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1. Introduction

In recent years, the increasing concerns to environmental issues demand the search for more
sustainable electrical sources. Wind energy can be said to be one of the most prominent
renewable energy sources in years to come (Ackermann, 2005). And wind power is
increasingly considered as not only a means to reduce the CO, emissions generated by
traditional fossil fuel fired utilities but also a promising economic alternative in areas with
appropriate wind speeds. Albeit wind energy currently supplies only a fraction of the total
power demand relative to the fossil fuel fired based conventional energy source in most
parts of the world, statistical data show that in Northern Germany, Denmark or on the
Swedish Island of Gotland, wind energy supplies a significant amount of the total energy
demand. Specially it should be pointed out that in the future, many countries around the
world are likely to experience similar penetration levels. Naturally, in the technical point of
view, power system engineers have to confront a series of challenges when wind power is
integrated with the existing power system. One of important issues engineers have to face is
the impact of wind power penetration on an existing interconnected large-scale power
system dynamic behaviour, especially on the power system small signal stability. It is
known that the dynamic behavior of a power system is determined mainly by the
generators. So far, nearly all studies on the dynamic behavior of the grid-connected
generator under various circumstances have been dominated by the conventional
synchronous generators world, and much of what is to be known is known. Instead, the
introduction of wind turbines equipped with different types of generators, such as doubly-
fed induction generator (DFIG), will affect the dynamic behaviour of the power system in a
way that might be different from the dominated synchronous generators due to the
intermittent and fluctuant characteristics of wind power in nature. Therefore, it is necessary
and imperative to study the impact of intermittent wind generation on power system small
signal stability.

It should be noticed that most published literature are based on deterministic analysis which
assumes that a specific operating situation is exactly known without considering and
responding to the uncertainties of power system behavior. This significant drawback of
deterministic stability analysis motivates the research of probabilistic stability analysis in
which the uncertainty and randomness of power system can be fully understood. The
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probabilistic stability analysis method can be divided into two types: the analytical method,
such as point estimate method (Wang et al., 2001); and the simulation method, such as
Monte Carlo Simulation (Rueda et al.,, 2009). And most published literature related to
probabilistic stability analysis are based on the uncertainty of traditional generators with
simplified probability distributions. With increasing penetration levels of wind generation,
and considering that the uncertainty is the most significant characteristic of wind
generation, a more comprehensive probabilistic stability research that considering the
uncertainties and intermittence of wind power should be conducted to assess the influence
of wind generation on the power system stability from the viewpoint of probability.
Generally speaking, the considered wind generation intermittence is caused by the
intermittent nature of wind source, i.e. the wind speed. Correspondingly, the introduction
of the probability distribution of the wind speed is the key of solution. In our work, the well-
known Weibull probability density function for describing wind speed uncertainty is
employed. In this chapter, according to the Weibull distribution of wind speed, the Monte
Carlo simulation technique based probabilistic small signal stability analysis is applied to
solve the probability distributions of wind farm power output and the eigenvalues of the
state matrix.

2. Wind turbine model

In modelling turbine rotor, there are a lot of different ways to represent the wind turbine.
Functions approximation is a way of obtaining a relatively accurate representation of a wind
turbine. It uses only a few parameters as input data to the turbine model. The different
mathematical models may be more or less complex, and they may involve very different
mathematical approaches, but they all generate curves with the same fundamental shapes as
those of a physical wind turbine.

In general, the function approximations representing the relation between wind speed and
mechanical power extracted from the wind given in Equation (1) (Ackermann, 2005) are
widely used in modeling wind turbine.

0 V, <V

w = Vcut—in
p 05-p- Awt ’ Cp (,B,i) ’ sz cht—in < Vw = thed (1)
¥ Pr Vrated < Vw < cht—oﬁ‘
0 Vw = cht—off

where Py, is the power extracted from the wind; p is the air density; C, is the performance
coefficient; A is the tip-speed ratio (vi/vyw), the ratio between blade tip speed, v: (m/s), and
wind speed at hub height upstream of the rotor, vy (m/s); Aw=mR? is the area covered by the
wind turbine rotor, R is the radius of the rotor; V,, denotes the wind speed; and p is the
blade pitch angle; Viurin and Viurom are the cut-in and cut-off wind speed of wind turbine;
Viatea is the wind speed at which the mechanical power output will be the rated power.
When V,, is higher than Vs and lower than V... with a pitch angle control system, the
mechanical power output of wind turbine will keep constant as the rated power.

It is known that the performance coefficient C, is not a constant. Usually the majority of
wind turbine manufactures supply the owner with a C, curve. The curve expresses C, as a
function of the turbine’s tip-speed ratio A. However, for the purpose of power system
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stability analysis of large power systems, numerous researches have shown that C, can be
assumed constant. Fig. 1 (Akhmatov, 2002) gives the curves of performance coefficient C,
with changing of rotational speed of wind turbine at different wind speed conditions (fis
fixed). According to Fig. 1, by adjusting the rotational speed of the rotor to its optimized
value @y.opt, the optimal performance coefficient Cymax can be reached.
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Fig. 1. Curves of C, with changing of wy, at different wind speed

In this chapter, we assume that for any wind speed at the range of Veurin < Vi<V, the
rotational speed of rotor can be controlled to its optimized value, therefore the Cymax can be
kept constant.

3. Mathematical model of DFIG

The configuration of a DFIG, with corresponding static converters and controllers is given in
Fig.1. Two converts are connected between the rotor and grid, following a back to back
scheme with a dc intermediate link. Fig.2 gives the reference frames, where a, b and c
indicate stator phase a, b and ¢ winding axes; A, B and C indicate rotor phase A, B and C
winding axes, respectively; x-y is the synchronous rotation coordinate system in the grid
side; 0 is the angle between g axis and x axis.

Applying Park’s transformation, the voltage equations of a DFIG in the d-q coordinate
system rotating at the synchronous speed @, in accordance with generator convention,
which means that the stator and rotor currents are positive when flowing towards the
network, and real and reactive powers are positive when fed into grid, can be deducted as
follows in a per unit system.

1 dy,,
uds = _RsIds Vs +; dtd (2)

S
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Fig. 2. Schematic diagram of DFIG with converters and controllers
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Fig. 3. Reference coordinates for DFIG

1 dy s
U_ =-RI +y,, +——0>% 3
qs stqs Vs o, At ( )
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1 dy,,
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Was == Xlgs = Xl g (6)

Vs =—Xlpo = X1, 7)

War ==X 1gy = Xyl gs (®)

Vor ==X, 1o = Xl oo )

P, =P, + P, = (Ugly + Uyl )+ Uyl + U, L) (10)
Qg =Qs +Q, = (Uyslys Uyl y) + Uy Ly, Uy, I, (11)
ZH% =T,-T, (12)

Where U, I, ¥ denote the voltage, current and flux linkage; P and Q denote the real and
reactive power outputs of wind generator, respectively; T,, and T, denote the mechanical
and electromagnetic torques of wind generator, respectively; R and X denote resistance and
reactance, respectively; the subscripts r and s denote the stator and rotor windings,
respectively; the subscript g means generator; H is the inertia constant, and f stands for time;
s is the slip of speed.

The reactances X, and X, can be calculated in following equations.

X, =X, +X, (13)

Xr = XTO' + Xﬂ’l (14)

Where X, and X, are the leakage reactances of stator and rotor windings, respectively; X,

is the mutual reactance between stator and rotor.

The aforementioned equations describe the electrical dynamic performance of a wind

turbine, namely, the asynchronous machine. However, these equations are not suitable for

small signal analysis directly. It is necessary and imperative to deduce the simplified and

practical model. The following assumptions are presented to model the DFIG.

a. Magnetic saturation phenomenon is not considered during modelling;

b. For the wind turbine equipped with DFIG, all rotating masses are represented by one
element, which means that a so-called ‘lumped-mass’ or ‘one-mass’ representation is
used;

. . .. . d 4
c. The stator transients and stator resistance are negligible, i.e. W:S =0, dtqs =0, and

Rs=01in Egs (2) and (3).
Furthermore, the stator flux-oriented control strategy (Tapia et al., 2006) is adopted in this
work, which makes the stator flux y line in accordance with d-axis, as depicted in Fig.3., i.e.

Vis = Vs (15)

Was =0 (16)
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Then the stator voltage equations can be rewritten as

u,

S

=0 (17)

uqs =Y = ut (18)

Where U, is the terminal voltage;

From Fig. 3, the vector of stator voltage Us=U; is always align with q axis with the stator
flux-oriented control strategy. And according to the stator flux linkage equations (6) and (7),
the stator currents I and I;s can be represented as the function of rotor current and terminal
voltage U}, i.e.

Ids :_i(ut +Xm1dr) (19)
Xs

I.= 1 X I 20

qs__y m*qr ( )

X dl
Uy =—R 1, ——L—2 15X/ 21
dr rdr o, At reqr ( )
X' dl,, X
U, =-RI, ——L—"—sX/I, +5~ 22
qr A o dt ridr e Vs ( )

S S

Where X,'=X,-X,,2/X.

Consider that the grid-side converter of DFIG always operates at unity power factor, i.e.
Q,= 0, the reactive power Q, is equal to the stator reactive power Q;, i.e. Q,=Qs. In the steady
state analysis, in accordance with the expressions of stator power and the rotor power, it can
be proved that P,=-sPs, and P,=P;/(1-s). Accordingly, the real and reactive powers equations
and the torque equation can be rewritten as

u
P,=P./(1-s)=——1t—X I (23)
I'4 s/( ) Xs(l—S) m*qr
ut
Qg = Qs = (ut + XmIdr) (24)
Xs
ds Xm
2H—=T,-T, = (stlqs + l//qsIds) _Tm = _?utIqr _Tm (25)

dt e m

S

Finally, the equations (17-18), (21-22), (23-25) constitute the 3rd order simplified practical
DFIG model.

4. Mathematical model of DFIG Converters

As shown in Fig.2, the model of DFIG frequency converter system consists of rotor-side
converter, grid-side converter, the dc link and the corresponding converter control. In this
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chapter, it is assumed that the grid-side converter is ideal and the dc link voltage between
the converters is constant during analysis. This decouples the grid-side converter from the
rotor-side converter. The rotor-side converter is assumed to be a voltage-controlled current
source, and the stator flux-oriented control strategy is employed to implement the
decoupled control of the real and reactive power outputs of DFIG. The overall converter
control system consists of two cascaded control loops, i.e. the inner control and the outer
control. The inner control loop implements the rotor current control, and the outer control
loop implements the power control (Tapia et al., 2006).

In order to 1mplement the decoupled control of the real and reactive power outputs of DFIG,
two new variables, Udr , LI are introduced which are defined as:

u udr XrIqr (26)
3 ' Xm
Uy, =U,, + X1, =5y, 27)

S

The newly introduced variables can fully make the dynamics of d and q axes decoupling.
Accordingly, the rotor voltage equations can be rewritten as

A X' dI

U, =-R]I[, ——r—dr 28
dr ridr ] dt ( )
A X' dl,,

uU,=-RJ —2r 1 29
qr reqr o, dt ( )

In this chapter, two special PI controllers are designed to implement the decoupled control
of the real and reactive power outputs of DFIG. The block diagrams of rotor-side converter
including the inner and outer control loops expressed in d and q axes are given in Fig.4 and
Fig.5. In the rotor current control loop, T,’=X,”/R, T, is the time constant of rotor circuit; Iy,
Iyrrer are the rotor current references in d and q axes, respectively; K; and T are the control
parameters of PI controller. In the power control loop, Ps.s, Qsrr are the real and reactive
power references; Kj, T; are the control parameters of PI controller. It should be noted that
the specific values of K;, T;, K; and T, can be determined through pole placement method
(Tapia et al., 2006).

In accordance with Fig. 4, the corresponding stator real power control model can be
described as

dl dp. dP.
T,—2 KT (=2 - —) =K (P, - P. 30
L KTy (=) = Ky (P~ Pay) (30)
du,, dl,,  dl,.,
T27+K2T2(W_ At ):KZ(Iqr_Iqrref) (31)
T' dl,, u

L . 32
o, dt R (32

r
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Fig. 4. Block diagram of real power control system in rotor-side converter
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Fig. 5. Block diagram of reactive power control loop in rotor-side converter
Ys
Ps = —?XmIqr (33)
Similarly, the corresponding stator reactive power control model can be described as
dl drref d Q deref
I, ——-KT,(—=- =K - 34
1 At 1 1( At At ) 1(Qs eref) ( )
au dl, Al
T, = 4 KTy (52 - =) = Ky (I, — 1 35
2 At 2 2( At At ) 2( dr drref) ( )
Ldly__; Uy (36)

a)sdt_ R

r
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Q =35+ X, ly) 37)
Xs
So far, based on the stator flux-oriented control strategy, and considering the decoupled
control of the real and reactive power outputs of DFIG, the whole reduced practical
electromechanical transient DFIG model consists of the following 7th order model

Uy, =0 (38)
uqs T ut (39)

s X,
HE:_ ) Ul, -T, (40)
L T (1)

Al gyref X, o 1 X, o K, U?
KU, (=S -+ KU s e e 42
At 1~gs . ( 1) dr 1~gs Xs X;, dr Tl (Xs eref) ( )
dl:Id 1 o K W, ~
L= Ky(———)],, ——21 K,—=U 43
At 2(T2 ) dr T2 drref 2 X;, dr ( )
dl n
v e gy (44)
dt T 7ox T
dl X ~ K
qrref m m a)s ™M
=KU ——-—),, + KU P 45
At 1 ( Tl) 1~gs Xs X;, qr T1 sref ( )
du 1 K
qr s N2
—=K )1 I,.c—K LI 46
dt 2(:r2 T)" T, " Zx; (#6)

5. Model of wind farm of DFIG type

In this chapter, a simple aggregated model of large wind farm in the small signal stability
analysis is employed. We assume that currently the operating conditions of all wind
generators in a wind farm are same, and the wind farm is considered to be formed with a
number of wind generators jointed in parallel. Therefore, the wind farm can be reduced to a
single machine equivalent. For a wind farm consisted of N wind generators, the values of
stator and rotor voltages are same as the value of single machine. The stator and rotor
currents are N times larger than the single machine. The stator and rotor resistances and
reactances as well as K; are 1/N larger than the single machine. The remaining control
parameters are same as the single machine.
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6. Small signal stability analysis incorporating wind farm of DFIG type

Small signal stability is the ability of the power system to maintain synchronism when
subjected to small disturbances (Kundur, 1994). In this context, a disturbance is considered
to be small if the equations that describe the resulting response of the system may be
linearized for the purpose of analysis. In order to analyze the effects of a disturbance on a
linear system, we can observe its eigenvalues. Although power system is nonlinear system,
it can be linearized around a stable operating point, which can give a close approximation to
the system to be studied.

The behavior of a dynamic autonomous power system can be modelled by a set of n first
order nonlinear ordinary differential equations (ODEs) described as follows (Kundur, 1994)

% =f(x,u) 47)
0=g(x,u) (48)

where x is the state vector; u is the vector of inputs to the system; g is a vector of nonlinear
functions relating state and input variables to output variables.

The equilibrium points of system are those points in which all the derivatives x;,x,,..., X,
are simultaneously zero. The system is accordingly at rest since all the variables are constant
and unvarying with time. The equilibrium point must therefore satisfy the following
equation

— - =f(xg,uy) =0 (49)

0 =g(x,uo) (50)

Where (xo, up) are considered as an equilibrium point, which correspond to a basic operating
condition of power system.
Corresponding to a small deviation around the equilibrium point, i.e.

X=X +Ax (51)
u=u,+Au (52)

The functions f(x,u) and g(x,u) can be expressed in terms of Taylor’s series expansion

% + d;% =f(xy,uy) + AAx + BAu + O(|Ax, Au|) (53)
i1y + At = g(xy, 1) + CAx + DAu + O(|Ax, Aul) (54)

With terms involving second and higher order powers in Eqs(53-54) neglected, we have
Ax = AAx +BAu (55)

0=CAx +DAu (56)
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Where A, B, C and D are called as Jacobian matrices represented in the following

a=dow) (57)
ox Xo,Uo

p- Aou) (58)
ou |y u,

c-%u) (59)
ox Xg,Ug

p - %8xu (60)
o,

If matrix D is nonsingular, finally we have

aAx _ (A -BD'C)Ax = AAx (61)
dt

The eigenvalues and eigenvectors of the state matrix can reflect the stability of the system at
the operating point and the characteristics of the oscillation (Kundur, 1994).

According to the established 7th order DFIG model described in Section 4, the state variables
are Lir, Lirref, U, lflqr, Ly, Iyrepand s, respectively, and the algebraic variables are Ugs, Ugs, s, Lgs,
respectively. In small signal stability analysis, when the wind farm is integrated into the
power grid, these algebraic variables mentioned above in d-q coordinate system need to be
transformed to the synchronous rotating coordinate system (x-y coordinate system), i.e.
these algebraic variables will be subject to

u, =TU,, (62)

1, =TI, (63)

sind —cosé

Where T is transformation matrix, 7T = ]
cosf sind

}; 0 denotes the phase angle of

generator terminal voltage U; which can be obtained by the steady state power flow
solutions.
Accordingly, we can obtain

A

Xy Ax BypAU,, (64)
dt

AL, = CypAx+ Dy AU, (65)

Where Awr, Bwr, Cwr and Dwr are expressed as follows
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Al dr Al drref Aﬁdr Al qr Al qrref Al:[qr As
Y o ]
Trl rl
Klutﬁ(ﬂ_l) Klutﬁ @s
Xc Tr’ Tl Xs Xr’
o, 1 K @,
e B
T, T, T, T,
m o o (66)
WF = f— -
Tr! Xr!
X, 0 1 X, o,
KU~ (= - KU, —*
XS Tr’ Tl Xs XT'
o 1 K 1)
KBy 2 K
T, T I, I,
I "2HX, |
uds uqs
o 0 _
0 Klfdrﬁ(&—l) Kludrﬁ R LU
X, 1" T X, X! T, X,
0 0
0 0
By = x 1 X T (67)
0 K I, 2m (@ ) KU, 2o s
q Xs T q Xs er
0 0
: Ky
X, 1
—i(s 00 0 0 00
Cyp =T " N (68)
0 0 0 —— 0 0 0
Xm
g - L
Dyp =T X, |T (69)
0 0

Here, each generator in a power system to be studied can be represented as the
aforementioned form in accordance with the dynamic model of itself. For a power system
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consisting of n generators (including wind farm) with m state variables, by eliminating Al,,,
we can get the Jacobian matrices of the whole system A, B, C and D (Wang et al., 2008)as
given in following

A=[Ac),., (70)
B=[B; O}MN (71)
—C
cz[ G} 72
0 2Nxm
Y-~-—D Y,
D= { GG G GL:| (73)
Yic Y 2Nx2N
Where
_AI _
Ag = Awr (74)
L A”_mxm
_BI _
BG = By (75)
L Bn dmx2n
_CI _
CG T CWF (76)
L C” 12nxm
_DI _
DG = Dy (77)
L D” 12nx2n

Where, Yoc and Y, are the self-admittance matrices of generator nodes and non-generator
nodes; Y;¢ and Yg; are the mutual admittance matrices between them.
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Finally, the corresponding state matrix can be given in following;:

A=A-BD'C (78)

7. Probabilistic small signal stability analysis with wind farm

7.1 Principle of Monte Carlo simulation

Monte Carlo method is a class of computational algorithms that rely on repeated random
sampling to compute their results. In uncertainty analysis, the relationship between the
dependent variable and independent variable can be described as

Z =h(X) (79)

where X = [x1, xo, ..., Xm | is the vector of the independent variables and Z=[z;,z,, ... ,z, ] is
the vector of the dependent variable. h=[h(X), ha(X) , ..., hm(X)] represents the function
relationship between input variable and output variable. In general, if h is very complex, it
is hard to solve the probability distribution of Z applying analytic way. In this situation, the
Monte Carlo methods are employed to calculate the discrete frequency distribution which
approximately simulates its probability distribution. The essence of the uncertainty analysis
is to estimate the statistic properties of Z based on the statistic properties of X and the
function h (Fishman, 1996). The most important statistic property in uncertainty analysis is
the probability distribution, which is always described by the probability density function
(PDF). Probability density function describes the probability density of a variable at a given
value (Fishman, 1996). Therefore, the main objective of uncertainty analysis is to estimate
the PDF of the dependent variable on the basis of the PDF of independent variable and their
relationship function. Monte Carlo simulation is a repetitive procedure: (1) The random
independent variable X is generated based on its PDF; (2) According to the relationship
function h, the vector Z can be calculated; (3) Repeat (1) and (2), the PDF of the dependent
variable Z can be estimated when the sample size (the number of repetition) is large enough.
The justification of Monte Carlo simulation comes from the following two basic theorems of
statistics: (i) The Weak Law of Large Numbers and (ii) The Central Limit Theorem. Based on
the above two theorems, it can be proved that with increasing of sample size, the PDF of the
dependent variable obtained by Monte Carlo simulation will approach to that of the
population.

7.2 Probabilistic small signal stability incorporating wind farm

The flow chart of the Monte Carlo simulation technique for power system small signal
stability analysis with consideration of wind generation intermittence is given in Fig. 6.

It is well known that the uncertainty of wind generation is due to the uncertainty of wind
speed, so we begin with the probability distribution of the wind speed. Fig. 7 shows a
Weibull distribution function of wind speed with k = 2 and ¢ =10. When a random wind
speed is generated, the mechanical power output extracted from the wind can be calculated
via a king of wind turbine model usually given by functions approximation. If the wind
speed V,, is less than the cut-in speed Vi.iy or is larger than the cut-off speed Viutof the
wind farm will be tripped. If the current wind speed belongs to the speed range from cut-in
to cut-off, the wind farm will be kept connected to the grid in power flow calculation and
small signal stability analysis. The process is repeated until the pre-set sample size N is
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reached. Finally, the probabilistic-statistical analysis can be conducted based on the results
from different wind speed conditions mentioned above to reveal the impact of wind
generation intermittence on power system small signal stability.

Weibull distribution of wind
speed

A 4

Frequency distribution of wind speed
based on MC Wind turbine model

A 4
Frequency distribution of wind farm
power output based on MC

A 4
Set sample size N

Vm<: chl—in?

or Vm>: cht-a_,_‘f'?
A4 A 4
Wind farm tripped Power flow calculation with
wind farm integrated
A 4
Power flow calculation w/o 4

SSS analysis with wind farm

wind farm integrated
integrated

A 4
SSS analysis w/o wind farm
integrated

i<=N?

N

Probability statistics analysis

Fig. 6. Flow chart of Monte Carlo based probabilistic small signal stability analysis
incorporating wind farm
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Fig. 7. Weibull distribution with k =2 and ¢ =10

8. Application example

The IEEE New England (10-generator-39-bus) system was employed as benchmark to test
the proposed model and method. The single line diagram of the test system is given in Fig.
8. In this system, the classical generator model is applied to the synchronous generator G2.
The 4th order generator model with a simplified 3rd order exciter model is applied to the
remaining 9 synchronous generators. It should be noticed that there is no any power system
stabilizer considered in the test system. All simulations were implemented on the
MATLAB™ environment.

@
i
w
‘\j@
™~
o
A .
>
v
%
—
>
)
S

=T 26 38
30— - 27
2 18 17 I 24 a9
[ 1
1 Tr—
3 v 16 @
T eV e
, 4T  Z - 2 e LL22
y
39 5 14 19 A T
6 12 23
11

Fig. 8. Single line diagram of IEEE New England test power system

A wind farm with 200x2MW DFIGs is integrated into the non-generator buses, i.e. busl-
bus29. The corresponding parameters of wind turbine and DFIG are given in Table 1.
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According to the procedure given in Fig. 6, the frequency distribution of wind speed by
applying Monte Carlo method to the Weibull probability distribution of wind speed can be

calculated as depicted in Fig. 9. The sample size is set to be 8000 during simulation.

Parameters Values
p 1.2235 kg /m?3
R 45 m
Gy 0.473

cht—in 3m/ S

Veutof 25m/s

Vruted 1028m/s
R 0.00488
Xis 0.09241
Xy 0.09955
X 3.95279
R, 0.00549
H 3.5
K; 0.1406
Ty 0.0133
K; 0.5491
T 0.0096

Table 1. Parameters of wind turbine and DFIG with 2 MW capacity
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Fig. 9. Frequency distribution of wind speed
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Next, in accordance Eq. (1) and the frequency distribution of wind speed as shown in Fig.9,
for the wind farm with 200*2MW capacity, the probability distribution of wind farm power
output can be finally obtained as shown in Fig. 10. From Fig.10, there exist two
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concentrations of probability masses in the distribution: one corresponds to the value of
zero, in which the wind farm is cut off; the other corresponds to the value of 400MW, in
which the rated power output is generated by the wind farm.

3000

2500 1

2000 r

1500 r

Frequency

1000 r

500

IIIIIIIIII.Ill.....-.---.-.------------
0 100 200 300 400

Wind farm power output (MW)

Fig. 10. Probability distribution of wind farm power output

Fig. 11 shows the frequency distribution of the real part of eigenvalues when the wind farm
is connected to bus20.

3000
2500

2000

1500 /

Small signal stable region

Frequency

1000

500

0 -0.03 -0.02 -0.01 0 0.0052

Real part value

Fig. 11. Probability distribution of real part of eigenvalues with wind farm integration into
bus20
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According to the statistical analysis based on Fig. 11, we found that there is a probability of
roughly 39.1% (3128 out of 8000 in simulation) that the real part of the eigenvalue will be
positive, in which situation the system is small signal unstable. Therefore we can conclude
that the stability probability of the test system is 60.9% in current operating condition.
Furthermore, there exist two concentrations of probability masses in the distribution: the left
one corresponds to the situation that the wind farm is cut off; the right one corresponds to
situation that wind turbine generates rated power.

Under the same wind speed condition, the wind farm is connected to the busl-29,
respectively. The corresponding results are given in Table 2.

Bus No. of wind generator | Stable Probability
20 200 60.9%
Others 200 100%

Table 2. Small signal stable probability with different wind farm integration position

Electro-mechanical oscillation mode can be picked out according to the electro-mechanical
relative coefficient or the frequency of oscillation, i.e. p>1 or 0.1<f<2.5Hz (Wang et al., 2008).
The mean and standard error of the mode properties: frequencies, Electro-mechanical
relevant ratio, damping ratio, and the participating factors are given in Table 3. We found
that the 9th EM oscillation mode is unstable with a probability of 39.1%, and it is actually the
pair of eigenvalue that determines the small signal stability probability of the whole system.
In summary, according to the simulation results discussed above, we can conclude that the
deterministic small signal stability analysis can be considered as a special case study in the
probabilistic small signal stability analysis. Especially, the probabilistic small signal stability
based on the Monte Carlo method can evaluate the test power system more objectively and
accurately.

9. Conclusion

This chapter addresses the impact of intermittent wind generation on power system small
signal stability. Firstly, the well-known Weibull probability distribution is employed to
reveal wind speed uncertainty. According to the Weibull distribution of wind speed, the
Monte Carlo simulation technique based probabilistic small signal stability analysis is
applied to solve the probability distributions of wind farm power output and the
eigenvalues of the state matrix. Finally, the IEEE New England test power system is studies
as benchmark to demonstrate the effectiveness and validity of the propose model and
method. Based on the numerical simulation results, we can determine the instability
probability of the power system with the uncertainty and randomness of wind power
consideration. And from viewpoint of small signal stability, the most suitable integration
position for wind farm can be determined as well.
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EM Frequency Damping ratio | EM relevant ratio Most -~
mode relevant |Stability
Mean Std Mean Std Mean Std generator
1 1.5021 | 0.0000 | 0.0506 | 0.0002 | 22.9116 | 0.1119 G8 100%
2 14816 | 0.0003 | 0.0613 | 0.0002 | 36.1465 | 3.9023 G7 100%
3 1.4569 | 0.0006 | 0.0642 | 0.0010 | 10.2773 | 0.3156 G4 100%
4 1.2794 | 0.0001 | 0.0363 | 0.0005 | 29.5096 | 0.2265 G8 100%
5 1.2642 | 0.0013 | 0.0133 | 0.0026 | 91.3249 | 25.3277 G2 100%
6 1.1370 | 0.0024 | 0.0375 | 0.0001 | 32.0537 | 0.0459 G6 100%
7 1.0394 | 0.0040 | 0.0084 | 0.0027 | 35.6480 | 1.9408 G9 100%
8 0.9817 | 0.0012 | 0.0066 | 0.0019 | 48.0187 | 8.0547 G6 100%

9 0.6554 | 0.0020 | 0.0030 | 0.0033 | 52.8691 | 4.1706 G10 60.9%

Table 3. Properties of EM oscillation modes with wind farm integration into bus20
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