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Abstract - Due to the massive increase in
electrical energy demand, wind power
penetration into electric networks is
increasing. Usually, the wind farms are

located away from the grid, necessitating a
series compensated transmission system.
Series compensation is always prone to sub-
synchronous resonance (SSR), which may lead
to the torsional interactions resulting T-G
shaft fatigue and associated protection
system. In this paper, a modified IEEE first
Benchmark Model is used for SSR analysis. A
doubly-fed induction generator (DFIG) has
been considered supplying power to the grid
through a series compensated transmission
line. The dynamics of the Rotor Side Converter
(RSC) and the Grid Side Converter (GSC) is
used to model the DFIG. Thus, it can generate
a significant impact in system dynamics.
However, previous works have considered a
constant voltage source model for RSC and
GSC. Therefore, consequently these models
are not capable of replicating the dynamic
impact of SSR for some critical factors. The
inclusion of GSC and RSC modeling in analysis
reflects dynamics that are more accurate. The
eigenvalue analysis has been used to study
the impact of SSR under different operating
situations, for instance, wind speed
fluctuations and varying the series
compensation. To validate the analysis, time-
domain simulations have been carried out by
using MATLAB.

Keywords - Doubly Fed induction Generator

(DFIG), Series Compensation, Sub-
synchronous Resonance (SSR), Stability
INTRODUCTION

As renewable energy is the current

requirement to meet the global power need
without much impact on the environment.
Wind power plays a significant role in fulfilling
the power requirement. To accommodate the
additional power, transmission infrastructural
changes are frequently required for wind farms

located far from load centers. From the
economic considerations, series capacitor
compensation of existing lines is typically

recommended, over constructing new lines, to
boost power transmission capacity and
stability margin[1]. On the other hand, fixed
series capacitor compensation is a source of
SSR phenomenon not only in new power plants
but also in existing generating power systems
and power electronic equipment[2]. The
primary source of the SSR phenomenon is the
electrical resonance frequency, which is
smaller in amplitude to the natural system
frequency. It usually occurs if the natural
mechanical frequency of the turbine matches
with the electrical resonance frequency—the
SSR oscillation results in the slip voltage of SSR
frequency at the rotor circuit. The reason for
the shaft failure is due to the oscillating
electromagnetic torque, which consequently
results in the failure of the shaft. This incident
invites  serious research on the SSR
phenomenon in DFIGs and series compensated
transmission lines[3].

The SSR phenomena were first discussed in
1937, and it resurfaced in the 1970s after two
shaft collapses at the Mohave site received
attention[4]. A decade ago, noticed the
potential relationship between wind farms and
series capacitors. Due to increasing levels of
wind power, SSR occurrences have been
observed in series-compensated DFIG based
wind power plants (WPP) in the south of Texas,
the southwest of Minnesota, and the north of
China (Hebei province)[5]. Following the
incidence, extensive research into the SSR
problem among DFIGs and series-compensated
power systems was conducted. According to
reference [5], DFIGs are more susceptible to
SSR in series compensated systems than fixed-
speed wind turbine generators and wind

generators  connected via back-to-back
converters.
Several previous research works discuss

detailed mathematical modeling of a DFIG-
based WPP[3],[6]-[10]. However, the RSC, GSC
dynamics have not been considered for the
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modeling and system analysis. The RSC and
GSC have been considered to be a constant
voltage source model[3],[7],[8] and a constant
DC connection voltage amongst the RSC and
the GSC. The RSC, as well as GSC must be
simulated and included in the system
modelling for internal dynamic analysis as they
can introduce significant impact in the overall
system dynamics. The dynamics of DFIG, RSC
and GSC can be included in the stability
analysis to improve its accuracy.

Now, because this modelling being more
accurate, we have included the dynamics of
RSC and GSC for overall system modeling and
stability analysis via eigenvalue analysis as
well as time-domain analysis in this work. The
significant information regarding the damping
of each mode and its oscillatory frequency can
be achieved from the above analysis. The
Eigenvalues enables to know the different
modes of oscillations available in the complex
electrical system

The whole paper is divided into the following
sections: Section A discusses the detailed
modeling of DFIG based WPP, which is linked
with  series  compensated long-distance
transmission line. The result and discussion
part are given in section B, in which eigenvalue
analysis, as well as time-domain analysis, is
carried out. The conclusion is drawn in section
C. In the last section, the Appendix shows the
system parameters taken.

A. System modeling:

The IEEE first benchmark model has been
adapted to analyze the SSR phenomenon in
DFIG based wind energy conversion system
instead of a synchronous generator integrated
with a series compensated transmission line,
as shown in Fig. 1[11]. A 161kV series
compensated long transmission line connects
an infinite bus to a 100MW DFIG based wind
power plant (WPP) in this study. The DFIG has
a 575 V rated voltage and a 60 Hz frequency.
The 67 wind turbines that make up the 100-
megawatt wind farm each having a 1.5MW
capacity. In the Appendix, parameters for both
the aggregated model and the single model
are given.

Transmission Network

Wind Farms

Fig. 1 IEEE first benchmark model of DFIG-based WPP

1) Modeling of wind turbine: A wind turbine's
mechanical output torque is proportional to the
wind speed and can be expressed as:
RAC,VE,;

Tm = 222w 2;’

(1)
Where p represents the air density(kgm-3), R
defines wind turbine rotor radius(m), A denotes
the blade sweep area(m?), V;2;signifies the wind
speed(m/s), and C, denotes the blade power
coefficients, which is determined by the blade
pitch angle 6 and tip speed ratio as fallow:

RC —nzss(R—cf)
€,=0.5(5L - 0.0220 —2) e "7
(3)

The tip speed ratio is expressed as:
1 = 2m#

Vs

(4)
n,, denotes the mechanical angular velocity
(rad/s)
Fig. 2 depicts the link between mechanical
power, rotor speed (pu), and wind speed for a
1.5MW wind turbine when the pitch angle 6 is
zero with 200ft rotor radius is assumed.



https://doi.org/10.36375/prepare_u.iei.a221

1 // [~ 113m/s
0.8 4' 2m/s
E\ A J 1 Ly
£0.6
g /
04 // 10m/s
S
/ \\ 9m/s \
0.2 / Y
. ——8ms
I e 217, e S
T —lem/s
0
0 0.2 04 06 0. 2 1.4 1.6 1.8

8 mm{pu) 1.
Fig. 2 relationship between wind power wind speed and
rotor speed
We can develop a lookup table as shown in
Table 1 that lists the various wind speeds and
the rotor speed, maximum mechanical power,
and shaft torque. It should be emphasized that
in the small-signal analysis technique, Table 1
depicts the wind turbine model. This Table, by
including a torque control loop, can obtain the

desired optimum rotor speed.

TABLE |
Mechanical Power, Torque, Rotor Speed (Pu), and Wind
Speed
Vigi 7m/s 8m/s 9m/s 10m/s 1llm/s 12m/s
Wiy 0.8 0.88 0.97 1.06 1.18 1.2
B, 0.24 0.28 0.39 0.47 0.64 0.84
T, 0.3 0.32 0.4 0.46 0.54 0.7

2) Modelling of Shaft System: The two-mass
system often represents torsional dynamics
in power system analysis. The first mass is
represented by wind turbine shaft, which has
a low speed, and a DFIG high-speed shaft
system represents the second mass system;

and A two-mass system’s state-space
representation is as follows:
~Dt~Deg Dtg -t Ty
(OF ZHg 2ZH¢ 2ZHg (OF Z_Ht
oy =| Py DgDrg 1 ||wp| 4|-Te
at [T?g ] 2Hg 2Hg 2Hg | | T, 28,
Kigwg —Kygwe 0 0
(5)
The wind turbine, DFIG rotor speed, and

internal torque of the model are represented
by state variablesw, w, and T, , respectively.T,,
and T, are the mechanical and electromagnetic
torque of the generator, respectively, and
these are shaft system models of the input
side. D; and H; are the damping coefficient and
inertia constant of the wind turbine,
respectively, and H, is the inertia constant of
the wind generator. D,; and K, are the
damping coefficient and shaft stiffness of the
coupling between two masses; these are the
constant of a two-mass model system. The

optimal wind turbine torque T, is obtained
from tablel at any required wind speed,
whereas T, it could be written as air gap flux
leakage and currents of the DFIG is express:
Te=%miar — Pamligr
(6)
Fqm= m(iqs ‘qu)
(7)
Pam=Xm(igs + iar)

(8)

3) Modelling of DFIG
The modelling of DFIG with rotor side
converter, a dynamic model of the sixth order
is used. The model is characterized as:

%= ApXp + BpUp

(9)

where the state variables are denoted by Xp,
Up denotes the inputs of DFIG, B, denotes the
constants of electrical parameter, and A4
Represents the constants of state variables.

Xp = ligs; tasi fos; iqrs iar;iors |

(10)

Up = [qu; Vasivnsivqrivarivnr;]

(11)
The subscripts s, r, d, g, and 0 signify the
stator and rotor sides, respectively, as well as
direct, quadrature, and zero sequences. The
parameters i0s, iOr, vOs, and vOr are equal to
zero because the system is balanced.
Apand Bis expressed as:

R —X 0 0 —X 0
S wy g Wy m
“x R 0 “x 0 0
wp 5 5 wp m
0 0 R 0 0 0
Ap=-Bp w; — @, wg —
0 X, 0 R, X 0
Wy Wy
W — Wy W — Wy
- X 0 0 - X R 0
wb m I:Ub T T
0 0 0 0 0 R
X 0 o0 X, 0 o7’
0 X 0 0 X, O
0 0 X 0 0 0
Bp =w
DTy 0 0 X, 0 O
0 X, 0 0 X, O
0 0 0 0 0 X,
(12)

Except for w,, w,, and w,, which are in rad/sec,
all parameters and variables are in per-unit.
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4) Modelling of DC link: A first-order model turbine can extract the maximum amount of

describes the dynamics of the capacitor in the  wind energy
dc link between the GSC and the RSC. feasible.
dVie ®m 5
Cchdc? =F - Rg Te idr
(13) i L\ il
1 . . =
ﬁ:)i (Uquqr + Uarlar) i 5 @ I idr; \/ '/ I —

B = % (”qgfqg + ”d.gid.q)

The RSC and GSC's active powers are B and £, - ><><) - FI iqrf>( B - -

vqr
respectively. V;. is the actual value whereas, ‘I}s* T‘
Vgrs Lgr Var,lar, Vqgr lqg) Vag,lag @re in per-unit. igr
5) Series compensated transmission line (@) .
Modeling: Generally, the dynamics of the e e
series compensated model are ignored, but - -
SSR analysis is essential. The transmission line +©<> - + R - Vvag
can be electrically depicted as lumped series — lag .

RLC circuit and adopts the synchronous
reference frame to modeling the series

compensated transmission line. Per phase Vs + A - + QA: o1 Vag
dynamics equations is expressed as: o Fag
Riip+LE v, =v,— Vp T
(16) Vs iqg
dve _ . (b)
- = b Fig. 3 (a) RSC, (b) GSC control loop
(17)
The compensated transmission’s state-space ) 7) Integrated system modelling: To understand
representation is expressed as: the complete system, it is useful to think of it
, “EB e =2 0], vas—VBq as an integration of the various subsystems.
Lq1 X X Lq1 x| Equation expresses the entire system model
d |lar | _|—w, _R _ 2 ia o vas—Vsd (25).
o - X1 X b X .
| Vea X 0 0 —w, Veq 01 X] = [Asys] [Xsys] + [Bsys][UsJ's]
Vea Vea (19)
0 X, w, 0 0
(18) Where [Xsys] = [Xshare Xorre Xu Xac ]

Where iy iy is the transmission line’s direct  (20)
and quadrature axis current, respectively, and The system matrix of the entire system s
v,y are the quadrature also direct axis voltage  given by

across the capacitor. The Voltage’s quadrature Ashast 0 o 0
and direct axes of the infinite are V3, and Vg4, [4s,s] = 0 Aprrc 0 0
respectively. The synchronous reference speed e 0 0 Ay 0
and the base speed are both 1pu or 377rad/s. 1) 0 0 0 Age

6) Modeling of DFIG converter: This study aims  These interconnected subsystems are able to
to look at both RSC and GSC converter communicate with each other via state and
controllers. Vector-controlled techniques is control variables in the individual subsystems.
adopted in this study. The control loop is Algebraic Equations of vy, vy, igs and ig are
shown in Fig.2 and Fig.3. For the RSC used to link the controllers. Now vy, vy, igs and
controller, Tablel is used for the obtain the igs expressed as:

optimal reference torque. When the wind Vas=Vag + Xigiqg

speed exceeds the rated speed, the value (22)

remains constant. When the wind speed is less , _,, 4y ;

than the rated speed, the reference torque is (553) 19~ Treag

the torque that provides the maximum
rotational speed at the measured rotational
speed. Using this lookup table, the wind

Lis=lag — la

(24)
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lgs=lgg — lgt

(25)

Developed torque and stator reactive power is
given by:

Tg = Xm(iariqs - I:as"'q‘r)

(26)

Qs = %(vqsids - Uds’:qs)

(27)

A state-space model is used to investigate the
system's small signal stability, which leads to

time-domain simulation analysis and
eigenvalue computation.
B. Result and discussion
A) Eigen value analysis: The eigenvalue

approach is one of the most critical approaches
for studying a dynamic system’s small-signal
stability. Based on the order of the system
matrix, this analysis generates a collection of
eigenvalues. The eigen values can be used to
determine a system’s stability; if the real
component of an eigen value is positive, the
system is unstable; if the real part is negative,
the system is stable. The frequency of
oscillations is represented by the imaginary
portion. The size of the system matrix (Asys) is
determined in Section A, which is the 22x22
size of the matrix, resulting in 22 eigenvalues.
By varying the wind speed and compensation
level of a transmission line, different eigen
values can be determined. Table Il displays the
set of eigenvalues (from A1 to A22) for fixed
wind speeds at 7m/sand at a constant
capacitive compensation level of 50%. As
shown in Table Il, the eigenvalues A5 and A6
are found wunstable at these operating
circumstances, and the system becomes
increasingly unstable.

The remaining computed eigenvalues operate
in a variety of ways. Electromechanical modes
with eigen values of A7,-A12 are reported to be

responsible for electromechanical system
dynamics. A1,A2, and As3As belong to the
extremely  high  frequency and super

synchronous modes, respectively, because the
frequency of these dynamics is higher than the
system’s, they are always stable. The A13,A22
do not have any frequency terms and are
classified as oscillatory as positive modes or
non-oscillatory as a negative mode, with
amplitudes which are variable as a function of
compensation levels as well as wind speeds. As
compensation increases, the real part of As,Ae
grows in size, and the system becomes
increasingly unstable, as seen in Table Ill. The
system stability is observed to be dependent

on the percentage of compensation offered to
the transmission line based on the
eigenvalues. The system gets more stable as
the wind speed increases. The time-domain
simulation of this system, as well as the RSC
and GSC controllers, are detailed in the next

section.
TABLE I
EIGEN VALUE ANALYSIS OF THE COMPLETE SYSTEM MODEL
WITH 50% COMPENSATION AND A WIND SPEED OF 7 M/S

Mode Eigenvalue Frequency Description
(Hz)

A12 -1790+j889 141 Very high
freq.

A3za - 90.4 Sup-sync

19.24/568.2

As,6 1.6+j187.8 29.9 SSR

A7,8 -52.44j7.9 1.25 Electromech.

A9, 10 -0.634+j18.8 2.86 Electromech.

A11,12 -6.414/8.6 1.36 Electromech.

A20,21 -0.04j0.0 0 Pl Controller

A13 5.9 0 No
oscillatory

A1a -7.4 0 No
oscillatory

A1s -5.8 0 No
oscillatory

A1e -5.6 0 No
oscillatory

A7 1.9 0 No
oscillatory

Ais -48.2 0 No
oscillatory

A1 -37.7 0 No
oscillatory

A22 -0.0 0 No
oscillatory

TABLE Il
EIGEN VALUE ANALYSIS OF MODE 3(As,6) AT VARYING WIND
SPEED AND % OF SERIES COMPENSATION

%Compensati  Win Mode3 (As,6)

on d
Spee Eigen Frequency
d value (Hz)
40 7m/s  0.01+j207 32.96
9m/s  0.04 32.94
+j206.9
11m/ 0.12 32.92
S +j206.8
50 m/s 1.6 +j 187. 29.90
8
9m/s  1,5+j187. 29.88
7
11m/ 1.4+4j187. 29.85
S 5
60 m/s  3.24+j170 27.21
.9
om/s  3.14+j170 27.18
.7
11m/ 2.94j170 27.13
S 4
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B) Time-domain analysis: MATLAB/Simulink
has been used for the time-domain analysis to
verify the results of eigenvalue analysis. At a
constant wind speed (7 m/s), Fig. 4 displays
the Pe electrical dynamic response with
various compensation values. The dynamic
reaction is initiated when the compensation
level of 40% is increased to 50% and 60%,
respectively, at time t=2s. At a specific wind
speed (9 m/s), Fig. 5 displays the Pe electrical
dynamic response with various compensation
values. As illustrated in Fig.4 and 5, The
damping decreases as the compensating level
rises. The result reveals that as the
compensation level is raised, the SSR
frequency rises while the damping decreases.
As seen in Fig. 5, the SSR damping improves
with increasing wind speed.
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Fig. 4 Electrical power dynamics response at (a)40%, (b)
50% and (c) 60% compensation at fixed wind speed 7m/s
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Fig. 5 Electrical power dynamics response at (a)40%, (b)
50% and (c) 60% compensation at fixed wind speed 9m/s

As a result, the system becomes unstable at a
wind speed of 7 m/s due to the negative
damping of the oscillation. The system is
stable at greater wind speeds. These findings
are consistent with the notion that the
dominant mode becomes more unstable when
wind speed falls.

C. Conclusion

For the small-signal stability investigation, a
detailed mathematical model of the 100MW
grid-connected DFIG based WPP based on the

IEEE first benchmark model, as well as a
dynamic model of the RSC and GSC
converters, has been done. The numerous

modes of oscillations present in the integrated
system can be easily discovered using
eigenvalue analysis. The stability of the various
oscillating modes can be identified by
analysing the nature of eigenvalues. In
MATLAB/Simulink, oscillations present in the
electromagnetic torque produced for various
compensation levels are investigated, and the
eigenvalue analysis is validated. In this paper,
SSR analysis has been carried out using an
eigenvalue technique for various wind speeds
and capacitance compensation levels and got
different oscillation modes, and the above
result has been validated using time-domain
analysis. The fallowing conclusion has
obtained:

e The real component magnitude of the
eigenvalue increases as the fraction of
series compensation is raised, and the
system becomes increasingly unstable.

e The increase in wind speed velocity
decreases the amplitude of the real part
of eigen value, resulting in a better
stable system.

APPENDIX
TABLE IV
DFIG PARAMETERS
Rated power 1.5MW 100MW
Rated Voltage 575V 575V
Rated Frequency 60Hz 60Hz
Rs 0.023 0.023
Xis 0.18 0.18
R, 0.016 0.016
X, 0.16 0.16
Xy 2.9 2.9
DC-link voltage 1200V 1200V
DC-link capacitor 10000pF 67*10000uF

TABLE V
TRANSMISSION LINE PARAMETERS
Transformer Ratio 575V/161kV
Base power 100MVA
R; 0.02
X, 0.5
X, at 50% compensation ~ 64.8 ohm
level
Xr 0.14
Xsys 0.06
TABLE IV
DRIVE TRAIN PARAMETERS
H, 4.32 sec
H, 0.685 sec
D, 0
D, 0
Dtg 15p.u
Keg 1.11
TABLE V
PI PARAMETERS OF DFIG CONVERTER
Kpy 0.2 K; 0.4
Koy 4 K; 100
Kps 0.01 K; 0.04
Kp, 4 K; 100
Kps 0.1 Kis 2
Kpg 0.08 K 0.5
Kpy 0.1 K; 2
Kpg 0.08 K; 0.5
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