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ABSTRACT

The main objective of this thesis is to study and analyze the small signal stability of the power system
connected with wind generators, as the power generation using wind generators has gained importance in
the recent days. Here, direct drive permanent magnet synchronous generator is considered in the
investigation, and the small signal model is determined to survey the little unsettling influence
steadiness. The eigen value examination researches the dynamic conduct of Power system under diverse
modes. Thusly, by utilizing eigen esteem examination, the connection between the modes and the state
variables are acquired. Along these lines by changing the controller parameters their impact on the eigen
qualities are considered. The outcome demonstrates that the system security can be enhanced by
appropriate tuning of both generator side and grid side converter controller parameters.Small signal
model is developed for a grid connected PMSG based WECS. Eigen value analysis is performed for 3
machine nine 9 bus system using MATLAB/SIMULINK.

I. INTRODUCTION
The availability of electrical energy is a necessity for the functioning of modern societies. The
energy consumption is increasing enormously in recent years, due to massive industrialization. The risks
of shortage of fossil matters and their effects on the climatic change emphasis the use of alternate
resource (renewable energy)[1-4].

The various available renewable resources are solar, hydro, wind etc. The generation of electrical
power from wind farms is developing rapidly with worldwide installed capacity. Currently India stands
fifth in the production of electricity from wind farms after China, USA, Germany, and Spain. The
installed capacity in India is 16,000 MW.

Besides, of its advantage wind energy generation also has its disadvantages such as complexity,

cost, and instability of wind speed. The cost disadvantage is reduced by subsidies from Government as
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they are likely to promote the green power generation. On the other hand, cost of wind power is relatively
lower when compared to other renewable energy resources[5-9].

The conduct of power system is primarily dictated by the conduct and communication of
generators associated with it. At the point when the infiltration of wind production expands its impact on
power system likewise increments. In this proposition, the impact of network associated variable rate
wind vitality transformation system on the dependability of power system is considered[10-15].

I1. MODELLING OF POWER SYSTEM COMPONENTS FOR STABILITY
ANALYSIS
Dynamic model of grid connected wind energy conversion system is required to achieve
knowledge about ongoing change in the system due to increasing wind energy penetration. This chapter
deals with the mathematical modelling of power system consisting of differential and algebraic equations

representing the models of system components including synchronous generators, loads[16-19].
WIND TURBINE MODEL

The simple streamlined model is utilized to speak to the turbine, which depends on the power
coefficient, Cp versus the tip speed proportion A, typically given by the maker. The power extricated from

the wind is given by

3
20x S,

T

The tip speed ratio is given by

C()rR
A=—— 2.2
" 22

A general functional representation of Cris given by Lubosny (2003) as,

o :Cl(Czh_Csﬂ_C4)e_C5h (2.3)

Where,

h__ 1 003 (2.4)
2+0088 p°+1
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C; to Cs are constants. The Cp versus A curve is provided by the manufacturer. The

constants C; to Cs are computed for particular turbines using the procedure given by Heier (1998).

MODEL OF SYNCHRONOUS GENERATORS
The synchronous generator representation considers the excitation winding on the d-axis and a
damper winding on the g-axis. Here for stability study Type 1A model of synchronous generators are
considered[20-24].
The differential equations of synchronous generators

dé _ , _
dt (2.5)
2H, doy =Ty =T — Di(0, — ;)
(2N dt (26)
. OEqi .
T'doi o =—E'qi—(Xdi —X'di )l di + Efdi
(2.7
1 dEI i ] 1
T qoi d_td =-E di+(Xqi -X gi )Iqi (2.8)
T =E'Glg+E'G i + (X' —=X'4)
(2.9)
The stator algebraic equations are represented as follows
E'q—Visin(5 —6) —Rgly + X'y 15, =0
E'yi—Vi cos(S; —6) =Ryl — X' 14 =0

(2.10)

MODEL OF INDUCTION GENERATOR
The induction generator is spoken to by method for understood third order model. Utilizing again

generator current convention, the electric torque of the induction machine is Tej = E'gj Idi + E'qi lgi

(2.12)
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€, _ [E+(Xo-XI)]  p
it T 50.E' (2.13)
de', _ [E'—(Xo-X")I] :
at T el (2.14)
E'i-Vicos(6) Rl + X'y 1, =0
E' -V, sin(6) — Ryl — X'y 1, =0 (2.15)

A squirrel-cage induction machine connected to an AC power source of appropriate voltage can
operate either as a motor or as a generator. The terminal voltage applied to the machine produces lagging
magnetizing current, which in turn results in the rotating magnetic field within the air gap for both
motoring and generating action. When the motor is loaded, current flows in short circuited rotor due to
the rotor EMF and the motor runs at sub-synchronous speed[25-29].

When the induction machine runs at super-synchronous speed, a voltage is induced in the rotor in
phase opposition to the EMF induced because of reversal of relative speed. The component of the stator
current, which balances the rotor MMF, also reverses. The stator current now consists of magnetizing
current as before and a component in phase opposition to the stator applied voltage. Thus the machine
becomes an induction generator with external excitation. The induction generator can be represented by

the well-known equivalent circuit shown in Fig 2.1.

Fig 2.1 Steady state equivalent circuit of induction generator

From Fig2.1, the current I, can be written as,

T- Y (2.16)
(Rs+Re)+J(Xs +Xe)
. R .
X | ==+ X, (2.17)
Re +jXe =7( S )

?r_._ X +X5)

The per-unit active power transferred from the rotor to the stator through air gap, called air gap power, is

readily calculated from the equivalent circuit as,
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p, =120 (1-9)
S

VX2 Ry
1,(V,8) = S

S

{(RX +RrJ2 +(Xy +Xr)2}[R§ (X +Xp)’ |

_ IXm(Rs+jX) (2.21)

R, +jX, =
X TR+ (X + X i)

MODEL OF PMSG

(2.18)

(2.19)

(2.20)
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Using Source convention, voltage equations of PMSG in d-q reference frame (g-axis leads d-axis

in the direction of rotation)is
Vs Rsi(c/i)era)W((JpS =0
Vs +Rsiffs+ oy =0 (2.23)

The flux linkage equations of PMSG is

l//g)s = —Lq i 85 (224)
¢ _ 2.25
Vo~V (2.25)

The active and reactive power equations are given by
Ps =V i +Vesids

Qs =V foids —Vesid, (2.27)

MODEL OF DRIVE TRAIN

(2.22)

(2.26)

The rotor of wind turbine and generator are connected directly, so they can be expressed together

by
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1
. f—Jp— a—
0, H (Tm-Te)

(2.28)

5 = g (ar ~1) (2.29)
Where
H- Equivalent inertia time constant of whole drive train.
T,,- mechanical torque.

T, - Electro-magnetic torque.

MODEL OF CONVERTERS AND THEIR CONTROLLERS
Here d-axis stator current ids is controlled to zero and g-axis stator current igsis controlled to
track the maximal input of the wind turbine torque(L.Yang et al 2010).

igs=0
(2.30)
2.31
igs:ﬂ(a)rref_a)r)-"xw ( )

+ Kopw 2.32
X W:ﬁ(wrref 7a)r) ( )
EQUATIONS OF GRID SIDE CONTROLLER

When the direction of g-axis is aligned with the voltage vector
, then Vgg=0.
P N g3

g _nglqg (2.33)

Qg =Vdoigg (2.34)
igg =k pv(V doref ~V g+ Xy

(2.35)
if]g = kpl(vtref _Vt)+ X 4

(2.36)

Ko 2.37

X v : \Y deref -V dc) ( )

T
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hd k
X 4= 22 W tref —Vo) (2.38)
T4

EQUATION OF DC LINK VOLTAGE

[ 1 Q= & =&
Vdc:CVd (\/qslqs_vdaldg)

(2.39)
Where, C - Dc link capacitor.

INTERFACING WITH POWER SYSTEM
PMSG connected to 3 rd bus of 3 machine nine bus system through a transmission line and
transformer. The voltage equation describing the interface with the external system can be written as

Vga=V g~ Ligg
(2.40)
Vo=V g+ Ligg (2.41)

Where, L is sum of transmission line and transformer inductance.

NETWORK MODEL

The system comparisons for generator buses are:

laiVisin(a — ) + 1qiVicos(d — &) + Pi— ZEleinYik cos(@ — & —o) =0

(2.42)
l6Vi cos(d — @) — lgVisin(G — ) + Qui— Z::1VinYik sin(@-6-ax) =0
(2.43)
Where i= 1: m no of machines.
The network equations for load buses are:
PL—>"" ViViYicos(d — & —ai) =0 (2.44)
Qui— Z::1VinYik sin(@—6—ax) =0 (2.45)

Where i= m+1 to n no of buses.
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111.SMALL SIGNAL MODEL OF POWER SYSTEM COMPONENTS

In this approach, the network equations are written in power balance form. Although equivalent
to the current balance form, it has some extra features. The extended DAE system Jacobian also contains

information about the load flow Jacobian.

SMALL SIGNAL MODEL FOR SYNCHRONOUS GENERATORS
Linearization of DAE power system model is carried out by adopting the concepts presented by
Pai et al (2004). Linearising the differential Equations (2.5) to (2.9),

° AN
AX=MAX+ ApAl g + A3AV g+ EAU 3.1)

Where Ai=Diag(Aui), A2=Diag(Azi), As=Diag(Asi) and E=Diag(E;)

_— . _ i}
_DBi oy _lgi0 _Tdio
Mj Mi Mj
wg 0 0 0 0
0 0 - ,1 0 ,1
Aj = T'doi T'doi
0 0 0 —,i 0
T'q0i
0 0 0 0 -1
L TA |

[ [(X'd-X'g)ldo+E'qo]  [(X'd—X'g)lgo +E'do]]
Mi Mj
0 0
0 (Xd ~X'q)
Aoi = :
2i T'do
(Xq-X'q)
e Xa) 0
q0 0
O .
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O o O O O

— oo o o
> |~

0=B,AX + B,Al +BAV,

(3.2)
Where,

AXTiz[Aa)i Adi AE'gi AE'dj AEfdi]

T .
Al g|=|:A|qi Aldi}

aV, =[pe, av]

AVn =[A9" AVIi]

Where B;=Diag(B1i), B.=Diag(B2i), Bs=Diag(Bsi)

_ |0 Vjpsin(sip-6ip) 1 00
U=10 —vigcos(Sip—6ig) 0 10

Rai = X'mi
B2i { ! 9'}
X'di  Rsi

; :{—Vio cos(djo — o) sin(Sio —Hio)}
' Viosin(Sio - 6io)  cos(Sio - i)

The network equations (2.42) and (2.45) are linearized to obtain
0=C,Ax+C,Al, +C,AV ¢+C,AV,
0=C,AX+C,Al +C,AV 4+ C,AV,

(3.3)
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C; and C; are block diagonal matrices and Cs, C4, D1, and D are full matrices .The block diagonal

|0 TdioViocos(Gio-Gig) 0 0 0
1=l ~Violgiosin(dio ~6io) 0 0 0
matrices are [

. Vigsin(djo - i) Vio cos(dio - i) ]
-

Vio cos(djo - dio) - Vio sin(dip - o)

Since Alg is not of interest, it can be eliminated from using (3.2) and (3.3).Using Algfrom (3.2) as

Al =—B™B,AX-B™:B,AV (3.4)

AX=(A, — ABB)AX - (A, — AB2B,)AV o + EAU
0=(C, - C,B4B,)AX— (C, — C,B2B,)AV ¢+ C,AV 1+ AS . (V)
0=D,AV 4+ D,AV 1+ AS, (V)

Ste (V) and Sy (v) are specified then (3.6) is in DAE form with the state vector Ax and the algebraic
vectors AVy and AV, They can be rewritten as

AX = A1AX + AAV ¢+ EAuU

0 = C1AX + ClaA\//\ g+ CI4A\7|

0= Dle\? g+ D'4A\?|

AX = A AX + EAU

Where
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- B,
Asys = All_[Alz Als] {C :|

The state space linear model is

o o
AX Aci 0 A A A Xsgi
o |=| B B, B, B,|liq
C, c, C, AV,
o | LD D, D] Ay
3.7) INCLUSION OF INDUCTION
GENERATOR

Linearising the differential Equations (2.12) to (2.14),

dAE' AE', —(Xo - X")Al
’ =—[ a )al, ] +S,0,AE",+Aw, 0E'

dt T,
dAE' AE' +(Xo— XAl
= =—[ n al,] -S,0,AE', -Aw, 0 E',,
dt T,
dAw AT, AT,
dt  2H 2H
(3.8)

Linearising the stator algebraic Equations (2.15)
AE' +X'  Al,, —RAl, +V,,sin 6,)A8, —CcosG,AV, =0
AE' X', Al, —R/Al . —V,, c0s0,,A0, —sin 6.AV, =0

(3.9)

The linearized state model is added to the state space model by defining
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Mg =[Aw, AE', AE' ]
(3.10)
And the resulting new state space model is shown in (3.11)

Thus, the subsystem model corresponding to AXic is added below AXse. This results in a new non-zero

sub-matrix A4 together with a block diagonal matrix A .

py| [Aa 0 A A AT D
ag| | O He Ai’l(igi
o |=| B B, B B, | (3.12)
. : c, C, AV,
I 0 J i D, D, D4__ AA\ll

INCLUSION OF PMSG
Linearising the differential Equations (2.1) to (2.4) and (2.22) to (2.41),

The differential equations after linearisation

dAw AT AT

dt 2H 2H
(3.12)
dA—§ = wsAw
dt
(3.13)
dav 1 : , AV : i i i
dtdC " CVgeo (Vgsolgso ~Veaoidgo) _Cv—dzc(vq(gomgs ~VdaoAidg +AVesigeo ~AVdadgo)
dcO
(3.14)
K
dAX _Pow (—Aw)
dt Tw
(3.15)
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dax, K
m = T—\F:V(—AVdc)
(3.16)
dAA = & (-AV)
dt Ty
(3.17)

The real and reactive power equations are given by

APg = AVdgaiggo + Aiégvdgao

(3.18)
AQg = —AVdgaiégo - Ai‘qgnggao
(3.19)

» .
A SRV
2H
o, 00 0 0 0

Aowsg=| @1 0 g3 a a5 as
a41 0 0 0 0 0
0 Oag 0 0 O
0 00 0 0 0
Where,
a, =T |(@,, xdC, xdh-d2)-C, |
(3.20)
-1
a14:ﬁ (321)

~Viso” Kpw * lgso” ReK pw
CVoco’s
(3.22)

a31 =

dg3 = va dgog _Vqsowiqso(p +Vdaogid90(9 (3 23)
Cio CVdco2 CVdc02

97



mnternational Journal of ISSN 2347-3657

information Technology & Computer Engineering

Volume 12, Issue 2, April 2024

CVacews
(3.24)
_Vdgog
dg5 = 3.25
7oV (3.25)
idgogL
azg = (326)
CVdco
-K
q. =™ 3.27
“ T (3.27)
-K
Ay =—" (3.28)
TV
0 0
0 0
B 0 az
B2l
0 0
10 a5y
Where,
ldgo
9
agy =— (L+kpl) (3.29)
CVch P
-K
__n 3.30
By =, (3.30)
D= 00 _vavdaog 0 Vdaog _Lidgog

00 0 0 0  dy
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Where, d2g = gge"L ~Vetao”

(3.31)

- [0 (KL +1)dgoj
0 )

Where, 032 = KpVitao” ~lggo” ~ Kipalggo'L

(3.32)

AX PMSG = [Aa) Ao AVdC AXW AXV AX4]

(3.33)
And the resulting new state space model is shown in (3.34)
Thus, the subsystem model corresponding to AXpmsc is added below AXsg+e. This results in a new non-
zero sub-matrix A, together with a block diagonal matrix Apmse . The sub matrices D; and Dy are

modified to include the real and reactive power injections PMSG[30-38].

AXsgi Agi 0 0 A Ag Al | Mg ]
AXigi 0 Ag 0 AXigi

. | 0 0 Apvsei AX pmsGi
AXPMSGi By B, Bz By Aig_q

0 C C, Cs AV

0 D, D, D, AV,

0 L 1L ]

(3.34)

IV.RESULTS AND DISCUSSION
This Chapter presents the small signal stability analysis 3 machine 9 bus system consisting of two

synchronous generators and one PMSG based WECS. Then one induction generator is included in the
system.

99



L~ .
‘{Internatlonal Journal of
Information Technology kL E

= \v':rv;')..fpr £ "’3 neernng

Table 4.1. Load Flow results for inclusion of PMSG

Table 4.2.
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BUS | VOLTAGE Pa Qc (in | -PL -
TYPE | (inp.u) (in p.u) (in Q.(in
p.u) p.u) | p.u)
Swing | 1.040£0.000 | 1.5403 | 0.2264 - -
P-V | 1.025.0.0007 | 1.6300 | 0.0245 - -
P-Q | 1.0394£0.0025 - - 0.0158 0
P-Q 1.031«- - - 0 0
0.0014
P-Q | 1.0028«- - - 1.25 0.5
0.0024
P-Q 1.02022- - - 0.9 0.3
0.0027
P-Q 1.02802- - - 0 0
0.0010
P-Q 1.01932- - - 1 0.35
0.0023
P-Q 1.0392- - - 0 0
0.0025
MODES EIGEN OSCILLATION | DAMPING
VALUES FREQUENCY RATIO
85 0 0 0
82, W5 -7.3571 +/- 8.3580 0.1387
52.5151i
81, wq -1.2196 +/- 2.8094 0.0689
17.6519i
Voo Xy | -2.6256 +/- 1.0385 0.3733
6.5253i
Eg X, | -5.6816 +/ 0.5039 0.8735
3.1660i

Eigenvalues for
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Erar -4.7928 0.4689 1.0000
Eran -4.9511 0 1.0000
Eq1 -0.0510 0 1.0000
Eq -0.2995 0 1.0000

ws, Xy | -17.2717 0.9418 0.9460

+/-5.9178i
Ey -3.2258 0 1.0000

The system remains stable after suffering a small disturbance since all eigenvalues have negative real
parts. Five complex conjugate eigen values represent the four oscillatory modes. The six negative real
eigenvalues represent the three non-oscillatory modes.

Table 4.3.Participation Factor for inclusion of PMSG

0] 02452 02452 (0.2646] 0.2646 0 0| 0.0004] 0.0004 0.0002 0 0 0 0 0 0
0] 02451 02451 0264 0264 0 0| 0.0004] 0.0004 0.0002 0 0 0 0 0 0
MODE® | 0L.007EIGENVARYES 0 0 0M7R WP HIBITURBANGES 0.04 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0] 0.0002] 0.0002 0 0| 00625 00625 12847 00724 0.1206] 0.0011 0 0 0
0 0272 02732 0255 0558 0 0| 00185 00185 0.0004] 0.0047 0| 00018 0 0 0
0| 0277 02721 02553 0255 0 0| 00166 00166 0.0004 0004 00001 0.0028 0 0 0
0| 00615 00615 00142 00142 0 0 00277 0.0277) 00019 001 00535 0.894 0 0 0
0 0075 007 00431 00431 00001 00001 05512 05512 00141 00462 0.0002] 0.054 0 0 0
0| 0.0002{ 0.0002 0.0001 0.0001 0 0| 00163 00163 00417 10078 00018 0011 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0] 15426 15426 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0| 05391 05391 00002 0.0002 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0| 15426 15426 0
0 0 0 0 0] 0539 05392 00003 0.0003 0 0 0 0 0 0 0
0| 00021f 00021 00013 00013 00003 00003 06402 06402 02041 00365 0013 0.004 0 0 0

Table 4.4 Effect of wind variation (For 5 m/s and 11.5 m/s)
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WIND SPEED 5 m/s WIND SPEED 11.5 m/s
55 0 0 0
55, Wy -7.2238 +/-51.2405i -7.3019 +/52.2491i -7.3185 +/-51.483i
51, Wy -1.0759 +/-17.6667i -1.2036 +/- 17.6471i -1.0687 +/-17.685i
Vae , Xy -5.7949 +/- 4.3239 -2.7721 +I- 6.4688i -6.3001 +/- 3.851i
Eg X, -5.5550 +/- 3.0689i -5.6896 +/- 3.1580i -5.4845 +/- 2.893i;
Erar -4.8276 -4.7945 -4.8419
Eraz -4.9476 -4.9512 -4.9438
Eqy -0.0601 -0.0521 -0.0602
Eq -0.2847 -0.2974 -0.2852
w3, X ~17.2717 +I- 5.9178i -16.9417 +/- 6.8053i ~17.2992 +/- 5.8369i
Eg -3.2258 -3.2258 -3.2258

INFERENCE FROM PARTICIPATION FACTOR MATRIX
The participation factor gives the role played by a state variable in a particular mode. It is

measure of relative participation of a state variable.

Table 4.4 represents the Eigen values of PMSG with the effect of wind variation 5 m/s,11.5 m/s. The

small signal stability analysis is performed for possible minimum (5 m/s) and maximum wind speed (11.5

m/s).The result shows that the damping ratio of mechanical mode SG 1 reduced by 11%. The damping

ratio of electrical mode of PMSG increases by 53.8%.

Table 4.5. Load Flow results for inclusion of PMSG and Induction generator

BUSTYPE | VOLTAGE Po(in [Qs(inpu) [-P.(inp.u) |-Qu(inp.u)
(inp.u) p.u)

Swing 1.040£0.000 1.5403 0.2264 - -
P-V 1.02520.0396 1.6300 0.0306 - -
P-Q 1.03882-0.141 - - 0.0158 0
P-Q 1.03084-0.0824 - - 0 0.05
P-Q 1.00272-0.1393 - - 1.25 0.5
P-Q 1.0201£-0.1538 - - 0.9 0.3
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P-Q 1.0280.-0.0572 - - 0 0
P-Q 1.01932-0.1319 - - 1 0.35
P-Q 1.03882-0.1419 - - 0 0
Table 4.6. Eigenvalues for inclusion of PMSG and Induction generator
MODES EIGEN VALUES OSCILLATION DAMPING RATIO
FREQUENCY
54 0 0 0
W3, Em -10.8513 +/- 8.330i 1.3259 0.6292
61, W -0.5891 +/- 8.2051i 1.3059 0.0051
E: -9.5838 0 1.0000
Vae Xy -2.6262 +/- 6.5251i 1.0385 0.1394
X4.Erar,Eraz -3.2269 +/- 2.9450i 0.4689 0.5454
X4 Eq1,Eqn -3.6426 0 1.0000
Era1, Eqr -3.0898 +/- 1.4465i 0.2302 0.8202
Eq2 -1.4786 0 1.0000
61,0, -0.0000 0 1.0000
8y, 1,0, Wy -0.3474 0 1.0000
Wy, Xy -17.2717 +/- 5.917i 0.9418 0.8949
Eg -3.2258 0 1.0000

INFERENCE FROM EIGENVALUES

The system remains stable after suffering a small disturbance since all eigenvalues have
negative real parts.Six complex conjugate eigen values represent the four oscillatory modes. The six

negative real eigenvalues represent the three non-oscillatory modes.
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Table 4.7.Participation Factor for inclusion of PMSG and Induction generator

0/ 00005 00003 01059 0.1059 0 00001 0.0001) 00029 00029 00067 00036 00036 00017 0| 0.7891 0 0 0
0/ 00005 00005 01057 01057 0 00001 0.0001) 00028 00028 00063 00034 00034 00015 04812 03087 0 0 0
0 0 0| 0.0004| 0.0004 0.0003 0 0 0236 0236 01648 07113 0713 0.0179 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0| 0.0003| 0.0003 0.0006 0 0 02933 0.939) 0AL76 08677 0.9677) 0.0065 0 0 0 0 0
0 0.0003) 00003 0.39%4) 0.3%4 0 00001 0.0001) 00125 00125 00346 00172 00172 00152 0| 0.2125 0 0 0
0 00003 00003 03954 03954 0 00001 0.0001) 00108 00109 00272 00137 00137 0.0072) 04746 02653 0 0 0
0 0 0| 0.0124| 0.0124 0.0001 0 0| 02835 02835 00822 02239 02239 0.847 0| 0.0002 0 0 0
0 0 0| 0.0166| 00166 00005 0.0001) 0.0001) 00913 00915 0.6512) 01787 01787 0.2675 0 0 0 0 0
0 0 0| 0.0042( 0.0042) 0.0001 0 0 03473 03473 0.1859) 03114 0.3114] 03238 0 0 0 0 0
0 0485 0485 0 0 0.0342 0 0 0 0 0 0 0 0 0| 0.0005 0 0 0
0 00205 00205 0 0| 0.9684 0 0| 0.0003 0.0009 0| 0.0003 0.0003 0| 0.0014 0.0015 0 0 0
0 03063 0.5063 0 0| 0.0039 0 0 0 0| 0.0001 0 0 0 0.0436) 0.0471 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 L1326 15426 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 053 0539 00002 0.0002 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 L1326 13426 0
0 0 0 0 0 0 05391 05391 00002 0.0002 0 0 0 0 0 0 0 0 0
0 0 0| 0.0006| 0.0006] 0.0004 00004 00004 02571 0.2571) 05726 02328 0.2328) 0.22% 0 0 0 0 0

The participation matrix gives the role of state variables in particular modes. The state variables

that influences the modes are shown in table 4.5.

OPTIMISED VALUES

Tuned Parameters values for inclusion of PMSG
Kow=11.3112 p.u  Tw=0.4941sec
Kn=8.2219 p.uT,=0.1641sec

Kp1=2.8264 p.u T4=0.1587 sec

Table 4.8.ImprovedEigenvalues for inclusion of PMSG

NO EIGEN VALUES OSCILLATION DAMPING RATIO
(*e0.02) FREQUENCY
1 0 0 0
2 -0.7506 0 1
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3,4 -0.0738 +/- 0.5281.i 8.4050 0.1384
5,6 -0.0124 +/- 0.1765i 2.81 0.0701
7,8 -0.0555 +/- 0.0397i 6.3 0.8133
9 -0.0661 0 1
10 -0.0473 0 1
11 -0.0496 0 1
12 -0.0005 0 1
13 -0.0030 0 1
14 -7.5328 0 1
15 -0.0201 0 1
16 -0.0323 0 1

Table 4.9.ImprovedEigenvalues for inclusion of PMSG and Induction generator

NO EIGEN VALUES OSCILLATION DAMPING RATIO
(*0.02) FREQUENCY
1 0 0 0
2 -0.6913 0 1
34 -0.1085 +/- 0.0833i 1.33 0.7932
56 -0.0059 +/- 0.0820i 131 0.0718
7 -0.0959 0 1
8 -0.0688 0 1
9,10 -0.0267 +/- 0.0290i 0.46 0.6773
11,12 -0.0346 +/-0.0131i 0.21 0.9352
13 -0.0000 0 1
14 -0.0035 0 1
15 -0.0100 0 1
16 -0.0236 0 1
17 -7.0080 0 1
18 -0.0279 0 1
19 -0.0323 0 1
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Tuned values for inclusion of PMSG and induction generator
Kpw=10.5359 p.u Tw= 0.3592 sec
Kn=7.6496 p.uT,=0.1591 sec

Kp= 1.8919 p.u T4=0.2298 sec
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