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Abstract

Future energy demand and increasing
carbon emission requires an alternative source of
energy. In recent few years, Use of DFIG based wind
farm increased tremendously, thus effect of wind
penetration on small signal stability of existing multi
machine system need to be analysed. In This paper
effect of penetration of wind turbine with DFIG on
stability performance of the IEEE 9 bus and 39 bus
system has been investigated using DIgSILENT power
factory. It was observed that system with large number
of buses is more stable with DFIG penetration then a
small system.
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I. INTRODUCTION

Nowadays with the increasing living standard
the demand for electricity is also increasing. Due to
fast depletion of fossil fuel and concern related to
environment safety and meet future energy
requirements all countries focus is increasing on
renewable energy sources. Amongst all the renewable
energy sources, solar and wind are the most popular
energy source due to clean energy generation, zero
fuel cost and renewable nature[1-4].

Nowadays these sources are not limited up to
isolated system but also these are integrated to large
power system with semiconductor power electronics
device i.e. Converters and controllers[5]JAmong all
the renewable energy technologies wind power is the
most suitable because of its high efficiency in

AC side

comparison with the other renewable energy sources
like tidal, solar. In India, power generation by wind
turbines was also increased in last few years. As per
global status report, India ranked at 4™ position among
all the countries in the world in aspects of installed
wind capacity till the end of 2015. By the end of 2002
the installed capacity of wind in India was 1.7GW
which was increased to 7.1GW till the end of 2006-07,
which have been further increased to 17.4GW with an
increment of 10.3GW up to 2011-12. In 2016-17 it
increased to 30.3GW (which is more than the target of
28.3GW) with an increment of 13.3 GW. Next target
is to achieve 60GW of wind energy generation till
2021-22. Two categories of wind turbine generators
(WTGs) are available: fixed and variable speed. In
early years, Squirrel cage induction generators(SCIG)
which is a fixed speed WTG were used but Nowadays
doubly fed induction generators (DFIG) are prominent
because these are variable speed WTGs[6]. DFIG
equipped wind turbine is presently the most widely
used because it is capable of controlling reactive
power, have high efficiency, and the fact that the
power electronic converter rating is about 20%-30%
of the total machine power is needed. With small
integration of wind power its impact is minimal but
with the increased level of wind power penetration on
the existing large power system may affect the
dynamic performance of the system. Thus, it is
essential for power system engineers to investigate
and understand the effects of wind power penetrations
on existing power system. Especially, for the small
signal stability of power system [4]
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Il. MODELLING OF WIND ENERGY SYSTEM
WITH DFIG

A. Electrical dynamics

Schematic diagram of DFIG connected with
electrical network is shown in fig.1.[7]DFIG type of
wind generators can operate in two modes, first one is
super-synchronous mode and second one is sub-
synchronous mode with £30% of synchronous speed.

Rotor circuit is controlled by voltage source
converter connected through slip rings and stator is
directly connected to the grid. Back to back VSCs are
included in the rotor circuit. Only 30% of the rated
electric power is handled by these power electronic
converter converters.

W a
Fig.2 d-q reference frame

| &

In synchronous rotating reference frame shown in
fig.2[8] the basic equation of asynchronous machine
can be written as follow.

Equations for Stator

1 d
= —FR_i4. — [

Vs slds — WsPgr + Whase dt Pds (1)
iy 1 d

Vgs = —hglgs + wgPas T W gse dt Pqgs (2)

Equations for rotor

iy 1 d

Var = —hplgr — StdgiPgr + base dt"*Pdr (3)
iy 1 d

Vgr = —hrlgr + sy, + Whase dt"*qu (4)

In d-q reference frame rotating with synchronous
speed ws A, B, and C indicates rotor phase winding
axes, a, b and c represents stator phase winding axes.

Low speed mass model

(Blade Side)
wp Ib
Torque s
(dueto wind) pr—
Tw Db

EL

In the equation, Subscript r and s represents rotor
and stator and Q and d represents quadrature and
direct axis. stator voltage for direct and quadrature
axis are represented by (v, .vg, ) voltage for the
direct and quadrature axis of rotor is (v, .vg, ), the
stator resistance, rotor resistance, stator reactance,
rotor reactance, mutual reactance, slip, synchronous.
speed, rotor speed, base frequency and
electromechanical torque are represented by R, R;,
X, X, X 5, Wy, Wy, Whase, Tem FESpectively.

The related flux equation in d-q frame are as follow:
Equations for rotor:

@ar = —(Xigr +Xpiss) (5)
Par = _{xr[qr+xm[qs] (6)
Equations for Stator

Pas = —(Xsigs +}:|:n[|:1r) (7)
Pgz = _{xﬂ[qs +Km[qr] (8)

B. Power dynamics

Power injected to the grid is mainly depends
on converter operating modes. Hence the converter
Power on RSC and GSC are represented by following
equations:

Fg = Vaglag + Voglqe 9)
Qg = vaglag ~ Vaglqe (10)
K= Vdr[dr+vqr[qr (]_]_)
Qe :Vqr[dr_vﬂr[qr (]_2)

C. Mechanical Model

Drive train model of wind turbine is shown in
Fig.3. Model is divide in two parts low speed and
high-speed model. In the blade side model which is
low speed model Jp, Dy and w, represents inertia
constant, damping constant for blade side and speed of
blades. Where in generator side model Jg, Dg and o,
represents inertia constant, damping constant for
generator side and speed of rotor:

Equations for the drive train model are as follow:

& = @b (13)
de,
gl (14)
High speed mass model
(Generatorside)
Kpg " /
r g
OO %
T D
Dbg TE??I g

Flexible coupling

Fig.3 Drive Trin Model of DFIG
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des 1
1 - = _{Kbg{ab - Hr] + Dbg{mb - '-‘-"r:] - ngr - Tem}
o (15)
15

lj.h.'lh 1
F = E (Tw bl Dh mh - Dhg{mh bl l'.L.'I[.:] —_ K'bg{ah —_ El':])

(16)
O, are ©; the angular displacements, Dyy and Ky,
are damping constant and stiffness of the flexible
coupling respectively.
T,, represents wind torque which is as follow:
P
I, = ; (17)
Where mechanical POWER extracted from the
wind is Py, which is expressed as
P 3
e = E':'_g:l (4, By ) A g (14)
where g, vy, O, C, Ar and k is the air density,
speed of wind, pitch angle, Power coefficient area

swept by the rotor and blade tip speed ratio
respectively[9].
T, represents wind torque which is as follow:
P
T\uf:; (18)

Where mechanical power extracted from the wind
is Py, which is expressed as
.E !

By = E':g:l (4 Eg:l:]-'qu’h' (19)
where g, Vu, O, Cy,A; and K is the air density,
speed of wind , pitch angle, Power coefficient area

swept by the rotor and blade tip speed ratio
respectively.

D. Converter Dynamics

The DFIG system consist of two converters
connected back to back as shown in fig.1.one is rotor
side converter(RSC) and another is grid side
converter(GSC). RSC acts as a controlled voltage and
GSC acts as a controlled current source. The rotor side
converter can be used as torque controller, speed
controller and active power controller to regulate the
output power of DFIG. The rotor currents are also
used to control the reactive power production in DFIG.

Let, Vpc be the DC link voltage, myq and m,
be the modulation depth setup by RSC for direct and
quadrature components, respectively.[10] So, the rotor
voltage components for voltage and current can be
written as

'\,"iv D |:

Vg = My (20)

2'\,‘?
_ V3vpc
Vra = Ma g

(21)

Total active power and reactive power or the
total active power and the stator voltage are the
quantities that is to be controlled. Through the Rotor
only a small part of the total active power is

exchanged. Equation for the stator active power can be
written as
% . ,

PS = _K_r:l [:vsd lap + Vsq lqr:] (22)

Grid side converter is used to control the voltage of
the DC link, present between the rotor side converter
and grid side converter. And it is also allowed to
generate and absorb reactive power for voltage
support requirements to control the reactive power
between the rotor and the grid GSC is controlled.
Total reactive power can be controlled by controlling
the stator reactive power. The stator reactive power
can be expressed as

Qs =

—_—
|;

X . . 1
K_T (.vsdlqr - vsqldr) - K_q |vs (22)

I11.STEADY STATE ANALYSIS

Stability of a system is defined as the ability
to regain synchronism after being subjected to
disturbances. There are two types mainly voltage
stability and rotor angle stability.[11, 12] Oscillation
with a couple of hertz frequency, mostly occurs in the
power system are mainly focused under rotor angle
stability. These oscillation with frequency about 0-2hz
define the small signal oscillation and the small signal
stability of the system. Due to the variation in the
system load and power generation these oscillations
occur all the time.

To analyse the small signal stability of a
large system Modal analysis can be used. A power
system with large no. of buses can be linearized by a
set of n linear differential equations with first order.
known as state space model[12].

A. Eigen Value Analysis

One of the powerful tool to analyze the small
signal stability of a system is computing and analyzing
eigen values of the system. For eigen values
computation at first, we have to linearize the system in
a set of n first order Differential algebraic
equations(DAE), which is known as ABCD model.
Thus, from the state space model eigen values can be
computed using a state matrix[12].

In small signal analysis, the DAEs describing
the complete power system are linearized in linear
model using Taylor series is as (23) -(25). Where x
represent the state variable and y denotes the control
input and system output respectively represent the
column vector of DE and column vector of algebraic
equation is represented by g. Here, A denotes the small
deviation.

ix = f(x,u) (23)
y=gxu (24)
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2 ay bl f B1
Xz az ¥z £ Bz

N = !{.3 u = l_'|.3 ¥ = !:" f = f3 E= g.:; (25)

Xpo  lu, v £, n
Equation 23,24, and 25 can be written in the
following form:

Ax = [%]uax + [%]uau 26)
0= [%]uax + [:—ﬁ]uau 27)
Ax = AAx+ BAu (28)
Ay = CAx + DAun (29)

where A, B, C, D, are the Jacobian matrices of
dimension N*N, which are defined as below:
af (xy) af (xy)

dx

A= ;B =

men )50
dgl dgl
C= Ei;:-}’}‘ ‘D= gxx,:r}‘ (30)
050 Ay HF0

Here A is the system matrix. Small signal
stability analysis of the system can be done by eigen
values (& = o + w) of system matrix A, where & is the
real part and ® is imaginary part of the eigen value
represents the damping and frequency of oscillations
respectively. Negative real part (—a7) means the system
is damped and stable. Where positive real part (+a)
means that the system oscillation are with increasing
amplitude which will leads system towards the
unstable system.[13].

The Damping ratio of the system describes
the decay rate of the amplitude of oscillations, the
Damping frequency of oscillations (in Hz) and the
time constant is expressed as (31) -(33)

{=-o/o" + w’ (31)
f= i (32)
=1 33)

ol

Sometimes participation factor is also used in
Small signal stability analysis for the measurement of
relative participation in that particular mode. For n
state variables, in iy, mode participation factor(P;) is
defined as:

P, = [yl | Bl

' IRl 9l
Where 1, represents K th element of i th mode left
eigen vector and gw; denotes i th element of k th
mode right eigen vector. A lower Py; indicates that
eigen value .i; for i th mode is less sensitive to the k
th state variable xy, and larger Py indicates that 4; for i
th mode is more sensitive to the Kth state variable xy,.

(34)

IV.TEST SYSTEM AND APPROACH

For study and simulation two different
systems were taken. At first the study of IEEE 3

machine 9 bus system has been done with and without
DFIG. Then IEEE 10 machine 39 bus system have
been studied.

Case I: IEEE 3 machine 9 bus system have been
used to analyse. DFIG is connected one by one at
different bus at which synchronous generator is
connected.

Case Il: IEEE 39 bus New England System have
been used for case study. DFIG is connected one by
one at each bus of synchronous generator by replacing
synchronous generators.one by one all 10 generators
are replaced by DFIG and the eigenvalues have been
computed.

Compete simulation have been performed using
DIgSILENT PowerFactory Simulator.

V. RESULTS AND ANALYSIS

Case I: Grid summary for IEEE 3 machine 9bus
system is shown below in Table |

Table I Load Flow Summary IEEE 9 Bus system

Generation | 6140.81 MW | 1250.37 MVAr

Load 6097.10 MW | 1408.9 MVAr

Grid losses | 43.71 MW -158.53 MVAr

Installed capacity 14535.00 MW

Spinning reserve 8394.19 MVAr

Power factor 0.97 Lagging

One by one DFIG was connected at three
different buses at which synchronous generator is
connected by replacing the synchronous generator.
Eigen values have been calculated by QR/QZ method
on DIgSILENT PowerFactory simulator tool[14]. The
eigen values for all three location are calculated and

the complex eigen value with least real par (Amin )
near to imaginary axis are shown in Table |1

Table 11 Eiegn Values for IEEE 3 Machine 9 Bus System

Bus No. at Eigen Value(Amin)
which DFIG
connected Real Imaginary
part Part
Without DFIG -0.6288 | #j8.6851
Bus 1 -0.7435 | +j8.8458
Bus 2 -0.5936 | #j9.1278
Bus 3 -0.6301 | +j2.4764
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Minimum eigenvalue (Ayin) Without DFIG s
0.6288+j8.6851. omi, represents the real part of
minimum eigen value A, From the Table I1. It can be
seen that when DFIG replaces synchronous generator
at bus 2 eigen values is shifted towards the right. As
we know that movement of real part towards right

means the system stability is decreasing and vice versa.

Also, it can be seen that when Synchronous generator
is replaced by DFIG at bus 1 the improvement of oy
is highest means shifting eigen values towards the left
side which leads to improvement in system stability.
Thus, bus 1 is the suitable location for DFIG.

Case IlI: IEEEE 39 bus system have been used for
study. Grid summary for IEEE 39 bus is shown in
Table 111

Table 111 Load Flow Summary IEEE 39 Bus System
(New England System)

Load Flow summary 9 Bus System

Generation | 6140.81 MW | 1250.37 MVAr

Load 6097.10 MW | 1408.9 MVAr

Grid Losses | 43.7IMW -158.53 MVAr

Installed Capacity 14535.00 MW

Spinning Reserve 8394.19 MVAr

Power Factor 0.97 Lagging

Analysis approach is similar as case I. DFIG
is connected at same bus at which synchronous
generator is connected. Complex eigen values with
minimum real part have been calculated using
Lanczo’s/ Arnoldi’s method. Eigen value for all 10
different scenarios have been listed in Table Il1.

Table 1V. Eiegn Values for IEEE 3 Machine 9 Bus

System
Bus No. at Eigen Value (Amin)
which DFIG

connected Real part Imaginary Part
Without DFIG | -0.12524247 +j0.430038734
Bus 30 -0.151361 +j0.521454107
Bus 31 -0.13159529 +j0.459232551
Bus 32 -0.1256043 +j0.44118654
Bus 33 -0.12560279 +j0.458345069
Bus 34 -0.12675018 +j0.449177865
Bus 35 -0.12529636 +j0.459423962
Bus 36 -0.12646815 +j0.45216573

Bus 37 -0.20023535 +j0.470844042

Bus 38 -0.12578821 +j0.459898094

Bus 39 -0.12530811 +j0.440076499
The Omin  Without DFIG is -

0.12524+j0.430038734. after relacing synchronous
generator one by one with DFIG wind farm of same
capacity different eigen values have been obtained.
From Table Il it can be seen that effect of connecting
DFIG is maximum when it was connected at bus 37.
Maximum improvement in oy, is obtained when
DFIG was connected at bus 37. Fro table Il it can be
seen that the o, is shifting towards the left side of
plane for all 10 buses which results in improving
system stability.

VI.CONCLUSION

Eigen value analysis have been performe for
muli machine system with and without penetration of
wind power with DFIG. Minimum eigen value(Ayin)
has been find out for each bus for both IEEE9 bus and
39 Bus system. And effect of DFIG wind farm was
analysed on the small signal stability pwerformnce of
the system. It was observed that penetration of DFIG
wind farm in 9 bus system make system unstable
when DFIG replace SG at bus 2, also the system
become s more stable when DFIG is connected at
bus 1 or 3. Similiarly,for 39 bus system it was
observed that sytem becomes more stable when DFIG
is connected to the system. Best location for the DFIG
connection is bus 37 because of the maximimum
improvement in the minimum eigen value.
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