integrated wind farm power can
be adjusted at a step of 5 MW. As a result, the penetration rates of 13%, 16%, 19%, 22%, and
25% as shown in the table can be obtained for the studies. It can be seen that, under different
compensation factors, the penetration rate for maintaining stability is slightly different.
For 65% of compensation, 19% of the penetration rate is enough to cause instability. For
45% of compensation, it needs a penetration rate of 25% to cause instabilities. Overall, it
is recommended for the penetration rate of the DFIG wind farm to be less than 16% to
maintain stability, and it will be prohibited for the penetration rate to reach 25% or more.
There will be no safety zone for the compensation factor if the penetration rate of the DFIG
wind farm exceeds 25%.

Table 4. Stability for various compensation factors and rating factors.

Compensation Factor Penetration Rate

13% 16% 19% 22% 25%
65% stable stable unstable unstable unstable
51% stable stable stable unstable unstable
47% stable stable stable unstable unstable
45% stable stable stable stable unstable

5. Integration of a PMSG Wind Farm

In this section, the type 3 wind farm is replaced by the type 4 one. The PMSG wind
power generators are integrated into the system step by step to examine their effect on the
stability of torsional responses.

5.1. Eigen-Analysis

The eigen-analysis is performed at each step. All the resulting damping ratios of
torsional modes are organized in Figure 13. It can be seen that the damping ratios of
torsional modes present the same droop characteristic as in the DFIG wind farm situation.
It seems that the negative damping introduced is not highly related to the types of wind
power generators. So, it is verified again that it is mainly the generator de-rating operations
that induce the negative damping instead of the wind power generators. However, there
is still a slight difference between the results of the two types of wind power generators.
By comparing Figure 13 with Figure 7, it can be seen that the damping ratios of torsional
modes in the PMSG situation droop a bit more rapidly than in the DFIG situation. For
easier comparison, the damping ratios of mode 5 are shown in Figure 14. Therefore, the
integration of a PMSG wind farm introduces a little bit more negative damping than that of
a DFIG wind farm.

0.006
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© —e—mode 1
2 0.002 mode 2
= .\'\‘\‘\‘\
IS :* mode 3
@©
hel 0

mode 4
-0.002 —e—mode 5

0 200 400 600 800
PMSG power (MW}

Figure 13. Damping ratios of torsional modes for the integration of the PMSG wind farm.
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Figure 14. Damping ratios of mode 5 for the integration of different types of wind farm.

5.2. Transient Simulations

The transient simulations are also triggered in each step by the same events as in
previous studies. In Figure 15a,b, they show the shaft torsional responses for integrating
400 MW and 600 MW of wind power into the system, respectively.
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Figure 15. (a) Shafts torsional responses for the integration of 400 MW PMSG wind farm. (b) Shafts
torsional responses for the integration of 600 MW PMSG wind farm.

The responses are stable for the integration of a 400 MW wind farm. According to
the frequency spectrum of the shaft HP_IP response as shown in the upper right of the
figure, mode 3 dominates the vibration behavior. The forced mode is present but plays just
a minor role.

The responses are unstable for the integration of a 600 MW wind farm. According
to the frequency spectrum of the shaft HP_IP response as shown in the upper right of
the figure, it is still mode 3 that dominates the vibration behavior. This matches with the
eigen-analysis that the damping ratio of mode 3 becomes negative when 600 MW of wind
power is integrated into the system (or the generator operates with a de-rated power of
200 MW). So, due to the absence of IGE in DFIGs, it turns out to be the effect of generator
de-rating operations that dominate the stability of torsional responses. Because the inherent
torsional modes dominate the responses, the stability can be analyzed using eigen-analysis.
That is different from the situation of integrating the DFIG wind farm.

Furthermore, the effect of wind power penetration rate is being studied. In Figure 16,
it shows the torsional responses of the HP_IP shaft under situations of different penetration
rates. It can be seen clearly that the responses for integrating wind power of 100 MW
and 300 MW are stable. When integrating 500 MW of wind power or more, the responses
become unstable. In addition, the greater the integration of wind power (or the higher the
penetration rate), the more likely the torsional responses are to be unstable. Therefore, the
stability of the shafts’ torsional response significantly relies on the penetration rate of wind
power. However, it should be noted that the negative damping causing the instability is,
in fact, coming from the generator de-rating operations. Such unstable responses could
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be excited by a disturbance as long as the generator operates with de-rated power, no
matter if there is a series compensation or if there is a PMSG wind farm. Incidentally, the
stability revealed by the transient simulation is different from that by the eigen-analysis
under the 500 MW wind power situation. That is the difference between large and small
signal disturbances.
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Figure 16. Torsional vibrations for different penetration rates of PMSG wind power. (a) 12.5%.
(b) 37.5%. (c) 62.5%. (d) 87.5%.

6. Effect of Turbine Damping

Turbine inherent damping is usually highly relevant to shaft torsional vibrations.
So, different damping coefficients are applied to all stages of steam turbines to examine
their effects.

6.1. DFIG Wind Farm Situation

The transient simulation is used to evaluate the stability of the DFIG wind farm during
integration. The simulation conditions remain unchanged. In Table 5, it shows the results
for various damping coefficients of turbine masses and shafts. It can be seen that, no matter
how much the turbine damping coefficient is, the shaft torsional vibrations get unstable
when the 200 MW wind farm is incorporated. Based on the results, it can be learned that
the unstable torsional responses are irrelevant to the turbine damping and thus cannot be
improved by the augmentation of turbine damping.

Table 5. (a) Stability under various turbine mass damping conditions (b) Stability for different turbine

shaft damping levels.
(a) Damping Coefficient (Nm/rad) Pwind Farm (MW)
Dyp Dip Dipa Dipp 100 200
0 0 0 0 stable unstable
200 200 400 400 stable unstable
400 400 800 800 stable unstable
600 600 1200 1200 stable unstable
(b) Damping Coefficient (Nm/rad) Pwind Farm (MW)
Duyp_1p Dip_rpa Drpa_LpB DrpB_GEN 100 200
0 0 0 0 stable unstable
300 300 300 300 stable unstable
600 600 600 600 stable unstable

1200 1200 1200 1200 stable unstable
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6.2. PMSG Wind Farm Situation

When integrating the PMSG wind farm, the eigen-analysis is used to evaluate the
stability for different turbine damping. In Table 6, it lists the cases studied. Case 1 has
the largest damping coefficients, while Case 4 has zero damping coefficients. In Table 7,
it shows the resulting damping ratios for various cases under different penetration rates.
It can be seen that when the turbine damping coefficients are decreased, the penetration
rate needs to be decreased as well to ensure stability. For case 1, all the torsional modes
are stable, even though the penetration rate is up to 87.5%. For case 4, the penetration rate
needs to be lower than 50% to avoid unstable responses. Therefore, turbine damping plays
a significant role.

Table 6. Cases for studies on turbine damping.

Case Dup Dip Drpa Drpp
1 400 400 800 800
2 300 300 600 600
3 200 200 400 400
4 0 0 0 0

Note: D in Nm/rad.

Table 7. (a) Torsional mode damping ratios for case 1. (b) Torsional mode damping ratios for case 2.
(c) Torsional mode damping ratios for case 3. (d) Torsional mode damping ratios for case 4.

(a) Penetration Rate 50% 62.5% 75% 87.5%
model 0.001433 0.001145 0.000856 0.000568
mode2 0.000751 0.000666 0.000579 0.000492
mode3 0.003264 0.00224 0.001216 0.000191
mode4 0.000267 0.000201 0.000135 6.84 x 107°
mode5 0.002387 0.001883 0.001374 0.000858

(b) Penetration 50% 62.5% 75% 87.5%
Rate
model 0.001113 0.000825 0.000537 0.000249
mode2 0.000736 0.000658 0.000573 0.000444
mode3 0.002413 0.001402 0.000385 —0.000673
mode4 0.000240 0.000180 0.000118 0.000043
mode5 0.002498 0.002109 0.001702 0.001187

(c) Penetration Rate 50% 62.5% 75% 87.5%
model 0.000795 0.000506 0.000218 —7 x 107>
mode2 0.000525 0.000439 0.000353 0.000266
mode3 0.001364 0.000341 —0.00068 —0.00171
mode4 0.000138 7.21 x 1075 5.88 x 1070 —6.1x10°°
mode5 0.001368 0.000864 0.000355 —0.00016

(d) Penetration 37.5% 50% 62.5% 75%
Rate
model 0.000444 0.000156 —0.000131 —0.000419
mode2 0.000467 0.000397 0.000319 0.000234
mode3 0.000570 —0.000435 —0.001446 —0.002463
mode4 0.000104 0.000046 —0.000014 —0.000076
mode5 0.001339 0.000969 0.000581 0.000173

7. Effect of MOV

For a modern series compensator, the series capacitor is protected by a parallel MOV.
The MOV limits the surge voltage across the capacitor based on its rated protective level.
It is studied in this section for its effect on the torsional responses when integrating wind
farms into the system. The MOV adopted has the characteristics as shown in Figure 17.
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The critical voltage is 200 kV. When the voltage across the MOV exceeds the critical voltage,
the MOV starts conducting current to maintain the voltage at the critical voltage.

MOV yoltage in kV

Figure 17. The MOV characteristics.
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7.1. DFIG Wind Farm Situation

For the integration of a 300 MW DFIG wind farm, the turbine shaft transient responses
with MOV are shown in Figure 18. The simulation events are the same as in previous
studies except the fault impedance has changed to 11.6 Q) to induce a larger disturbance. It
can be seen that the shaft vibrations are still relatively severe. However, they are limited in
their range. It is evident that the incorporation of a MOV effectively eliminates the unstable
torsional responses on shafts.
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Figure 18. Turbine shaft transient responses with MOV for DFIG wind farm integration.
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In Figure 19, it shows the currents of the generator, capacitor, and MOV. It can be seen
that the MOV shares excessive currents following the fault. This leads to the current flowing
through the generator and MOV being limited. In Figure 20, it shows the voltages of the
capacitor and the MOV. It is seen that, following the disturbance, the capacitor voltage and
the MOV voltage are limited due to the excessive current flowing through the MOV. In
Figure 21, it shows the absorbed power of MOV. It can be seen that a high rating is needed
for the MOV.
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Figure 19. Currents of (a) generator, (b) capacitor, and (¢) MOV.
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Figure 20. Voltages of (a) capacitor and (b) MOV.
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Figure 21. Absorbed power of MOV.

7.2. PMSG Wind Farm Situation

For the integration of a 600 MW PMSG wind farm, the turbine shaft transient responses
with MOV are shown in Figure 22. The simulation events remain the same as in Section 7.1.
It can be seen that the responses at the HP_IP, the IP_LPA, and the LPB_GEN shafts are
obviously unstable. Therefore, the MOV is futile for stabilizing the unstable torsional
responses, which is different from the DFIG wind farm situation.
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Figure 22. Turbine shaft transient responses with MOV for the incorporation of PMSG wind farm.

8. Conclusions

The impact of the integration of different types of wind farms into a series compensated
transmission system has been studied in this paper. The focus of this paper is placed in the
transition period of the energy transition, which is different from the research in the past.
In such a special situation, not only is the wind farm integrated into the power system, but
also the traditional generators still operate with reduced power. As compared with the
previous research, the studies in the paper have four aspects of advancement. The first is
that the effect of the penetration rate is further studied in addition to the compensation
factor. The relationship between the compensation factor and the penetration rate thus
becomes clear. The second finding is that the factors causing sub-synchronous torsional
vibrations are caused not only by the IGE of DFIGs but also by the de-rating operations
of traditional generator units. Moreover, the influence degree of the two factors has been
compared, and which one is more significant has been verified. The third is that the effect
of MOV, which is standard equipment in modern series capacitors, on the SSR generated
by the DFIG-based wind farm and the series compensated transmission system has been
studied and proved to be effective in improving the vibrations. The fourth is that the effect
of PMSG wind farms is studied in addition to the DFIG wind farms, which is usually
ignored in the SSR issues of series compensated transmission systems. Moreover, the
effect of MOV and turbine damping when integrating the two types of wind farm has
been studied and proved to be different. In conclusion, it is found in the paper that all the
compensation factors, the penetration rate, and the wind farm type play significant roles.
Therefore, in order to avoid the sub-synchronous torsional vibrations, one should not only
focus on the compensation factor, but also pay attention to the types of wind farm as well
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as the penetration rate. In Table 8, it summarizes some of the noteworthy results of the
comparative studies on the two types of wind farms.

Table 8. Summary of the comparative studies.

Wind Farm Type
Item
DFIG PMSG
The dominant factor influencing the behavior of steam turbine generator IGE of DFIGs De-rating operations of
torsional responses steam turbine generators
Effect of steam turbine damping on torsional responses of steam turbine generators  Irrelevant Significant
Effect of MOV on torsional responses of steam turbine generators Significant Futile
Allowable penetration rate that will not give rise to instability Low High

Funding: This research received no external funding.
Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The induction generator effect is an electrical resonance phenomenon, independent of
the generator shaft torsional modes. The generator can interact with the electric power sys-
tem to result in a negative effective resistance at a natural frequency below the fundamental
frequency. If the negative resistance is greater than the network resistance, self-excited
sub-synchronous current and electromagnetic torque in the machine can result. IGE can
happen to both the induction generators and the synchronous generators.

Appendix A.1. Induction Generator

In Figure A1, it shows the equivalent circuit of an induction generator/motor. The
rotor resistance, as shown in (A1), is dependent on the slip ratio(s). If the slip ratio becomes
negative, the effective rotor resistance turns negative.

R
Effective rotor resistance = ?2 (A1)

Figure A1. Equivalent circuit of an induction generator.

Appendix A.2. Synchronous Generator

For a synchronous generator, field and damper winding characteristics can contribute
to IGE. At frequencies (w) below the system frequency (wy), the effective generator resis-
tance will be negative, as revealed in (A2).

R, — ~w(x—x') (w —wo) Ty, (A2)

@ (14 ((wo — w)T},)?)

T),: d-axis transient open-circuit time constant;
wo: system frequency;

wy: base frequency;

X: reactance;

x': transient reactance.
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