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Abstract

This paper presents a novel study for SSR mitigating in the wind power systems based on DFIG
using GCSC (Gate controlled series capacitor). The GCSC is composed of three pairs of anti-parallel GTO
Thyristors (Gate Turn- off) connected in parallel with a fixed capacitor. The GCSC is applied to reduce
inrush current in capacitor compensator during the transient operation by executing a proper firing angle
control of thyristor gates. In order to realize SSR oscillation when the transient operation occurred, the
DFIG turbine is connected through the shaft turbine model. The simulation results shown that the GCSC
device is suitable and reasonable for suppressing SSR caused by torsional interaction (Tl) and torque
amplification (TA) and also damping the subsynchronous oscillation as well. The transient simulations
have been carried out using PSCAD/EMTDC program to demonstrate the capability of the GCSC device in
mitigating SSR.
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1. Introduction

SSR phenomenon might take place in the system with a series compensated
transmission line when the transient operation happened in the power system. Because, the
interaction between the series compensated network electrical oscillation, and the mechanical
oscillation of the generator drive train produces torsional torques. This torsional torque may be
led to the shaft fatigue when the system has transient mode operations. Therefore, SSR
mitigation has gotten more attention and significant care study in order to avoid the problems
associated with SSR, and it continues to be a subject of research and development. Referring to
that, many studied are done in SSR mitigation, especially when the DFIG was employed as the
generator in wind energy. The basic study of the SSR quantitie’s calculation and tests is
presented in [1]. The work [2] discusses clearly the DFIG control strategy using the voltage
command in the control loops of the grid side converter (GSC) to damping SSR. Moreover, the
SSR definition, classification and mitigation have got great interest in various papers such as [3-
5].

Recently, the SSR mitigation using flexible AC transmission systems (FACTS) in the
series-compensated wind energy has been demonstrated in the literature. These FACTS
devices include the static synchronous series compensator (SSSC), thyristor-controlled series
capacitor (TCSC), static var compensator (SVC) and (STATCOM). In a modern paper [6] the
SSR study modified IEEE first benchmark model is mitigated by using SSSC. Even though, the
more recently research was oriented to SSR damping using the subsynchronous current
suppressor with the SSSC [7]. The TCSC is applied in many modes of SSR suppression study
either in the frequency scanning or impedance method as in [8-10]. Moreover, the TCSC has
useful application in the damping of SSR study exactly in the scanning frequency method [11].
The applying of SVC in the SSR damping has been implemented and discussed in [12]. Both
[13] and [14] explained a novel control for mitigating SSR in the wind farm and wind park with
series compensated by using STATCOM controller.

On the other hand, the GCSC device presents as new FACTS devices for series
compensation of transmission lines study as in [15]. Up to now, the GCSC is rarely applied to
mitigate subsynchronous resonance, unless some researchers focus their researches in this
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field. Among them, the Jesus et al. [16] presented the SSR mitigation using GCSC device, and
they were applied IEEE first benchmark model to test the GCSC operation. In this study, the
GCSC gate control is achieved by a zero-crossing detector, which uses the system power as a
feedback signal control instead of the frequency deviation. Additionally, this study was obtained
a good result, but it needs more specific control in the GCSC firing angles.

It's demonstrated that all devices applied in SSR analysis and damping to enhance the
power system stability and control are mitigated SSR problems, but they have some limited
applications. For example, the TCSC has some disadvantages like it generates a new
reactance between the capacitor, and thyristor controlled reactance at the normal frequency for
known blocking angle of the thyristor. Furthermore, the variation of reactance in the TCSC is
slightly narrow [15]. The SSSC compensator has useful application, but the cost is very high
because it includes converters inside.

Therefore, this paper presents the GCSC with simple construction and flexible operation
to achieve SSR suppression in the wind power system based on DFIG with the series-
compensated transmission line. This research considers SSR study using one of the SSR
analytical tools, namely is an electromagnetic Transients Program (EMTP). The EMTP is a
program for numerical integration of the system differential equations and its suitable for SSR
study in dynamic operation. The SSR phenomenon was discussed throughout the system
model study with and without GCSC device. The results show that the GCSC has been able to
alleviate the SSR problems and improve subsynchronous oscillations.

2. SSR Definition

SSR is a dynamic event of attention in power systems that have certain special
characteristics. The formal definition of SSR provides by the IEEE as an electric power system
condition where the electric network exchanges energy with a turbine generator at one or more
natural frequencies of the combined system below the synchronous frequency of the system
[17]. The definition includes any system condition that provides the opportunity for an exchange
of energy at a given subsynchronous frequency. The most common example of the natural
mode of subsynchronous oscillation is due to the series capacitor compensated transmission
lines. These lines, with their series LC combinations, have natural frequencies are defined by:

R - Xc
e =t [ (1)

Where f, is the SSR frequency associating with LC transmission, f,, is the base
frequency and X, Xc are the inductive and capacitive reactances, respectively. The f, in the
SSR frequency which has a corresponding component induced in the rotor circuits with the
frequency (f, — f,,), f, is the frequency of rotating speed. So in this study, the SSR frequency
considers is (f, — f,) which directly related to the network interaction with series compensator.
Thus, the effective transmission impedance X with series capacitive compensation is given as:

Xeg =X —X¢ = (1-KX (2)

Where X is the total line reactance, and K is the degree of series compensation, K = X o<

X )
K < 1, and K usually between 25% to 75%.

SSR is a resonant condition, with frequencies below the nominal frequency, which is
related to an energy exchange between the electrical and the mechanical system, coupled
through the generator. The SSR can be divided into two main particular groups [9, 18]:

1. Steady state SSR includes: Induction generator effect (IGE) and torsional

interaction (TI)

2. Transient torques or torque amplification (TA).

The IGE is rarely happened in the series compensated power systems. However, the
SSR caused by Tl and TA are dangerous conditions that must be avoided in power systems
and usually happens in series compensated power systems.
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3. System Studied Model

The configuration of the studied system has been shown in Figure 1. This figure, is
basically modified from the IEEE first benchmark model as in [19]. It consists of wind turbine
based on DFIG with back to back converters, transformer, power grid and series compensated
transmission line. The parameter data of DFIG are arranged as in table | and it's taken from the
[20]. The DFIG shaft system consists of three masses: a high pressure turbine (HP) to represent
turbine blades, an intermediate stage pressure turbine (IP) (gearbox) and a low pressure turbine
(LP) (hub). All masses are mechanically connected together using elastic shafts. The DFIG and
converters are protected by voltage limits and an over-current ‘crowbar’ circuit. The converter
system enables variable speed operation of the wind turbine by de-coupling the power system
electrical frequency and the rotor mechanical frequency. To study SSR mitigation, the GCSC
device is connected in series with a transmission line to reduce the transient voltage through the
capacitor by inserting the GCSC capacitor when the system has a dynamic mode by applying
proper firing angle control.

i R X

—_— i
Xr Power

Drive train
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multimass " J_ .
d T d

Figure 1. Studied System Configuration
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4. Wind Power Expression
The wind turbine mechanical output power is given by [21-24]:

P, = %anch(B, MV,,* (3)

Where P, is the mechanical extraction wind power, p is the air density (1.225kg/m3), R
is the rotor radius, V,, is the wind speed in m/s, A is the tip speed ratio, B is the blade pitch angle
in degree (B is usually set as 0 for the maximum value of C,), C, is the power coefficient as a
function of both tip-speed ratio A and the blade pitch angle 3. The tip speed ratio A, defined by:

— Rom

A= )

Here Qy is the turbine rotor speed (rad/s) at a specific wind speed (m/s). The
theoretical maximum value of C, is given by the Betz's limit, (about 0.593) [25]. But there are
many numerical equations have been developed to calculate the C, for identified values of A
and 3 as in [24].

—18.4

Cp(AB) =073 (% — 058" — 13.2) e (5)

Where,

N=—1"7m (6)

A-0.028" g3 41

According to these equations mentioned above, the pitch angle control is built inside of
the PSCAD wind turbine package to achieve maximum wind turbine torque and controller data
is set in Table 2.
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5. DFIG Mathematical Model
The DFIG stator and rotor voltage equations referring to the direct and quadrature (dq)
reference frame can be written as [20], [26-27]:

Vas = Rlgs + pAgs — ws)\qs; Vqs = Rsiqs + p)\qs + WsAgs (7)
Var = Relgr + pAar — (UJS - wr))\qr ; Vqr = Ryigr + p)\qr + ((L)S - wr))\dr (8)

Here p is the derivative% , Wy is synchronous speed, w, is rotor speed and the term

(ws — w,) is defined as slip speed wg;..
The d&q axes flux in both stator and rotor (Ags, Ags, Aar @nd Ay) are very difficult to

estimate these parameters, so these fluxes can be written with the stator and rotor inductances.
Regarding to that, the DFIG dynamic equations are written as [25]:

pids = D[Lrvds - Lder - Rerids + (Dws + er%n)iqs + Reridr + ereriqr]
piqs = D[Lrvqs - Lqur - Reriqs - (Dws + er%n)ids + Reriqr - ereridr]
pidr = D[stdr - Lmvds + Rs]-'mids + (Dws - erer)iqr - RrLsidr - ersLmiqs] (9)

piqr = D[stqr - Lqus + Rs]-'miqs - (Dws - erer)idr - Rr]-'siqr + ersLmids]

Where,
1

D= LrLs—L% (10)
The stator and rotor voltages and currents can be calculated as:
vs = Vgs + quSY—)VI‘ =Vgr + jvqrr i)s =ligs + jiqs and Tr =g + jiqr (11)
The stator active power P, and reactive power Qgare given by:

3 . . 3 . .
P, = 2 (Vdslds + Vqslqs); Qs = Py (Vqslds - Vdslqs) (12)

Here, the quadrature stator voltage V,s set to 0, so that the Equation (12) rewritten as:

P, = g(vdsids); Qs = _Z (Vdsiqs) (13)

The motion and electromagnetic torque equations are given by:

3PLpm /. . o
{Tez 2 (lqsldr_ldslqr)

pw; =1 (T, = T) (14)

Where P is the number of pole pairs.

6. DFIG Converters Control

Generally, the DFIG model contains a back-to-back converter based on two-level
converters. The two- level converters are modelled with ideal switches that allow current flows in
both directions. In this exposition, the controlled semiconductor with a diode in anti-parallel used
is an insulated gate bipolar transistor (IGBT). The DFIG converters control is adopted by using a
vector control method as in the [20, 26]. The vector control method is deeply applied in the grid
side converter GSC and rotor side converter RSC. The [28] presents a new proposed method of
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DFIG vector control based on the inverse system and variable structure sliding mode(VSS). The
RSC is used to regulate the slip power in order to control the generator speed and torque while
the GSC maintains a constant DC link voltage in the grid side. The GSC is in charge of
controlling part of the power flow of the DFIG. This power is incompletely delivered through
RSC, DC link and finally is transmitted by the GCS to the grid [25], [29-30]. There are many
control strategies of GSC when it's applied in the DFIG wind turbine, and the most model of this
purpose can be found in the [31]. However, in this paper, the comprehensive equations to get
the reference values of the GSC and RSC are written based on [20, 25] as below,

ref = [( ref Vdc) (Kpdc + %) - ids] (Kpds + %) - iquT (15)
Vref (lgesf - iqs) ( pas + %) - idsXT

{ 118" = (Q5°" - Q) (Kpar + ) (16)

f _
Ire - (wm Wref) (qur + Iqr)

The g-axis current reference |ref can be obtained from:

ref _ Qs
lgs = 1.5Vgs (17)

Where the Koge, Kogs, Kogs, Kpar, Kpgr @nd Kige, Kigs, Kigs, Kiar, Kigr @re proportional and integral
gains of DC link voltage, stator and rotor direct and quadrature currents respectively. These
parameters are playing a great role in enhancing the voltage control. Thus, the values are
designed according to system components and DFIG parameters to realize specify control of
converters in both sides. The Xy is the coupling transformer reactance and the Qg is the grid
reactive power which is set to zero value.

Pg- Q, cB
cB —

Grid

Stator flux
angle
calculated

Decoupled
controller

Figure 2. DFIG GSC and RSC Block Diagram Control

7. Shaft Model Equations

The shaft model in this study is assumed as an elastic multimass model with four
masses including the DFIG. This model can be graphically shown in Figure 3. The shaft model
is represented by linear mathematical equations and the masses are selected as three masses
according to the reference [33]. The mathematical equations of the turbine-generator referring to
the [34, 35] are written as:
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2H, dd% + Ki2(81 — 82) + Dyp(wq —wy) =Ty (18)
2H2d% + K282 = 81) + Kp3(82 — 83) + D1a(wz — wq) + Dog(wz —w3) =T (19)
2H3dd% + K23(83 — 82) + K34 (83 — 84) + Doz(w3 — wp) + Dag(wz —wy) =Ty (20)
2H, dd% +K34(84 —83) + Daa(wyg —w3) =T — Te (21)

Where H is the inertia constant of each turbine blade in sec, K is the spring constant in N.m/rad,
w is the mechanical speed in rad/sec, D is the mutual damping in N.m-s/rad, & is the rotor
angle in rad, T, is the mechanical torque in N.m and T, is the electromagnetic torque in N.m.
We notice here the masses self-damping are omitted from these equations for linearizing. In
additional, the common dynamic equation of the generator- turbine model could be written in
second order equation to ith row as:

JiSi + Kiéi + Di5i = Ti (22)
Ji = 2H, (23)

Where i =1, 2, 3, here (i ) is the number of masses.
If we compare the equation (22) with standard second order equation solutions, we get
natural frequencies of the shaft model as:

1 [k

| = o2 (24)

The Equation (24) is used to obtain the shaft model parameters when the natural
frequency of the shaft model is known. However, in this study, the eigenvalue method is used to
obtain the masses natural frequencies by using the Matlab program. From the imaginary parts
of eigenvalues, the multimass natural frequencies namely are calculated as: 10.64, 21.102 and
29.523Hz respectively. The shaft model system data are modified from IEEE first benchmark
and listed in Table 3.

T T, B
1 11 T2 2

— P L]

\2
Tp1

T12 To2 Tas Tos Tas
Figure 3. Equivalent Shaft Model Diagram

8. GCSC Device

The GCSC consists of a fixed capacitor in shunt with GTO thyristor has the capabilities
to turn on and off upon control action. The GCSC is applied to control voltage across the
capacitor at given line current by using GTO valves, according to the gate open and
close. The capacitor is bypassed when the valve is closed and whenit opens the current
is followed through the capacitor. Furthermore, the bidirectional GTO thyristors have a parallel
snubber capacitor circuit to execute the system protection [20]. Figure 4 shows the GCSC basic
circuit topology with compensator transmission line elements. The main goal of using a GCSC
device is to mitigate the SSR problems by reducing inrush current caused by the transient
operation that takes place when the three phase fault occurs in the system. GCSC has the
same work action with TSSC (thyristor- switched series capacitor) which applies to control the
AC voltage through capacitor at the given line current [36]. However, the difference between two
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models that the TSSC uses thyristor and the GCSC uses the gate turn-off thyristor (GTO).
Furthermore, the GCSC has been able to vary the reactance from zero to the maximum
compensation related to the fixed capacitor value. The GCSC must be operated with proper
GTO firing angle control which automatically closes and open according to control action. So the
equation of GCSC could be written referring to [15], [16], [36] and [37] as:

Ve(a) = %f:’t Icos(wt) dt = — [sinwt — sina] (25)

[
=l

Where V¢ (a) is the voltage across the capacitor, | is the maximum value of line current
and a is the thyristor firing angle which interval is a < wt < m—a. The turn-off angle(a) is

measured from the zero crossing of the line current and the compensation level of the GCSC is
determined by the fundamental component of the voltage Vc(a) on the GCSC. The GCSC

reactance varies from maximum value at a =g radian to zero value for a = mradian [37, 38].
Referring to that, the equivalent reactance of the GCSC as a function of a can be expressed as:

Xc(@) = ¢ [20 - 21 — sin2a] (26)

According to the Equation (26) the reactance of the capacitor can be changed to
various values related to the firing angle of thyristor, but we notice here all the reactance values
must be positive value, so that the firing angle usually less than 1. Figure 5 shows the
impedance value per unit of the GCSC as a function of the firing angle(a) and Figure 6
graphically explained the relationship between the capacitor voltage and turn-off delay angle.

In order to control the GCSC operation, the appropriate firing angle circuit is designed to
enable the thyristor gate conducting or not conduct. Thereby the interpolated firing pulse is
applied to release the GTO Thyristors gate enable after receiving the alpha angle(a) from the
phase locked loop (PLL). The phase locked loop Pl controller gains are obtained by using trial
and error method. This PLL generates a ramp signal of angle(a) variation between (0 and
360°), synchronized or locked in phase, to the input voltage Vg, which is measured across the
capacitor. The initial angle(a,) adjusted to suitable value, then it compares with ramp signal (o)
in the interpolated firing pulse to enable thyristor operation. Figure 7 shows the control scheme
model of GCSC. Hence, the GCSC can be operated in voltage control or compensating
reactance control according to the applied control.

(O A R Xy xlf

iTn(t) T i(t)

Vs(t) %GZT Xacsc
AC d,‘
GCsC

Figure 4. GCSC Equivalent Circuit with Compensator Line Parameters
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Figure 5. GCSC Impedance as a Function of Angle(a)
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Figure 7. Scheme Control Model of the GCSC

9. Simulation Results and Discussion

Figure 1 is used to verify the SSR mitigation based on the GCSC, and the system
model was constructed and implemented in the PSCAD program. Initially, the system is running
under steady state and 3® fault occurred at 8sec with duration time 0.11sec. The GCSC is
connected in series with the compensated transmission line to mitigate SSR effects due to
transient mode occurrence in the power system. The adjusted firing angle of GCSC is set to the
computed value (15 = 60°).

Under the above circumstances, series comparative results with and without
GCSC have been plotted from the PSCAD & MATLAB to describe system behavior.

The DFIG stator real and reactive powers are viewed in Figure 8(a) and (b). As we have
seen in Figure 8(a) without GCSC, the P during the fault is decreased to a negative value and
after fault clearing does not return to the same value before transient mode which indicates that
the system lost synchronism and this leads to unstable operation. Whilst with GCSC, the Ps
characteristic curve transient is more safety because the GCSC produced a necessary required
power to compensate system reactive power during dynamic mode to prevent the SSR
occurred. Figure 8(b) is clearly shown the stator reactive power Qs which with GCSC is more
linear and stable. This indicates that the GCSC changes the system reactance to new value by
adding the GCSC reactance Xgcsc. These results are confirmed again in the DFIG active and
reactive powers, which are shown in Figure 9(a) and (b) respectively. The DFIG reactive power
with GCSC is always maintained to zero to ensure a DFIG unity power factor which is directly
improved voltage stability control.
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5. ™ Pstator without GCSC = Pstator with GCSC
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Figure 8. Stator Power Response: (a) active power, (b) reactive power

= DFIG Active Power without GCSC = DFIG Active Power with GCSC .

(a)

Active power (MWY)
n BN
=

= DF |G Reactive pover without GCEC = DF |G Reactive povwer with GCSC .

10.0 (b)

Time(s) g g 25 50 75 1000 125

4 L

Figure 9. DFIG Power Response : (a) active power (b) reactive power

On the other hand, the DFIG electromagnetic torque and mechanical torque are
presented in Figure 10(a) and (b). From Figure 10(a), the T, without GCSC after fault clearing
contains higher values because the rotor current is very high, which may be led to shaft fatigue
whilst with GCSC is more stable and no dangerous to the shaft turbine system. The mechanical
torque T,, follows the same behavior of T, at a steady state, but after transient there is a big
difference between them, which lead to abnormal system operation. In additional, the interesting
result is to take the electromagnetic torque signal and analysis it by using on-line scanner
frequency. This essentially used fast Fourier transform to get the harmonic frequency of the (T,)
as in Figure 11. From this figure, the maximum harmonic frequency of the T, without GCSC is
about 44.3974Hz which indicates that the SSR was happening in this system, but when the
GCSC was added to the system, the frequency less than 1Hz. Regarding to these results,
the SSR phenomenon was occurring in the system case study, and the GCSC mitigated the
SSR effect.
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The most important results are the shaft model system curves which are illustrated in
Figure 12(a)-(c). Figure 12(a) shows the torque between mass2-1 T,,, Figure 12(b) the torque
between mass3-2 T,3;, and Figure 12(c) the torque between mass3-4 T;4. From these figures,
the shaft torques with GCSC are stable and the oscillation produced from SSR has been
damped.
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Figure 10. DFIG T, and T,, Simulation Results: (a) electromagnetic torque T, (b) mechanical
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Figure 11. Electromagnetic Torque (T,) Frequency Harmonics using On-line Scanner Frequency
(fast Fourier transform FFT): (a) without GCSC; (b) with GCSC
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The rotor speed without GCSC after fault clearing is going to zero, and the DFIG lost
the synchronism which led to a different mode operation, but when we add the GCSC, the rotor
speed transient response is improved. Figure 13(a) shows this behavior. Regarding to this result
the rotor active power is varied according to the this speed, as in Figure 13(b).

Due to this operation, the DFIG voltage, PCC frequency and line phase current are
directly affected. Their results are depicted in Figure 14(a)-(c) respectively. The DFIG recovery
voltage (RV) without GCSC is very high (approximately is 9.0pu) because the potential energy
in the inductance and capacitance are active, which lead to increase voltage and current
dynamically in specific time. However, when the GCSC is operated all these parameters are
under control.

The SSR problem is deeply affected to system elements such as DFIG converter
parameters in both rotor and stator sides. For instant, rotor effective current, rotor g-axis
reference current iy rf, rotor d-axis reference current i s and DC link voltage E.,, and they
graphically illustrated in Figure 15(a)-(d) respectively.
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Figure 13. Rotor Side Results: (a) rotor speed wy, (b) rotor active power P,
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From the above discussion, it is concluded that the DFIG in the system case study was
lost the synchronism when it operates without GCSC in the dynamic model even there are some
parameters did not lose the stability, but they operated in risk stability. The analysis indicates
that system in the case study is faced the potential SSR problems type torsional interaction and
its alleviated by a GCSC device .Therefore, GCSC device is very important to install in the
system case study to mitigate the SSR problems during abnormal operation to improve the
system stability as well. This model study can be extended to a large wind power system with a
long transmission line to confirm the GCSC ability for mitigating SSR and the problems related
to it. Moreover, the GCSC also has an ability to mitigate the subsynchronous oscillation (SSO)
which happens during the SSR phenomenon when the transient mode occurred in the system.
This issue can be explained graphically in Figure 16(a)-(e). This result is obtained from the shaft
turbine model by increasing the fault duration time to let the system be more oscillating in order
to check the GCSC ability for damping SSO, which associated with the SSR problems.

Generally, The mitigation of SSR by a GCSC is limited by changing the resonance
frequency as compared to a fixed capacitor. This may not be adequate and Subsynchronous
Damping controller (SSDC) may have to be used as a supplementary controller to damp
subsynchronous oscillations.

10. Conclusion

In this paper, a novel SSR mitigation method based on GCSC in DFIG with series
connected compensator is presented. This study explained that the GCSC could suppress SSR
problems as well as improve system subsynchronous oscillation by using a approach control
method. The comparison simulation results between a system study with and without GCSC
show that the GCSC upgrade system stability even without specific control of the thyristor firing
angles. Furthermore, the GCSC is very effective and reliable for operating as a compensated
device in the power system with series compensator, which mainly used to improve the power
capabilities of the transmission line. These results also show the ability of the GCSC to mitigate
the SSO associated to the SSR problems. Without GCSC, the system completely
lost synchronism after the fault clearing where the DFIG received active
power from the general network, and all control parameters became instable. However, when
the GCSC is added to the system, the DFIG return to stability as soon as and the system,
dynamic performance is improved. The basic concept behind the GCSC operating is to change
the system reactance during the fault according to the inrush current passes through the
capacitor by applying a proper control for firing angle.

It notices here, the GCSC may be a more natural solution for the series compensation
than the TCSC and SSSC which they have limited operations.

The author thinks that the main important factors of the SSR mitigation using GCSC
could be written as:

a) The fault duration time must be out of the system time response range and less than
the circuit breaker operation time, to allow the system returned to stability again.
Otherwise, the system may be returned to stability but in risk operation.

b) The adjusted firing angle of GCSC value is more significant, and it plays a great role
in the GCSC firing angle control (the suitable range less than 90°).

c) The GCSC capacitor value is directly associated to the series capacitor
compensator, so it gives a percentage value according to the series capacitor value
(in this study is about 80% of Xc).

The authors believe that, the GCSC may be competing in the SSR mitigation in the wind
power system with series compensator when the large DFIG penetration into the system. But
the GCSC needs more specific studies to confirm the approach control of the thyristor firing
angles.
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Appendix
Table 1. DFIG Parameters and System Data

1.5 MW DFIG Network system

Rated power 1.5 MW Transformer ratio  0.69/20 kV

Rated voltage 690 V Rated power 1.5 MVA

Rated frequency 50 Hz Line voltage 20 kV

Number of pole pairs, p 2.0 Line length 80 km

Stator winding resistance, R, 0.0084 pu Transmission line parameters were adopted

Rotor winding resistance, R, 0.0083 pu from PSCAD library as

Stator leakage inductance, L5 0.167 pu total X=27.98Q), K=0.5,

Rotor leakage inductance, L, 0.1323 pu Capacitance, X¢  13.99Q (227.5uF)

Magnetizing inductance, L, 5.419 pu nductance ,X, 19.98Q (0.0636H)

Inertia constant, H 11s Resistance, R, 1.015Q

DC link capacitance 9800 uF DC link base voltage 1200 V

Table 2. Pitch Angle Controller Data

Wwind turbine Pitch controller parameters
Rated power, Py, 1.5 MW Proportional gain, K,  3.2°/ pu
Rotor radius, R 40 m Integral gain, K; 6.2 °/ pu
Air density, p 1.229 kg/m3 Initial pitch angle, 3, 7.5°
Gearbox ratio 60 Blade actuator integral gain, K4 0.9 s
Gearbox efficiency 0.97 pu Blade actuator rate 10°/s

Average wind speed, V,, 11.42 m/s

Table 3. Shaft System Parameters

H, 0.122sec H, 0.4674sec
Hs 0.5184sec Kiz 19.7pu

K23 208pu K34 252pu

D12 OOOGPU D23 OOOGDU
D34 0006pu
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