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6.12. Figure 60 shows the one-line diagram of a simple three-bus power system
with generation at buses 1 and 2. The voltage at bus 1 is V' = 1.0Z£0° per unit.
Voltage magnitude at bus 2 1s fixed at 1.05 pu with a real power generation of
400 MW. A load consisting of 500 MW and 400 Mvar is taken from bus 3. Line
admittances are marked in per unit on a 100 MVA base. For the purpose of hand
calculations, line resistances and line charging susceptances are neglected.

! yi12 = —740 4
Py = 400 MW
O- C
y13 = —j20 y23 = —j20 PV
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500 w00 P
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_ JY- o AVz = (j0.19)(—52.5) — 1.0 = —0.525 pu
Iy = Is(F) = —4j1.0 3 = (70.19)(—32.5) p
G2 = 2954 s038F) =10 pu

Vi(F) = Vi(0) + AV; = 1.0 — 0.075 = 0.925 pu Vs (#)=Zp. Ls(F) - o.‘l?icq
Vo(F) = Va(0) + AV = 1.0 — 0.075 = 0.925 pu | Yi(P)= Fis Ta r Ze s ®)C

V3(F) = V3(0) + AVs = 1.0 — 0.525 = 0.475 pu =0.925 pu
VQ- ('2) =°'z;.s it Gt v%r.%s 13@') ‘*V.s

_VA(F)—Va(F)  0.925-0.925 = 0.925 pu

halF) = 212 = om0 M
Vi(F) — V5(F)  0.925 — 0.475 |

113(F) _ 1( )Zlg 3( ) — ]03 — _]15 pu

_ Wa(F)—V3(F) 0.925-0475
I3(F) = o = 70.45 = —71.0 pu
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\: (F)= ViCel - Zie I(H)

= —72.5 pu

Vl(F) = Vi(O) — Z13[3(F) =1.0 — (j0.03)(—j2.5) = 0.925 pu
VQ(F) = VQ(O) — ZQ3I3(F) = 1.0 — (3003)(—]25) = 0.925 pu
Va(F) = V3(0) — Zsgl3(F) = 1.0 — (j0.21)(—52.5) = 0.475 pu
Vi(F) — Vo (F 0.925 — 0.925
IlQ(F) — 1( ) 2( ) — : :O pu
219 70.75
Vi(F') — V3(F 0.925 — 0.475
Ilg(F) = 1( ) 3( ) — ; — —j1.5 pu
213 170.3
Vo(F') — V3 (F 0.925 —0.475
Iy(F) = 2 W) = —j1.0 pu

Z23 70.45
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414 10. SYMMETRICAL COMPONENTS AND UNBALANCED FAULT

Example 10.3

A balanced three-phase voltage of 100-V line-to-neutral is applied to a balanced
Y-connected load with ungrounded neutral as shown in Figure 10.7. The three-
phase load consists of three mutually-coupled reactances. Each phase has a serieg
reactance of Z, = 512 Q, and the mutual coupling between phases is Z;, = 74 Q.

FIGURE 10.7
Ctreuit for Example 18.3.

{a) Determine the line cumrents by mesh analysis without using symmetrical com-
ponents.
(b) Determine the line currents using symmetrical components.

(a) Applying KVL to the two independent mesh equations yields

ZoIy+ Zondy - Zoly ~ Zopla = Vi = Vi = |Vi|£7/6
Zdy+ Zplo— Zsl. — Zenly =V = V. = |VL|[—?T/2

Also from KCL, we have
L+ Ihy+1.=0
Writing above equations in matrix form, results in
(Zs — Zm) —(Zs— Zm) 0 I, WVilixf6
] (Z, - Zm) -—(Z, - Zm) Ib = lVLll—‘n’/Q
1 1 1 I, 0

or in compact form

Zmeshlabc = VYmesh

Amtin Ranjbaran
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Solving the above equations results in the line currents
%% = /. ! Vnesh
The following commands

% (a) Solution by mesh analysis
Zs=j*12; Zm=j*4; Va = 100; VL=Vaesqrt(3);

2= [((Zs-2m)} -(Zs-Zm) 0
0 (Zs-Zm) -(Z2s-Zm)
1 1 1 1,
V=[V¥Lxcos(pi/6)+j*VLasin(pi/6)
VL*cos(-pi/2)}+j*VL+sin(-pi/2)
0 1;
Y=inv(Z)
Iabe=Y»*V;

% Line currents (Rectangular form)
Iabcp={abs{labc), angle(Iabc)*180/pi] % Line currents (Polar)

result in
Iabcp =
12.5 -8G.0
12.5 150.0
12.5 30.0

(b} Using the symmetrical components method, we have

V012 - 20121012

0
V‘Ul? = [ Vo ]
0
and from (10.32)

vy [Zt2Zm 0 0
AL 0 Z,-Zn 0

0 0 Z,"‘Zm

where

for the sequence components of currents, we get
%% = [zom]—lvmz

We write the following commands
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5 dvn ik audiiid ifeia

% (b) Solutiomn by symmetrical components method

2012=(2s+2+Zm O 0 % Symmetrical components matrix .
0 Zs-Zm O ‘
0 0 Zs~Zm] ;

v012=[0; Va ; 0]; %#Symmetrical components of phase voltages
1012=inv(2012)*V012; /Symmetrical components of line currents
a=cos{2¢pi/3)+j*sin(2*pi/3);

A={1 1 1; 1232 a; 1aa"2]; % Transformation matrix
Iabc=4*1012; % Line currents (Rectangular form)
Tabcp=[abs(labc), angle(Iabc)»180/pi] ¥ Line currents {Polar)

which resuit in

Jabcp =
12.5 -90.0
12.5 180.0
12.8 30.0

This is the same result as in part (a).

Example 10.4

A three-phase unbalanced source with the following phase-to-neutral voltages

200 /25°
vebe = | 100 £-15%°

80 £100°

is applied to the circuit in Figure 10.4 (page 407). The load series impedance per
phase is Z, = 8+ 724 and the mutual impedance between phases is Z;,, = j4. The
load and source neutrals are solidly grounded. Determine

(a) The load sequence impedance matrix Z012 = A~1Z9¢A,

(b} The symmetrical components of voltage.

(¢) The symmetrical components of current.

(d) The load phase currents.

(e) The complex power delivered to the load in terms of symmetrical components,
Sap = 3(VPIT + VIV + V2.

(f) The complex power delivered to the load by summing up the power in each
phase, Sy = Vo I3 + W Ip + VLI,

We write the following commands



1 2 o
/ﬁ\ FZ - Z GJP@J@VL_//«{JL&/&U{D
D D Z g /ud B
Ifd{ D E&If J v, L,
SO P AN PRI, SIS SO e
Dy, - =
L = I:']q = ,J Lm]: + qu)]-.b +LQ(L+L I Laa— 2x\o l"‘"‘—
Ground 0 Lo '31 b <2x\o ‘mé;
///[///O/I//// ;‘ 2y —?[I L,__-Ilm_...I L‘—-i—:[ L"J'J
-7 . Dn
/']ao'-_— 1XI;7 I: [Ln ) +1_L,,J__ 3[”' Dn] — lx\o Lw ) ]

2 l,‘ O
lMT-*BLD s e Ln >3 2
do @b 2 130G Py T (los sh)s
v, T O
Lao= 2o Lol [x ..L W Xat3Xa| | Yas waxte 5
o I, = e 0= "oe = X _ wrx2x\o lm/g



o 0905w (ailo (ol 93 (sl u«-*'é—wi
“""C/’/ Lo (O’LL" f’/f)/') L"e""f)vd °AJ(“5’LJ/[°/‘(S‘~=>6>:—_J(-HL(J,/\MJ//¢P/}

JXJ. J,Jdé:.,__ Y -")C//_"’J//
ch) AVAL U"’u r | 1
J Xd (L,«wvwv r) e
_ o 7Z°=J9(L 1—"/—”:
Ppe il <

Amin Ranjbaran



Symbol Connection diagram
ion ;E ,fi
‘-p/ ﬁ bo
co
3¢ ;E f};
L O .
co) o
3€ :E § b
= > o - : o
’C,OJ (c) ’
3¢ .} 3 v
YD ’o oy
coJ (d)
T AYAY
AA b v

=)

Zcm-sequenoe circuit
a—" Y — G'

-
9

a—" "N —

"X ]

288k g8l 5 (ol 65 sl uulhu-o'

L(/,v/ﬂ b))« A»J _/oo// d)’

Md«s;ﬂ(/;{u/’gl':? 72-{ = Z

Z




o (5135l 59 ol 93 L dsad

+0

Va —_ Ea - Z"Io - ZnIn

. Vo=Ey—ZyIy— Zul,

b V — Ec — ZCIC - ZnIn
| T -:_-a_\_ Ib 4 IC

—N= _—

1‘3[ Ec ZJ + Zn Zn Zn Ia
llb — gb - Zn ZS + Zn Zn Ib
c C Zn Zn Z‘ + Zn IC

0\|Dc abc abc —abc 0
VOB 7% T o vl g% 7 1t

—

\/OOU-_ A—‘Eabc_ M ,‘,Zmbcﬁ) ol E"" Za'z —°l2

B\t ZolL




Ze+3Z, 0 O zZ° 0 0 b= —-|_£o)Z
z"=| 0 z, 0f=|0 2 o ”’”f’/d”“ SV
0 0z 0 o0 22
{v‘f} [o Z° 0 0 1[I V(,kz—z Ia
Vit=|E |-l 0 2" 0 I 1 1
% 0} {0 o 22][13] V-E‘*ZI
Va = —Z IO&
VAR z? I? AR
l_._fvv\:'-__o —Y\TE o
+ + +
_o ! o = ) — 5
L2155 e o Y 5 )L’-*/j/w A5 s

Amtin Ranjbaran



LG (o) <0 Hlass sliaa

* _T.b:.IQ:
Ilzv V—.—_j£IO~=£-EI£
5 1 1 17711
o|Z @
; iV}?[I;i =%[laa2i|:0]
z, I —o I 1 a> ¢ J|L O

1;=\/3 Ia’:— Il: -LZ

:|}

Vo= Zp Ip = Vo + v‘+vz_zf To

_ E,-Z 1. =Zp (31 Tooe ot
7 IaBa-Z o271 - 2 (310) = #% 25 F 437y

I‘F - 102 3 E,
,';O-A- }1—&2:—32]3



1 T
g £
QA Va:‘
To
z +
o'_Lz '\/o'\l
33
L go + o
o

Amin Ranjbaran



LL Line to Line agz HLs 90 slaa

Va
-9+ I;- I |"%‘ T o il
z \ 3 y
ﬁ:,_n ]be Ié :/5 ‘ Qza I,|- |/3(a—0)11,
V:; o _‘ A OJ_.I.L:J -y (0%—0915
1 2 - zé - 3 1
= To=_I,< ’3 (a-d) 1, = o= = 1o
(6
\/b—VC=,;Z£.Ib=7(Va-.-0\Vo+0\VZ) (\/0\.\_ O~\]o~-\-0~\/o) Z_ﬁ 03 > Il
-
@-NG-V)= 326 11 = Va-Vgo 31! 21
(a-0%) (ot0) (@) ~ O T P o

0-6' (g b) - (%-3%) =355

Bzt o A T T I

2T Z% Zp




a_
T Is
I R
Z
'JEC} V; P \/‘;Z
/Ny Pl
| E
To- A 35 VI i o

Amin Ranjbaran



LLG (a0) da 9 aga L 99 slkaa

+4

o 1 o
luzo => XQ“‘ I—O +1;=' :7-§.ox‘g ‘(Il‘l' ‘Lé)

Vb= V. = Z’E'I'E :Z.E ( T_b-rl-c>
Vb:\/c—_7 %4'0% VOT-]-Q\/; —

7 o { 2 1 %

: V& aVour Vs = (5 40Na=(FA
1 = T { -
| v o

o 2 2 0
Tp+le= Lo+ o lorala + To ¢+ OI;—\-O?L:‘ Tl + @ +0) TasTo)
I+ 0+ 0= 9 o B

+ O+ _O’QO"“O:—\ Xb-\-XQ‘:SlQ

) o 1 ) o
Vb=VC=3‘Z‘)?' Ia =7VQ+OZLVO~‘I‘ 0‘\/0?:. \/a——\/o'l =3Z€X_o\

-ZOI;—<EQ'Z111)=3%g1; = I.i:— Eo-Z'1a
Z'+32p




(V)
g" 5
W]

1.)
19<_‘—t
S+
}N %

N

Ea

1
7 2 o — 1&:
(E >Eo~ i Z | (Z -\"32‘?’) ®> 21_'_ ZZ 0 (2"_'_32?)




\‘} W‘}-ozﬁ Pu gL:/O

Jop ')Jduf/d“J/} o,u.J,JE'/J/O'e}:» (’/\ bs

_m___ - Lwd/""}//{//,/dﬁ }/)’—//U‘p"w/)/
1_ _2 /HWdV,J(!_/)}éA:AJL‘AJUJ/OZ/Pu .__/
: Zp- _jolpuar bl 1 (v s, L.)\S@(_».

/4

4 v Vi 2 o U"‘///L N 6b(c_)
N ~ v ~ 2/ (PH/ Lv)) G(AD (8
/ ] N~ N e/ L‘r’/ "f') (P (J l;_)) \SLL.D (.)

Item Base MVA Voltage Rating X! X2 b &
Gy 100 20 kV 0.15 015 0.05
Go 100 20 kV 0.15 0.15 005
1 100 20/220 kV 0.10 0.10 0.10
T 100 20/220 kV 0.10 0.10 0.10
L2 100 220kV 0125 0.125 0.30
L3 100 220 kV 015 015 035
Las 100 220kV 025 025 0.7125




30.15 j0.15 0.15

3
3

70.22

E(,@

jﬁ(/\g(J)\Sl///\,o

70.059524 Z3,
70.071428 L= 70.1485714 + j0.0714286 = j0.22

_ (§0.125)(j0.15)

o5 = 100357143
_ (3‘0.13_26'?5(;;)-25) — 70.0595238
_ (jo.;(s)?s(ég.zs) = j0.0714286
- (j0.285;{1;‘1:3§32‘2£95238) + 50.0714286

°©  _  ._ .
> Ay (b

(b)
{ 2 o . o _ . .7
Z =&, sl ol qn e ol

30.22
—— YN 5

#1595 e

Amtin Ranjbaran



70.25 §0.25

j0.05 0.05

j0.25 025 7, = JO30U030) _ o 4770640
71.3625
70.05 70.05 : -
Zp, = SO30G0-N25) _ 44 ) 5eeg07
|- 71.3625
0.1 01z, = GO3NUOTZ) _ L4 1 ga0957
1 2 31.3625
70.077064 70156881 4o _ (3‘0-4779642)(1'03;58807)- + 01830275
i0.183026 70.733944 .
J = j0.1669725 + j0.1830275 = 50.35
3
(b)



CHBE Dyt (o
‘—-38\25 Pu—%lo}5-9o a

a \; o) |
IO
Zga"‘-zE Jo2x + Jo

LG u?’,ﬁtfn,j(s_.
I ('Ez 3 Vg(o) _ 3 | _ |
3 ) Zat Z:_,s-)' ¥£+32? 30-35—|—jo.21 +Jo.22+Jo.3 Jl #5273
LL /l.o ob_ /l;;)\ .
]'_3(1?).:-35 I_;_—__s.z_cﬁ’S r’/ 90 by bas) (&
1 %z (o) 1
Ls= : —31 3519

A 3-\-%g 2 X Jol’l-r\]o']

I;- V4 (o) TLLG o e

_ 026
3"’ Z “ (Z +34 } JoZZ Jo- llx(Jo3‘5-|-:]o3) \:l OI;Z

3
Ig_ V3(°) 2331 \—Jo.l'lx(Jlafc”g)o22+J°3b"’3°

- 65F9 _
ZAv32p 535 4 Jo3 =Jo = 13(®= 7197




uﬂlld,;-ol/u.c.;.w.“\Lo I saldiyl L (yylaaels il.hé Jalas
. . _ &— . C ‘_0 — - v - /’ .
A el L) Cg’/"q) (fl"d (:/ =y fmscfj/“‘d"“‘ L earlo Lo P

, A _ o |
i 'cswcx’a"’crﬂww%w‘wswu sloblus Lo lanC s 5

z 1 ° -ooo- . o e~
e 2 2k o B @ IRl Glbop el el b ks e

v ; ) 7 N T
Lo+ Lbas u;/‘f’('K Ut Sloch 2 Bly ok g (pro Tt PP P b

- 2
'M'Zlous g

Amtin Ranjbaran



Zbus (yus ysile j suldicul L (o’ da HLESS (U daulas

Bus k of network

- - -

--ee,eww .-

' Weylr Al gvesin L ee s it emislo gl slabbsbe 17
‘ ] ~
: (o=
' Vi (0)

R=1i=1-=

If* = ARY



- e e A W =

Bus k& of network

Zbus (s ¥l )l oaldicul Ly aga 518 90 A dawlas




Zbus (s yils Hl culdicl by (o) da g aga HBS 90 Slaa dawulas
Bus & of network

Il — Vk(o) _
1o Zia(23,+32y)
ot Zhorzivaz,

72 = VL(O) — ZIELII:




Uod (s bglad Glaya 9 L by 19 daulas
VHF)=0-2Z%1¢

VMF) = V! (0) - ZLI}

1/iabc — AV-012
VAF)=0- 2,1} ‘

: bhrdis,e)p e
o _ VO(F) - VYF)
Iij - z?j
Vi(F) - Vi(F) be
I = T . Ig = AI?;Q
)

3 22,
17

Amtin Ranjbaran



g Jas

1538 (sylaaly

Transient stability

Antin Ranjbaran



Solas! b, ) -) d

.. 5= =)

\f.,.vJ.o,T
—::‘1/ =lb ¢

(S’L;—;’L_:&PLO—

Invens meVlZl C os‘f : :,;p) _.:- > _ )

ofzf}'iona/ Cat s })/ oW oY

« 2
TDG w5 ol e C o= GPG —\—b?@ +C ey —
- 2 J &

e Ao Cb,a A Varioble Cast Voo
— .V/(/ E\XQJ 695'"‘

ot

ol

Amtin Ranjbaran



Pouwer  Quality (5 o7
Vaz2/  oeil,o) , ma

: ’ : ) AN . . P C =
\/n'10/;\/n+5/ S R { 5 /basbIe 095 X\VI< 10h Sl 10 RN

P
- . ' M 4 °
Vv, Vo JJote & % 0-9< W|<\.05 /

I z -/
-/th/()&" 4'9-2\4 (J/b//) IJI,) u,ocgu;,J,

= L =
N OYall/ + o] m’_'i.://dl//)g-)go@%:ﬂ
-_’: 0.2 HZ’ WTE 4 e Py

’P(‘{')"’ R ZQnCont\w"[' _\_.b Smr\w;l- / (-/"’jv‘/y'-boe)?c_\”
ey Epl e s
THD. | L& =
1? T
Total Hovrmoni Dishtis, =45/ u/%,u,;,_THD

T

J .
T T =
-}7 7




T - YR
\IO\%D\SQ \MLQ\QV‘Q \[ug___ ./u/ (/AC/!)J/J/‘ X\" — \/Q X\Oo LJ)(’J(/‘?(J-WLJ \,L

ED\C.l'O( v ..'/3' v V0~

] a5yt WIEC LGk

AO(P?M(C/ (/\Jl ""'\’/<_’P\O‘M‘“3‘£W\'f<— r.a_/.)}} f}}/ | u QP\%M:
v/w' ! ﬂe’fabt'll""y
/ H - ,Securn-l-y C,ﬂ)<_ aiagm{';oﬂ Slosor & .Y
//«_r <

c?xw/z/xfcsy/; O’ AT La—‘?/z/f (ub 20 U)oy kear i u/,»rf"c/b 25 )

Amtin Ranjbaran



BRI~ T - YT

INs

-
L
A

el

ffé—wz

%

W — —

/"

— —

' !ornmJ

opera{.on cs,),;% , b



Tansed STebiliyl75), L
(Qﬁubczg_?/b&//@} L @ﬂtﬁ;u/ﬁm_;
lo, 55, /._/u/a(/f)/é)Z/o shbl by
(bl o))8  shblgol iy

- ’_/
U QDo ip e 1



/ . . o . -
.>)L’¢/ !ﬂ(f/ké_gvx_y&-f-': /L/_._' L»"_:V/Z//o, }Lv._y/’b ,'L.-Jcb))ﬁ }_'-f/"’.-

—_ = 4 2 - . - - . /; . _ _
-.’."'"{S/)’l/‘/ ‘SbC{_‘))"féUL’Uj"J’""JC“’I @‘Lﬁw‘/wl» o@%)dljﬂ” .:é-)) lonw Zal

= T -

B I 3 il ST s Vg e AT 5 Y AT el

S — e = = ,—'.,/—‘-—_—Lz«-,-,'//.,
S ls Ze A el 5 mosde e N )il Ss ol S A S
|- - ‘ : . - . .

_ [Q’D(_,_)_’“'p"/))‘) ))})H))) c{J/) (l,aP)g:J\_g/MUL/'b/g)/qJ &.6&*9

<DW””C? fau)"‘

M550 U@ w3 DL oS\l Uy clhb g, s blann, K2 L

— : . - b - C 0/ C oy~ . -
v F Lonrma))io ) G P Y 5y S

oo b WA 5 Ky A(BosT Faslt Upe o)

: v : LA - - _- .
bl 5 S ) Lieboses S ilee)s 0y Wer )il s> =507
SV 325 s v irss)) S e lsdio s sl sloim),



- : —. . A - Z
BV oo, 4 p //wy{ 135 =22 Doy elsAs0)) 0

. ¢ ‘ . . -] - - 107
r/f)/.,\{//i))é——’ C“L‘C/—J/‘P G//J}A’)U)/."/-S’J//p s

1 X 9
e £ —{
AN
E ©=ce . O
" i
] Voo .
P, before fault E: )( P&LS\“%
P, after fault F!!g T

XT = XG"'Xt"'—)%—

P, during fault D? El \/oo
oPF e

3
xSF

Amtin Ranjbaran



C)U)L"t v,
() St /
wing e?uaﬁbﬂs J L\@/LJESJLJN&
| u);ou,l,.chCzQ{;u -
-V ___ - —’
P
,Sﬂ/.r))\—*l))lsw-r

w? OU’
° ]
/ " O/U/m — -
e — \I\é me ; ;
o 4 (2 -
C/wm w ‘IL : (m—/e) —P>n
o(:( C a2H (7?4-@ Pu Pl Tul = W MW
. ° _ ° S
8 — wm-wf)\_ysu)t” /)?/En Y MW -
o . WM
O[Q/ L= _.’)jrﬂ':—‘ELJ’L’-*"I’;’/)
g = => 8280 {::; gjwa



yd
: g’{fm U s

P 55 N oo U 2 L (500 ) T S\ )

ér Py

Ilous = \\/loms' \/bws' N ool
o

b / ./
E/(’D JX{ *VL- E - Vi +JXJI _\:&NJM yj}/fLL"

\
\\™
[ o

7
~

\
N—

1.
S




$3.CC—> =—7X1k=° — Voozd‘e - -
JWM —0 = S: C-|-Q
= —dr = =
WP?GX ('aP/)»-"J g <W'DP) L'a}qﬂ.,,) /)c;.—;.P(S j/;LfJL{
W, _ P— x Wm olw
> a e—>w_o:_._—’2w_°HEcc W —>




:))/?o))/'s'/)_wip (}—"y LS;./” L|=">U"D W)

SQ\QQY D F d . -

Wp.g = ( B-Te ) >
@

- . : l: = . Ny

2(,/.’/«? /;) CJ: 32 /) 30 d‘ G//-')/)Aﬁ

j‘ Serirhial |

(PR I8

> clear

Mo
\ND.F*'WP.F <o -=ulhb stable

- .

% > b !.Tl' lAns‘l‘ able

Amin Ranjbaran



. ¥ * 03— 704 .
:@’T’J Qe: V{’ Ig_ _——>[3= SZ_ = IA_?L%_ = 0.%-—J0ﬂ_

E= V—[-*i‘J(Xol"‘X‘l)I%,—-l-\-\](o’l-\-Jo2>(0?Jo‘r _1I6+jo37__\z‘5°'

Vw:’. V‘l'—J Xy 18~= | —\] 0.2 (o.%'__\}oﬁ) =09 —J olb= 0,9335___—-9%

2

N = gg—g\&,: |h =t -(—98) =2h

Xﬂ’e:‘z_—; 02402 4 ()2_ = 0-6_—_> gﬁei \Vw)/£, SMX _ 0-933-1.2 3%

XTfrc-F g-6
P
H T 1965 505
D DR
XT =0 == B = BF
XPP 02 +02r0t=03 =T = 2B 55 14 5

0.



gcl eqr (s = o

Sc/emr"'ga" ?_o aCc . (/Z_'I—Iea\b == S =25 F+ ‘EX\BOX 5gx 08-)

2.Xb

2 0
X(O%) = 316: 0.569 l‘aul /Orﬂ"—"—]?o=o~g ru

e —\ r«
Seibial = 18— S0 B _\go_sin 93 _\45.5 2538

A 1.4
0.-H69
W’D-sz (0? )Jg_ ag(gde“ g) — 0.3 (6569 —o0. <r<r3) o]
0443

V) e 55 T pb 8 T =6

ma Scﬁ cml
WP-ﬁx J (Jer- PR)dS - 52533(08—1-‘1‘Sin8)0(8

Sclear 0-569



rr;w— g ?(gCﬂ‘f“'C«l —% QQ\B + 1.4 (COS clear Cos SCffh‘CaD

:09(2633 0.569) + ‘r(cog 32.6 — Cos |%5.1A)=—0 757

may

WD+ 'PQ—°1 0757 Lo => /}CL.-




Solelt (e oT ) ooy (o 20 e o Cap onTmb 513 csia

cih cal crihical
0.8 (

%P — SC\QQ( - %o -
crtical ctitical
ngjz O'Cg (gcn'h'cal B %Cleqr ) + ]4“ <(os gﬁf{{'i(al =~ (oS gC[PQf )
W ety Ca) MaR
OF ~ w?? =0
el
COS SC’QKCYn-I-C-_- qu' [Og (2555 -0 ‘\"\'53 -\-\4\ COS \“'6 \Fj ] :0-3?‘]

cr l‘l’ \'cal 0 Cr \'*' <ol 2. Cnitica)
SQ,QW = 68 o { => gQ(Q«v —_ Sc + 900 X o.% X @ C<T

cCCT =J §3.66 - 254
Yooxo -

Antin Ranjbaran



H=b MI/MVA gyl el @l 45 55, 07+ uilS) 5L o) S ol 35 oL
St gl alls g1y b3 S 55k l.WIXd—°/\“pupM),,u6|¢fu~,L5|)5
Sl S )3 S8 (59 0ud 03l ()Lt (gl puiliST) sl 0ud Juate Culgs o s 4 Y-
b a1y O =21-Y¥ pu o251 ()lg5 g P, =+ /A pu o081 los 555155 asteas ools  itee
0o Ly V=pu g 0 Coleiia
Las a5 ol 003 g0 7y F alais 10 ¢ das Jlas ) Conns 53 B0 sty (gllas Sy (il
Ot |y oz @3, (Sl ploj g Uas @) (Gl pow aygly aiid lae 0 lasg0 po 0500 &8
N1y

3 lolas Las g o9 oo &8y (uass g 00ls ) bghs 5l S dawg j0 jBaw sl S (2)

D259l Gy |y Uas 28y Sl asgly D9 o0 b gl

X'g=1|v g =

b Cosl plp Coléee ot ons gy
S

1= St =./A_j./‘yf=o/A—j’/’Yf pu

y* Vo Lo°

5l e loe a5l b Calidst 02t 9 B3I 5By G Uil it
‘Prc'F I PF

X-l- =X, = SVt Y= =/ 5D —_— )(_l_

Y
wylige s oy alal, 5l 55005 (1,38 Lsls 31,
E'=V+jX\I =N+ /20)(-/ A= j-/-YE) =A/\YLYP [ ¥AY® pu
L 1o g Jo8 dngls ~ olgs adolas s Jlae )5 s g0 ja Uas @) 5l s s> ()
3 W

0NY)(V/-
ax SINO = #s1n§ =\/Asind



:L’Q:a.u." )J')J dﬁle )lf‘tﬁl)
\/ASin5° =./A

(s /YA =+/¥7-00 rad
0o =

el V- Ss g aag L,

_\A° =8, =\OY/PAY° =Y/8A rad - $cr,+‘-“]

5ma1'
- ¢§) a9l 9 0392 o s oy 3 Lleib‘ Ol el Ja ls slasl 5 Uas 09>
g
P L ool ply QA1) a4 a5
5. =LA (VIR = [%5 - 00) + COS\OY/51° =./. 91 .5
T

9l e e e 6, il gl el iy
§,=cos” (-/+2V+#) = AF/YYa" =\/fA rad
th ool gl ez 08 oy ol (AY-11) abayl 51 olizad L

YH(S, = 8,) _ [N/ TA—-/t5.00) =
'\[ 1B, _\/ @EXiny = CeT

il o @) b o2 3 2l shaes jlna s s

2.0 ' ' ' ' ——
16} f
5
1.2F :
|
0.8 e g .
:if : |
5 ? z
% 30 60 90 120 150 180 g
@ 35 e Ol g3 44l



1 ool s 5 0392 (all) ity il U 4B 51 o gl - ol 4lolan (2

Pax =V Asinéd

= Faais o Les 035 0o S 8o = Y7/ F° =/ %5 Orad 4yl olys gl 2 o5l &
DS el o aals L2 Y1) K 4 T Jolas Jlae a5 ano e & bsks 5l 22
C Jlail abai B> g o &t Jolao & ABF o)lis s Jptss b (Folua s o> P
ol 02l YE-VY JSS 0 Jool> e Sl S8

i C/OC/D)+(/O)CN0) + (1) 18)

=\/A pu
b P

3l e jlee s o gl - Ol 4 8

", .(\/\V)(\/ )

0§ = sind =-/#4sind
Pymax Al \V/ A

Lol Q. ol B

E AL '/10 GOPV= /e

F

5 o bawg 3o jlaw glas b Joles o YY) JSC

A A B

(5}3’ §~/« ~/ov§./\o§ 08 )=y

tye



. < 2 . “ 3 L}.? J
gl 5l sl ey U STy ecnllh 257 XA

- A , e el ol o a8l - O
)|'-:“"*’)L'°VJ[7LJ£ ’

: vPT”?ax Sm5 = (\/\V)(\/°) sind = \/f?YDSin§
s /A

o A ) oyes/AYAS =Y/0FYA rad
T ‘(__..——--)—-\ff//\\“/\

Omax \/EFYO
b cosl plp o &) (Sl sl QYA o e
5 JA(Y/DFYA—+/§7+ 80)+V/ FFYOCOS\FF/AYA® —. /80 cosYs /14
C0SO, = —

\/f8YD—/50

=—-/\OY0f

eyl W ad) Sl al; i

Oc =008~ (=+/\OYDF) = 44/ AYE®

Antin Ranjbaran



9aS olaals v gags sl (449
LIS 03915 [y 51 LA 31 ayge wia Ly oS L5 wiyla et IS (5laal 9 gagn (sLA (Eig,

01 0399 § Uai caach (53kens Jola Ly GaLis | 45 hals (&l
Cdlyyls S () 9ySiu (5LAg 53 Gl (o
83 oSS (31 93 JAS Bybo )l suiAnslich ;gLiuis als (g

€ gias Hb Jlas! b suiasalich ,glidis Laals (o

:)_!'/'L-.:'-‘;_J I' (_’49-&.:/ ~

- S -
%Cleay J/ )‘L :_,.,, } ) d, g.—} Ly(/’;{)) LSLD,/J)/'}o) /)

-
)2 Uzw/c,_,t,/ P
»’)JM//»/U/L«' L = o),y L < J ) «-’o—/ufw—*

7~
/‘/cr"u/u/, L c‘.:lo //‘,_J/,'Jo)\.b'-/)_l
JEbesoiss Loy



(.;w'(}lpu NSNS

(Sve ),-/"')J @) )J(ﬂv/\./) suUls LU;/ ,.JJ» Selio)
: C&@) Sle g b Lot

S ol $ 31 TN I~ LT it S N S E

22, U glp sl L olaw Gl Sl sl )5 1) 93 geur:bﬁl' BUATESS- AP

MU;“/!/}CJ’”' t"'—"‘chc///cf‘é/q{"/“”/}/duxﬁvw@

//J(/o) L—/}LS/A///nng \.w
gw’l’ W“”’g- s g?/ygc_ﬂ—a,,p_m
Gl Sl lpl

IA b ey, 4:{.»)/,:’/(/ ol o iz )0 L s g_/w/)) s Vol —rsle) e

Bphe o€ 2 2l atyg b a3 bl S S U/(L’L —bko
‘::"'jz‘f/é"l‘ M/;//LJ/CV/”'/ "'/”/”JC'fJ =52l L



el LJ /C >0
e
. C) s Jo)fa/)/&;w,y},/) LJ_,,JULS)Q: \AV. ~>) /JJo) ) u,ad/l///)/j)) 'Sl f/,) Lo

Ry E/“’(-:’ /)/;“/JJ la"'e-—-"’ &}(J_}/J

- A
sl Sl Sste oV

/
V
”udﬁ"‘ /U)vJ/)WL,,)J/,(/lv/);CJ,L]/tdL{,JJU uf/J’c//) »/;/b/vuw@.»u 3G AVR

-’

~ |
C//“-""’"‘JU/W/; u"-l-’ 4’“""’/’/"‘" u"l’/wb’/ -/"‘—-’Ju«éw’b ,.,_.AZJ,.J ..«{s l/)),C(L.-//LynS'/-'

A oA PSS =i T /JdM Ay 6l Sl



: ))bcwﬂ_— gg) WP 9 eib}ojpj Sl J/CS/'gL
.J// : : AN S : —
eI T I o Lacge Distudome 209201 Pl il v -

= | e P
h’l‘/o/:.//.lé) Stm// Slg_na/ _/L{)U/’/C-V/wﬂ/ 54__(1)ﬁ/JJJ,/'dMlML:/>A/j}/«l¢¢@évl,_y

- / P -

~l. ~ . : - . ) .. - ) / - - .
st SN At T (Pl plid UL 503 VeB oo Pleslady oG

o>

Amtin Ranjbaran



R = Toox Sin § : e - Gt sl

jw“ v (B-R) = ow' Y (P man Sin%)

-- = — _ : - :
5=8.+ A8 92/6)2-9/‘/‘-"/%4 ru—a‘vo—bk/«’.‘db«/ (el "—.{D/)ﬁdplt‘_y)ﬁf"

2% (S, 58) I 'P,m Sin(S + AS)

W I
ZwH J Sz = H AZA & = P Eﬂ&l (Su\% Cos D3 + Cos$ %MAS)
b Cl"" Wo A‘l’z Cos AS < \ L./)’ d/(j f'——t/)gp_) AS O)A
Sin AB= NS

24 JCIS 2 H AZAS _ ‘\?n _'Pm”‘ SN D, - ROMQOS §, A8
Moatt e e

28 d% PR, seS.

: r/)) :")’/la/.-l:;a"/) a8 Cj

A SO R | B,
an 4?8 R cesDo BS=o &5 |
We 0“.2
2 __mk
2 S8  Rate. 5 AR 2o R -TER



2 S0IGY e ol oy ol R ses

U’é)/ Q)’W//L(S/ c? ,:J/l;/dé/}-:’/,,ﬂ/t-'k ‘—JUJQ!LS;/ EJ/})q— 5>c
W 71-20 ']3 :/"(///Q"o"u(&‘/)) /
n= nos e ' e

2y ga;u CLEJJ/;)‘QLP': ,;;\; Ls] ool .-_a:«;‘/]}> C_‘J’/,WJ /;/chJ:JL'&H)G)W/ ,{(},L.
v .7 : B - /. _ e
d-’ﬁ)c:J {2 sl ) o> == L/’/ slel “—“‘/%”Q’O‘:’ wb ple '-4))(.(’ )L{)/.;‘/ sy S

I ity b P Cdbl NN D et

e s o 7 - v
.L;‘-/PZ‘P/'.L_Q"))(J)\”QI/"-!(J’“;/-/fe—),’/4/}"‘—"“/_9’ e—-c/»//jdb’(f) P e 1?7'/‘/

\'\Dlg DS*EASsc

clzs 111‘2 Jd0S 0
wk, A+2+ v ; D ul:

&+ ot Res

d*aS O{AS : —o = O |1k -, :
o v g 8= e e

-~ ° M

s -—

=>

Il




Z

SZ+23WnS'(*Wn = J-'—D" 2» ] ..[-Z))U)(,/Zé,,/jl)

HR
= S,= -3%n J‘“ﬂJ gwn—eri

/
LEa wf’g /;
T e v)’d"'t""‘/c/"‘”‘-’"*“P» a4

Anmtin Ranjbaran



* * o 0

S8 LA adeus J yias

Amin Ranjbaran



QAN bsD, 45505
- . =
w/fuzwézwuu Lood Baguney cofral  (LF0) (i, b
A~
/a/d/-r’/ s 52V ly 4.,47%ma+c Vo}hge p”#“’“‘}"’" (AVR ) 0, /b/ Mé}xm
S s [ ’iﬂ;{’f&‘f“
25155 0l My S
£ L),
= @ .
va\l —y
AP5,AQ
S5l APy,
[ ,.a:J,-S l /ﬁ Wl € _ka >
APg | 535S = _.,??_ LST,)
(LFC) : aSEs T




e pals 8 J as
Crese ?\, . (;Cln}/@’/.))/g"‘(—- O/lo)_,»u{.a-,_gb/ - ol J ;Aj

AT =D |
> Lad = D BF PRI =it
. b .
Aﬁ{ ¥ ) = AGC . esbd AP
=2 »"I/S -

1 Mia 130 (k(OﬂOLLS GoVerl\or ' QCCJ"H —/z . \:/
Ve

D) (oopiv\& Characteristics (/ )

) Sl enl of

. s s . = 7 . .
STl L el s citSooll il

= L;:J)d\? A (:/;5}53 mh sl .D@ (Ju,'c;} /;,,L/
L5 51, 74 et ool o B ) ;J,,{r,sb{:,, BN P 4

(/'“/.,’J ol bis.s L/CUL’U =) fyuéf/) L Ziey b

Amtin Ranjbaran



el ST b o s e L e bt B 5 55155 e Lt 8 oSIIL S5sE S5 b
@0, =0, <0 odd i @y 5 @ OVl Ui odd (e wdS gs e jsb . AS

3 s ss ey

ST b low 4y

_’g Moo 'O >

£ |

YY



o L WP

ol g | ooy
AY
SaSa b
WP bpe @, iy w Y
T -
et s e 5198 ) SS9

LSS STk

335 2 58 o3 s g o

Lgd o dwlie @y @f)\@&\{ouéﬁfo,'ui;.pﬁ-v
335 o e s o g (s JIE) ol oD -

el 0s DT 2L 5 o 53 0357 € b 5L g S 4 o s I ;8 1SS a5 -F
'”J?J‘J‘i" Ao, sl dupadyl Jlaie g Lo oS b0

Yy



SIS Ol 5 5 3 i I L ablie gl &S UL o 2l SIS 5 Apy o3l 4 (S ST 1L

Uss SO U5 a8 (Bsbash oo 3 S e i 13 ST NI w g2 Lk s s

A 5l B3 S Bl g pd il 31 Sl 0 O 85 2SI Ll 355 o plp el SS
.:;J?;,\\J.g-
bl,$J;:ﬁ:|M;|,¢.ulwb&@;bl,éﬂslﬂqﬁ;.p,.aj),l?r.w&\;éiaq)}..\ili

S o 3 aainia by (6,805 0t I Al 5 o bl ot ol (s gy 4S5 (51,0 ) oty w23

. r__f oalanu!

Y¥ Amin Ranjbaran






Pl )0 gss ol winl o0 Cluny 3559l i ld (5 52 lagsS <
Jole Byb 4 Cepu ol pln j0 9 il Bk 4 G pu gl
Syeo ol UYL B aki cod yiy Jos (pl Wigl oo Jiloco

5J.o| Oy Gy, O S g (S P gt UL 9O )'| 65-3)9)4.3,6 o..\.S.SSCA“Q.oa &S
NIV P J.&m.'

Wil o0 3395 S5 3,90 LU 4y gy JULST Sl Lo yol 5
.é&;‘s«o Ll

Y¥



A
—
CL'
7y




Lower
y
' . . Clgse
o Speed changer D":’?’"‘o'?':'
l move ment
. o ‘
Raise = « °
8 S 0 € NN"’"“
(0w : B e
o= 3 ‘e
Pilot
valve L f
i
High
pressure oil L !Q'm
Piston
t ' Hydraulic Aamplitier
"y Speed governor

(Speed control mechanism)



l)vﬁélf)};pﬂr,ﬁ:j)}\f&}}\}mo&Mde&gb‘,&f@:\Mh;:&@b)

o Olas 33 5b 4 55135 2 b 12558 eslinal Sl o s sl 5508 51015 05 s )5 edge

e AV_‘ _-»):&l.g.’.?«g&g\da)}.éQ\AJS)}\?)"&}QQ)J.;J\J:L):.LZL:QB1);..9J,.~v._5;7
;J)‘..AL!L'D»‘}CN.M'Q}.HLJJA')J}S-C.AMQQTVTBS})QQ|}:_.§SJJ$L§5))W)°3}JJ.J

2iCpe d Blaaiia b gl )8 6T 9y 5k Ol v ol 5558 Sleslinal (gl 5 9 21 510 oa
W 5 o eSS

oy

T




);)L?.Ub;.lb-ufo.\:f;._.daf:)bfb ";..c-,....‘\..a)ac.._!.ln.’:l.:\;.c—f;.é\" R s, JS3 55
- PP N PR PR PRI B
AF
R=—— (1-\)
AP
3L 5 53 w5 5% KLR=5% o, 5Jt jsbassd 0l dw;s Sy RY gen

R=(22_2mLy+100

@y
tsol g P BNl Cs e D ey
&J-U,\g,.b)lf.ﬁb.:.)\».:.or- - we
. — . CL o . .

R =AfIAP
Af=1~f

i

:

:
ek o

b
=
ey

pmsnssnns

0 1.0
(PU) sk 2 ey b Sy s p

“rﬂs—-“ciu‘gmd'iw‘aw



s Vo
‘b.’ v
2338 0 Saanial 5) e sladely o g Uy g
Yo Ap=p-p & Apy=p,-p, =>Ap =Ap +Ap,



oty s 5 o b b clime dolga gla g 5 53 i AL (Sgls Uty 95 g 55 o oS 5 S

e .J.A\}S-
R2=i & =if_ =>Rl =Ap2 (\._\)
Ap, Ap, R, Ap,

¥



(.._...L’b»\,xhjaa)ﬁwqdkbf:{lﬁlél;&'.i\)'l.u.fd'.u_.s}i slaw! 5b ys il &S gl ya

338 0 68 o3 gt 33 IS5 3508 (G g ot 53 g5 ol e 4y SIS e U




. AWSS (J-'—D>

ACE L//'( ”’é- o) %’ P e L/_‘:»c}b/ 'S 2w EN TN I D355
22\ U525, £

W R B AT PRI B NCIN D YRR R S r e g 1 NY Y
> [a/a (\/E Jjb’/(_;’l):/of/’ c t'f_vJ.;/g;(o :J}_:;J'

I o 51 o i N 5 U

- Ciet ] - - . : 7 . ., . : : _
gt DW ubw/gi .(iy’!'—ab,(;;r//) o,:«-g/‘/y{ﬂ.,b(»&»ﬁ'u/u/u],giqilsgc,ﬁg)wp

(B s> QLT b i s a et o ity



Sl eSS ol s 0l SNololeal 508 2in )y St sm Ll 8 35508 0l Ol 8l

o Aoy skl el p5 el SLaeS s ReSud sy ) g € das o l31 Sl Ol 5558

355 Ol 15 35 5 L Mt 5 il s s R 6Kl il o e 58 Sl 5 Jy.55 8
LSS
M))f\fgasﬂpws&;,\?.&&wdb—o\ﬁ.b;\,:;.;-,.-v.:g}\,v;aﬁ;,ﬁ,?,w,;g
RETL B 32 Bl b Sk 45T Al ge 5 ) 5 ST Sl 0 4 S 55 (Ol e e e

-M)‘;‘@U)U-EJQJJK}}“;Q;‘JB-Qj)}lf-#-’@ﬂ\-{\g)ﬂ‘}‘ié-y

sl -

o ) ' e M\ . .
18 37398 a1 Amtin Ranjbaran



Aw, o L) } )

s GN alS S s e

: J . . - - . . ® & - . » _»
w23 o i sea ol S R e S e b L i s

PPy S )

v T

riaS fania L ot o pe dei é.‘n’



Y7

[
&)
i @
)
A )
{
0 ‘ 100
VF s Ay
e Tkt i 1Y s
Sl gladmty gty A b 1T s

o Sty gty A At T e






Db Jwe ALY

T 51 (o ol (S0 868 a1 JStmtiss 5 e S 55 50
Slante K5 pdm 3 S5 -015 e ghaaints b 5 g0 Sl o ¢ ponl b
Sl o3V o)-ﬁr:-:.»&,gu Sbis 9 e 5L ST 51 yls u:,u:,'w\f
c—lﬂwlu—.:b‘theb-p‘-ﬂsju_ur;_,,ggu.su,t,,,\)u.;\{),;,_._z,;'\:
oW R U R L

APL(ﬁeq) = DA(U

'.r

£ APL(freq)

Aw
e 45 35 o0 0L u-s‘f)ﬁf.:”*‘ﬁxrz—i*')\u:”“ﬁ Syyeu DS
3l D oy g ol 53 AL %Y [ Jolaat (S5 53 %\ i M 3 b i B s
1330 33¢pmes Salys Jasll (S J> 13D Sk cpl sy oy a5\ /D
4{.\,;{‘_.5)..u{,,_x.gggpw!,\mj‘v;.,,qg#Td,& 53 9 <o g\ics
s ail i3 Sl dis sl gosy SHEa Y el Lo 6l p el
la b i S sl D = 15 S 4S5 355 ooy p ot Ia&ay e
ol g ) g (g gl 53) 1V /8 Jalan (W83 s o (Gl b )3) S
i (g s 53) &G a3l 41y i T cdyBaa A LA BN Y s dlae
el r,b‘f o] &y ol oLl s el = S5

1200\ _ o
D 000 MVA Base = 1.5 x 16-66 =].

D

APelec i APL + \Q-é‘(g
g 4 L peend
ol b L i g )lfj::
. w} v

SIS @



415 b1 55 4 Oy oo oS 53 (lp sla (BUIL) Slaen 1) 5L Sl i 4 ey 51535 el Sl 5 5 L

Yv

LFC Jl 'y pimee Jolae

M, =M +M, +..+M,

:..;a'JfJE):J;LuQ)}.a
af=4w,

L aS

(\V=Y )



ﬁjéb}:.!)gqr;.._..»&g{w.itf}—;;!JJJ;JJWS&;Q&:JQ\JJ@.&J@TQQJ;Q

/
by sl 5 aen ood Cub S 5 S0 - Dol (SN
s s el =N

T oo Sy 5 il 5 @R ilS 3 8l S ol il D b o) e Sl g 551550 L et (51

Af.. =AY = Y=Y
— +..+—)+D
R, " R; R,
1 1 1 1
_=_+ + -+_
R, R R, 2

o , = ) 1
Do) S s S 01S oo ) (s ) BL s a5 S 5 ) ) <

=L+D Y-y )
eq
1

A s .

af [[Jaro-ar []]ar.
.................. n
an:’ oo, AP =aP;-aP,=(-% D)A[
A{ R Af ‘“- ’A'l

1/R+D



_:é;
Load

reference
set point

Yo

Governor

1/R

1

A

P

Prime mover

valve

1 +$TG

S

1

1+ STCH

e

AP,

AP, mech

;() > 1
Ms + D

Rotating mass &
load

Aw



):r__._. /\ 6')'0)‘0 \....J?o HZ ‘_}""SJ.J', ‘Y;‘o Mw JSJLLS‘)L’ u),u r_ww&_,
23l o MW L s, u»toﬂ- ;,b oS Gl (D=1/6) 5 _a s 11 /0 b8 3

N '60//-7 peye Mg g SVl 5y Sl Bl el il oy

P 01 FPL Lb;‘,’-_,u.sr.dr.f@n(s.d|

m, uuwl).in J}LQJL‘LYTO Mw UL'-J’- or’-J LS‘J"’?"‘“"‘" (U

b K slaglss plas sl eid g wed b ol el (i 70 L a5 o b

fihe g5 4S o 5105 8 4y 53 58 a8y (glasly b 4SS 15 S o 1S 3L SIS sla o2
S gt (JUaS) DU G 1 ns e ek pre DL A W 5,58

Yq



D‘.-;..- [-‘L‘-’- X \\'..] X [?‘x\] =Y. MW/Hz

b ot il S s julS 3 53 Jol Ol s o J S e O gy (A

(-5 <) MW

P C.D).

D T Y. MW/Hz
=Y/. Hz

el wyls S5 phemaws eilSS 2 el 3 R b o ‘,..AKASB,U i (e

a Lai ALAD e oL J..‘-”u.s.b (8 V-0 dLan- oJ...-»-.) Lgb‘.) ASL’..‘.‘,I Lazs <y -LJ‘,_, LsL._b_‘

UL’-JJ-.LJ‘,J‘}SL“’)L J.Sua&‘fwﬁr.h.. L}S-LJ-,J/AQ c..\Sb_bL s\:%

Lo
| thx

6,3 +,L=\YP0o + Yfo=\Doo MW



Lcﬂlf‘fljw&smhggﬁ‘sqj

°/AX \Qoo=\Yoo MW

kot dalgo il |y Ol dd o 5o 05 TV oS5 33 1285 10 45 et (2 70 ot

72 ‘ol
~ —F \ \Yeo
? —— "-:f" MW HZ
/> R (O/\..)X?. - /

¢
'\/ —~ VD@ 1'-:C~'ﬂ'xr1-:-du-3‘5;3&~"-4u:§ﬁl~°"-‘—~

Af =APL_ -(-5.) MW
— £ ¥¥. MW/Hz

— o/W‘QO Hz



IJ;MM}JQ\)AGC&L&&&J‘JA‘Q‘_,?JM%))LQ

ol Colual =Y ad gl Oolaal -

adgl Sloal -
ST g a1 S5 g e e UL faddl Se s S ST 3 O w Blae 55 -

1,@);g>ga\,;:;.bu&ﬁouﬁ.&:;1;,!;&;6@\J\AGCQL§,5‘&;’|c_..a}:

493l Sloal -Y

-
-

e el g Db a5 goled) e
F4



(! 05 32)0 st 4l & y0 AGC (i

Sda b e 4 ot LSS Ol B3 Ja S S e Jols 015 B s 2 8 6 050
\;.nJ)_'flj.L__}}SﬁJ_E.ncb’_%:;aJl&abgbb‘}Ls})-)\;'c'g-fﬁ.\és«laﬁ"PTE.S'}J_,:;YQAGC.@\
5:L.a;§1;a)}.04.3)l3._'}\f.;\}:}.:@rlq..;\)t.“_g:\..a:.;\c”}_,:Q\.sJUmAGC 23S Cwls 4 g LL LS



..“.--......--0--'-.

e
- | bz
Sy 3 Sy e
1 Uf‘!’lﬁ'_“ h
R
[ e

AGC 1) i L5 slasaly , A J 28 02y 0



AT ) s s 8L 0 by 4yl J 287 Jo 5 5SS Jlaw A 5 oSS J 2S5 Jos &S SB15 a5 L
Wl il e oSS 5 23 Sl aidly ST (555 5 e ad ) S
4-'-{@&5}5),'-:5-'3‘)\65"-@)#C)‘y'@M‘éub‘)ﬁ)‘e@fkwﬁlﬁ%)°ﬁ&“’)‘}AGC
-—\J‘)J?@J;OMLQJ.&)MLJ:)4.:!_9‘)‘-\5&4;44)‘.\;)‘_}5AGC W}))&ﬁ)&hbbfu’-\:j‘f}

gl S & dasd Sl s
)\?.\JL‘:}‘.SQ\}:;G

e S TR

AGC

N



an Ol C
10 OV gen ol 9




Ia—_o 'I° I‘:-’-I:':lo
= T,. a+ ,A/\dc’r(///1d,)"

Tt Te = : VYo yire
b+I(— Ia [IJ]: _3_ ‘ ) )
v 1 - & a b
b= 2915*2313 = o I,

\/Q-; Z'f_1¢+ 231'3 ‘
To= Y (Tpae)

v 2
baVe= 2 (1,419 + 22Ty 1.y, (eToee'T) To-Tas % [6-0) (Tp-T |
V.o.v._ Za\ T TR :
bt Ve= (?9* 2 3) 3 1:‘ y3 (c}lb‘\"‘t‘) Ib-1C= 3___(‘—)_'_1_‘_-_;:-—
\Ib-vc B QF(XI)‘ 1‘) . (a =

A 2 : R\ A
Vp= Vo + Vo 0Va = Vo-Ve- Kaz-a)(V._vu)._ (a —at) (W)

- {2y g it AT
\/c = Vc\ -+ Ovo +0 va (0‘2__0\) (\f:.\/:\)-:_ 3&_‘}:1 =7 \,::—V:-_—. _B_Zh(__L:)E:;)—
o -a2 &Q—Q
2 2 A
Vo=V wry (11-50) -_{&-mj Ve —zgﬂ -3

VIV - oo (vl e)

A

Vb‘,‘\/( _ Z\‘: N (“2_*0)\,: *%*&)V‘: - 1\3: ¥ (&——*\Q) K
\/b A (2; +¢ %) (Toel) =2 (ZF*??{)) o >
pYSES SRS o

]
—> 2V - vdaw) = 3 (& +223) Ta

2 A 1 2 I' B
VIPRN S IS, o

. 2 L}
ZV‘.: _'LV: +1F'&1_2FIE = 3(2{_-\-223)11& :’BZF(IJ?L)'*‘% Ta

° ° » 2
2V, _ZVJ +42FIL+22FI:.: 623L =) \!:, 1 *1ZFX1*2FXQ =323S-u

- o o ° 1
\lc: - \I: +1f11 + Z (1.1;'1:\-.-32310\ =7L\IQ _'ZFL—3ZJ Yow Vi -Z‘\@

1 o N ‘
V:‘ Zf..l.::\ll" 2{-:1& = Vo.—i;.-&q —323 Im

Z L ‘Zf.I:

z
A V2




Wy .13 sl De

3y 1 4 COUPIEANR 013 SSi5 gl = g gy 2 )b 25k 1 JolS S5 Sy o5 JSS 4K =1
ol @250 O3 1 a8 Blod 1,020 1, (adyl s b pylae jliia) gz plis

ou

lf

-\
P=0, @ . P u. @

Q"' J%;‘?f’ [ow\] [Jl aa-.“ bp]
Q

[A&] [?ﬁ | bp]
= 1‘! “s’ N
O L S R - LP,

2K 28

- -
| 2Q
1- [ew] - [,o_r;i,}[bo,]
Rs f 1y 6. (5 -85 -65) Y - ]
O.3+j0-5 =) Sl -18 5%
@.. ‘_mw 1141 sials: 5, -8)

- e 3% g
o WY G (8- 8a) T 1 €k ,) MYl ) (5,540

G 6, (65- 5, - 6,)+ MY V) 6 (§5-6,- 6,,) + W%l \\}4{ (-8.)

@’—, = V) Sals-6, -G ) + M Y23} IVy) SialSs- Su- G2 AR S RSN
; ~(,_',‘, ¢ <J\ .
:Lj Ex 1« (o)(+90) =0 : Aﬁ_,’ P‘S-P‘mls 0.4 -a =J:1’N
o Gl ¢) _sch
}f o“ ’ Ag = g - 3@,30
ol :
Q(h Ix fo x! S\n( 90) + T2 (- 90)_‘_ 18 Sin(9) =, A@;”-_- .
()

2)/’9;/ - —‘Vz‘ ‘Yu“‘é) $in (S‘-S_;-ea) - - & x Sia (_90)'_1’9
26,

g
?}53 - v IY:)\%) 8., (&-‘,;9;3) = 2x 3;"(‘90)”" ¥

¥ |
% = \V3”Y23,\Vg' RN (S;- S‘_ 9)3)__. Pt Sia (_90):_?

G 1) i (68, -8,) = WY 55,5, 6) 2 1. st~ s 1) 1




29 N1 19] Son (5381~ 6) + W ) Sin (5, =, - B5.) = 2VEINTR) ©in (-6

2lv;

— 1e 8{n(-‘9°) 4+ & = S\n(—9°) + 2x \%&\'\(90) =\§

¢ -\
\agl"] ¥ —?} Io.q .{\% 8] 0.9 a.oa}
SIS N ]zxo 8 g [. ]‘\m
82(‘) = gc(‘)—(- bg).(‘)_: o -\-°*°9 = 0.09 Tatl = 8166.

g3(|) 3 %3()_\_583(): v .\.o.oq :°.°q "”1: 2‘?—90

‘b b\v';) s [ ‘%]’l [-} . = \v?\(l): \ Pu
¥ . ‘
il PSS ¥
EB': V' I'B* = \‘)I ’\[( b —V3> ('310)]: 1AL, X \'(1 =1 A,Z_z’)l( J1o)] - 0. 4 *Jo

gf’-’— i,_‘s + ((].g—{»J‘o.’j) =04 +J13

Q2= Vo) 1Yl €10 (48) + Wl 1Yo D] $ia (8, -85 - Ba3) = Bx Sin(99) + ¥ (52562






132 CONTENTS

clear
yA Line code
b Bus bus R X 1/2 B =1 for lines
b nl nr pu pu pu >1 or <1 tr. tap at bus nl
linedata=[1 3 0.0 0.0125 0.0 0.8
3 4 0.0 0.20 0.0 1
3 4 0.0 0.25 0.0 1
4 2 0.0 0.16 0.0 1.25];
1fybus % form the bus admittance matrix
Ybus % displays Ybus on the screen

Run ch6p9 to obtain the bus admittance matrix.

6.10. In the two-bus system shown in Figure 58, bus 1 is a slack bus with V; =
1.0£0° pu. A load of 150 MW and 50 Mvar is taken from bus 2. The line admittance
is y1o = 10/—73.74° pu on a base of 100 MVA. The expression for real and
reactive power at bus 2 is given by

Py = 10[Va||Vi| cos(106.26° — 8y + 81) 4 10|Va|? cos(—73.74°)
Q2 = —10|V5a|| V1] sin(106.26° — 0y 4 61) — 10| Va|? sin(—73.74°)

Using Newton-Raphson method, obtain the voltage magnitude and phase angle of
bus 2. Start with an initial estimate of [V3|(*) = 1.0 pu and 6,(®) = 0°. Perform
two iterations. Partial derivatives of P, and Q)2 with respect to | V|, and J, are

1 2
Q | Y12 = 2.8 — 9.6 > 150 MW
V1—|1010° —+— 50 Mvar
FIGURE 58

One-line diagram for Problem 6.10.

0P,
95y
0P,
0| V|
0Q2
D69
0Q2

a|Va]

= 10| V3|V sin(106.26° — 65 + 61)

= 10|V1| c0s(106.26° — 62 + 61) + 20|Va| cos(—73.74°)
= 10‘V2HV1’ COS(106.260 — 09 + (51)

= —10|V3| sin(106.26° — dy + &1 ) — 20|Va| sin(—73.74°)
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The load expressed in per unit is

sch (150 + 350)
= I 15—
S5 100 5—40.5 pu
The slack bus voltage is V; = 1.0/0 pu. Starting with an initial estimate of
= 1.0, = 0.0, the power residuals are compute rom . an
AR 1.0, 68 = 0.0, th idual d from (6.63) and
(6.64)
AP = psh — P — 15— [10cos(106.26°) + 10 cos(—73.74°)]
=—15 pu
AQY = Qs — QY = —0.5 — [~10sin(106.26°) — 10sin(—73.74°)]
=—0.5 pu

The elements of the Jacobian matrix at the initial estimate are
7 =10(1)(1) sin(106.26°) = 9.6
JS = 10(1) cos(106.26%) + 20(1) cos(—73.74°) = 2.8
=10(1)(1) cos(106.26°) = —2.8
(0) = —10(1) sin(106.26°) — 20(1) sin(—73.74°) = 9.6
The set of linear equations in the first iteration becomes
1571 [ 96 287[ As”
=05 ] [ =28 9.6 ]| A
Obtaining the solution of the above matrix equation, voltage at bus 2 in the first

iteration is

AsY = —0.13 5 =0+ (—0.13) = —0.13 radian
AV = ~0.09 VY| =14 (~0.09) = 0.91 pu

For the second iteration, we have
APV = pseh _ P2(” = —1.5 — (~1.3403) = —0.1597 pu
AQY = @5 — QY = —0.5 — (—0.3822) = —0.1178 pu

Also, computing the elements of the Jacobian matrix, the set of linear equations in
the second iteration becomes

—0.1597 1 [ 8.332 1.0751 ASLY
~0.1178 | T | —3.659 8.3160 | | A
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Obtaining the solution of the above matrix equation, voltage at bus 2 in the second
iteration is

A5 — —0.0164 5 = —~0.13 4 (—0.0164) = —0.1464 radian
A|V2(1)\ = —0.0214 |V2(2) =0.91 4 (—0.0214) = 0.8886 pu

6.11. In the two-bus system shown in Figure 59, bus 1 is a slack bus with V; =
1.0£0° pu. A load of 100 MW and 50 Mvar is taken from bus 2. The line impedance
iS z12 = 0.12 + 50.16 pu on a base of 100 MVA. Using Newton-Raphson method,
obtain the voltage magnitude and phase angle of bus 2. Start with an initial estimate

of [15|® = 1.0 pu and 6,® = 0°. Perform two iterations.

2
1
Q | 2= 0124 0.16 ~ 10O MW
Vi = 1.00° —+— 50 Mvar
FIGURE 59

One-line diagram for Problem 6.11.

The power flow equation with voltages and admittances expressed in polar form is

P =Y |VillVjl[Yij| cos (055 — 6; + 65)
j=1

Qi = — > _ [VillV;j||Yij| sin (6i5 — 6; + 67)
j=1

The bus admittance matrix is

v, [5/-5313° 5/126.87°
bus = | 5/126.87° 5/—53.13°

Substituting for admittances, the expression for real and reactive power at bus 2
becomes

Py = 5|Va||Vi] cos(126.87° — &5 + 61) + 5|Va|? cos(—53.13°)

Q2 = —5|Va||Vi|sin(126.87° — &5 + 61) — 5|Va|? sin(—53.13°)

Partial derivatives of P, and Q2 with respect to |V2|, and J, are

P.
OBy 51y, va | sin(126.87° — 65 + 61)
96,
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OP:.
a\v2| = 5|Vi| cos(126.87° — 8 + 61) + 10|Va] cos(—53.13°)
2
0
9Q2 _ 51141V cos(126.87° — 6 + 1)
09
0Q2 . o . o
= —5|V1|sin(126.87° — J3 + 01) — 10| V3| sin(—73.74°)
9|Va|
The load expressed in per units is
sch (100 + 750) )
= 2"/ — _1.0-j0.
S5 100 0—70.5 pu
The slack bus voltage is V4 = 1.0/0 pu. Starting with an initial estimate of
\VZ(O)] = 1.0, 6&0) = 0.0, the power residuals are computed from (6.63) and
(6.64)
APY = psh — P — _1.0 — [5c08(126.87°) + 5 cos(—53.13°)]
=—1.0 pu
AQY = Qs — Q) = —0.5 — [~5sin(126.87°) — 5sin(—53.13°)]
= —0.5 pu

The elements of the Jacobian matrix at the initial estimate are
7O = 5(1)(1) sin(126.87°) = 4
IS = 5(1) cos(126.87°) + 10(1) cos(—53.13°) = 3
J = 5(1)(1) cos(126.87°) = —3
JO = _5(1)sin(126.87°) — 10(1) sin(—53.13°) = 4

The set of linear equations in the first iteration becomes

—10] [ 4 37[ as?
-05] | -3 4 A]VQ(O)\
Obtaining the solution of the above matrix equation, voltage at bus 2 in the first

iteration is

AL = —0.10 5 = 0+ (—0.10) = —0.10 radian
AV =02 VY] =14 (-0.2) =08 pu

For the second iteration, we have
AP = pseh — pD) — 1.0 — (—0.7875) = —0.2125 pu
AQS) _ Qgch _ le) = —0.5 — (—0.3844) = —0.1156 pu
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Also, computing the elements of the Jacobian matrix, the set of linear equations in
the second iteration becomes

—0.2125 1 [ 29444 14157 1[ As
—0.1156 | ~ | —2.7075 2.7195 | | Ay

Obtaining the solution of the above matrix equation, voltage at bus 2 in the second
iteration is

As$Y = —0.0350 5% = —0.1 + (—0.0350) = —0.135 radian
AV3Y| = -0.0773 VD] = 0.8+ (—0.0773) = 0.7227 pu

6.12. Figure 60 shows the one-line diagram of a simple three-bus power system
with generation at buses 1 and 2. The voltage at bus 1 is V' = 1.0/0° per unit.
\Voltage magnitude at bus 2 is fixed at 1.05 pu with a real power generation of
400 MW. A load consisting of 500 MW and 400 Mvar is taken from bus 3. Line
admittances are marked in per unit on a 100 MVA base. For the purpose of hand
calculations, line resistances and line charging susceptances are neglected.

! Y12 = —j40 2
Py, =400 MW
O- e
y13 = —J20 y23 = —J20
Slack Bus 3 | Vo |=1.05
Vi =1.020°
500 400
MW Mvar
FIGURE 60

One-line diagram for problem 6.12.

(a) Show that the expression for the real power at bus 2 and real and reactive power
at bus 3 are

Py = 40| V5|V | cos(90° — 02 4 61) + 20| Va|| V3] cos(90° — d2 + d3)
Py = 20|V3||V1| cos(90° — 3 + 01) + 20|V3||Va| cos(90° — 05 + d2)
Q3 = —20| V3| V1| sin(90° — 63 +01 ) — 20| Va||Va| sin(90° — 03 +82) +40| V3|

(b) Using Newton-Raphson method, start with the initial estimates of V5?0 =
1.05 + jo and V5(® = 1.0 + 50, and keeping |V2| = 1.05 pu, determine the
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phasor values of V5 and V3. Perform two iterations.

(c) Check the power flow solution for Problem 6.12 using the Ifnewton and other
required programs. Assume the regulated bus (bus # 2) reactive power limits are
between 0 and 600 Mvar.

By inspection, the bus admittance matrix in polar form is

60/—2 40/T  20/%
Yius = | 40427 60/-% 20/1%
20/2  20/%° 40/-%

(a) The power flow equation with voltages and admittances expressed in polar form
is

P = |VillVjl[ Yyl cos (655 — 6; + ;)
j=1

Qi = —>_|VillV;||Yi;|sin (055 — b; + ;)
j=1

Substituting the elements of the bus admittance matrix in the above equations for
Py, P3, and Q3 will result in the given equations.

(b) Elements of the Jacobian matrix are obtained by taking partial derivatives of
the given equations with respect to d,, d3 and |V3|.

0P,

D2 40|Va||VA| sin( = — 85 + 81) + 20| Va| V| sin( = — 6 + &)
00 2 2

0P . T

875; = —20|V3||V3] SIH(E — g + 03)

0P T

-9 -

aVsl O|V2|cos(2 d2 + d3)

OP: . T

8#;;} = —20"/3}”‘/2| Sln(§ — (53 + 52)

OP:

T3 20| V| Vi | sin(= — 05 + 61) + 20| V3| |[Va| sin(~ — 85 + &)
063 2 2

0P s T
I3 _ T _ 9 o
AV O\Vl\cos(2 d3 + d1) + 0|V2|cos(2 03 + d2)

(9@3 . ™

8762 = 20’%,”V2|COS(§ 53"_52)

Qs

TS 90| V3| [Vi| cos( % — 83 + 81) + 20| V3| |Va| cos(= — 65 + s)
964 2 2
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Qs T T
=— — —03+01)—2 — — 3+ 6
AV 20]V1]sm(2 3+ d1) 0\V2|sm(2 3+ 02) + 80| V3|
The load and generation expressed in per units are
400
sch
=_— =4
B =qgp =40 P
(500 + j400)

Sseh = — = —5.0—54.0 pu

100
The slack bus voltage is V; = 1.0£0 pu, and the bus 2 voltage magnitude is | V2| =
1.05 pu. Starting with an initial estimate of Wg(o)\ = 1.0, 5§0) = 0.0, and 5:(*»0) =
0.0, the power residuals are

AP = Pyt — PP = 4.0 — (0) = 4.0

AP = psch _ PO — _50—(0)= 5.0

Ang) — Qich — ng) = —4.0-(—1.0) = =3.0

Evaluating the elements of the Jacobian matrix with the initial estimate, the set of
linear equations in the first iteration becomes

—2.8600 63 —21 0 A
14384 | = | —21 41 0 || AsY

_ 0
0.2200 0 039 ]| AmO

Obtaining the solution of the above matrix equation, the new bus voltages in the
first iteration are

A = 00275 8 =0+ 0.0275 = 0.0275 radian = 1.5782°

AsY = —0.1078 6" =0+ (—0.1078) = —0.1078 radian = —6.1790°
AVEY| = —0.0769  [VAY| =1+ (—0.0769) = 0.9231 pu
For the second iteration, we have
0.2269 61.1913 —10.2072 28345 1 | Ad
~0.3965 | = | —19.2072  37.5615 —4.9871 | | As{)
—0.5213 26164  —4.6035 33.1545 | | Ap(V)
3
and
ASSY = 0.0006 6P =0.0275 + 0.0006 = 0.0281 radian = 1.61°
AsYY = —0.0126 6P = —0.1078 + (—0.0126) = —0.1204 radian = —6.898°

AV = —0.0175 V4P| = 0.9231 + (—0.0175) = 0.9056 pu
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(c) The power flow program Ifnewton is used to obtain the solution, with the fol-
lowing statements:

clear
basemva = 100; accuracy = 0.000001; maxiter = 10;

A Problem 6.12(c)
yA Bus Bus Voltage Angle -Load---  -Generator—- Injected
yA No code Mag. Degree MW MVAR MW MVAR (min Qmax Mvar

busdata=[1 i1 1.0 0.0 0.0 0.0 0.0 0.0 O O 0
2 2 1.05 0.0 0 0O 400 0.0 600 O 0
3 0 1.0 0.0 500 400 0.0 0.0 O O 0];

% Line code
yA Bus bus R X 1/2 B =1 for lines
yA nl nr pu pu pu >1 or <1 tr. tap at bus nl
linedata=[1 2 0.0 0.025 0.0 1

1 3 0.0 0.05 0.0 1

2 3 0.0 0.05 0.0 11;
disp(’Problem 6.12(c)’)
1lfybus % form the bus admittance matrix
lfnewton % Power flow solution by Gauss-Seidel method
busout % Prints the power flow solution on the screen
lineflow % Computes and displays the line flow and losses

The above statements are saved in the file ch6pl2c.m. Run the program to obtain
the solution.

6.13. For Problem 6.12:

(a) Obtain the power flow solution using the fast decoupled algorithm. Perform two
iterations.

(b)Check the power flow solution for Problem 6.12 using the decouple and other
required programs. Assume the regulated bus (bus # 2) reactive power limits are
between 0 and 600 Mvar.

(@) In this system, bus 1 is the slack bus and the corresponding bus susceptance
matrix for evaluation of phase angles Ads and Ads form the bus admittance matrix
in Problem 6.12 is

B _[ 20 —40}
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The inverse of the above matrix is

[ —0.02 —0.01

n—1
BT = —0.01 —-0.03

The expressions for real power at bus 2 and 3 and the reactive power at bus 3 are
given in Problem 6.12. The slack bus voltage is Vi = 1.0/0 pu, and the bus 2

voltage magnitude is V3| = 1.05 pu. Starting with an initial estimate of |V3(0)\ =

1.0, 650) = 0.0, and 5§0) = 0.0, the power residuals are computed from (6.63) and
(6.64)

APP = Py - P =4 (0) = 4
AP = psch _ PO — _5_(0) = —5
AQY = Q5" — Q) = —4— (1) =3
The fast decoupled power flow algorithm given by (6.77) becomes

[ -002 00 ][ 5] 0262
- | —0.01 —0.03 | | —0.1119

ASLY
A5

Since bus 2 is a regulated bus, the corresponding row and column of B’ are elimi-
nated and we get

B" = [—40]
From (6.78), we have
—17 -3
AlVs| = — [40] {10} = —0.075

The new bus voltages in the first iteration are

AsY = 00262 5 =0+ (0.0262) = 0.0262 radian = 1.5006°
ASY = 01119 6 =0+ (~0.1119) = —0.1119 radian = —6.4117°
AVY = —0075 VY] =1+ (=0.075) = 0.925 pu

For the second iteration, the power residuals are
AP = pseh — p(Y — 4 — (3.7739) = 0.2261

APél) _ ?;sch _ Pg(l) = —5— (—4.7399) = —.2601
AQy = Q3" — Q4 = 4 — (~3.3994) = ~0.6006
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AsY ] =002 00 Oiégl _ [ 0.0015
AsY | L -001 —0.03 || g5t | | —0.0063

From (6.78), we have

—1 —0.6006
INA :[ } [

— = —0.0162
40 0.925} 0.016

The new bus voltages in the second iteration are

AsY =0.0015 6% = 0.0262 + (0.0015) = 0.0277 radian = 1.5863°

141

A =—-0.0063 6 =—0.1119+(—0.0063) = —0.1182 radian=—6.7716°

AV 1=-0.0162  [Vi?| = 0.925 + (—0.0162) = 0.9088 pu

(c) The power flow program decouple is used to obtain the solution. The statements
are the same as in Problem 6.12, except the Ifnewton is replaced by decouple. The
statements are saved in the file ch6p13b. Run this program to obtain the power

flow solution.

6.14. The 26-bus power system network of an electric utility company is shown in

Figure 61. Obtain the power flow solution by the following methods:
(a) Gauss-Seidel power flow (see Example 6.9).

(b) Newton-Raphson power flow (see Example 6.11).

(c) Fast decoupled power flow (see Example 6.13).

The load data is as follows.

LOAD DATA

Bus Load Bus Load

No. MW Mvar || No. MW  Mvar
1 51.0 41.0 14 240 120
2 220 15.0 15 70.0 310
3 64.0 50.0 16 55.0 270
4 250 10.0 17 78.0 38.0
5 50.0 30.0 18 153.0 67.0
6 76.0 29.0 19 75.0 150
7 00 0.0 20 48.0 27.0
8 0.0 0.0 21  46.0 23.0

9 89.0 500 22 450 220
10 00 0.0 23 250 120
11 250 150 24 540 270
12 89.0 48.0 25 280 13.0
13 31.0 150 26 400 20.0
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FIGURE 68
The impedance diagram for Problem 9.2.

From Figure 68, reactance to the point of fault is

(0.12)(X + 0.04)

= 0.08
0.12 + (X + 0.04)

Solving for X, we get X = 0.2 pu., or
Xo=(X)(Zp)=1(02)(9) =18 Q

9.3. The one-line diagram of a simple power system is shown in Figure 69. Each
generator is represented by an emf behind the transient reactance. All impedances
are expressed in per unit on a common MVA base. All resistances and shunt ca-
pacitances are neglected. The generators are operating on no load at their rated
voltage with their emfs in phase. A three-phase fault occurs at bus 1 through a fault
impedance of Z; = j0.08 per unit.

(a) Using Thévenin’s theorem obtain the impedance to the point of fault and the
fault current in per unit.

(b) Determine the bus voltages and line currents during fault.

3 Xf:()l 1 2
O3 tete—=—ct—0)
X, =0.1 X, =01
FIGURE 69

One-line diagram for Problem 9.3.

The impedance diagram is as shown in Figure 70.
(a) Impedance to the point of fault is

(0.2)(0.3) .
D O AT P
I 02303 J012 pu

The fault current is

1

e _5/-90° pu
I~ 5012+ 0.08 P
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0 3 1 ; 2 0
70.1 70.1 70.2 70.1

| | | \

EEAAA é A | r\rv\_{‘
Z;=30.08 Igo

FIGURE 70
The impedance diagram for Problem 9.3.

(b)
Vi = (j0.08)(—j5) = 0.4 pu
0.3 . i
I = 2-2(5)/-90° = 3/-90
j0.2 . .
I =2"2(5)/-90° = 2/~
2= 0z (5)2=90 90° pu

Vo =0.4+ (j0.2)(—52) = 0.8 pu
Vs = 0.4+ (j0.1)(—j3) = 0.7 pu

9.4. The one-line diagram of a simple three-bus power system is shown in Figure
71 Each generator is represented by an emf behind the subtransient reactance. All
impedances are expressed in per unit on a common MVA base. All resistances and
shunt capacitances are neglected. The generators are operating on no load at their
rated voltage with their emfs in phase. A three-phase fault occurs at bus 3 through
a fault impedance of Z; = j0.19 per unit.

(a) Using Thévenin’s theorem obtain the impedance to the point of fault and the
fault current in per unit.

(b) Determine the bus voltages and line currents during fault.

FIGURE 71
One-line diagram for Problem 9.4.

Converting the A formed by buses 123 to an equivalent Y as shown in Figure 72(a),
we have
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j0.12
0.09 T3 — j0.21
3
Vin L(F) {(5) Vi
0.19 0.19
(c) =

FIGURE 72
Reduction of Thévenin’s equivalent network.

(j0.3)(50.75) (j0.75)(50.45)

Z1o = — 015 Zy, = — j0.225
ls 15 J 2 J15 J
0.3)(;0.4
.. — (703)(045) — j0.09
j1.5

Combining the parallel branches, Thévenin’s impedance is

(j0.2)(j0.3)
Ty = ZEIZ0) 4 g 09
8= 02403

= 70.12 + 50.09 = j0.21
From Figure 72(c), the fault current is
V3(F) 1.0 .
I3(F) = = =—3j2.5 pu
W)= 7, T oot goan - 920 P

With reference to Figure 72(a), the current divisions between the two generators
are

0.3 .
Ign = ———I3(F)=—351.5 pu
¢ = 505103 3(F)=—j15 p
0.2 .
Igg = ———I3(F)=—351.0 pu
G2 302+ 03 3(F) J Y

For the bus voltage changes from Figure 72(a), we get
AVy =0 — (j0.05)(—j1.5) = —0.075 pu
AV, =0 — (50.075)(—j1) = —0.075 pu
AV3 = (50.19)(—42.5) — 1.0 = —0.525 pu
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The bus voltages during the fault are obtained by superposition of the prefault
bus voltages and the changes in the bus voltages caused by the equivalent emf
connected to the faulted bus, i.e.,

Vi(F) = Vi(0) + AV; = 1.0 — 0.075 = 0.925 pu
Va(F) = V3(0) + AVh = 1.0 — 0.075 = 0.925 pu
Vs(F) = V3(0) + AVs = 1.0 — 0.525 = 0.475 pu

The short circuit-currents in the lines are
B Vi(F) — Va(F) ~0.925-0.925

Iio(F =
12(F) 212 70.75 0
Vi(F) — V3(F 0.925 — 0.475 .
Lis(F) = it )213 3(F) 03 = —j1.5 pu
Vo(F) — V3(F)  0.925 —0.475 ,
23( ) 223 j045 J 0 pu

9.5. The one-line diagram of a simple four-bus power system is shown in Figure
73 Each generator is represented by an emf behind the transient reactance. All
impedances are expressed in per unit on a common MVA base. All resistances and
shunt capacitances are neglected. The generators are operating on no load at their
rated voltage with their emfs in phase. A bolted three-phase fault occurs at bus 4.

Q j0.20 015 Q
2 2o

j0.20  50.20

FIGURE 73
One-line diagram for Problem 9.5.

(a) Using Thévenin’s theorem obtain the impedance to the point of fault and the
fault current in per unit.
(b) Determine the bus voltages and line currents during fault.
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(c) Repeat (a) and (b) for a fault at bus 2 with a fault impedance of Z; = 50.0225.

(a) Converting the A formed by buses 123 to an equivalent Y as shown in Figure
74(a), we have

4
Vin,
(b) =
FIGURE 74
Reduction of Thévenin’s equivalent network.
(j0-2)(j0.5) (j0-5)(j0.3)
= =j0.10  Zos = =Jj0.15
s 1.0 J 2 1.0 J
2)(50.
Zgy = U i(éo 3) _ j0.06

Combining the parallel branches, Thévenin’s impedance is
(70.5)(40.5)

g = L~ 10.06 10.19 = 50.5
B= 054505 00T J
The fault current is
Va(F) 1.0 ,
IW(F) = =—=—352.0 pu
4(F) 7 505 J p

With reference to Figure 74(a), the current divisions between the two generators
are

0.5 .
Ier = 272 [,(F)= —j1.0 pu
@1 = S5 jop ) =—i10 P
0.5
I J L(F) = —j1.0 pu

~j05+405 "
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(b) For the bus voltage changes from Figure 74(a), we get

AV; =0 — (j0.4)(—j1.0) = —0.4 pu
AV, =0 — (j0.35)(—j1) = —0.35 pu
AVz =1 — (50.19)(—j2) = —0.62 pu
The bus voltages during the fault are obtained by superposition of the prefault

bus voltages and the changes in the bus voltages caused by the equivalent emf
connected to the faulted bus, i.e.,

Vi(F) = Vi(0) + AV} = 1.0 — 0.4 = 0.60 pu
Vo(F) = Va(0) + AVa = 1.0 — 0.35 = 0.65 pu
Va(F) = V3(0) + AVs = 1.0 — 0.62 = 0.38 pu
Va(F) =0 pu

The short circuit-currents in the lines are
B Vo(F) —Vi(F)  0.65—0.6

I (F) = - =05 - 0.1/-90° pu
L (F) = W(F)Z;Vg(F) _ 0.6(;(;20.38 11/-90° pu
Ina(F) = VQ(F)Z;BV;g(F) _ 0.65j(;30.38 — 0.9/—90° pu
Isu(F) = ‘%(F)Z;V‘*(F) = 0;’5;)0 —=2.0/-90° pu

(c) (@) Combining parallel branches between buses 1 and 2 results in the circuit
shown in Figure 75(a). Combining the parallel branches, Thévenin’s impedance is

(j0.65)(0.35) .
Ty = WEDINID50) 4 9o
275065+ 035 7

The fault current is
Vi(F) 1.0

L(F) = - — 40 pu
2(F) = 7 7, = jooams 1 ooz - RO P

With reference to Figure 75(a), the current divisions between the two generators
are

0.35 ‘

Tog = —22° [Py =—j14 pu

G1 = J0.65+ joss 2 ) = —it4 P
0.65

Ieo J I(F) = —j2.6 pu

~ j0.65+ j0.35 >



190 CONTENTS

0.4 s 70.35 70.2275
70.25
1 2

IQ(F)l
Zp = j0.0225 Zf — j0.0225
FIGURE 75

Reduction of Thévenin’s equivalent network.

(c) (b) For the bus voltage changes from Figure 74(a), we get
AV, =0 — (j0.4)(—j1.4) = —0.56 pu
AVy =0 — (j0.35)(—j2.6) = —0.91 pu
AVs = —j0.56 — (j0.2)(— J124) = —0.70 pu
AVy = AV3 =—-0.70 pu

The bus voltages during the fault are obtained by superposition of the prefault
bus voltages and the changes in the bus voltages caused by the equivalent emf
connected to the faulted bus, i.e.,

Vi(F) = Vi(0) + AV; = 1.0 — 0.56 = 0.44 pu
Va(F) = Va(0) + AVs = 1.0 — 0.91 = 0.09 pu
V3(F) = V3(0) + AV3 =1.0 —0.70 = 0.30 pu
Vi(F) = Vi(0) + AVy = 1.0 — 0.70 = 0.30 pu

The short circuit-currents in the lines are
Vi(F) — Va(F) ~0.44-10.09

I1o(F) = _~ -5 0.7/-90° pu
La(F) = m(F)Z:;@,(F) _ 0.442 &20.30 —0.7/—00° pu
Iaa(F) = X/';:,(F)Z;VQ(F) _ 0.3(;(;30.09 0.7/—00° pu
Toa(F) = Va(F) ~Va(F) _030-03 o

Z34 j019
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[ 0-2%I 7 [ 0-30.10(25) 7 [0.25]7

VO2(F) = | V3 (0) — Z&L13 | = | 1—40.20(—43.75) | = | 0.25
0-22,13 | | 0-30.20(1.25) | [ 0.25 |
[ 0—2%19 ] 0—350.08(j2.5) 7 [0.20]

VOI2(F) = | Vi 0) — ZhLI3 | = | 1—40.12(—43.75) | = | 0.55
0-2%12 | | 0-30.12(j1.25) | [ 0.15

Bus voltages during fault are

11 1 0.125 0.875/0°
1 a2 a 0.625 | = | 0.50/—120°

1 a a? 0.125 0.50/+120°

11 1 0.25 0.75/0°
1 a2 a 0.25 | = 0
1 a a? 0.25 0

11 1 0.20 0.90/0°
1 a® a 055 | = | 0.3775/—113.413°

1 a a2 0.15 0.3775/+113.413°

Vite(F) =

VE(F) =

ViP(F) =

10.15. The reactance data for the power system shown in Figure 85 in per unit on
a common base is as follows:

4 <4 ENEN

FIGURE 85
The impedance diagram for Problem 10.15.

Obtain the Thévenin sequence impedances for the fault at bus 1 and compute the
fault current in per unit for the following faults:

(a) A bolted three-phase fault at bus 1.
(b) A bolted single line-to-ground fault at bus 1.
(c) A bolted line-to-line fault at bus 1.
(d) A bolted double line-to-ground fault at bus 1.
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0 jo1 3 o251 o3 240254 jo1 O
| S

r\r\f\_{“

FIGURE 86
Positive-sequence impedance network for Problem 10.15.

The positive-sequence impedance network is shown in Figure 86, and impedance
to the point of fault is

| .(0.35)(0.65)

— 0.22
0351065 202270 pd

Since negative-sequence reactances are the same as positive-sequence reactances,
X2 = X1 =0.2275. The zero-sequence impedance network is shown in Figure 87,
and impedance to the point of fault is

70.053  0.25 405 2 5025 44005 0
FIGURE 87

zero-sequence impedance network for Problem 10.15.

o (0:25)(0.75)

— 01
0251075 01875 pu

(a) For a bolted three-phase fault at bus 1, the fault current is

I; = = 4.3956/—90° pu
I~ 50.2275 P

(b) For a bolted single-line to ground fault at bus 1, the fault current is

3
5(0.2275 + 0.2275 + 0.1875)

I; =310 = = 4.669/—90° pu

(c) For a bolted line-to-line fault at bus 1, the fault current in phase b is
Il = !
“ j(0.2275 4+ 0. 2275)
I(F) = —jV/3I! = —3.8067 pu

—352.1978 pu
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(d) For a bolted double line-to-line fault at bus 1, we have

1
. — —j3.02767 pu
a =" -(0.2275)(0.1875

50.2275 + +; 021)(0.1875)
Jo _ 1= (0.2275)(—j3.02767)
0= 50.1875

I(F) =3I° = 4.979/90° pu

= j1.65975 pu

10.16. For Problem 10.15, obtain the bus impedance matrices for the sequence net-
works. A bolted single line-to-ground fault occurs at bus 1. Find the fault current,
the three-phase bus voltages during fault, and the line currents in each phase. Check
your results using the zbuild and Igfault programs.

First, we obtain the positive-sequence bus impedance matrix. Add branch 1, z3p =
j0.1 between node ¢ = 3 and reference node 0. According to rule 1, we have
7(1)

bus

= Z33 = z30 = j0.1
Next, add branch 2, z49 = 70.1 between node ¢ = 4 and reference node 0

Z(2) _ Z33 0 _ jOl 0
bus 0 Zu 0 50.1

Add branch 3, z94 = 70.25 between the new node ¢ = 2 and the existing node
p = 4. According to rule 2, we get
10.35 0 0.1
40 _ [] J ]

bus

0 401 0
j0.1 0 0.1

Add branch 4, z;3 = 70.25 between the new node ¢ = 1 and the existing node
p = 3. According to rule 2, we get

j0.35 0 §0.1 0
20 _ | 0 4035 0 jo1
bus = | j0.1 0 0.1 0

0 401 0 jo0.1

Add link 5, z12 = j0.3 between node ¢ = 2 and node p = 1. From (9.57), we have

[ j035 0 j0.1 0 |—50.35

0 4035 0 40.1| j0.35
7 _ 40.1 0 401 0 | —j0.1
bus 0 401 0 40.1| j0.1

| —j0.35 j0.35 —j0.1 j0.1| j1





