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= €a/:\I2—\E}‘ @g(mﬂ».‘_g)

> Va- R usms)%j_ + {Z V61 Gs (whS)

ic
i /
2 laz {z |Ial Css (wh+S - BGa) Ba: Phase angle it Hﬂfe fuiesl wol Ea
(oo 1Tal s (4§~ 6a-126) ___é_,lé_ea
(c =¥7 (Ial Gos (wh+ S -Ca :’z%o‘) -8 S g

| 1) |1 | = ms Jalue b fae phase cw(@,\}
% IIC\ = b = =
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Where ,

o Gl = (3 Hal Golphas Bad @ futes i9°)

0 G 04108} < & (To) G b BB W) ik a5 96125

e Gs f0d 268} -GiHL] o [ebel Ba o0 ) . . (wieSias 2% )

A]SO! QCOSO(.QSQ_‘ COS("(—[?’)"‘C‘”S (D('*'ﬁ)

= IQG; ey . | Ia | :
S O'- FZ = Slf) Gq =~ Sin [2[W++X}—GC(JJ

|1al

2.

"bACos(GJ-‘lQoo) = [: Ry s 1 2 (wf“l—%) -Ba - 12601]

ic. Cos (609 ‘Qum") - | Lal [—S.‘n B -5 Lotales)] B, 290 jj

Z

e e \[g_MFIIql.S;n(@a) A

%
)
N
= A= Leg  If +\(§;—.M;‘ia : \A"X
, 2
Where, id = o.axis  armalure (stater) Cu(f€l/\}" // -\a'\é‘

M B b BB, b e L XK
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X  The flux Lmch365 with  +the Feld w‘mJimj Op‘/‘@

Tﬁesopaj: 97.3.20\%
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= At rated conditions:

Ba = Vz |Ei’GS§ (w++8)

80': \/a—\— (l_s_\_/\/ls)_ o!lq

i
€a's 19594 Cos (0}) 4 ( Loy Ms). & C2t6os Gostol -95.3419 ) ]
t
= Aftec su\bS)r}hAJt}wj parametecs , with w= 377
then use
Sis (x_ B) = Sinx CoS(; - Cos Sim@
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Cﬁl/: U555 Cos(w]--)-"/l.gsgﬂo)
1E;] - 45%85 S . ai.5354°
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I z \E; B . 45355
B e =
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Ve A
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= At uvl'-l'j PF:

Va = 1959( (os ()

la = 216063 Ces [u)f‘)

> Cosch = PF =1

gﬁ_—o
< GQIZGIE;,C@S(wl‘ﬁ-g) = Va + (LS‘FMS)-J{Q
dr

@q/: 195986 Cas S
(wt) 4 (4.19849 x10 ).3 (21603 Gs (wh))

€a’ -
6 = 1596 Gos (wh) . (4,454 x1c°) (377) (21663 Sin U\’”)
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+ Ip- i 16
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The "Two _ Axie Mgdel ’

ha

o R
9

¥ 1’” }"’OO’MC}’l'oV\S

Ao L)id +\[—§M£.i;

W here ,

LA:[s+M5+_§_LM
lg -

g =L Mg =« 2 L
o= Ls - 2 Mg

XI:@MI‘-IIJ + Lp[.l'F
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. *mesJad, 3.4-2018
The Two - Axis  Model

Cax g

= Vi 2 Tab =
¢ - W ,icﬁ-\[};

" . o ov  the oQ_C\)(‘lS with
X _merc IS ne majwehc CovtP'“"j between the oomcu- js

+he bOimouiij on  the - axis

*x Zeco Sequence CoWPGVICV\/‘[S are nejlec{'d i1 case of balanced Condli tions .

Ll | TV 7 ITa] Si1 (6d. Ba )

"o % 1Talsin (0 120°. €a )

le = ' lfal Sin (Go!- 245° _60()




/)

“The Two-AxS Model”

qu&cla:j: Y2015

then > ids [T ITalSinBa = - (3 1alsin (6 +S)

\.C}r = \]—é \Icp‘ Cos Bq - E {1al Cos (€+S)

* VoH'aje Eqrud/}.'c'/‘_s'.

—» Vae <B.ig - R
e =B - Wb
s o < je = Ba

P Vd. R - M- W
g s - /’Z.ici e )ci + w.Ad
W 1 ~E.ls =~ As

Where |,
M= L4 id ¢ K.MpPUf o k= @
M= ko Mpoid o+ Lepeir
Mps 4.9
ViF = Brif + g
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Model of S.q.

Tuesda Y: 3-4-2018

—A'q =v4 + Rig + wiq
—Lgl'qg —kMei's =v4 + Rig + w Ly,
Vgsind
—Aq=v3+Riz —wly
—Lgi'g = v+ Ry —wlgiy — w RMyif
Vgcosd
Ay =vir — Ry

Jo =Ty —Tout

0 =w— ws

[1] A-axis armature winding

[2] g-axis armature winding

[3] d-axis field winding

P,y Ls not a state variable and it can be expressed as function of constants and state

variables as:




Nown-Linear Dgwamicm Mathematical @

Model of S.q.

N\

Thursda Y: 5-4-2018

Usting P-Matrix:
Pyye = 0.75 Pw [Asig + (Lg — Ly )igig]
Pyye = 0.75 Pw [R Myigig + Lyig + Laigiy — Lgiqig]

P: Nuwmtber of poles

Pout
w

Tout =

= 075 P [R Mfldlq + Lflq + Ldidiq - Lqidiq]

In somee spec’uaL CASES:

VyE

Py =3 Q;(A sind
V4E

Tout = 3 074 sind

X

We can use this equation when these conditions are satisfied:
1) Lossless

2) Ly =Ly = Ly

Xq =X, = X; (Ogt’molr’wat rotor)




Steady-state Performance

Thursdagz 5-4-2018

n state space:

X1 =1l ,x=lg ,xX3=1lg ,X=w0 ,x5=0
Stead g-state Performawae = Operating Polnt , Equilibrivum Solution

To obtain the steady-state wmodel, drop out all time derivation terms:
X1=Xx,=X3=x4,=x5=0
Thewn solve the resulting non-linear algebraic equations:

/A
: ff

X4=(1)=(l)s

v v v .
Vgsin x5 = —R x3 + wsLgx, + a)SRMf

v
Vg cosxs = —R x, — wqufg ™ Vi
Ry
P = Poyr = 0.75 P [xx]

Xz, X3 & x5 can be caleulated numerically as the system ls non-linear




sSmall Signal stability

Thursda Y: 5-4-2018

swmall signal stability of Power Systems
The dywnawmdics of the power system can be described by set of first order non-linear

ordinary differential equations

Il
Ul
\J
=
=

X'y = fi(X1, X, e, X5 Uy, Ug, o, Ups T)

L I 1 i
x.3 ==
State IVUPM,tS Time X, =
variables Order of the system ¥ =
X1 Uy fi
X2 Uz f2
X = u= f= :
n ur fi
State Vector nput Vector function vector
x = f(x,u) = autonomous system , x" = f(x,u,t) = non-autonomous system

The output variables:

y = g(xu) y=( i \ g=( 3 \
)




f(x0) =0

At equiltbrivum polnt, the system has the lowest energy (at rest).

.\ \/ .
@
A Linear system has only one equiltbrivm solution.

Now-linear systems may have more than one equilibrivum solutions, only one is the

operating point.

Stability of a Dynamic system
The stability of a non-linear system (the steady-state stability ) is classified tnto:
1) Local sStability

) Finite stability

3) Global stability




Stability of a Dynamic System

Sunaa Y: 8-4-2018

> Local stability
The system is satd to be Locally stable around an operating point if when subjected to small

perturbation, it remains within a small reglon surrounding the equilibrivum polnt

disturbance

N

Equittbrivom =16,

Poilnt do B %f\/\wﬁ

Time Domain Stmulation

(wo,, 80,) —initial condition

(wo,, 80,) = final condition (Boundary)

Phase Plane




Stability of a Dynamic System

Sunaa Y: 8-4-2018

(f the equilibrivum point retums to the same equilibrivm, thew the system is called

asyweptotically stable operating point

) A~ AN

8o

N

t Xo

If the equiltbrivm point oscillates at a fixed frequency after the perturbation up to infinity,

thew the system has a limit ogcw

X1 X1
TS AN
] A VAVAVAVAVAVAVAVAVAV.

s
7 2
X




Stability of a Dynamic System

Sunia Y: 8-4-2018

> Flnite stab’uLitg

If the state of the system returns always to a certain finite reglon, thew it ts called finite

stable operating point

X
LN

X1

0

—

o

NN

» global stability

=
=</

xl/\ (xZO'xlo)

(xzz'xlz) (le,xll)

The systewm is said globally stable if R tncludes the entive finite space

X1
e

5|z

M

huge region




Linearization

Tuesda Y: 10-4-2018

The operating point stability of a non-linear dynamical systew is studied using the elgen

values of the linearized wodel around it

Let xq be the tnitial state vector and uy the input vector of the following:

x = f(x,u)
Then , x'g = f(xo, )

Let us perturb the system from the above state:

X =x9+Ax

swmall deviation

X =x'g+Ax

x = f[(xy + Ax), (uy + Au)]

As the perturbation (s velatively small, f(x,u) can be expressed in terms of Taylor series

expansion
Zevo
/ 'y = filCeg + 80, (g + bu)]
df; af , df df;
= fi(x u0)+d1A L+ +dan T 1A L+ +durAuT

Zero




Linearization

. _df df; af; df;
Ax'; = dx, —Ax; + -+ dan nt ™ 1A 1+t . Au,
As for the output variables

9gi gi dgi 9gi
Ayl—dmA L+ +dan +o— 1A L rA .

> Ax" = A.Ax + B.Au } Ax: state vector (n)

» Ay =C.Ax+D.Au Ay: output veetor (m: number of output variables)

Au: tnput vector (1)

(4 afr) (41 df1)
dx; =~ = dx, du; =~ du,
A = < . . . . . B —
I I A I | th
State kdxl . dan nxn “NPU“t Ldul o durJ nxr
Matrix Matrix
(491 4g1) Mostly (dgs dg:)
oL A zeo o |dn A
U lagn T dom U den T dan
Output L dx, O dn ) mx Feedforwarad dw, 0 dw ) mxr

n
Matrix Matrix




Operating Polnt Stability

Tuesda Y: 10-4-2018

> Elgen-values of the state matrix:

Roots of the characteristic equation

1) Whew the elgen-values is -ve real part = asymptotically stable O.P.

2) Whew at least one of the eigen-values has +ve real part — unstable ©.P.

3) Whewn at least one of the elgen-values has zevo veal part — it is not possible to say
anything about the O.P. stability = Linearization cannot provide information

—> GO0 to non-linear mode

> Elgen properties of the state matrix elgen-values:

Ap=2L¢ ¢:n x 1 elgen-vector
(A—2).¢p =0 I: Ldentity wmatrix
A=Al =0

> Elgen-vectors:

For any elgen-value 4;, the n — colwmn vector ¢; which satisfy A.¢ = 4. ¢ is called the

right elgen-vector assoctated with the elgen —value 4;




Operating Polnt Stability

(1i]
b2i
A=A ¢; , o, =1 .

.

> Left elgen-vectors:

Vi A =AY

Right and left elgen-vectors are orthogonal

Y. pi=0->10%#]

Vi =C = Y. =1 - ifitis normalized

Elgen-values and stability
a) Real eigen-value provides a non-oscillating mode; negative real represents a decaying
wmode, the larger it's magnitude the faster the decay.
b) Complex conjugates corvesponding to oscillatory mode.

c) The real component of the elgen-values gives the damping and the imaginary part

gives the frequency of oscillations




A=octjw

_ Wn =
f= 2m ! ¢ Vo2+w?

The form of the thwme dowmain response:

xi(t) = pinCreMt + ¢ Cre’2t + -+ ¢y Cre?nt

[
E)(ampLe: +y0 /\/\/\/— ) =
L

Study the eigen-properties.

Solution:
_ di
—vi+Rl+LE+vo =0
. dy,
i=c—
dv, d?v,
—v; + RC + LC +vo=0

dt dt?




Elgen-values and Stability

Tuesday: 1~4-2018

n standard form:

d*v dv
24 () 0+ 0 v = R,
1
Wy = = , natural frequency
_ R/2 , ]
¢ = N , damplng ratio

(n state-space representation:

X1 =V ,x2=x'1=%
: d?v, U =1;

¥2 = g2

Yy =1V, =% — output , X1 =X,

Xy, =—w2x;— 20w, x, + w2u

[;C;] - [—2),21 —Z}wn] [2] + [a()),zl] [u] - x = Ax + Bu

X1
y=T1 0l[|+0 Sy =Cx+Du




Elgen-values and Stability

Tuesday: 1~4-2018

|:—2),% —2}%] - [ (1)”:0

—w? 20w, — A” =0

—A(—2{w, — D)+ w2 =0

A+ 2{w, A+ w2 =0

M =—{w, +wp(%2—1
dy = G0 — /=1

Elgen-values

The right elgen-vector:
Ay = Ay
A-A41).¢;=0

[—_j; Zan A ] [ﬁlﬁ] N

right elgen~vectors




—Aip1i + P2 =0
— Wity — 2wy + 1)y =0

} unknowns are ¢1;& ¢o;

Assumption:
Let ¢y =1 = (normalized ; PU)

Thewn, ¢, = 4,

1= m - [/111] - [—Cwn + al)n\/ﬁ]

& [gij [AZ] [cwn—wnJT ]

_ [¢11 ¢12] _ [ 1 1
b21 D22 —(w, + wn\/ﬁ —(w, — wn\/m]

%, () = ¢y1CreMt + ¢y, Cre?2t

x1(t) = (1)613(_Zw"+w”m)t + (1)C28(_€wn+wnm)t

x5 (£) = gy CreMt + ¢y, Cre?et

xz(t) = (_Z(‘)n + Wy {2 -1 )Cle(_(wn+wnm)t + (—Cwn — wn\/ﬁ)cze(_zw”_w”m)t




Elgen-values and Stability

Sunoa Y: 22-4-2018

Example: for the following RLC clreult, study the elgen-properties of the static matrix and

examineg tt’s model characteristic

[
10 0.1H N
L S ANN—TT oyt
R L I
0.02 F
=g ol—
_ di
—vi+RL+LE+vO=O
d2v°+10dv°+500 =500
dt? dt Yo = Vi
Let:
x1=170 ,x2=x1:vo
X,=x"1=v, U=V
Y=V, = X1 X 1= Xy




Elgen-values and Stability

Sunoa Y: 22-4-2018

2= soo —rollal*lsool 1 s —axs
y=11 0f;]+0 —y=Cx+Du
A=Al =0

Lsoo -1l = 2o 1ll=0

500 —10-4ll=0

A>+10A+500=0 — Characteristic equation

A =—5+21.79
Ay = —5—j21.79

The right elgen-vector:

A= 2.9;
(A=A1).¢; =0




Elgen-values and Stability

Sunday: 22-4-2018

For A, = =5+ 2179 :

[[—5000 —110] - [_5+(€21'79 —5+?‘21.79”[£lﬂ=0

(5—-j21.79) ¢p11 + P, =0

Not tndependent
—500 ¢y5 + (=5 —21.79) ¢, =0

Let $11 =1 thewm, ¢, = —5+j21.97

1= g;ﬂ - [—5 +}21.79]

For A, = —=5—j21.79:

(A—=20).¢, =0

(5 +j21.79) 1z + o = 0

} Not tndependent

—500 ¢15 + (=5 +j21.79) ¢y = 0




Elgen-values and Stability

Sunoa Y: 22-4-2018

Lﬁt ¢12 =1 thev\/, ¢22 = -5 —]2197

_ [P ¢12]=[1 1]=[ 1 1 ]
bo1 G2l (A Al T [-5+4j21.79 —-5-;21.97

X1 (t) = $py1Cre™Mt + ¢y, Cre’et
x1(t) = (1)Ce5+2179)t 4 (1)(C,e(~52179)t

x1(t) = (1)Cre™>te 2179 + (1) Cre ™5t e I 2179, (&0, found from boundary or initial conditions

/ \

cos(21.79t) + j sin(21.79t) cos(21.79t) — j sin(21.79t)

x,(£) = gy CreMt + ¢y, Che?et

x,(t) = (=5 +j21_79)cle(—5+21.79)t + (=5 _j21_79)cze(—5—21.79)t

x,(t) = (=5 +j21.79)C,e ™t e/ 2179 + (=5 — j21.79)C,e~>te ™) 2179

! \

cos(21.79t) + j sin(21.79t) cos(21.79t) — j sin(21.79t)

w, = 2179 =2nf > f = % - frequency of oscillation




Elgen-values and Stability

Sunoa Y: 22-4-2018

x1 () Y11= X2

x5 =-=500x; —10x, + 500 u

N

A
V) Q V)

Transient Stead 5—sta’ce

VAN

_— |
——_ |
= |
=]
=]

H-\/




Elgen-values and Stability
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Example: Operating polnt stability of a non-linear dynamical system
X1 =2x +x+2

X, =sinx; —x,

Solution:
dx’y dx’y
A=7= dx; dx, =[ 2 ZxZ]
dx, dx, cosx; -1
\ dx; dx,
_jacobian

2x,+x5+2=0

sinx; —x, =0

} Now-linear algebraic equation

el =124

2 —2] [ 2 ZxZ]
cos(—1.5) -1 0.0707 -1

Al =

x1 & x5
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|A—2AI| =0

”00707 -1 - /1

B gi 22]%/11 /12]=[1.83 1.117]

x1(t) = p11C1eMt + Py, Cretet

x, (8) = (1)C,e83¢ + (1)C,e(117)t

x5 () = PprCreMt + ¢y Cretet

x,(t) = (1.83)C,e 83t + (1.17)C,e 17t

C1& C, are obtained from additional information (initial or boundary conditions)
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Ax'1 +Bx2 = fl(x)

Cx'y = f2(x)

R

[x:1] _[A B 1AM
X 2 0 C f2(x)

xy=g1(x)

X'y = ga(x)

O.P.
0= fi(x)
0 = f>(x)




