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ABSTRACT Sub-synchronous resonance (SSR) phenomenon occurs due to the interaction between wind
turbine generators and series-compensated transmission lines. A doubly-fed induction generator (DFIG)
is considered one of the most widely implemented generators in wind energy conversion systems. SSR
analysis based on the eigenvalue method is the most important among the used methods. The accuracy of
the eigenvalue method depends on the initial values of state variables. Previously, the initial values of the
state variables were calculated based on the iterative approach which is suffering from convergence problem,
lacking accuracy, and requiring a long computation time. Moreover, many steps and details haven’t been
provided. Consequently, it is urgent to fill this gap and show how can implement the SSR analysis model
in detail. In this paper, a new application of a recent analytical approach is proposed for SSR analysis. All
information is provided, and the SSR analysis model of a DFIG-based series compensated wind farm is
built step-by-step. In order to prove the effectiveness and accuracy of the proposed method, the eigenvalue
analysis based on the proposed and iterative methods is compared with the time-domain simulation results at
different wind speeds and variable compensation levels. The results prove that the eigenvalue analysis based
on the proposed method is more precise, where it is consistent with the simulation results in all studied cases.
MATLAB software is used to validate the results.

INDEX TERMS Sub-synchronous resonance, DFIG-based series compensated wind farm, calculating the
initial values, analytical approach, eigenvalue method, SSR analysis.

ABBREVIATIONS K Compensation Level (X¢/Xr)
SSR  Sub-Synchronous Resonance Xc  Series Capacitor Reactance
DFIG Doubly-Fed Induction Generator X;  Total Reactance of Transmission Line and
FBM  First Benchmark Model Transformer
RSC  Rotor Side Converter Air Density
GSC  Grid Side Converter Blade Sweep Area

Wind Turbine Rotor Radius
w  Wind Speed
p  Power Coefficient of the Blade

< ®™»

NOMENCLATURE
fs Fundamental Frequency
fn  Electrical Natural Frequency

a0

Pitch Angle
Tip Speed Ratio of the Wind Speed
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¢ Wind Turbine Blade Design Constant

m  Mechanical Angular Velocity (rad/s).
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Electromagnetic Torque of the Generator
Mechanical Torque of Wind Turbine
Mechanical Power of Wind Turbine

Wind Turbine Shaft Speed

DFIG Shaft Speed

Internal Torque of the Model

Shaft Stiffness Coefficient of Drive Train
Damping Coefficient between the Wind Tur-
bine and Generator

Generator Damping Coefficient

Wind Turbine Damping Coefficient
Generator Inertia Constant

Wind Turbine Inertia Constant

Synchronous Reference Frame Speed (1 p.u).
Airgap Flux Linkage Components in Quadra-
ture and Direct-Axes

Transmission Line Current

Capacitor Voltage

Phase Generator Bus Voltage

Phase Infinite Bus Voltage

Transmission Line Current Components in
Quadrature and Direct-Axes

Series Capacitor Voltage Components in
Quadrature and Direct-Axes

Terminal Bus Voltage Components in
Quadrature and Direct-Axes

DFIG Rotor Voltage Components in Quadra-
ture and Direct-Axes

Infinite Bus Voltage Components in Quadra-
ture and Direct-Axes

Base Speed (2.pi.60 rad/s)

Transmission Line Resistance

DFIG Stator Current Components in Quadra-
ture and Direct-Axes

DFIG Rotor Current Components in Quadra-
ture and Direct-Axes

Zero Sequence Current Components of Stator
and Rotor

Zero Sequence Voltage Components of Stator
and Rotor

Stator and Rotor Leakage reactance
Magnetizing Reactance

Stator Reactance (X; = Xj; + Xi,)

Rotor Reactance (X, = X + X))

Stator and Rotor Resistances

Synchronous
(2.pi.60 rad/s)
Capacitor and Voltage of DC-link

Power of Rotor Side Converter (RSC)

Power of Grid Side Converter (GSC)

Grid Side Converter Current Components in
Quadrature and Direct-Axes

Grid Side Converter Voltage Components in
Quadrature and Direct-Axes

Grid Side Converter Voltage

Frame Frequency

ig Grid Side Converter Current

Xig Grid Side Converter Reactance

Os Reactive Power Delivery through DFIG Sta-
tor

Q.. 0% Reactive Power Delivery through Grid Side
Converter and its Reference Value

FFT Fast Fourier Transform

JFFT Frequency based on FFT

Tero. Frequency based on the proposed method.

fiter. Frequency based on the iterative method

I. INTRODUCTION

Fixed series capacitor is inserted into a transmission line
to increase the maximum transmittable power. Nevertheless,
one of the reasons impeding the use of series capacitive com-
pensation widely with wind farms is the potential threat of
SSR, affecting the stability and safety of the entire system [1].
SSR phenomenon is a condition where the DFIG-based wind
turbine exchanges energy with the series-compensated net-
work at one or more frequencies less than the fundamental
frequency. SSR occurs at high compensation levels and low
wind speeds [1], [2].

Different methods have been presented for SSR analysis
and they are: 1) time-domain simulation [3], [4], 2) frequency
scanning [1], [5], and 3) eigenvalue analysis [6]-[10]. The
latter method is the most important approach where it has
been employed in several SSR studies [7]-[12]. The proce-
dure of SSR analysis using the eigenvalue method has been
presented in [6], [13]-[16]. However; 1) the authors have
focused on the system modeling and they don’t explain the
process of calculating the initial values, 2) they have used
the iterative approach to calculate the initial values, 3) most
of the required data hasn’t been provided. In [17], authors
proposed an analytical approach that doesn’t depend on any
assumptions, requires less computation time, simple and easy
to be implemented, the loss of DFIG back-to-back converter
is considered and nonzero reactive power delivery through
DFIG grid-side converter can be supported as well as no
convergence problem. Consequently, the obtain initial values
are accurate.

In this paper, a recent analytical approach is applied for
SSR analysis. The main contributions of this work can be
summarized in the following points:

— Accurate and simple recent analytical approach is pro-
posed for SSR analysis based on the eigenvalue method.

— The modeling of DFIG-based wind farm interfaced with
a series-compensated network in MATLAB/Simulink is
built in detail.

— Eigenvalue analysis based on the proposed and iterative
methods is compared with the time-domain simulation
results at different wind speeds and variable compensa-
tion levels.

The rest of the paper is organized as follows. Power system
description is presented in Section II. System modeling is
introduced in Section III. Calculating the initial values of
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FIGURE 1. Studied system.

the state variables is conducted in Section IV. Eigenvalue
analysis is carried out in Section V. SSR analysis is provided
in Section VI. The summary is drawn in Section VII.

Il. POWER SYSTEM DESCRIPTION

The studied system is shown in Fig.1, where the IEEE first
benchmark model (FBM) is modified for studying the SSR
phenomenon in a DFIG-based wind turbine instead of a
synchronous generator [18]. In this study, one large DFIG
represents a group of wind turbines. This technique has been
widely used in several studies [2], [6], [11], [13]-[15], [19]-
[21]. In this study, a 100 MW DFIG-based offshore wind
farm is connected to an infinite bus through a 161-kV series
compensated transmission line [22]. The rated voltage of
DFIG is 575 V and the frequency is 60 Hz. The 100 MW
wind farm is an aggregated model of 67 wind turbines, where
the capacity of each wind turbine is 1.5 MW. The parameters
of the single model and the aggregated model are provided in
the Appendix.

lll. SYSTEM MODELING

In order to study the impact of the SSR phenomenon on
system stability, the studied system shown in Fig.1 has to be
built using state-space equations as follows.

A. WIND TURBINE MODEL

The mechanical wind turbine torque is a strong function of
the wind speed, and it is given as [23]:

_ 0.5pARCpV;

iy ey

m

The power coefficient of the blade is calculated as:
RC
C, =05 (Tf ~0.0228 — 2) ¢0255(RGr/2) (o)

The tip speed ratio of the wind speed is defined by:

QR
VM/

A

3

Table 1 presents the relation between wind speed, rotor
shaft speed, mechanical power, and shaft torque of the wind
turbine. It should be noted that Table 1 represents the wind
turbine model in the small-signal analysis procedure.
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TABLE 1. Wind speed Vyy, rotor shaft speed wm, mechanical power Pp,,
and shaft torque T, lookup table.

v, m/s) 7 8 9o 10 11 12
w, (p.w) 08 088 097 107 11§ 12
P, (puw) 024 031 039 049 064 084
T (pw) 03 035 04 046 054 07

B. SHAFT SYSTEM MODEL

A two-mass drive train model is widely used for studying
the power system stability. The low-speed, wind turbine shaft
speed, is represented by the first mass, whereas the high-
speed, the DFIG shaft speed, is represented by the second
mass. A two-mass system is expressed by state-space repre-
sentation as [23], [24]:

Ashafr
X —D, —Dyg Dy -1 1
d Wy 2H t 2H t 2H t Wy
Zle|= Dig Dy —Dig 1 || o,
T, 2H, g 2H, g 2H g T,
tha)e — thwe 0
Bxhaft
1 Ushaft
2H t Tm
+ o ZLollT] @
2H, f 0
0 0 1

where, the inputs of the shaft system model are T, and T;,;
whereas the state variables are wy, w,, and T,. The constants
of the two-mass model are K;g, D;g, Dg, Dy, Hg, H;, and w,.
All the parameters are in per-unit. Table 1 is used to obtain
the optimal wind turbine torque 7}, at any given wind speed,
while 7, can be written in terms of the currents and airgap
flux linkages of DFIG as follows:

TE = 'ﬁqmidr - wdmi({r (5)

where, the airgap flux linkages is calculated as follows:
'/’qm = Xm(iqs + iqr) (6)
Vaim = Xm(ids + iar) (N

C. TRANSMISSION LINE MODEL

Although the dynamics in transmission networks are often
ignored in power system studies, it is related to the SSR
phenomenon. Thus, the transmission line is represented as
a series RLC circuit. The dynamics equations per phase is
described as [14]:

. dip
RL.lL—}-L? +ve =vs— Ep ®)
dve . ©)
— =
ar "
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The transmission line dynamics equations is described by
state-space representation as:

Ar.L
X Xr.L
—_—— _RL —w __1 0 —
l:qL XL ‘XL ’:qL
i ldL | _ W, __RL 0 __1 ldL
dt | Vegq XL XL Veg
Ved Xc 0 0 —We | vy
0 Xc We 0
Urt
B f_/\—
T.L Vos — Egg
wp, 0 00 X
0 wp, 00 Vds — L£Bd
1o o010 X, (10)
0 0 01 0
0

From the above equation, it is clear that the inputs are
Vgs» Vds» Epg, and Epg; and the state variables are iy, igr, Vegs
and v.4. The value of Xc is changed according to the com-
pensation level.

D. DFIG MODEL
A 6 order dynamic model is used for the DFIG with a
rotor-side converter. The model is represented as [6]:

Y

where, XprjG represents the state variables, Uprjg represents
the inputs, Bprjc represents the constants (Electrical param-
eters) and Apgjc includes constants as well as one variable
(rotor speed w;).

X = ApricX pric + BpricUpric

(12)
(13)

Xpric = ligs; ids; i0ss Igrs ldrs for]
Upric = [Vqs; Vds; VOss Vgrs Vdr; vor]

The subscripts s, #, d, g, and 0 denote on the stator side,
the rotor side, the direct component, quadrature component,

Egs. (14) and (15), as shown at the bottom of the page. All
variables and parameters are in per-unit except wp, @,, and
wy are in rad/sec.

E. DC-LINK MODEL

In order to take the DC-link capacitor dynamics into con-
sideration, the DC-link is derived as a first-order model as
follows [6], [13]:

—P, (16)

The active powers of the rotor side converter P, and grid
side converter Py are given as:

P, = O-S(Vqriqr + Variar)
Py = 0.5(vgqiqe + Vagide)

a7
(18)

Since the inputs of the active powers, vy, Var, igr, idr, Vgg.
Vdg, Iqg and igg, are in per-unit and the Vpc is actual value,
the active power should be converted from per-unit to actual
value by its multiplying with the base value.

F. INTEGRATED SYSTEM MODEL

Some additional algebraic equations are required to integrate
the DFIG model with the transmission line model. To do so;
First, the GSC current is calculated by applying KCL at a
common point between the stator, GSC, and transmission
line as shown in Fig.1. Thus, the following equation can be
obtained [6]:

ig =iy +iL (19)
The gd-axis GSC currents can be written as:

lge = lgs + gL (20)

idg = lds + 14 2n

Second, KVL is applied at the same point to get the DFIG
terminal voltage as:

. . Vg — Vs Zthgig (22)
and zero sequence component, respectively. Since the system
is balanced, the parameters ios, i, vos and vo, equal zero. where, v, is provided by GSC controllers.
X, 0 0 X, o o7
0 X 0 0 X 0
_ 0 0 Xy 0 0 0
Bpric = wp X, 0 0 X 0 0 (14)
0 X, 0 0 X, 0
0 0 0 0 0 X
R, Ysx, 0 0 Yix, 0
wp Wh
Ws W
——X; Ry 0 ——Xn 0 0
Wp Wh
0 0 Ry 0 0 0
Apric = —Bprig W — Wy W — Wy (15)
0 Xm O R, X 0
Wp Wh
W T Wy 0 0 MWWy R, 0
wp Wp
i 0 0 0 0 R, |
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FIGURE 2. SSR analysis model.
The gd-axis terminal voltages is expressed as: PV bus R X X ¥ Slack bus
L L c sy
Vas = Vag — Xugiay 23) ()
Vds = Vdg + Xyl (24) EZ0
8 898 Vs,

The stator reactive power is given by:
Qs =05 (Vqsids - Vdsiqs) (25)

G. DFIG CONVERTER CONTROLLERS

In an atypical DFIG wind turbine, the vector control tech-
nique is used to control both the GSC and RSC [24]. In RSC
controllers, Table 1 is used to obtain optimal torque, reference
torque T, corresponding to the wind speed v,, as shown
in Fig. 2. The value of reference reactive power Q% can be
set to fixed value or zero (unity power factor) [25]. In this
study, QF is equal to zero. The parameters of PI controllers
are listed in Appendix. SSR analysis model of DFIG-based
wind turbine connected to a series compensated transmission
line is shown in Fig.2.

IV. CALCULATING THE INITIAL VALUES OF THE STATE
VARIABLES

The main goal of this procedure is to identify the initial
values of the state vector Xop under changing the operating
point (varying the compensation level, K = X./X; , and wind
speed).

Xo = [wr Wy Ttg iqL iar Veq Ved iqs ids iqr igr vpc] (26)

The initial value of Vpc equals 1150 V at any operating
point. The initial values of shaft system, w;,, w,, or w; and
T}, can be obtained from Table 1 according to the given wind
speed. The rest of the initial values can be obtained in three
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FIGURE 3. System equivalent circuit in steady-state.

steps. The load flow analysis is conducted in step 1. The initial
values of the transmission line and DFIG are obtained in
steps 2 and 3, respectively.

Step 1: Load flow analysis

Fig.3 shows the equivalent circuit of the system in the
steady-state, where the system consists of two buses, namely,
PV and infinite. The generator bus (1), DFIG stator node,
is treated as a PV bus where the voltage magnitude and active
power are scheduled. The infinite bus (2) is treated as a
slack bus where the voltage magnitude and phase angle are
known [15].

The load flow analysis is expressed as:

n

Pe=) Yul Vil Vil cos Bni + 8 — &) (27)

i=1

where, n is the number of buses; Y is admittance ¥ =
1/Z1,Z;, = (RL)+J (XL + Xy — Xc); P is the optimum
active power at the generator bus corresponding to the given
wind speed as given in Table 1; V is the voltage magnitude;
the subscript k refers to bus 1 and subscripti = 1, 2.

It is assumed that the voltage magnitude at PV and slack
buses equal 1, Eg = V=1 p.u., and the angle at slack bus
8= 0.

VOLUME 9, 2021
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FIGURE 4. The dq frame representation of DFIG and infinite bus voltage.

The load flow analysis is done to obtain the angle §; at PV
bus as follows:

RV B R.ViEp
R} + (Xe+Xgs —Xe) B2+ (X, + Xy, — Xc)
N R Vs (XL + Xgys — Xc)
R + (Xp + X5 — Xc)’

where, all these parameters are constant values at all cases
except X, and P,, which depend on the operating point.
It should be noted that X;, in the above equation equals the
transmission line reactance (0.5 p.u) plus transformer reac-
tance (0.14 p.u). In order to illustrate this procedure, the oper-
ating point will be assumed. For instance, the compensation
level and wind speed are 50 % (X¢c= 0.25 p.u) and 9 m/s
(Pw=0.39 p.u), respectively. Using the above equation, §;
is 0.1761 rad. The initial values of the shaft system can be
obtained from Table 1. (W, = w;,=0.97 p.u, and T;, =
Tf)=04p.u.)

Step 2: Initial values of transmission line state variables
(iqL,idL,ch and veg).

In general, the g-axis of the synchronous rotating gd frame
is assumed to be aligned with the stator voltage of DFIG v,
as shown in Fig.4.

The DFIG stator voltage components in quadrature and
direct-axes is expressed as:

COS d1

2

sind; — P, =0 (28)

vgs =Vvs=Ep=1pu (29)
vas = 0 (30)

The infinite bus voltage components in direct and
quadrature-axes is calculated as:

Ep; = Epsiné; 31D
Epy = Epcos (32)

Based on §; from the previous step, the infinite bus voltage
components in dg-frame will be known values. Since the
transmission line model includes four state variables, four
equations are required. By setting the time derivates to zero
(10), x, the final four equations of the transmission line is

given as:
—Ry . . 1 vgs — Epcos 8
X, gL — Weldl — X—ch + X—L =0 (33
. R, . 1 vas — Eg sin 81
Welgl, — X_leL - X—chd + X—L =0 (34)
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Xcig, — Wevea =0 35)
Xcigr +Weveqg =0 (36)

It should be noted that the angle §; is in radian. The
initial values of iy, igr, veq, and ves can be calculated
using the MATLAB command FSOLVE. For instance,
when wind speed is 9 m/s and compensation level is
50 %, 61 is 0.1761 rad as calculated in the previous
step. Thus, iy 0= 0.4501,i5.0= 0.0166,v.40= —0.0041 and
Ved0= 0.1125p.u.

Step 3: Initial values of DFIG state variables ( igs, ids., igr,
and iqy).

Based on the transmission line currents, iy, and iy, the
stator and rotor currents of DFIG can be obtained as follows:
the rotor currents, ig- and iz, can be calculated through
(37) and (38); then, the rotor voltages, vy and vy, can be
obtained using (39) and (40); next, the quadrature axis of
DFIG grid side converter current, iye,is determined based
on (41); finally, the stator currents can be expressed by (45)
and (46) [17]:

. wpR; Xvas \ . Q;efXS Wp
lgr = + 5 |igg t+ - Vgs
WeXim  XmVgs Xmvgs WeXim
WpRy Xy . P o4b 37)
— l — —1 = ayl
WX, qL X,, dL 1igg 1
. X5 WpRsvgq N RN —ﬁi
qr Xm WeXqus q98 WeXm ds Xm qL
of
wpR; Q;e wpR; .
+ iqr — = agigg + b2 (38)
WeXm WeXimVgs o
(We — wp)Xinvas We —wp)Xpay |
Vg =|—————— —@Ry — ————— | iy
WhVgs Wh
(e = wQE X (e = Wr)Xon
+ - ldL
WpVys Wp

(We — wp)X, by

—boR, — > = azigy + b3 39)

Wh
We —wr)X,an We — wr)Xp .
Var = o — o —aiRy | ige
— X,-b — X,
+ <(We wr)Xrbo + (We — wy) miqL _ ber>
wp wp
— asigy+ b (40)
asiq, + bsigg +cs =0 (41)
where:
as = araz + ajaq (42)
2
y
bs = —vy — vis + a3by + axbz + asby + arbs (43)
qs
refvd
cs = (——g >+ bybs +b1b4> (44)
Vgs
igs = —(igl — igg) (45
of
. . Vds 0y
lgs = — <ldl - _Slqg - =£ > (46)
Vgs Vgs
68893



IEEE Access

M. Abdeen et al.: Recent Analytical Approach for Analysis of SSR in DFIG-Based Wind Farm

TABLE 2. The steady-state values of the system state variables for K = 50
% and V, = 9 m/s.

Wro 0.97 Wmo 0.97 Tig0 0.4
81 0.1761 lqLo 0.4501 iaLo 0.0166

Veqo -0.0041 Vedo 0.1125 lgso -0.4705
idgso -0.0166 lgro 0.4996 iaro 0.3662

o

-@ »iE L > lids]

s A Ax ) 1

fac ‘ [idn]

idr

AX_ DFIG fen
= Continuous-time Integration of the Input signal,

vgs

vds] vds

1 wrap state

] show saturaton port
var L] Show state port

@ oo | [

v
2
g
3

BU_ DFIG fen

FIGURE 5. Initial values of DFIG model.

Table 2 presents the initial values of the system state vari-
ables at 50% compensation level and 9 m/s wind speed.

V. EIGENVALUE ANALYSIS

After building the entire system in MATLAB/Simulink as
earlier explained and providing the initial values of the shaft
system model, transmission line model, and DFIG model
as shown in Fig.5, the file will be saved in the name of
SSRDFIG.

It should be noted that the values of X in the transmission
line model, and the rotor speed in the DFIG model has to
be changed according to their values used in steps 2 and 3.
For extracting the eigenvalue of the system at any operating
point, the following two expressions have to be written in the
MATLAB command as follows [13]:

< [A B CD] = linmod (SSRDFIG’)
K eig(A)

Since the system comprises of 22nd state variables, there
are 22 modes as presented in Table 3.

VL. SSR ANALYSIS

In this section, eigenvalue analysis is carried out using the
proposed method and iterative method with the aim of vali-
dating the effectiveness and accuracy of the proposed method.
The obtained results of eigenvalue are compared with the
time-domain simulation at different compensation levels and
variable wind speeds.
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TABLE 3. Eigenvalues of the entire system modes at 50 % compensation
level and 9 m/s wind speed.

Mode Description Eigenvalue Freq. (Hz)
A1 SSR 2+j188 30
A3 4 Sup-syn. -19.3+568.1 90.4
,15‘6 Torsional -0.5+j2.1 0.33
)17’8 Electromech. -57+j19.4 3.08
2910 Very high -1788 +j 889 141

freq.

111’12 PI Controllers -0.3+j0.8 0.12

Ai1314 Pl Controllers -0.0£;0.0 0
Aqs No oscillatory -9 0

A6 No oscillatory 2.1 0
A7 No oscillatory -0.6 0
Ag No oscillatory -0.1 0
Ao No oscillatory -37 0
Az No oscillatory -48 0
Ax1 No oscillatory -0.0 0
Azn No oscillatory -0.0 0
(a): V. =9 m/s, K= 30 %
_. 05 - : :
3
£0.39
& o3l— : : :
18 2 25 3 3.5 4
(b): V= 9 m/s, K= 40 %
2 %8
“ 03
1.8 2 2.5 3 3.5 4
(c): V= 9 m/s, K=50 %
5 1.5 T ; - Y
£0.39
o
-0.55 . : -

18 2 2.5 3 35 4
(d):V_ =9 m/s, K=60 %

5 25— w
& q45L— - :

1.8 2 25 _, 3 3.5 4
Time (sec)

FIGURE 6. Electrical power dynamic response at constant wind speed
and different compensation levels.

A. DIFFERENT COMPENSATION LEVELS

In what follows, the impact of different compensation levels
on the system stability is studied using time-domain simu-
lation, eigenvalue analysis based on the proposed method,
and eigenvalue analysis based on the iterative method. Based
on the time-domain simulation shown in Fig.6, the system
loses its stability by increasing the compensation level. FFT
analysis of electrical power signal at different compensation
levels is conducted as shown in Fig.7 and listed in Table 4.
The eigenvalue analysis based on the proposed and iterative
methods is given in Table 4. Through comparing the FFT
analysis with the eigenvalue analysis, the following notes can
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TABLE 4. Frequency of the electrical power signal (Pe) based on FFT analysis (frr), eigenvalue analysis based on the iterative method, eigenvalue

analysis based on the proposed method at different compensation levels.

K % SrFrT Iterative Error % Proposed Error %
Method [17] Method
30 36.5 Hz -1.0 £ 226 36 Hz 1.38 -1.24+5229 36.4 Hz 0.27
40 33 Hz 0.61 +j 204 32.5 Hz 1.58 0.4 £j207 329 Hz 0.3
50 30 Hz 2.2+j185 29.4 Hz 2 2+j188 29.9 Hz 0.33
60 27.3 Hz 3.9+ j168 26.7 Hz 2.2 3.7+j171 27.2 Hz 0.36
5 x10® (@): V,,= 9 mis, K=30% (a):V, =7 mis, K= 50 %
a T e ‘ T T 1.7 ‘ ‘ ‘
E 5T égso'gsm )
£ ) S 024
o 0 L L L L [
S 10 20 30 40 5 60 70 8 90 100 o
- (b): V. =9 mis, K= 40 % -1.07
: e TS T 18 2 22 24 26 28 3
g’o.os X 33 (b): V. =9 m/s, K=50 %
: | Y 0.06383 13 w
? 0 ‘ . . . L El
® 10 20 30 40 50 60 70 80 90 100 £ 039
5 (c): Vw= 9 m/s, K= 50 % o
S 04 T
2 -0.5
é 0.2 $321089 18 2 22 24 26 28 3
5, i (c): V. =11 m/s, K=50 %
g o L R : 0.9 W
10 20 30 40 50 60 70 80 90 100
= (d): V, =9 mis, K= 60 % el
a T ] ' I s
g ' | X 27.31 o’ 0.64
2051 Y 1.126
g 0.48
2 0 ; 1.8 2 2.5 3 3.5 4

20 30 40 50 60 70 80 90 100
Frequency (Hz)

o

FIGURE 7. FFT analysis of electrical power signal at 9 m/s wind speed
and different compensation levels.

be extracted from Table 4: 1) it is clear that the obtained
frequency based on the proposed method almost equals the
frequency of FFT analysis (fppr = 36.5 Hz, f),,, = 36.4 Hz
at 30 % compensation level). 2) the obtained frequency
based on the iterative method is less than the FFT frequency
(frrr = 36.5 Hz, fj;er. = 36 at 30 % compensation level).
3) the proposed method is more precise than the iterative
method at all compensation levels. For example, the error
based on the proposed method is around 0.36 % whereas the
error based on the iterative method is around 2.2 % at 60 %
compensation level.

B. DIFFERENT WIND SPEEDS

The effect of different wind speeds on the system stabil-
ity is investigated using time-domain simulation, eigenvalue
analysis based on the proposed method, and eigenvalue anal-
ysis based on the iterative method. Fig.8 shows that the
system becomes more stable with increasing the wind speed.
Fig. 9 displays the frequency of electrical power signal at
different wind speeds based on the FFT analysis. The eigen-
value analysis based on the proposed and iterative methods
is provided in Table 5. The following conclusions can be
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FIGURE 8. Electrical power dynamic response at 50 % compensation level
and different wind speeds.
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FIGURE 9. FFT analysis of electrical power signal at 50 % compensation
level and different wind speeds.

drawn from Table 5: 1) the obtained frequency based on
the proposed method is almost consistent with the frequency
of FFT analysis (frrr = 29.7 Hz, fpro. = 29.6 Hz at
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TABLE 5. Frequency of the electrical power signal (Pe) based on FFT analysis (frr), eigenvalue analysis based on the iterative method, eigenvalue

analysis based on the proposed method at different wind speeds.

Vw frrr Iterative Error % Proposed Error %
Method [17] Method
7 30.5Hz 4.6+j188 299 Hz 1.15 4.4+j191 30.4 Hz 0.32
9 30 Hz 22+j185 294Hz 2 2+j 188 29.9 Hz 0.33
11 29.7 Hz -2+j 183 29 Hz 24 -2.2+j 186 29.6 Hz 0.33

11 m/s wind speed). 2) the obtained frequency based on the
iterative method lacks accuracy where frrr = 29.7 Hz while
fiter. = 29 Hz at 11 m/s wind speed. 3) the proposed method
has better results compared with the iterative method at all
wind speeds. For example, the error based on the proposed
method is 0.33 % whereas the error based on the iterative
method is 2.4 % at 11 m/s wind speed.

VIi. CONCLUSION

In this paper, a recent analytical approach for calculating the
initial values has been employed for SSR analysis. The ana-
lytical approach is accurate, simple, easy to be implemented,
requires less computation time, and doesn’t depend on any
assumptions. Calculating the steady-state operating point of
DFIG and extracting the system eigenvalue have been intro-
duced step-by-step. The eigenvalue results of the proposed
and iterative methods have been compared with the simula-
tion results at different compensation levels and variable wind
speeds. The results proved the superiority and accuracy of the
proposed method compared with the iterative method in all
studied cases, where the time-domain simulation is consistent
with eigenvalue analysis based on the proposed method.

[1]
[2]
APPENDIX

DFIG PARAMETERS 3]

Rated power 1.5 MW 100 MW
Rated voltage 575V 575V
Rated frequency 60 Hz 60 Hz [4]
R, 0.023 0.023
X5 0.18 0.18
R, 0.016 0.016 3]
Xy 0.16 0.16
Xy 2.9 2.9 (o]
DC-link voltage 1200 V 1200 V
DC-link capacitor 10000 puF 67*10000 pF (71

Transmission line parameters

Transformer ratio 575 V/161 kV (8]
Base power 100 MVA
R; 0.02
X, 0.5 ol
Xc at 50 % compensation level 64.8 ohm
Xr 0.14 1ol
Xsys. 0.06

68896

Drive train parameters

H; 4.32 sec
H, 0.685 sec
D 0

D, 0
Dy, 1.5pu
Ko 1.11

Pl parameters of DFIG converter

Kpi 0.2 Kps 0.1
Kil 0.4 KiS 2
Kp2 4 Kps 0.08
Ki 100 Kis 0.5
Kps 0.01 Kpy 0.1
Kis 0.04 Ki7 2
Kps 4 Kpg 0.08
Kis 100 Kis 0.5
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