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2 Modern Power System Analysis

SOLUTIONS
Chapter 2
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Assume uniform current density
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Solutions I 3
1

_ ul 1,4 ay_ 2,2 2y, 41,02
== (=) =1 (ry = 1) +r1" In =
Zﬂ_(rzz_rlz)z{‘l(Z 1) 1(2 1) 1 rl}

Uo =47 x 107 HIm g4 =1

1 x107~" r
Liy = —22 " [[rz“ —r) =42 (rf =r?)+ 4t In —ZH
(r2 -r7) N
Lo (1) =2 x 107 In b. Lo (2); assuming D >> r,
ry
Line inductance = 2 (L;; + Loy (1)) H/m.
2.2. 1
05cm= 0.75+0.25 05
2
Distance between - -
centre of core to 2x0.5sin 6=sin 6
centre of strand
Fig. S-2.2

Diameter of nonconducting core = 1.25 — 2 x (0.25) = 0.75 cm
Note: Core is nonconducting.

D,, =sin 15° = 0.259 cm D;3=sin30°=0.5cm
D,, =sin 45° = 0.707 cm D,5= sin 60° = 0.866 cm
Dg =sin 75° = 0.965 cm D;7=sin90°= 1.0 cm

Dy, =1’ = (0.25/2) x 0.7788 = 0.097 cm
D, = {(0.097 x 1) x (0.259)? x (0.5)? x (0.707)?
x (0.866)? x (0.965)%} Y12
=0.536 cm
Dh=1m
L =2 x 0461 log =29 = 2094 mH/km
0.536

X =314 x 2,094 x 10 = 0.658 Q/km
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2.3 H, = Il2ny
-1
2ny ;
di=1x dp= “ ay '
dy 1, R
P ALYy LR
2r 1y 2r r
_ MR
L=y Hm Fig. 5-2.3
2.4 Flux linkage of sheath loop due to cable current = 2 x 2 x 107" x 800 x
In 95%200 \yp, 7/m
. . _ 100
Voltage induced in sheath = 314 x 0.32 In e V/km
=260.3 V/km
0.5m i
75
2 Oy
Sheath
Fig. S-2.4
25 Hp= —1 1 __| (1—1):—'—AT/m2
27x3d 2zd 27xd\3 3zd
(direction upwards)
2.6 I X1
T
I X
X12
Loy,
v
Fig. S-2.6

V=X i+ ] Xp =] X+ ] X 1y
V V

=L+, 1=,
' 2 ' J (X = Xpp) 2 J (X = Xg2)



Solutions 5

|:1[ 1, 1 }: Y
j Xl_ X12 X2 - X12 J X
X = (X = Xpp) (X5 = %)

Xi+ X, —=2X5
2.7 a b t t
+1(O) O-1 O O
—25m — 20m t<—0.6 m—~]
Fig. S-2.7
_ 1 1
=2x 10 7(I In———1 In—)
A 225 20
=2 x 107 x 150 In-22
225

=-0.353 x 10° Wb-T/m

, =2x 107 x 150 (Ini—lni)
231 20.6

=—0.343 x 10 Wb-T/m
A =y — Ap = —0.01 x 10™° Wb-T/m
Mutual inductance = (0.01 x 107/150) x 10° x 10° mH/km
= 0.00067 mH/km
Induced voltage in telephone line = 314 x 0.01 x 10~ x 10°
= 0.0314 V/km
2.8 1, =400 £, |, = 400/-120°, |, = 400£120°
Using Eq. (2.40)
A, =2 x107'x 400 (In§+14—120°><ln2 +14120°InE) Wb-T/m
25 20 15
= 00176 x 10* £140° Wb-T/m

0.0176 x 1074 ~140°

400
=176 9400 mH/Km
400

Mutual inductance = x 10°

= 0.0044.£140° mH/km

Voltage induced in telephone line = 314 x 0.0176 x 10* x 10°£140°
= 0.5532140° V/km
29 Heed=15m, s=05m
Using method of GMD
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Dap =Dy = [d (d + §) (d — 9)d]*

= (15 x 155 x 145 x 154 = 15 m
D, =[2d (2d + ) (2d — ) 2d]¥*

= (30 x 305 x 295 x 30)Y4 = 30 m
Deg = (15 x 15 x 30)"° = 18.89 m
D, =(r s’ 9 = ( 92

= (0.7788 x 0.015 x 0.5)Y?

=0.0764 m
Inductive reactance/phase
X, =314 x 0461 x 107 log 1282
0.0764
=0.346 Q/km
2.10 X, =314 x 0.921 x 107 log 0%1 = 31.4/50
D =1.48 m (maximum permissible)
211
a
S
b"‘\ 17.4° :E
b C? b’
|<1.25 m—
b’ =N(4.19)2 + (7.5)2— 2 x 4.19 x 7.5 cos 107.4° I
=9.62m
O
Fig. S-2.11
In section 1 of transposition cycle
D,, = V119x9.62 = 6.35; D,, =V/4.19x9.62 = 6.35
D, = V7.5x8 = 7.746
De = ¥6.35x6.35x7.746 = 6.78
Dg, = v/0.01x10.97 = 0.3312 = D,
Dy, = v0.01x10 = 0.3162
s = 3¥/0.3312x0.3312x 0.3162 = 0.326 m
X = 0.314 x 0461 log 2’8 = 0191 Q/km/phase
0.326
2.12 ' =0.7788 x 15 x 1072 = 0.0117 m

D= YIx4x1x2 ; Dy, = YIx4x1x2 ; Dy = ¥2x1x2x5



Solutions

Dy, = 3/DDpcDen =91280 = 1.815 m
Dy, =Dy = Dy = +/0.0117x3 = 0.187

D, = 0.187 m
L = 0.461 log=8L2 = 0455 mH/kmiphase
0.187
2.13 1 2 3
I D1z I Da3 I
| D13 |
Fig. S-2.13
D,3 = 2D, = 2D,, = 2d
32dxdxd =3
Y2d=3 .. d=238m
2.14 Refer to Fig. 2.16 of the text book.
Case (i) 2m? = A
r=ARYY? .. r’=0.7788 (A2n)Y?
Self GM.D = J/r"d =/(0.7788) d (A/ 27)"2
= 0557 d'2 AY
Case (ii) 3m?=A - r=JA37
Self GMD = (r'dd)® =/(0.7788)3 (A/37)Y6 423
= 0633 d?3 AY®
Case (jii) Aam*=A .- r =/Al4x

Self GMD = {/r” dd 2¥2d

=109 {r’ d®

=1.09 (0.7788)Y4 (—) o4
4

= 0746 d¥* A8
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31

3.2

Chapter 3
V, = = V| £0°
V3
Vg = V| £30°
Vie = [V] £—90°
Ve = V| £150°
Dab = Dbc =D
Dy = 2D Fig. S-3.1
1 r D
Vy = — In—+ In—+ In—)
ab 27k Ga O D Oc 2D
1 D
Vg = H(qaln—+qbln 5 +qCIn2D)
1 .
Vg = Tzk( In—+ gy In— 5 +qCInE) = |V| £30° (1)
1 r -
Vo= — In—+ In— | = |V| £=30° i
ac zﬂk(qa Rt 20) VI (if)
at G+ 0 =0 (iii)

EIiminaIing g, from (i) with the help of (iii)

20, In D, gc In 2—? = 27k |V]| £30° (iv)
Eliminating g, between (ii) and (iv)

20,n2in " —q,2Pin P =2m [InL430°—InRL—30°}
r 2D r 2r 2D 2r

2;zk|V|[|n £30°- |n54 300}

q, = F/m (v)
: 2inBin _1n28p 2
r 2D 2r
a = 2nf q, £90° A (with g, given inv) (vi)
Mutual GMD (calculated from the first
transposition cycle) ] F—om _2) )
(o

]

r =001m 6
D,y = V2x6.32 = 3555 = Dy, N )
b O ,97\@ b

N
3

e

N
3

f~

Doy = V4% 6 = 4.899 \@
Deq 1[ DabDbc - 3 955 m [ O a’

Self GMD (calculated from the Fig. S-3.2
first transposition cycle)



Solutions I 9

D, = +0.0I1x7.21 = 0.2685 = D,

Dy, = Y0.01x6.00 = 0.2449; D, = 3/(0.2685)2 x 0.2449 = 0.261
_ 00242 _
og=—">
0.261
33 00242 _ 561 Fkm
log (4/1)
4
log (4/r) =242, r= ———— =0015m
9 (4 log™2.42
In new configuration, D, = Y4x4x8 = 5.04
c=-202% - 00096 pFkm.
log—=
g
0.015

34 Heed=15m, s=05m, r =0.015m
Deq = ¥15%x15x 30 = 18.89

D, = v0.015x0.5 = 0.0866

C= % = 0.0103 uF/km to neutra
log—
0.0866
a b c
35
Q Q Qr= 0.0025 m
I 2m I 2m I
Fig. S-3.5
At a certain instant g, = 0, = q
Qa+Qb+qC:0 qC:_Zq
1 2 0.0025 2)
Vy, = ——|qgln +qgln -2g9ln=|= 775
7 2k (q 00025 1" any
—12
q= _T75x7k _ _775x 7 x885%10 % 1000
In1/2 In(1/2)
= 3.08 x 10™° coulomb/km
3.6 D=7m r=0.0138 m

Dap= Y7Xx28x7x14=11.772; Dy = 11.772
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Dea = ¥14x7x14x35 = 14.803; Dey =3/(11.772)2 x14.803
= 12.706

D, = J0.0138x21 = 0538 = Dy, = D, .. D, = 0538

_ 00242 _

lo
90,538
Susceptance B = 314 x 0.0176 x 10° = 553 x 10° u/km

37 e= -4 v/m
27ky

R

_(_O
V12 - r=0.00328 m
r Zﬂ-ky R =0.00578 m
_ 9 ,.R
Vo= —In—
27 omk r
c= 9 _ 27k _ 27x38x885x10°% _
"\, InRr |, 000578 Fig. S-3.7
0.00328
=373 x 10? F/m
12
X = L 10 = 854 x 10° Q/km
o C  314x373x1000
38 r=001m
-3 _
Deq = ¥5x6x7 = 5943
= 00292 _ 575 « 102 uFkm
log 2943
og=—"——
0.01
3.9 ‘q g
r© Q-
| D |
' |
Fig. S-3.9

The expression for capacitance is derived in Sec. 3.4 [see Eq. (3.4 ¢)].
r=0.003m
D=035m

Electric stress is maximum at conductor surface.

_ 9
E =_41
A 2akr



Solutions I 11

|
Omax = 25 % 10° x 27 x 885 x 1072 x 0.003
=150 x 7 x 885 x 10° coulombs/m

Cap= O = 5.854 x 10 uF/km
|Og'_

0.003
Omax 150 x 7x8.85x107%°

Cp 5854x10°x10°x107°
= 71.24 kV

V,p (max) =
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Chapter 4

4.1 Choose Base: 100 MVA

4.2

11 kV in generator circuit
220 kV transmission line

66 kV load bus
Reactance T,=0.1 pu
Reactance T,=0.08 pu
R 150x100
Reactance transmission line = W
= 0.31 pu
Load: 60 _ 0.6 pu MW; 0.9 pf lagging
100
_ 60 _
Voltage V, = — = 0.909 «0°
66
current 1,= 28 o580 = 0.6667./-25.8° pu
1x0.9

Generator terminal voltage
V, =V, +j (0.1 +0.08 + 0.31) x 0.6667 £—25.8°
=0.909 + 0.327 £64.2°
=109 «15.6°
V4] (line) = 1.09 x 11 = 12 kV

X741 XL X12

Xg Xm

Fig. S-4.2

Base: 100 MVA
220 kV in line

220 x 33 33 kV in generator
220



Solutions 13

220 x o 11 kV in motor
220

Per unit reactances are:

2
Xg=02 (@)x(é) = 0.287
¢ 40/ \33
100

X7 =03 x (—) =06
m 50

Xp, =015 x 19 = 0375
40

Xrp = 015 x (@) =05
30

_ 50x100
(220)?

. = 0.103
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Chapter b

5.1 |Vg| = 11/4/3 = 6.351 kV

IZ| = ¥10% +122 = 15.62

Using Eg. (5.10)

= 2||;/|R|sin (dr+ 60— 90°)
= 2x6351 g 50 - 737 A
15.62
P= 43 x 11 x 737 x 0.707 = 992.75 kW
(b) ¢ = cos™ 0.85 = 31.8°

g+ 6 —90°= 31.8° + 50.2° — 90° = — &°

Since it is negative, no solution for P is possible which would give
zero voltage regulation.

5.2 a=1 A=09 /15
b=z, =100 /67° B = 150 /65°
c=0 c=7?
d=1 D=09 /15°
AD-BC=1 () ~c=AD=1_08L231 5, 1960

B 150/65°

A = Aa+ Be B’ = Ab + Bd
C'=cCa+ Dc D’= Cb + Dd

A'=09 £15° x1=09 £15°
B’'=09 £15° x 100 £67° + 150 £65° x 1 = 239.9 /66.3°
C’= 0.001£102.6° x 1 + 0.9£1.5° x 0 = 0.001£102.6°
D’ can be calculated using relation (i)
D’'=(1+ B'C )/A =085 ~£1.96°

/4x5%x6

53 (@) L=0461lopg —=222_ =129 mH/km
@ . 0.7788x 1072
c=— 20242 __ 009 upikm
log 4x5%x6
1072

R=200 x 0.16 = 32 Q; X = 314 x 1.29 x 10> x 200 = 81 Q



Solutions 15

54

(b) g

Z=32+ j8l=871 £684°
Y=j 314 x 0.009 x 107° x 200 = 0.00056 ~£90°
A=1+ YZ/2=1+ 0024 £158.4° = 0.978 £0.5°= D

B= \/%: Yz (1+%) =Z (1+ YZI6) = 864 £68.6°

C= \/; VYZ (1 + YZ/6) = Y(1 + YZ/6) = 0.00056 £90.2°

_ 50
V3x132x0.8

Vg = 132//320° kV = 76.21 £0° kV

V= AVi + Blg
= 0978 £05° x 7621 £0° + 86.4 £686° x 02734 /-36.9°
= 9552 /7.8° kV

Vgl (line) = v3x 9552 = 165.44 kV

lg= CVg + Dlg
= 0.00056 £90.2° x 76.21 £0° + 0.978 £0.5° x 0.2734/— 36.9°
= 0.244 £-28.3° kKA

Sending-end power factor = cos (28.3° + 7.8°) = 0.808 lagging

Sending-end power = /3 x 165.44 x 0.224 x 0.808 = 56.49 MW
(c) Efficiency of transmission = 50 x 100/56.49 = 88.5%

[VRl (no load) = 165.44/0.978 = 169.16 kV
(d) Per cent regulation = (169.16 — 132) x 100/132 = 28.15%

Note: As both efficiency and line regulation are poor, compensating
capacitors must be installed at the receiving-end to transmit this amount
of power.

£-36.9° = 0.2734 /-36.9° kA

Vs

Ir
[1]1X

Y 9R

VR

Fig. S-5.4 a

. 18x1
Vel = [Vs| = 230/+/3 = 132.8 kV; Sn ¢ = ————— = 0.068
Vsl = VRl Pr > 1328
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[R=998 + j 68 A cos ¢g = 0.998
I (load) = 998 — j (998 tan cos™ 0.85) = 998 — j 618.5
lc (syn cap) = j (6185 + 68) = j 686.5

l l

j686.5 998 — j618.5
Fig. S-5.4 b

998 + j68

(a) Rating of syn cap = /3 x 230 x 0.6865 = 2735 MVA
(b) I|= 1,174 A

(c) Load = v/3 x 230 x 1.174 = 467.7 MVA

| 150 £75° Q Vv, 150 £75° Q | Y
35.5. Vs S M — R R
- 120 £0° I

V3

I )
=69.3 £0° kV c L D

0.0025 £90° O —

Fig. S-5.5

Iy = «/5470120400 = 0.1925 £0° kA
Vy = Vg—150 £75° Ig = 69.3-150 x 0.1925 /75° = 67.83 £-24.3° kV
lc = 0.0025 x 67.83 £65.7° = 0.17 £65.7°
_ 10
W= 5 6783
Ig=lg—lc— I, = 0.193 — 0.17.£65.7°-0.049/-24.3°
= 0.149/7.7° kA
Vg = Vy — 150475 | ;= 67.83 /-24.3° — 288 ,9.2°
= 77.32/-4.28° kV

Vel (ling) = V3 x 77.32 = 133.92 kV
pf = cos (40.28 + 7.73) = 0.669 leading
Load = +/3 x 133.92 x 0.149 x 0.669 = 23.12 MW
5.6 Given
IV (line) = 220 kV, A =0.93 + j 0.016 = 0.93 £1°

I, = 0.049 £24.3° KA



Solutions 17

B=20+ j140 = 1414 £81.9% Pr =60 x 0.8 = 48 MW
Qr =60 x 0.6 = 36 MVAR;
After substituting these values in Egs (5.61) and (5.62), we get

220 |Vg| 093, 2 ;
48 = ————cos (81.9° — 0) — ——|V|” cos 80.9° i
7 ( 0) 11 4I Rl (i)

220 |Vr| 4 093\, 2 -
36=——" 3n(81.9° - 9) — ——|Vg|" sin 80.9° i
1414 ( 2 1414I W (i)

or [Vq cos (81.9° — &) = 30.85 + 6.69 x 107 |Vg[* (iii)
Vx| sin (81.9° — &) = 23.14 + 4.17 x 1073 V5[ (iv)

Squaring and adding (iii) and (iv)
V5|2 = 1487 + 0.2343 |Vg|* + 1784 x 107 |Vg|*
0.1784 x 107* |Vg|* — 0.7657 |Vg[* + 1487 = 0
Solving |Vq[* = 4.088 x 10* (Taking the higher value)
Vgl = 202.2 kV
5.7 From Problem 5.3: Y = 0.00056 £90°, Z = 87.1.68.4°
Vg = 7621 L0°kV; |5 = 02734 £— 36.9° kA

871
= JZIY = £ —21.6°=3944 ~£-10.8°
% 0.00056

= 1 vz = L /871x0.00056 /158.4°
| 200
= 1104 x 107 £79.2°
a=0206 x 103, [f=1.084 x 107
(VoZ, + 19/2 = (%410.8% 0.27344 - 36.90) /2
= 0222 /-21.7°
(VH/Z, — 19)/2 = 0.083 £109°
At the receiving-end (x = 0)

. . Vi/Z, +1
Incident wave, i, =2 Vo/Zetr

cos (wt + ¢;)

= 0.314 cos (wt — 21.7°)

. Vi/Z.—1
Reflected wave, iy, = J2|YR/Z =R

cos (wt + ¢,)

=0.117 cos(wt + 109°)
At 200 km from the receiving-end (x = 200)
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. Ve/Z. +1
|X1:«/§% e™ cos (ot + Bx+ @)
. Ve/Z.— |
|X2:«/§% e cos (wt — fx+ ¢,)

e™ = 02 = 1042, e = %92 = 0.9596
pPx =1.084 x 103 x 200 = 0.2168 rad = 12.4°
iyy= 0.327 cos (wt — 9.39)
iy, = 0.112 cos (wt + 96.6°)
5.8 A= cosh y1 = cosh ol cos gl +jsinh o sn g1 =093 + j 0.016
cosh a | cos gl = 0.93; sinh al sn gl = 0.016
(0.93)2 . (0.016)2
cosh? ol sinh?a
[Exact solution can be obtained numerically]
Let us approximate cosh al = 1+ o2 1%/2; sinh ol = al

(0.93)2 N (0.016)?

212\2 2|2
) °
2

or 1=

1=

212\2
Since ! will be very small for | = 200 km; (l+ 0:2I j = 1.

2
A% = (0.016)" oo o = 0.0435

1-(0.93)?
o= 0.0435/200 = 0.218 x 10~ rad
(It is a fair approximation)

Now cos Al = 093
cosh al
cosh al = (e + e?)2 = —10445;0'9574 =1

cos Al =093 .. f=cost0.93/200 = 1.882 x 107 rad
B=2Z.sinh y1 =20+ j 140 = 141.4 /81.9°
snh p =yl =(a+jB)l = (0.218 + j 1.882) x 0.2 = 0.379 £83.4°
_ B 1414 /819°
%% Gnhrl 0379 28340

= 3731 £-15°



Solutions I 19
1

Wave length A = 2413 = 2741.882 x 107 = 3,338 km
Velocity of propagation, v=f4 =50 x 3,338 = 166,900 km/sec
Now A =093 Z1° B =1414 ~«81.9°
AD-1 _ 0.865,2°-1
B 1414./819°
Vg = 220//3 £Q° = 127 £0° kV
= 50
V3x220x0.8
Vg= 093 £1° x 127 £0° + 141.4 /81.%P x 0.164 /-36.9°
= 1358 £7.8° kV
Is=0.001 £85.7° x 127 £0° + 0.93 £1° x 0.164 £-36.9°
= 0.138 £15.6° kA
Sending-end power factor = cos (15.6° — 7.8°) = 0.99 leading
Sending-end power = 3 x 135.8 x 0.138 x 0.99 = 55.66 MW
Transmission efficiency = 50 x 100/55.66 = 89.8%

59 7/ =7 sinhyl ;7//2:1 tan y1/2 _ 1 coshyl—l
1 2 112 Z.\_ sinhyl

C= = 0.001 £85.7°

£-36.9° = 0.164 £-36.9° KA

Z. = JJZIY =131272.391073 £/90° = 362.2 /-8.85° Q
As aready computed in Example 5.7 (see Text)

yl =0.362 £81.20% cosh yl =0.938 + j 0.02 = 0.938 ~£1.2°
sinh yI =0.052 + j 0.35 = 0.354 £81.5°

Z =131.2 £72.3° x 0.354 ~81.5%0.362 ~81.2° = 128.3/72.6°
Y _ 1 . 0.938+0.02-1
2 362.2/ —8.85° 0.354.,815°

5.10 | 6, 6,
30 +/oe11
30 + jQe2
1 |V4]£0 j6 |Vl £6 2

40 +j30 10 +jQr 10+jQs 20 +26.67
Fig. S-5.10

= 0.00051 £89.5°

Ppy+ j Qo =40+ j 40 tan cos™ 0.8 = 40 + | 30;
IVq| = [V, = 22 kV
Poo+ ] Qp, =20+ j 20 tan cos™ 0.6 = 20 + | 26.67
_22x22

Ps=Pr= sn 6=10 .. sn ¢ = 60/484
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o=7.12°

Qs = - Qe = Vi - Mill%eloos 5

= 2X22 22X22 s 710 = 0622 MVAR

6
At bus 1
Qg1 = 30 + 0.622 = 30.622 30 +0c,
1
of, = cos tant 30.622
30
=07 |agg|ng 40 + ;30 10 —0.622
At bus 2 |
Qg, = 26.67 + 0.622 = 27.292 ) 30 +jQe2
_ 1 27.292
pf = cos tan 30 10 +0.622 20 +26.67
= 0.74 lagging

5.11 R =400 x 0.035 = 14 Q; X = 314 x 10 x 400 = 125.6 Q
Z=R+jX=14+ | 1256 = 1264 /83.6°
Y = 314 x 0.01 x 107° x 400 £90° = 1.256 x 10> £90°
Using nominal-7z

A=1+ %YZ =1+ % % 1.256 x 1073 £90° x 126.4 /83.6° = 0.921./0.6°

B=27=126.4/83.6°
From Eqg. (5.61) we can write

2
Pr=0= ) s 8360 - ) — 2928 (275)2 cos (83.6° — 0.69)
126.4 126.4
cos (83.6° — &) = 0.921 cos 8° = 0.112 .. & = 0.05°
From Eq. (5.62)
2 2
0= @15 g gae_ O9RLX(2757 oy
126.4 126.4

= 47.56 MVAR lagging
512 Py + jQp =20+ j 2tan cos™ 0.85=20 + j 1.24
—1Qc

: =—j21
Pz + ]Qr

=20-j 086
= 2.18 MVA, 23.3° leading
pf = 0.918
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Z=3+ 10 = 1044 £73.3°
ln = (2-18/4/3x11) £233° =0.1144 /23.3° KA
Vo =Vg+ Z g
=113 + 1044 £733° x 01144 ,/23.3°
=633 £10.8°

IVd (line) = /3 x 6.33 = 10.97 kV
Is =1z = 01144 £23.3° kA
Sending-end pf = cos 12.50° = 0.98 leading

Sending-end power = V3 x 10.97 x 0.1144 x 0.98 = 2.13 MW
x 100 = 93.9%

= 2130

Voltage regulation = (10.97 — 11) x 100/11 = — 0.27%
513 Py +j Qy =30+ j 30 tan cos™ 0.85 = 30 + j 18.59
o = L
R J3x33x085
=0.6175 /- 31.8° kKA
Z=5+]20=20.62 £76°
Vg = 33/ J3 +20.62 £76° x 0.6175 ~/— 31.8°
=2054 ~£17.5°

IVd (line) = /3 x 29.54 = 51.16 kV
From Eq. (5.66) [|Vg = 33 kV]

Z— 31.8°

Ppb =Pgr =30
2 2
= ﬂ cos (76° — o) — (33) cos 76°
20.62 20.62
Solving, we get ¢ = 40.1° 30— j20.28
From Eq. (5.67) |
C AP b
= 5062 " (767 —40.1°) j3887 30 +/18.59
(33)2 Fig. S-5.13

sin 76° = — 20.28
20.62

Q¢ =—(18.59 + 20.28) = — 38.87
= 38.87 MVAR leading
From Eqg. (5.66) with (60— 0) = 0°

(33

Prmax) = - 6

(1 — cos 76°) = 40 MW
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1
514 A=0938 £1.2° B = 1312 L72.3°

2
Receiving-end circle OCy = 0938x (220)° _ 346.0 MVA
1312
Po+ ] Qp=50+j50tan cos* 0.8 =50 + j 37.5; 6 = 36.9°

p— =723 —-12°=711°

MVAR
[Scale 17 = 100 MW]
M
5 MW
(B-0)=71.1°
OCk = 346.0
ot =400 = 2221Vl
RUEZTET 4312
400 % 131.2
Vsl = —————
220
5.5° = 238.5kV
§=12°+55°=67°
Cr
Fig. S-5.14 (a)

Sending-end circle

OCg = 0938 (238.5) = 406.6 MVA
1312

o0+ a=6.7°+12°=79°
pf = cos tant 10

53
=0.983 leading
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Cs

a+0=7.9°

400

B-a=71.1°

L

0O T

Fig. S-5.14 (b)

515 Z=5+ )25 =255 £78.7°
Pob+jQp=15+j15tan cos* 0.8 =15+ j 11.25

2 2
Pr=Pp=15= (SO cos (78.7° — 9) (33) cos 78.7°
255 255
25.
cos (78.7° — 0) = —552 x 15 + cos 78.7°
(33
0=219°
2 2
o = B3 6n 7870 - 2099 - & gn787°
255 S
2
= (33) [sin 56.8° — sin 78.7°] = — 6.14
255
Q¢ =17.39 MVAR leading
15 -j6.14
|
o
j17.39 15 +j11.25
Fig. S-5.15
Now [Vgl = 28 kV

Pp+j Qp =Pp (1 + j tan cos™ 0.8)
=P, (L+ ] 0.75)
Pt Qr=Pp+]j (075 Py — 17.39)
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33x 28 (28)°
Pr=Pp = cos (78.7° — ) — —— cos 78.7°
ROP~ 255 ( 9~ x5
2
0.75 Pp — 17.39 = 33X 28 gn (78.7° — ) = % sin 78.7°
or cos (78.7° — ) = 55 Pp + 28 0s78.7° = 0.0276 Py + 0.1663
33x 28 33
sin (787° — &) = 255x 0.75 o 255x17.39 28 . o,
33x 28 33x 28 33
= 0.0207 Py + 0.352
Squaring and adding
1=119 x 10° P3 + 237 x 10° P + 0.1516
or P3 +19.92 P, —0713 x 10°= 0
b . —1092z J(19.92)% + 2.852 x 10°
5=

2
=18.54 MW (negative solution is rejected)

Extra power transmitted = 18.54 — 15 = 3.54 MW

Note: It is assumed in this problem that as the receiving-end voltage drops, the
compensating equipment draws the same MVAR (leading).
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Chapter 6

6 1 J1 1 Y12 2 J2

Sﬂ@ @?Sz

}/10[

Jgo

Fig. S-6.1(a)

Fig. S-6.1(b) Linear graph of the circuit of Fig. S-6.1 a

For this network tree is shown in Fig. 6.3 (a) and hence A is given by Eq.

(6.17).
This matrix is not unique. It depends upon the orientation of the elements.
1 2 3
6.2 B 1 -1 0 b
0.04 + j 0.06 0.04 + j0.06
-1 1 1 -1
Yaus = : . + - -
0.04+j0.06 | 0.04+j0.06 0.02+j0.03 | 0.02+ j0.03
0 1 1
i 0.02+ j0.03 0.02 + j0.03 |
05 -05 0
Ygus = 27.735 £-563° |[-05 15 -1
0 -1 1

From Eq. (6.45)

_ A
V%—(Vz—o)*—levl—Bza\/g
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Here A, = R-JQ _ -596-)146
Y, 41602 £/ -56.3°
B = h _ —13867 £-56.3° B = h _ =27735
Y,  41602,-563 " 2 Y, 41602

1_ —59-j146 13867 A 27.735
V5 = + + x 1.02
41602 £-56.3° 41602 41602

=0963 - j 0.138 = 0972 /- 8.15°

6.3

Xr=j0.4
Yr=—-j25 Xine
Vi V4 1 J
O | % E (1-j4) > Load=2+0.8 pu
v1=1|.040 v2|:? Py+jQy=—-2-j0.8
1.04 :1

Y
Yiotal = 0.1445 — j1.56

Fig. S-6.3

o . [01445-j156 -Ol445+ji56] .
BUS™  |_01445+ j156 01445-j156 |'
— L (01445- j156) :ﬁ (~01445 + | 156)
I
Modified Ygys = | {204

Vi = -2+j08 1 -01445+])156
? 01445- j156 (L04) 0.1445- j156

=0335-j 1222 =126 /- 74.66°
Z (series) = 0.1+ j 0.7 Q/km

@ Y (shunt) = j 0.35 x 10° /km
1

6.4

Y12 2
| S

Y14

Y13 Y24

Y34

W] O ol e

| —

J:_ o

Fig. S-6.4 (a)
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Fig. S-6.4 (b) Linear Graph Fig. S-6.4 (c) TREE
ANHORONONC
1/ 1 0 0 0
2,0 1 0 0
3/0 0 1 0
A= 4/ 0 0 0 1
500 0 1 -1
6/-1 0 0 1
711 -1 0 0
8/ 0 -1 o0 1
9 -1 0 1 0
(b) Base MVA = 100, Base kV = 220
Yoo (shunt) = j 935 105 x (2207 _ j 84.7 x 10°/km
2 2 100
Z,, (series) = (0.1+j 07) x Loz = (2.066 + j 14.463) x 10%km
(220)
Y, (series) = m - (968 — | 677.6)/km

The permitive admittance matrix (diagonal matrix) for the system will
be

Yio =j 847 x 107 (100 + 110 + 150) = j 0.3049
Yoo =] 847 x 107 (100 + 100) = j 0.1694
Yao =j 847 x 107 (110 + 120) = j 0.1948
Yao =j 847 x 107 (100 + 120 + 150) = j 0.3134
Y =| Ys =(96.8 — j 677.6)/120 = 0.807 — j 5.65
Y14 = (96.8 — j 677.67)/150 = 0.645 — | 4.517
Yy, = (96.8 — j 677.6)/100 = 0.968 — j 6.776
Vo4 = (96.8 — j 677.6)/100 = 0.968 — j 6.776
Y3 = 96.8 — j 677.6/110 = 0.880 — j 6.160




28 Modern Power System Analysis

Yaus = ATYA
1 2 3 4
1[ 2.493— j17148 -0.968+j6.776 —0.880+ j616 —0.645+ j4.517
2|-0.968+ }6.776 1936- 13383 0 ~0.968+ j 6.776
~ 3/-0.880+ }6.160 0 1687-j11615 -0.807+ j5.65

4/ -0.645+ 4517 -0.968+)6.776 —0.807+ j5.650 2.42- j16.63
6.5 Pg; = 0.6; unknowns are 6,, d;, Qg1, Qgp ad Qgg.

_j10 j5 |5
Yeus=| 5 -j10 |5
i5 j5 —j10

From Eq. (6.37) after substituting the relevant data (5, = 0) we get
14 =10 6, —50;; — 1 =-56 + 105
which give
6 =012 rad = 6.87°, ;= — 0.04 rad = — 2.29°
Substituting the various values and values of ¢, and J; in Eq. (6.38) and
solving we get
Q; =0.040 pu, Q, = 0.100 pu; Q5 = 0.068 pu
.. Reactive power generations at the three buses are
Qg1 = Q; + 0.6 = 0.640 pu
Qg2 = Q, = 0.100 pu; Qgz = Q3 + 1 =1.068 pu
Reactive losses on the three lines are

3 3
Q=) Qs— D, Qp = 1808 — 1.6 = 0.208 pu
i=1 i=1
Using Eq. (5.71) we can find real power flows as:
1 .
P, = — sin (- 6.87°) = — 0.598 pu
2755 ( ) p

1 .
P,, = — gn 2.29°
B 02

0.200 pu (Notice P;, = — Pgy)

1 .
P,, = — sn 9.16°
202

0.796 pu

For reactive power flows Eq. (5.69) is used.

0, =0, = L7 0s(-687°)

= 0.036 pu
0.2 P



Solutions 29

1-cos2.29
Qi3 =Q3 = ———— = 0.004 pu
0.2
1- cos9.16°
Q3 = Qg = 702 = 0064 pu

Various line flaws are indicated in Fig. S-6.5.

G1 GZ

l 1.4 +;0.100

JO.?% +j0.064
6.796 —j0.064
3

jroes} T 414

Fig. S-6.5 Load flow solution for the sample system

lo.e +/0.64

0.598 —0.036

N

0.598 +0.036

0.2 +;0.004

0.2 -,0.004

6.6 (@ |V4]=1pu, |V, =104 pu V5] = 0.96 pu; Pg; = 0.6 pu
0, = 0 Substituting the data in Eq. (6.37) we get
14=104 x5 &, + 1.04 x 096 x 5 (5, — &)
-1=09 x5 0;+ 104 x096 x5 (55— &)

Simplifying, and solving we get
0, =0.1164 rad = 6.66°; 0; = — 0.0427 rad = — 2.45°
Substituting the values of various quantitiesin Eq. (6.38) and solving
Q, =0.0395 pu, Q, = 0.722 pu, Q; = — 0.508 pu
Qgy = 064, Qg, = 0.722, Qgs = 0.492 pu
Q =X Qg — X Qp = 1.854 — 1.6 = 0.254 pu
Red line flows

p = p, = MM g, 5
Xik
plz:ch2 sn (- &) =- 058 pu=-5sin 6.66°

Piy = oo SN (- &) = 58 245° = 0214 pu
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P, = 0_12 sin (8, — &) = 5 sin 9.11° = 0.792 pu

_ P M

COS &
Xik Xik

.. Reactive power flows:
1 1x104
Q=02 0.2

Qy =0.243 pu; Q3= 0.204 pu
Q3 =—0.188 pu; Q3= 0.479 pu; Qg =— 0.321 pu

cos (— 6.66°) = — 0.165 pu

1.4 +/0.722

0.6 +,0.64

— —)

0.58 +j0.165 0.58 +j0.243 )
0.792 +j0.479

ﬂ]gz —j0.321
3
jo.492 } ;|7 e

Fig. S-6.6 (a) Load flow solution for the sample system of Problem 6.6 a

1+j0.6

0.214 +j0.204L‘

0.214 +jo.188\

It immediately follows from the load flows of Problems 6.5 and 6.6
(a) that there is no significant change in real power flows but the
reactive power flows have changed significantly.
(b) Vil = [Val = V3| = 1.0 pu; Pgy = Pg, = 1.0 pu, Pgz =0
6, =0, From Eq. (6.37), substituting
P, =10and P; = — 1, we get
1=1046,-5dad-1=-5 4, +10 &
Solving 6, =— 0.0667 rad = 3.82°
= - 0.0667 rad = — 3.82°
Substituting the values of & and J; in Eq. (6.38) we get
Q; =-0.022 pu; Q, = 0.055 pu
Qg1 = Q; + 0.6 = 0.622 pu, Qg, = Q, = 0.055 pu
Qgs =Qs +1=1.055pu, Q =1.732 — 1.6 = 0.132 pu
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Real line flows
Py, =—0.333 pu, P;3 = 0.333 pu

P,; = 0.664 pu
Reactive line flows
1- cos(-382°
Qi =Qy = 1-cos(-3827) = 0.011 pu
0.2
1- cos3.82
Q3 =Qp3= — - =0011 pu
0.2
Qo3 = Q3 = 0.044 pu
G1 G2

1+0.622 1+/0.055

—~—

0.333 —0.011 0.333 +,0.011 )J
0.664 +j0.044

N

0.333 —;0.011

0.333 +,0.011

*/0.664 —j0.044
3

j1.055 } ; 17

Fig. 6.6 (b) Load flow solution for the sample system

It is noticed from the load flows of Problems 6.5 and 6.6 (b) that
while there are significant changes in real power flows, the changes
in reactive power flows are much smaller.

6.7 (a) (i) Vy/V; =099 or o = 1/0.99

—j5[1+1/(0.99)?] j5/0.99

. i5
=—j101015 = ] 50505 :
Ygus, Modified = j 50505 -j10  j5
i5 ji5 -j10
(i) a= e
-j10 j5el¥=5,93 |5
Ygus modified = | j5e71% =5.,87° ~j10 j5

i5 i5 ~j10
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|
(b) P, =14=5.0505 &, +5 (& — &)
P3=-1=58+5(84- 5)
Solving we get
6, = 0.119 rad = 6.82°;

03 = —0.0405 rad = — 2.32°

Q, = — 5.0505 cos (— 6.82°) — 5 cos 2.32° +10.10152
= 0.091 pu

Q, = —5.0505 cos 6.82° —5c0s9.14° + 10 =0.049 pu

Q; = —5c0s(—2.32°) - 5 cos 9.14° + 10 = 0.068 pu
Qg1 = 0.691 pu, Qg, = 0.049 pu, Qgz = 1.068 pu

Q. = 1.808 — 1.6 = 0.208 pu

P, = 0.600 pu, P53 = 0.202 pu, P,; = 0.794 pu

(1/0.99)> 1/0.99
= — cos — 6.82° = 0.087 pu
Quz 0.2 0.2 P
1 1099
Qo = 02 02

Qi3 = Qg = 0.004 pu; Qy3 = Q3, = 0.064 pu

cos 6.82° = — 0.014 pu

1.4 +/0.049

0.6—j0.014 )
0.794 +j0.064
0.202 +j0.004

0.202 - jo.ooN / 0.794 - j0.064
3
j1.068 ;L .y

Fig. S-6.7 (a) Load flow solution for « = 1/0.99

0.6 —j0.81

Remark: Only the reactive flow on the line with
regula;ing transformer is changed. 5 Vi
Case (i) o= ¥ i .
&, =—3° or — 0.0523 rad. !
Py = Yal (6, = 6 + 3°) (0.0523 rad)) + [Yas| (&, — &)
P = Y| (55— 6) + [Yg| (63— &)
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14 =5 (6, + 0.0523) + 5 (5 — &)
—-1=5&+5(5-9)
Solving we get
0, =0.0852 rad = 4.88°; 0; = — 0.057 rad = — 3.29°
Q =—[Yyo| cos (6, = &, — 3°) — [Yy3| cos (& — &) + |Yqq]
=—5 cos (— 7.88°) — 5 cos 3.29° + 10 = 0.055 pu
Q; =— Yy cos (6, — & + 3°) — [Yyg| COS (6, = J5) + [Yyyl
=0.098 pu
Q3 =0.059 pu
Qg1 = 0.655 pu, Qg, = 0.098 pu,
Qgz = 1.059 Pu, Q, = 0.212 pu
Real line flows
P, =5sn (6] — &) =—5sn 7.88° = - 0.685 pu
P13 =5sin (6, — d;) = 5sin 3.29° = 0.287 pu
P,y =5 sin (6, — &) = 5sn817° = 0.711 pu
Reactive line flows
Qy, =5-5co0s (6 — &) =5 (1 — cos 7.88°) = 0.047 pu
Qi3 =5 -5 cos (d;, — &) = 0.008 pu; Q,3 = 0.051 pu

0.6 +/0.655 1.4 +/0.098

0.685 +0.047 )
0.711 +j0.051
0.287 +;0.008

0.287 —j0.00% ﬂ.m —j0.0511
3
T 1+ 1

Fig. S-6.7 (b) Load flow solution for the sample system o = je™’

0.685 — j0.047

Remark: With introduction of phase shifting transformer in line 1-2, the real
load flow changes much more than the changes in reactive load flows.
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6.8
(PQ) 1 —ir b 20
(PQ)3— Jg— 4(PQ)

Vy=7? Start at bus 3
Fig. S-6.8

Refer to Ex. 6.4

1 [P
V% = g{iTo)*Qs_YmVl_\@szo _Y34V40}

1 [-1-j05 . . .
= 17171095 ga 14 j3)—(—0666+2) - (-2+]6

Y%{MOO (143 ( i2)-( J)}
_ ;_{2.706— | 1162 }

3666 j11

1.025 — j 0.095 pu
=1029 £-5.3° pu
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Chapter 7

7.1 Data of Ex. 7.2; Pg; = Pg, = 110 MW
From Table 7.1 of the text, for a load of 220 MW optimum schedule is
Pg1 = 100 MW, Pg, = 120 MW
Increase in cost for unit 1 is
110

110
jloo (02 Pgy + 40) dPg, = (0.1 P2 + 40 Pgy) T 610 Rs/hr

For unit 2

110
j (025 Pg, + 30) dPg, = — 587.5
120

. Extra cost incurred in Rghr = 610 — 587.5 = 22.5
7.2 (9 Pg1 + Pgo =300 0)
01 Pg; + 20 =012 Pg, + 15 (i)
Solving (i) and (ii) we get,
Pgr = 310/2.2 = 140.9 MW
Pg, =300 — 140.9 = 159.1 MW
(b) Equal load sharing results in Pg; = Pg, = 150 MW
Increase in cost for unit 1

50
.[::40.9 (01 PGl + 20) dp@,l = 314.36 RYhr

Increase in cost for unit 2
150
'[15 (012 Pg, + 15) dPg, = — 305.27 Rs/hr

9.1
Net saving = (314.36 — 305.27) x 24
= Rs 218.16/day

7.3 (i) Gen. A will share more load than Gen. B.
(if) Gen. A and Gen. B will share load of Pg each.
(iif) Gen. B will share more load then Gen. A.

Pg; =~ 100 + 50 (IC) — 2 (IC)? (i)
P, =— 150 + 60 (IC) — 2.5 (IC)? (ii)
Pes =— 80 + 40 (IC) — 1.8 (IC)? (iii)

Adding (i), (ii) and (iii), we get
400 = — 330 + 150 (IC) — 6.3 (IC)2

or 6.3 (IC)> — 150 (IC) + 730 = 0
IC = 6.821; 16.989
For IC = 6821, — Pg; = 1480,

Pgy = 142.9, Pgs = 109.1 MW
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1
For IC =16.989 — Pg, = 172.2,

Pg, = 147.8, Pg; = 80.0 MW

One of the solutions will be rejected in accounting for the upper and lower
limits of machine loading. Here we reject the second solution.

Note: Since the equations are quadratic in (IC), exact solution is possible
here.

7.5 Fud cost = Rs 2/million kilocalories
C =0.0002 P + 0.06 P3 + 240 Pg + 300
dC

— =0.0006 P+ 012 Pg + 24
dP;

A plot of S—PC V's P shows a good linear approximation between 0 and
G
80 MW to be
dC

—— =0175 Pg + 23
dpR;

7.6 Equation (7.31) for plant 1 becomes
(@) 002 Pg, + 21 By Pgy + 24 B, Pg, = 4 — 16
For 4 = 26, 0.02 Pg; + 52 x 0.001 Pg; = 10 .. Pg; = 138.89 MW
Similarly for plant 2, 0.04 Pg, = 6 or Pg, = 150 MW
Now P_ =0.001 x (138.89)2 = 19.29 MW
Pp = Pg1 + Pg, — PL = 269.60 MW
(b) 002 Pg, + 16 = 0.04 Pg, + 20
Pe1 + Pgp = 0001 Pg, + 269.61
Solving, Pg1 = 310.8 MW; Pg, = 55.4 MW
(c) For part (a)
C; = 0.01 (138.89)° + 16 x 138.89
+ 250 + 0.02 (150)? + 20 x 150 + 350
= Rs 6,465.14/.hr
For part (b)

C; = 0.01 (310.8)* + 16 x 310.8 + 250
+ 0.02 (55.4)? + 20 x 55.4 + 350

= Rs 7,708.15/hr
771,=2-j05pu, I,=16—j04pu I, =18—j0.45 pu
Z,=006+j 024 pu, Z,= Z. =003 + j 0.12 pu
lc | _|18-j04s5
l,+1.| [34-]085
M,, =— 05294, M,, = 0.4706, M, = 0.5294
M,, = 0.4706, My, = 0.4706, M, = 0.5294

= 0.5294
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V; =10 £0° pu

V, =1+ (2—j 05) (0.06 + j 0.24) = 1.319 £20°
The current phase angles at the plants are
(|1: Ib_ Ia’ lp = |a+ Ic)

o = tan_l (O]J— 04) - 1660, 0, = tan_]_ -0.95 _

=- 14
cos (o, —o0p) =—1
The plant power fractors are

pf, = cos 166° = — 0.97; pf, = cos (20° + 14°) = 0.829
From Eq. (7.42)

2 2 2
B, = 0.06(0.5294)* + 0.03[(0.4706)° + (0.5294)°] _ 0.03387 pu

(-0.97)?
B, = 0.06 x (0.4706)? + 0.;)3[(0.47062)2 +(0.5294)°] _ 0.0237 pu
(1.319)? x (0.829)
—1{-0.06 x 0.5294 x 0.4706 + 0.03[(0.4706)? + (0.5294)?]}
1x 1319 x (—0.97) x 0.829
= 96073 x 10~ pu
For a base of 100 MVA
By, =0.03387 x 102 MW, B,, = 00237 x 102 MW™

By, = 96073 x 10’ MW

7.8 Economically optimum unit commitment is obtained below by referring to

B, =

Table 7.3.

Time Load MW Unit number

1 2 3 4
04 20 1 1 1 1
4-8 14 1 1 1 0
8-12 6 1 1 0 0
12-16 14 1 1 1 0
16-20 4 1 0 0 0
2024 10 1 1 0 0

Optimal and secure UC Table
In the above table the modification will take place in the last but one row as
follows:

16-20 4 1 1* 0 0
* = unit started due to security considerations.
7.9 Load cycle 6 AM -6 PM --- 220 MW

6 PM -6 AM --- 40 MW
For 220 MW, referring to Table 7.1 we get Pg; = 100; Pg, = 120 MW.
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Total fuel cost for this period is = Rs 1,27,440 = 00 (See Ex. 7.3) If both
units operate in the light load period also, then Table 7.1 gives Pg; = 20
MW, Pg, = 20 MW
C; = (0.1 x 20° + 40 x 20 + 120
+0.125 x 20% + 30 x 20 + 100) x 12
= Rs 20,520.00

Total fuel cost when both units are operating throughout = Rs 1,47,960.
If only one of the units is run during the light load period, it is easily
verified that it is economical to run unit 2 and to put off unit 1. When the
total fuel cost during this period = (0.125 x 40? + 30 x 40 x 100) x 12
= Rs 18,000
Total fuel cost = Rs 1,45,440
Total operating cost for this case = 1,45,440 + 400 = Rs 1,45,840
Comparing, we can say it is economical to remove unit 1 from service for
the 12 hours of light load period.

7.10 Inequality constraints are considered employing penalty functions. Modi-
fied Lagrangian of Eq. (7.77) becomes

Z= [C(PE) + W (PE) + WX + W(PG,)
m
- A1 (Per + Py — PI'= Pp) + 45 (X" - XM t— "+ M)
+ A3{PS —hy 1+ 05 e (X"+ X" Y) ("~ 9] ()

where W(X) is a Powell’s penalty function of X.
The dual variables are obtained from the equations

0Z dec (P5) + W(pm m op™ ..
= W(Ps) - A7 |1-—1| =0

Ser T apn T WER) - AT |1- Sk (i)

0Z , oR™

e =W/(Pgy) + A% — A7 (l— GPGL"IJ =0 (iii)
< — ’ m m+1 m m
T e N XM + A% — A5 — 2% {0.5hy e (™ - 9)}

#0
— 4" {05 hy e (@™ = p)} = 0 (iv)
a’% — 1l 1 o ’ ’ —
a_ql —/12—/13 h0{1+05 e(2X + J —2q +p)} —O(V)

The gradient vector is given by Eq. (7.82)
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Chapter 8

8.1 fin %
105

104 — 59%

4%—
~—x (400-x)

100%

200 MW

N
o
S
=
=

} ; 400 MW
(200-x)i

Fig. S-8.1 (a)

Generator 1 = 200 MW, 4% droop
2 =400 MW, 5% droop

As the load is reduced to 400 MW, let
load on gen 1 = x MW
load on gen 2 = (400 — x) MW
Rise in freg. = Af
Now  Af/(200 — x) = 0.04 x 50/200 0)
Af/x = 0.05 x 50/400 (i)
Equating Af in Egs (i) and (ii), we get
x =123 MW (load on gen 1)
400 — x = 277 MW (load on gen 2)

System freg. = 50 + 0.02_5:)50 x 123 = 50.77 Hz

fa0
f10 ’ 5%
4%

50 Hz

1 2
133 3 MW 266 3 MW

Fig. S-8.1 (b)

fio —50 _ 0.04x 50
400/3 200

1
o fip= 5175 Hz
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_ 2
fo — 50 _ 0.05x 50 o f,p= 51 Hz

800/3 400 3

82  APy(s)=0 1 APD(s) Kos | AF(s)
e 1+ Tegs ® 1+ Tpss
1R
Fig. S-8.2
Kg Ki =1

1 _ 1 Ky _ 100 1 _1
1+Tys 1+09s’ 1+T,s 1+20s' R 3

100/(1+ 20s 0.01
AF(s) = 100 ( T ) T X

X =%
1+20s 3 1+009s

_ 0056 (1+09s)
s(s®> +116s+191)

(-116+/(116)% — 7.64)/2 = — 058 + | 1.254

AF(S) = — 0.056 (1+ 0.99)
s(s+0.58+ j1254) (s+ 0.58 — j1.254)

S

[72)
1

o(0.58+ j1.254)t
AF(f) = — 0029 — 2 Re {2056 (1+0.99) |
s(s+0.58 - j1254)|

—(0.58 + j1.254)
=—0.029 — 0.04 e8! cos (1.254 t + 137.8°)

Af(t) vst can be plotted from this equation. The response has now become
oscillatory and is therefore closer to the exact response.

Kps

8.3 AF(s) = - 1+ TS

1
K “s
1+ L x(i+ﬁ)[ i J
(1+ Tgs) (1+ Ti9) R s /{1+sTg
icydes: 1 1
K.

t

j Af (1) dt = lim AF(s) = 2 x s

5 s—0 i Ki 50
limt—oeo
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1

Error in cycles is inversely proportional to K;, the gain of integral
controller.

2r T,

8.4 Due to integral action of the block , [Af,(t) — Af,(t)] would go to

zero as t — oo e Af; (e0) = Af, (e0) = Af
Under steady condition substitute s = O for all other blocks (these are time
constants).

For area 1

1

Af ={— (b, Af+ A Pye 1) Kig — = Af— APy 3 — 1} Ky

For area 2
1
Af ={- (b, Af - ay, APy 1) Kiz — ﬁ Af + a;, APy 1 — 1} Kps2

Reorganising we get

[ K;le + Kilbl+%} Af + (Kip + 1) APyep =—1

1 1
[K +Ki2b2+€J Af —ap, (Kip +1) APy ;1 =-1
p2

Solving we get
ap, (Kip +1) + (Kjy +1)
1 1 1 1
ay, (K +1) [K_+ Kiqly + EJ"'(Kil"'l)[K—"' Ki2b2+?J

psl ps2 2

Af = —

AIDtie, 1=

1 1 1
[T*Kilbi+§J‘ 1
ps Kp52+Ki2b2+?
2

ay, (Kiz +1)[%+ Kilbl"'%J"'(Kil"'l) [%‘F Ki2b2+éJ
psi ps2

8.5. For area 1
Ki Kps

= [APue 1 (9 + b AFy (8] x S(1+ TS (1+T8) (L+ Tped)

1 Kps Kps
- X AFy (8) = ———— APyg 1(9
R (14 Tgs) (1+ T;s) (1+ TpsS) (1+ TysS)

B ap (8) = AF, (9
1+ Tes) !
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[ 425 333 }
1+ + AF; (9)
S(1+0.4s) (1+0.5s)(1+20s) (1+0.4s)(1+0.5s)(1+20s)
. [ 42.5 , 100 } AP ()= — 201
s(1+0.4s) (1+0.5s) (1+20s) (1+20s) ! (1+20s) s
[S(1+04 9 (1+05s) (1+20s)+425+ 333 s AF, (9
+[425+100 s (1 + 04 s) (1 + 05 § APy, ; (9 = — 100
(1+04 9 (1+059) (i)
For area 2
[S(1+04 9 (1+05s9) (1+20s)+425+ 333 5] AF, (9)
—[425+ 100 s(1+ 04 5) (1+ 05 8)] APy, (9 =0
[AF, (9 - AF, (9] x 2212 =AR, , (9= 0 (i)
AFy () = AF, (9 + 20s APy, ; (9) (iii)
(48" + 18.25° + 20.95° + 34.3s + 42.5) AF,(s) + (20s® + 90¢
+ 100s + 425) APy ; (9 =—100 (0.2 s* + 0.9 s + 1) (iv)
(4s* + 182 $* + 209 & + 343 s+ 425) Af, (s) — (20s’+ 90s,
+ 100s + 42.5) AP, 4 () = 0 (v)
AF, (s) = AF; (s) + 20s APy 4 (9) (vi)

(4s* + 18.28° + 20.95* + 34.3s + 42.5) AF, (s) + (80s> + 364s
+ 4388% + 7765 + 950s + 42.5) APy 4 (5)
=—-100 (0.2 & + 0.9s + 1)
(45 + 18.2° + 20.95* + 34.3s + 42.5) AF,(s) — (20s° + 905’
+ 100s + 42.5) APy, 1 (9 = 0
From which we get

100(0.2s* + 09s+1)
80s° + 364s* + 458s° + 866 + 1050s+ 85

AI:)tie, 1 (s) = -

To check stability apply Routh’s criterion to the characteristic equation
80s® + 364s® + 4588° + 8665° + 1,050s + 85 =0

s 80 458 1,050
st 364 866 85
s$ 2677 1031

s —5369

Sl

SO

Clearly, the system is found to be unstable.
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Chapter 9

91 Z=5+j314x01=5+j314=318 «£81° LIR= % = 0.02 sec.

Substituting in Eq. (9.1)

=290 gn (314t + 15° - 81°9) + -0 gin (81° - 157
318 318

z

=314 sin (314 t — 66°) + 2.87e™
First current maximum of symmetrical s.c. current occurs at
57.3 x 314t — 66° =90°% .. t = 0.00867 sec
First current maximum
i = 3.14 + 2.87 X * 000867 = 5 A

9.2 For dc off-set current to be zero: o— 6= 81°
(b) For dc offset current to be maximum: & — =90° ... &= 6—90°=-9°

93 A Q P
: 111N 211018 101N * s
j01 j0.15 jO.1 %
jo.2 j1.25 j1.25 j1.25
+ G M + M + M +

Fig. S-9.3

All voltages before fault are 1 pu as the system is operating on no load.
(i) Faultat P
Current to be interrupted by circuit breaker A,

—|
A= 02+01+015+01
(Basecurrentingencircuit =25/4/3 x 11=1.312kA) | , = —j 1.818 pu
I, = 2.386 kA
Current to be interrupted by circuit breaker B,

1 .
l,=——— =—j08pu
B j125 ISP

Base current in motor circuit = 25/+/3 x 6.6 = 2.187 kA
lg = 1.75 kA
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(ii) Fault at Q
- _
Iy = =—j 333 pu= 4373 kA
AT o02+01 ) P
1 .
lg=—-=—j08pu= 175kA
j125
9.4 jo127  ,  j0.08 j0.459 j0125 o j0.249
— T T T —
— 0.71 £25.8°
G ()* 0.939 £0° "
Fig. S-9.4

Base MVA = 25; Voltage base in gen circuit = 11 kV
voltage base in line circuit = 33 kV
voltage base in motor circuit = 3.3 kV
Calculation of pu reactances
Gen = 01 x (12.4/11)* = 0.127
Motor = 0.15 x (25/20) x (3.8/3.3)> = 0.249
Line = 20 x 25/(33)? = 0.459;
Transformer T, = 0.08
Transformer T, = 0.1 x 25/20 = 0.125;

Motor Load: ;—2 - 0.6 MW (Pu) pf 0.9 leading or /25.8°

Terminal voltage = 3.1/3.3 = 0.939 pu
Motor current = 0.6/(0.939 x 0.9) = 0.71 £25.8° pu
Under conditions of steady load:
Voltage at generator terminals
=0939 £0° + 0.71 £25.8° (0.08 + 0.459 + 0.125) ~90°
=0.734 + | 0424 = 0.847 £30°
Thévenin equivalent voltage as seen from P: V° = 0.847 £30°

Current caused by fault in gen circuit (towards P) = 03:4;—14230 = 6.67

£—60°
(Ig (Gen) = 25/(\/3 x 11) = 1.312 KA;
Iz (Motor) = 25/(+/3 x 3.3) = 4.374 kA)
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9.5

9.6

9.7

|
0.847 £30°
j0.913
=093 «- 60°
Motor current during fault = — 0.71 £25.8° + 0.93 /- 60°
=— 0174 — j 1.114 pu = 4.93 kA

Current caused by fault in motor circuit (towards P) =

Base: 1 MVA, 0.44 kV; Line reactance = ?00?4;;21 = 0.258 pu

Reactance of large system = 1/8 = 0.125 pu

Operating voltage at motor bus before fault = % = 0.909 pu
Short circuit current fed to fault at motor bus = 0.909 1t +
0.125 + 0.258

2 X 1) = 20.55 pu
01

Base current = 1/(~/3 x 0.44) = 1.312 kA
Short circuit current = 26.96 kA
Base: 0.5 MVA, 0.44 kV,
0.5
Base current = ———— = 0.656 kA
V3 x 0.44
0.4
Load = — = 0.8 MW (pu
05 (pu)
pf = 0.8 lagging or £— 36.9°

Load current before fault = % /—36.9° =1 £- 36.9° pu

Thévenin voltage V° =1 £0° pu; Thévenin, reactance = j = 0.1 pu
Gen current caused by fault = %1 =—j10 pu

jo.
Post fault current at gen terminals =—j 10+ 1 /- 36.9°=0.8—j 10.6

=10.63 £—-85.7° = 6.97 kA
Bus: 10 MVA, 6.6 kV (Gen), 6.6/31.56 kV (transformer)

Base current = 10/(+/3 x 31.56) = 0.183 kA
Gen reactances: xj = 0.1, x5 = 0.2, x4 = 0.8 pu
Transformer reactance: 0.08 x (6.9/6.6)> = 0.0874 pu
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9.8

|
No load voltage before fault = 30/31.56 = 0.95 pu
(@) Initial symmetrical rms current = __0% = 5.069 pu
0.1+ 0.0874
= 0.9277 kA
(b) Max. possible dc off-set current = /2 x 0.9277 = 1.312 kA
(c) Momentary current (rms) rating of the breaker = 1.6 x 0.9277
= 1.4843 kA

(d) Current to be interrupted by the breaker (5 cycle) = 1.1 x 0.9277
=1.0205 kA; Interrupting MVA = /3 x 30 x 1.0205 = 53.03 MVA

0.95

(e) Sustained short circuit current in breaker = ——————— x 0.183

0.8+ 0.0874
0.1959 k/a
jor . jo2rs o 5 jod

BT 0 00—

T4 Line % T

j0.583

Fig. S-9.8

Base: 100 MVA; 12 kV (Gen. ckt), 66 kV (line)
Base current (gen ckt) = 100/(+/3 x 12) = 4.81 k/IA
Base current (line) = 100/(+/3 x 66) = 0.875 kA
Component reactances
Gen: 0.35 x (100/60) = 0.583 pu;
Line = 12X120 = 0.275 pu
(66)
Transformer: 0.08 x (100/80) =0.1 pu
Load: 50/100 = 0.5 pu,
11/12 = 0.917 pu,
pf = 0.8 lag; £— 36.9°
Load current = 0.5/0.917 = 0.545 pu

Thévenin voltage at F before fault, V° = 0.917 £0°
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Current through breaker A due to fault = - 0917
j(0.583+ 0.1+ 0.275)
= 0.957 /- 90°

Post fault current through breaker A = 0.957 £—90° + 0.545 /- 36.9°
=0.436 — ] 1.284 = 1.356 pu = 6.522 kA

Current through breaker B due to fault = 0.917/j 0.1 = 9.17 /- 90°
Post fault current through breaker B = 9.17 Z/— 90° + 0.545 /- 36.9°

= 0.436 — j 9.497 = 9.507 pu

=8.319 kA
G1 G2 1pu
1pu 1pu Infinite bus
+ + +
j0.6 jo.4 j0.25
X
j0.08
BQ\
Fig. S-9.9

Assumption: All reactances are given on appropriate voltage bases.
Prefault no load voltage = 1pu

Base: 100 MVA

SC rupturing capacity of breaker = % =333 pu
Equivalent system reactance = 1/3.33 = 0.3 pu

Equivalent system reactance at gen bus = 0.3 — 0.08 = 0.22 pu
Now

1 1 1 1

= —+—+
022 06 04 x+025

s X =239 pu
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9.10 G1 G2
1pu 1pu
j0.3 j0.3
jo.2
< FEE
) P j0.2
Reactance j0-2 3?991 ré%\i )
of delta leg N A j0.53
j1.59 _
j0.66 ?9991 j0.33
%
----- F
j0.33
j0.2 5
j0.2
Fig. S-9.10
Base: 100 MVA, 110 kV on lines
Component reactances (pu):
G, =03
G, =018 x 100 _ 0.3
60
Transformer (each): 0.2
Inductive reactor: 0.2
Line (each): 80><—180 = 0.66
(110)
Converting delta to star (shown dotted)
= 159x0.2 _ 0.137:
2.32
= 0.2x053 _ 0.046
2.32
= 0.53x159 _ 0.363
2.32
Equivalent reactance = (0.3 + 0.137) || (0.3 + 0.046) + 0.363 = 0.556
Fault current =L - -j18

j 0.556
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Let us now determine the part of | " that flows through A and the part that

flows through B

1L, =—j18 x 8346 =—j 0795
1L, =—j18 x 0'4:; =—j 1005

V, =1-(—j 1005 x j 0.3 = 0.6988 = 0.7
V, =1- (-] 0795) x j 0.3 =0.7615 = 0.762

11 =07/ 053=-j 1321
SC MVA through A =1.321 x 100 = 132.1
I4 = 0.762/j1.59 = — j 0.479

SC MVA through B =0.479 x 100 = 47.9
If reactor X is eliminated
Equivaent reactance = (0.3 // 0.3) + (1.59 // 0.53) = j 0.5475

I"=—j 1826

I} =) 1826 x 199 _ —j 1.369 SC MVA = 136.9
212

If=—j 1.826 x %’ = — j 0456 SC MVA = 456

Thereis no significant change in SC MVA through A and B caused by X.

9.11 1 ) -
| |

G Power Network
G jo2s |

j0.25 % I
j0.12 jxjr
Fig. S-9.11
Fault current contribution by generator = i =—j4
j0.25
Fault current contribution by power network
=—ji= Lt
j012+j0.28+ j X
X+04=1
X =0.6 pu
9.12 From the network of Fig. P-9.12, we can write
~ j26.67 j10 j10
Ygus =| j10 —26.67 j10

j10 j10 ~j20
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|
Inverting,

j0.0885 j0.0613 j0.0749
Zaus = | j0.0613  j0.0885 j0.0749
j0.0749 j0.0749 j0.1249
Using Eq. (9.26), V| =V — (Z,5/Z,5) VS
The prefault condition being no load, V= V)= Vv =1 pu
j 0.0749
j0.1249
V3§ =04004; Vi=0
From Eq. (9.25) |; =1.0/j 0.1249 = — j 8.006 pu
S.C. current in line 1-3
o V" -V _ 04004-0

V) =10- x 1= 04004 pu // Y

= = =— ] 4.094 pu
13 Zs jol : P
The fault current for a fault on bus 1 (or bus 2) will be
- 100
Zy1(0r Zy,)
100 =—j 11.299 pu.

~ j0.0885
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Chapter 10

10.1

Fig. S-10.1

() & —-1=-15-j0.866= 1732 £210°
(i) 1- — #=1-(-05+ j 0.866) — (- 0.5 — j 0.866) = 2£0°
(iii) 307 + 4 +2=3 (- 05— j 0.866) + 4 (— 0.5 + j 0.866) + 2
= 1732 £150°
(iv) jo=1 £90° x 1 £120° =1 £210°
10.2 Ia A a

Fig. S-10.2 a

Base: 750 kVA, 2,500 V; Load: 1 pu kVA, 1 pu V
Load voltages  |V,,| = 0.8, |V, = 1.16, |V = 1.0
Choosing phase angle of V. to be — 90°
(0.8)? = (1.16) + (1)> — 2 x 1.16 cos @
0 =42.7°
Ve, =10 £132.7°
(1.16)> = (1)> + (0.8)> —2 x 0.8 cos
y=79.4° . V4, =08 £ 32.1°; V., =116 £L-90°

Vant :% [08 £32.1° + 1.16 £30° + 1 £12.7°]
= 0975 £24.7°
Va2 = % [08 £32.1° + 1.16 £150° + 1 £— 107.3°]

=021 £175.3°
(line-to-line voltage base)

Va1 = Vg £—30° = 0975 £-5.3°
(line-to-neutral voltage base)



52

Modern Power System Analysis

Voo = Vo £30° = 021 £205.3°
(line-to-neutral voltage base)

Assuming + 90° connection
Va = Vg £90° = 0.975 £84.7°;
Vo = Vg £—-90° = 0.21 £115.3°

Load resistance = 1 pu to both positive and negative sequence cur-
rents.

a1 = 0975 £84.7° pu;
I =021 £115.3° pu
la=la+ la
=0975 «£84.7° + 0.21 «£115.3°
= 00003 + j1.16 = 1.16 £90° pu
Similarly Ig and | can be found.
Vagy = Vay £30° = 0975 £114.7°
Vg = Vap Z— 30° = 021 £85.3°
Vg = Vagy + Vagp = 0975 £114.7° + 021 £85.3°
=117 £109.5° pu
Vec = & Vg1 + OVpgz
=0975 £-53° + 0.21 £-154.7°
=0.953 £ -65.4° pu
Vg = @ Vagy + & Vg
=0975 £-1253° + 0.21 «- 34.7°
= 0995 £/-113.1° pu

10.3 Va = % [200 + 200 £5° + 200 Z— 15°]
=1978 £-33°V
Vao = % [200 + 200 £125° + 200 £— 135°]

=202 £158.1° V
Vo = % [200 + 200 £245° + 200 £105°]

=2161 £10.63° V

10.4 Vea = 3 £120° KV I,=0

Vop=3 L0 KV p_ 0

Ve = 3 £ —120° kV le=—1p
Fig. S-10.4
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Iy = % £—120° = 33.3 £-120° A;

l. =333 £60° A; I, =0

la = % [33.3 + 333 £-60°] = 19.23 £-30° A

o = % [33.3 £120° + 33.3 «£180°]

=19.23 £150° A

10.5 A Ia a
Vca = 400 £120°
400v3e 1° 20
VAB =400 «£0° /c
c T VWW— b
250
I
B
Vigc = 400 £ —120°
Fig. S-10.5
b = 20 _ 20 00 A
20
lhe = 4—00 /Z—120° =16 £-120° A
250
lea = ‘;—050 £120° = 26.7 £120° A
Ipn =l — leg = 20 — 26.7 £120°
=4058 - 34.7°
lg = lp — gy = 1.6 £— 120° — 20
=20.84 ~183.8°
le =leg = lpe = 26.7 £120° — 1.6 £— 120°
=27154 £117.1°

a1 = % [40.58 £— 34.7° + 20.84 £—56.2° + 27.54 £— 2.9°]
=2787 £- 30°
lpp = % [40.58 £— 34.7° + 20.84 £63.8° + 27.54 /- 122.9°]

=13 £-44.93°
lao =0
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Iabl [Iab+ albc+ azlca]

[20 + 1.6 + 26.7] = 16.1 A

| ab2 [20 + 1.6 £120° + 26.7 £240°]

N Wik Wik Wik

S £—-74.94° A

Wl

| ab0 [20 + 1.6 £— 120° + 26.7 £120°]

1
\‘

5 £74.94°

10.6 Obviously 1,; =0
Var =2y la + Zpp 1 (i)
Vao =21 la + Zyp 1o (ii)

Now Va =200 £0% V,, =0
a%a balanced 3¢ supply is assumed)

Z,, = (10 + 15 + 20) = 15 £0°

ZlZ

Wik Wik

(10 + 15 /- 120° + 20 £120°)
=—25] 144 = 289 £150°

Zy, = % (10 + 15 £120° + 20 /— 120°)
=—25-j 144 =289 /- 150°

Z5, :% (10 + 15 + 20) = 15 £0°

Substituting in (i) and (ii) we get
200 =15 |, + 2.89 £150° I, (iii)
0=289 /—150° I, +15 I (iv)
Solving (iii) and (iv) for 1, and 1, we have
|, =267 £30° 1, = 1385 £0°
Currents in load branches
l, =1385+ 2.67 £30° = 16.16 + j 1.335 A
l, =13.85 £— 120° + 2.67 «£150° = — 9.24 — j 10.66 A
I, =1385 £120° + 267 £—90° =—- 693+ j 9.32 A
Vao = Zo1 laa + Zop 1o
From Eg. (10.40)
Zoy =2y, = 2.89 £150°
Zop =2y = 2.89 /- 150°
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1
Vg =289 £150° x 13.85 £0° + 2.89 £—-150° x 2.67 £30°

=40.75 £160.9°
[Vl = [Va0l = 40.75 volts
10.7 A
B
20 20
20
c
Fig. S-10.7

Vpg =200 £0° Vge = 100 £255.5°,
Vea = 200 £151°
Check Vg + Vgc + Vea = 0

Vg1 = % [200 + 100 £15.5° + 200 £31°]
=161.8 £155°

Vigy = % [200 + 100 £1355° + 200 £—89°]

= 618 /- 445°
Vy = % /- 145° = B4 /- 145°
Vi = % /- 145° = 357 /- 145°

= B4 - 467 £- 145,
20

35.7
Ly = 20 =179 /- 145°
A2 o0

o =467 £-145° + 1.79 /- 145°
=646 /- 145°
lg =467 £2255° + 1.79 £105.5°
=408 «£— 156.8°
lc =467 £105.5° + 1.79 £2255°
=408 £127.8°
Positive sequence power = 3 x 934 x 4.67 = 1308.5
Negative sequence power = 3 x 35.7 x 1.79 = 191.7
Total power 1,500.2 Watts
Check P = 20 (6.46° + 4.08% + 4.08%) = 1,500.4 Waits.
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1
10.8 Base: 50 MVA, 220 kV (in line), 11 kV (Gen. 1 and 2)

50 50
X7, =02 x — =04 each m/c) =008 x — = 0.16
gl 25 X0 ( ) 25

Xy, = 0.4, X; (each) = 0.15 x %g = 0.375
50 x 50
L= > = 0.052 X o = 0052 x 2.5 = 0.13
(220)
. 50
Grounding reactance (each) = 0.05 x > =01
Ref. bus
E"g1 E'g
+ Positive sequence network
. j0.375 j0.5 .
jo.4 jO0.4
TEEE I
j(0.052/2)
TEE I —
j0.375 j0.5
(a)
Ref. bus
Negative sequence Network
jo.4 j0.375 j0.5 jo4
j(0.052/2)
j0.375 Jjo.5
(b)
Ref. bus
|
jo:3 Zero Sequence Network Jj0.3
j0.375 j0.5
j0.16 j0.16
T
/(0.13/2)
j0.375 j0.5

©
Fig. S-10.8
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10.9 Base: 50 MVA, 11 kV (Gen 1, 2, Motor), 120 kV (line)

Gen 1. X" =04, X, =03, X, =0.06

Gen 2: X" =067, X, =05, X, =0.17

Mot. 3: X" =04, X, =04, X, =02

Transf. 1: X =02, Transf. 22 X = 04, Transf. 3: X = 0.5

Line (each) = 25 x 50/(120) = 0.086,
X o =0086 x 25 =0.215
Neutral grounding reactance of G, and M3 = 0.1 each

Ref. bus

” E” ”
E91 é) + m é)Egz

+

j0.4
j0.4 ég j0.67
j0.5

j0.2 j0.086 j0.086 jo.4

(a) Positive Sequence Network

Ref. bus

WL
— L~
L

(b) Negative Sequence Network

Ref. bus
§ j0.3
j03 % j0.2
o6 | j0.17
/5 j0.5
1101112 T— e
j0.2 j0.215 j0.0215 jo.4

(c) Zero Sequence Network

Fig. S-10.9
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Chapter 11

_ 1
© j(02+0.3+0))

111 1y = 1= Iy = — | 1.667 pu

25
Base current = \/§—><ll = 1.312 kA

ly =—] 2187 kA; I, =— ] 6.56 kA
Vy =1-j02 x (- j 1.667) = 0.667
Vy, =—j 03 x (-] 1.667) = — 05
Ve =—j 01 x (- j 1.667) = — 0.1667
V, =0

Vp=a? Vg + aVy+ Vg
= 0667 /- 120° — 0.5 £120° — 0.1667

=-025-j 101
V, = 0667 £120° — 0.5 /— 120° — 0.1607
=-025+ j 101
. 11
Vie =V — V. = — j 2.02 pu Vool = 202 x = = 1283 kV
. 11
Vap =Va=Vp =025+ LOLPU Vol = 104 X —= = 661 kV
. 11
Vea = Ve = Va = =025 + ] 0101 pu Vgg| = 104 x —= = 6.61 kiV

lay = lap

=l =131,




Solutions 59

11.2 (@ LL fault
1 :
lao =0 lag = = 12 = 05 =-12
lp==le= P ly+ aly
=(#-0) (-2 = -243 pu
Vi =1-j02(-j2 =06=V,,
Vap =Va— Vp
= (Vg + Vo + Vo) = (07 Vig + @ Vo + V)
=(2-a- o) x 06
=18 pu =18 x 1//3 = 1143 kV = V,,

Vay

Fig. S-11.2 (a)

(b) LLG fault
I, = L =
2 j0.2+(j0.3]j01)

I = 364 x 0.1/0.4 = | 0.91
lo = 364 x 0.3/04 = | 273
v

a

—j 3.64

1= Va2 = Vo

=1-(j 02) (- j 3.64) = 0.272
V, =3V, = 0.816;
V, =0 Vg = Vo — V, = 0.816 = V.
lp = I+ @l + Iy

=364 £150° + 091 £-150° + j 2.73

=-394+j41

[I,] =5.69 pu

=364 £30° + 091 £-30° + j 2.73
=39+ |41

[I] =5.69 pu



60 Modern Power System Analysis

Fig. S-11.2 (b)
11.3 (i) LGfalt I, =1, = 3 =—j625pu
' f a7 j(02+0.2+0.08) '
. -j/3x1
ii) LL fault Iy=1,=—1 = —4.33 pu
(i) f= b c= 0.4 p
(iii) LLG fault (Ref. Fig.5-11.2 b)
ly = 1 =_j3.89

j0.2+(j0.2110.08)

l, =j 389 x 0.08/0.28 = j 1.11

lo =] 389 x 0.2/0.28 = j 2.78

l, =389 £150° + 1.11 /- 150° + j 2.78
=433+ j 417

[I,] =6.01 pu,

c =389 £30° + 111 £-30° + j 2.78

=433+ | 417

(iv) 3 phasefault I; =1/ 02 =-j 5 pu

In order of decreasing magnitude of line currents the faults can be listed:

(@ LG (b) LLG (c) 3phase (d) LL
11.4 Let the neutral grounding resistance be X,,.

I, = - 3 -—_js5
j(0.2+ 0.2+ 0.08+ 3X,)
X, = 0.04 pu
Base Z =121/25 = 4.84 Q
X, =484 x 0.04 = 0.1936 Q

If grounding resistance is used (R,)

3 9
———— | =50 ——— =
1048+3R]‘ 9R?+0.23
. R, =012 pu =012 x 484 = 0.581 Q
Wlth X, = 0.04 included in generator neutral to ground:

Z,=j 008+ j012=j02

llal =
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LL fault I

i =ly=—1,= %4)‘1 = - 433 pu

1 .
LLG fault 14 = - , , =—j 3334
j0.2+(j0.2]j0.2)
lpp =+ 1667 = I
I, =3334 £150° + 1.667 £— 150° + j 1.667
=—433+j25
Iyl =5 pu lf =3l =1]5pu

115 @_
= Y @— %LG

Fig. S-11.5 (a)

Base 25 MVA, 11 kV

j0.4x 25

Feeder reactances. Pos. sequence =j 0.083 pu

Neg. sequence =j 0.083 pu
Zero sequence =j 0.166 pu

. . 1x2
Grounding resistance = X 25

= 0.207 pu, 3R, = 0.621

Positive sequence network

—ve Seq
|
—_— | —_—
|j15§ §j15 gjonss
. |
: j0.183 |
j0.083 '
P \_. EE— —
Zero Sequence Network J0.083
0.621
Star j0.08  —— 0.621 +j0.246 = 0.668 £21.6°
point
j0.08
j0.166

. L
Fig. S-11.5 (b)
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|
LG fault at feeder end

3
alf=1,=——= or|If|=351pu
@ & 0.621+j0.587 " P
1
b) ly=1l,=lg= ——~ =117 /- 434°
(b) 11 = 1oz = oo 0.621+ j 0.587

V,y =1-j04183 x 117 £-434° = 0.872 £-10.3°
V,, =—j 0158 x 117 /- 43.4° = - 0.184 £46.6°
Vo =—0668 £21.6° x 117 /- 43.4° = -0.782 £-21.8°
V, =0872 £-130.3° — 0.184 £166.6° — 0.782 £— 21.8°
=119 £— 159.5°
V., =0872 £109.7° — 0.184 /- 73.4° —0.782 ~- 21.8°
=168 £129.8°
(e) Voltage of star point w.r.t. ground = 3l x 0.207

=3 x 117 x 0.207

=0.726 pu
11.6 Sincethe star point isisolated from ground LLG fault isjust like LL fault.
=l = —Jyex2 ‘J‘/§_X1 = —2.887 pu
j0.35+ j0.25
11.7 R
Fig. S-11. 7
Vg, = 0 Z0° kV = 6351 volts
RT3
Neutral solidly grounded (See Fig. S-11.2 b)
= —0BL  — 50134
j1+(j0.8]|j0.4)
0.4

I, =j 5013 x — =j 1,671
R~ 12 |
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. 08 .
leg =] 5013 x — = 3,342
ro =1 12 |

Iy = lg + gy + Irg

=5013 £150° + 1671 £— 150°
+j 3342 =-579+ j 5.01 kA

lg = & lgy + 0F |y + lgy = 5013 £30°
+ 1671 /—30° + j 3,342
=579 + j 501 kA

lg=Iy+ lg=j 10.02 kA; 15 = 0
(b) Thisis equivalent to LL case
lg =—1y= (-]+/3x6351)/]18 = — 6.111 kA
lg =0 A.
11.8 Base: 10 MVA, 3.3 kV (gen and line), 0.6 kV (motors)

Motor MVA = 0—59 = 5.56 (Total). Let there be n motors.

.. Rating of each motor = 5—56 MVA, 0.6 kV;
n

X" =X, = 20%, X, = 5%.

Rating of egv. motor = 5.56 MVA, 0.6 kV, X" =X, = 20 X g—gg =20%
n .
n
Motor reactance to base of 10 MVA

Xy = 5% X, = 2.5% on egv. motor rating

X" =X;,=02 X 51_26 = 0.36 pu;

=0.05 x 10 = 0.09 pu
5.56

X, =0.025 x % = 0.045

Motor load: 4/10 = 0.4 pu (MW): 1 pu voltage, 0.8 lag pf

Prefault motor current = __ 04 0.556 /- 36.9° pu
09x08x1

Generator reactance X” = X, = 0.1 pu, X, = 0.05 pu
Transformer reactance X = 0.1 x 10/7.5 = 0.133 pu
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Positive sequence network +$1 Z£0 pu

1£0° pu ' f— j0.1 j0.36
j0.1 j0.36
j0.133 F

I°=0.556 £/-36.9° j0.133 he

Zero Sequence Network
Negative Sequence Network

j0.135
j0.36 j0.05
. j0.09

j0.133

j0.1

Fig. S-11.8(a) Connection of sequence networks to simulate the fault (LG)

By =1+ 0233 x 0556 £-36.9°
=1+ 013 £53.1° = 1.08 £55°

Ey,=1-j 036 x 0556 £—-36.9° =089 «- 10.3°
Connection of sequence networks to simulate the fault (LG)
It immediately follows from sequence network connection that

1
| =l,=1l,=
ab — a2 20 1(01414 + 01414 + 0.225)
=—j 197
I"=3x—-j197=-591pu
_ 0.36 :
|agl = 197 x 0,593 =—] 1.20

lagz == 1 12 1o =0

Positive sequence and negative sequence currents on star side are shifted
by + 90° and — 90° respectively from delta side.

lagt =120 I,y = =12, 1, = 0

0.233 _

| =107 x
amt. =~ | 0.593

-j 077



Solutions

E, £
+ +
j0.1414
j0.1
Iag1
j0.133 lam1
Ia1
j0.1414 < jO.1 j0.36
lag2
j0.133 fam
’ la2
j0.135
j0.225 <j0.05
lng2 j0.09
j0.133 loy ~ amo
Fig. S-11.8 (b)

lame = — 1§ 0.77; Iy =—j 1.97

lam =—1] 351 pu

lpm = (&# + @) (-] 0.77) — j 1.97 = — j 1.20 pu
lgn = (@+ &) (- 0.77) = j 197 =—j 1.20 pu
l,g =0 pu

lpg = (o — @) x 1.2 =— | 2.08 pu

lg = (@— &) x 1.2 = | 2.08 pu

11.9 Equivalent seq. reactances are

X; =] 0.105 pu
X, =j 0.105 pu
X, = 0.050><50.45 = § 0.045 pu

1
.. =
a7 10105+ (j 0.105]| j 0.045)
=733
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lp =] 7.33 X 0045 _ . 520

|a0=j5-l3
__1733><@ =—j 5131
0.5

jZZX%—]lM IaO—O

In the generator

I3 =) (-] 5.131) =5131; I, =—j (j 1.54) = 1.54
Iil—alal——2566+14443
1L, = 1 =077 — | 1.333
IL=15+15,=-333%6+ 311

1200 x 1000
13| = 4.56 pu; Base current = ~—=——— = 1,155 A
& P J3 % 600

1Y = 456 x 1,155 = 5,266 A
C

1
f
Jj0.1 j0.1

j0.05 j0.2 j0.05
N
jo1 % j0.1
s j0.05 j0.2 j0.05
a2

N,
j0.15 j0.15
éﬁ j0.05
j0.05
j0.05
F
. T —

jo.4 j0.05

Fig. S-11.9
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|

11.10

L

n £ Y2
Yz LG

Fig. S-11.10 (a)

Equivalent Sequence reactances are

= 0.65x 0.4 = 0.248;
105
0.55x 0.3 .
X, = —— = 0.19%; =j 055
2 0.85 %=1
1 .
la1 = = - - =—] 255
j0.248+ (j0.194]| j 0.55)
. 0.55
l, =] 255 x
a2 =] 0.744
=j 1.885
1 pu 1 pu
+ +
j0.35 j0.3
j0.1
Ia
j0.25 j0.2
j0.1
jo.4 Iy
j0.05 j0.04
j0.1

jo.8

lag

Fig. S-11.10 (b)
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|
l0 =] 0.665
l, =255 £150° + 1.885 /- 150° + j 0.665
=-384+j10
I, =255 £30° + 1.885 £—30° + j 0.665
=384+ )10
lf=l,+1.=j20pu
11.11

j0.15

j0.15 jo.2 j0.15

j0.09375 j0.15

j0.15

j0.08 J05

j0.4

F

Fig. S-11.11

Equivalent sequence reactances are:

X, = 0.1638

X, = 0.1638

X, =0.118

Il =1l,=14= ;

al a2 a0 J 0.4456
=—j 2244

1"=31,=-j 6732

Sequence currents through transformer A



Solutions

Ly (A) =1, (A) = — ] 2244 x

lgo (A) =—j 2244 x —— =
Ia

0.5
0.7
0.55
0
11.12.

= j 1508

””:k

69

j 1.763
(A) =—j 1.508 — j 1.508 — j 1.763 = — j 4.779 pu

2
|
}| O TL
3¢
Fig. S.11.12 a
1£
+
j0.2

l, (A) = 1508 £150° + 1.508 ~30° — j 1.763 = — | 0.225 pu

¢ (A) =1508 £30° + 1.508 £150° — j 1.763 = —j 0.255 pu

W MJ
j0.15 jx=j0.42
j0.12
“HEE
@
j0.05
j0.12
©,

3 phase short at bus 2 (F)

Fig. S.11.12 b
1 1 _

+ — =

062 X

X = 0.42 pu
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|
LG fault at bus 1:

Equivalent sequence reactance are:

X, = 02x084 _ 1615
1.04
, = 015x 0.84 — 01273
0.99
X, = 0.05x 012 _ 0.0353
017
3x1 .
I, =3 = =— 9.256 pu
(7T oz ) P
11.13
Eq
+ ve Seq.
j0.1
j0.1 ixq
T o
1 (line) 2
Fig. S-11.13 (a)
_ _Tjor  joa
Zeusy = Zeuse = [ j01 j(02+ X,)
j0.06
§ j0.12  Zero Sequence
Network
j0.05
— T —s
1 jO.1 jxo 2
Fig. S-11.13 (b)
{0069 0
Zpysy = 0 -
The fault current with LG fault on bus 1 is
1f = 3x1 = _j 11.152 pu

jO1+ )01+ j0.069

From Fig. S-11.13 ¢, it is clear that all |, and I, flow towards bus 1
from the generator only. The component of |, flowing towards bus 1 from
generator is
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(—jlllsz) 1022
3 j011+ j0.22

=—j 3717 x 2/3=— | 2.478 pu
and the component of |, flowing towards bus 1 from transformer is

jo11
jo11l+j0.22

—j 3717 x =—j 1239 pu

l égjo.ﬂ j0.12
-

1 — = 2
jo.1 Xo
Fig. S-11.13 (c)
11.14 Equivalent Seg. reactances are:
= 0.4445 x 0.3105 _ | 0.1828
0.755
X, =] 0.1828
1 .
| =—|l,= —— —| 2.735
al 27 j0.3656 :
l,=—1, = SI3XL a7
j 0.3656
[Is] = 4.737 pu
Vo =—1l,p2=—]2735 xj 01828
=05 pu

V4 =05puand V=0 (v 1,0=0)
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*. Voltage of healthy phase

Va:\/al-i'vaZ"'VaOZ:I-pu

1£0°

j0.69

j0.0805 j0.164 j0.0805 L2y
j0.2 j0.23{j0.345 j0.69
p q
e f
d T 211 g
j0.0805 j0.164 j0.0805 lay
Fig. S-11.14
11.15 From Example 9.6, we have
0.0903 0.0597 0.0719 0.0780
gy 0.0597 0.0903 0.0780 0.0719
BUs = “28Us = 1| 09719 00780 01356 0.0743
0.0780 0.0719 0.0743 01356

From the data given, zero sequence reactance diagram is drawn below.

Fig. S-11.15

j0.25
LG fault
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I
—-j22  j2  j2e67 j4
v ji2  —j22 j4 j2.667
BUS 2667 j4 —j6667 jO
j4 j2667 jO  —|6.667

0.0585 0.0164 0.0332 0.0417
0.0164 0.0585 0.0417 0.0332
0.0332 0.0417 0.1883 0.0366
0.0417 0.0332 0.0366 0.1883

Zogus =

From Eq. (11.47)
3x1

5 = - . , =—j 12,547 pu
j 0.0903 + j 0.0903 + j 0.0585
=, =1,=-j4182
From Eg. (11.49)
Vii=Vii-2Z g lio
=1-j 0.0597 x —j 4.182 = 0.7503
V{—z = V’i—z -2y |{—2
=1-j 00903 x — j 4.182 = 0.6224
V;—l = Vg—l - 2oy |£—2
=0-—j 0.0597 x —j 4.182 = — 0.2497
Vo =V3o— Zop 15
=0-j 00903 x —j 4.182 = — 0.3776
VEH :V(cj)—l - 2o 17 |{)—2
=0-j 00164 x —j 4.182 = — 0.0686
Vz)—z = V8—2 - Loy |5—2
=0—j 00585 x — j 4.182 = — 0.2446
V! (a) = 0.7503 — 0.2497 — 0.0686 = 0.432
V) (a) =0.6224 — 0.3776 — 0.2446 = 0
(LG fault is on bus 2 phase a)

15, (a) =0.864
v/ (b) = 0.7503 £— 120° — 0.2497 £120° — 0.0686
=—-0.3189 — j 0.866
V] (b) = 06224 /- 120° — 0.3776 £102° — 0.2446
=—-0.367 — j 0.866
V,f (b) -V (b)
12 ( ) j0-5
= 0'_0481 =—j 0.0962 pu
j0.5

Similarly other voltages and currents can be calculated.
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Chapter 12

12.1 Moment of inertia of rotor = 10,000 kg—m?
3,000 x 27

Rotor speed = 3,000 rpm = 0 =100 7 rad/sec
GH =1 | o 100
2 0.85

:lxlo“xlo“x;zleo*"

2
2
_ 100 x 7 x 0.85 - 419 MIMVA
100 x 2
M = GH/180f = —+29X10 ) 5547 Msec/elec. deg
180 x 50 x 0.85
122 m/c1: o = 1,500 rpm = 50 7 rad/sec

0 lezl x 3 x 10* x 2,500 x 7% x 107°
0.8 2
H, = 4.93 MJMVA

m/c 22 @ = 3,000 rpm = 100 7 rad/sec.

8 xHZ:l x 10* x 10*x 7 x 10°°
0.85 2
H, = 5.24 MJMVA
_ 493x60  524x80

eq = = 4.315 MJMVA
08x200 0.85x 200

(Base: 200 MVA)

7 x 80 3x 200
+ 3 %

100 100

124 R=0.11 x 500 =55 Q; X = 145 x 107 x 314 x 500 = 227.7 Q

Z =55+ 227.7 = 234.2 £76.4°;

Y =314 x 0.009 x 10° x 500 ~£90° = 0.0014 ~90°

A:l+%YZ:1+%><0.0014><234.2 £166.4°

12.3 Heg =4 x = 40.4 MIMVA (Base: 100 MVA)

= 0841 £2.6°
B=Zz (l+ 1 YZ)
6
=2342 £76.4° + % x 0.0014 x (234.2)* £/—117.2°

=217 £71.2°
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[EIVI _ |AIVP
P = - cos (8- o)
e,max | Bl I BI (IB )
2 2
_ (200)°  0.841x (200) oS T4.6°
2217 2217
=140.1 MW
Capacitance neglected
A =120 B =234.2 £764°
_ (200y? .
emax T oo s (1 — cos 76.4°)

=130.63 MW
Capacitance and resistance neglected
A =1/0° B = 2277 £90°

2
e, max — (2223)7 (1 — cos 90°] = 175.67 MW
12.5 P,
m
Pes

Aq

o & %

(180 £ 5y)
Fig. S-12.5

P, =100 sin &
Max. load that can be suddenly switched on = P, = 100 sin o,
By equal area criterion

2 . -0y .

j (P — 100 sin ) do = L (100 sin 5— P) do

0 1
Pes 8, + 100 cos d3t =— 100 cos Jf; ™ - Pe, 575 "

100 6, sn ¢, + 100 cos &, — 100 =200 cos &, — 314 sin o;
+200 & sn &
100 x
180

0, 89n 6, + 100 cos 9, — 314 sin 6, + 100 =0
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|
It is a nonlinear egn. which has to be solved numerically or graphically.

1745 6, sn ¢, + 100 cos 6; — 314 sin 6; + 100 = 0
0, =465° . Py =100 sin 465° = 72.54 MW
12.6

Y
}
N
R
3
I
o

8!) RN S —
g

/

gl
RSV [ -

Fig. S-12.6

P, =03=sn &
5 =175
P, =06, & = 36.9°

A = [0.6 (6, —6) _J;2§n5d5] = 0.049
1
A, = z[j;?’sin&d&— 0.6 (55 —52)]
2
Ap— A = [J;3§n§d5—0.663 +0.661]

.-.j;s s§n 6d6— 0.6 (6, &) =0
1

06x175x 7@
180
cos 0; + 0.6 d; =0.954 + 0.183 = 1.137
By trial and error procedure, we find &; = 58°
Synchronism will not be lost.

cos 05 + 0.6 o5 =cos 17.5° +

Omax = 180° — 6,
=180 - 36.9
=143.1°

5max .
Ay max = L §n 5dS — 0.6 (8,,-5)

2

=~ cos ;™ — 06 (G — &)
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1

= — cos 143.1° + cos 36.9° — 0.6 (143.1 — 36.9) x %

=0.487

A2, max > Al
- System is stable
Excursion about the new steady state rotor position

12.7 Py (prefault) =

P, (during fault)

P (post fault)

=8— 6,=58-2369= 211°

2
(2007 g s
150
- 2667 sin &
2
- (2007 ¢ 5
400
=100 sn &
2
- (007 g s
200
=200 sn &

Max. load transfer corresponds to A; = A,

Ay

S, + 60° ) P
=J (P, =100 sin ¢) do= P; x — x 60° + 100
6 180
[cos (0, + 60°) — cos 4]

266.7 sin &,
(m3) x 266.7 sin &, + 100 cos (0, + 60°) — 100 cos &,
=279.3 sin 6, + 100 cos (o; + 60°) — 100 cos &

Now & =180° — sin (P,/200) = 180° — st [ 227 g 5
| 200

S
A, :J’ (008 - P) ds

0

= =200 cos J|7, ¢ — Pi (6= & — 60°) x 7180
=—200 cos ¢, + 200 cos (6, + 60°)
=465 (5, — &, — 60°) sin &,

A=A,
279.3 sin g, + 100 cos (¢; + 60°) — 100 cos §; = — 200 cos 6, +

where

200 cos (&, + 60°) — 4.65 (5, — &, — 60°) sin &,
8, =180° —sin (1.334 sin &)
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|
279.3 sin ¢; — 100 cos (d; + 60°) — 100 cos ¢; + 200 cos &, + 4.65

(6,— 6, —60°) xdn 6 =0
Solving &, = 28.5°
Pimaxy = 266.7 sin 28.5° = 127.3 MW

P, 266.7
Pei
Pelll
200
P
P , A, I ell
/o s
A T 100 :
1 i i 180°
1 1 1 5
] 6+ 60° ot Om
Clearing angle
Fig. S-12.7
.1 250
12.8 §, = sint == = 30°
500
.1 250
& =snt == =456°
350

5, =180° — 45.6° = 134.4°

T
A = x (8, —30° x 250
1 180 (c )

=436 &, - 130.9
Om .
A, = L (350 Sin & — 250) d&

=350 cos ¢, + 4.36 o, — 3415
For o,
436 o, — 130.9 =350 cos ¢, + 4.36 J, — 3415
cos &, = 210.6/350 .. ¢, = 53°
Swing egn. upto critical clearing angle is

2
90 - 250m or 99 = 250,
dt dt M
5:1Qt2+51
2 M
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125

6~ 0, = (w180) 25" = ~° 12
t2 (critical clearing time) = _28x7x
180 x 125

t. = /0.0082 M =0.056 VM sec

We need to know the inertia constant M to determine t..

Pe 500
350
T AN
250 I I : 1
i A1 i i
I | s
51 52 5c 5m
Fig. S-12.8
12.9 3¢ fault
|E|=1.05 )»; IV[=1.0
=4 | |
j015 j03 j0.2
Fig. S-12.9

I. Prefault X, = 0.15+ 0.3 + 0.2 = 0.65

_ 1x 105
¢ 065

sn § = 1.615 sin ¢; Prefault power = 1

o401
=sn" —— = 38.3°
% 1615
I. During fault P, =0
1. Post fault Py, = Py = 1.615 sin &
GH _ 1x4

= = 4.44 x 107
180f  180x 50

Time to clear the fault = 0.1 sec; M =

sec’/elec deg
Let us choose At = 0.025 sec.

(At _  (0.025)°
M 4.44x107*
8, = m—sint (1/1.615) = 141.7°

= 1.41;
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t P, P.=P,snéd P,=1-P, 141P, ASdegy &deg
sec

0- 1.615 1.0 0 0 - 38.3
0+ 0 0 1.0 1.41 - 38.3
Oav - - 05 0.705 0705 383
0025 0 0 1.0 1.41 2115  39.005
005 O 0 1.0 1.41 3525 4112
0075 0 0 1.0 1.41 4935  44.645
10- 0 0 1.0 - - 4958
1.0+ 1615 1.23 -023 4958
1.0, 0.385 0.543 5478  49.58
1.025  1.615 1324  —0324 —0.456 5022  55.058
1.05 1615 1.4 - 04 - 0.564 4458  60.08
1.075  1.615 1.46 -046  —0649 3809 64538
2.0 1.615 1501  -0501 —0.706 3103  68.347
2025 1615 1531  —0531 —0.750 2353 7145
205 1615 1551  —0551 —0.777 1576  73.803
2075 1615 1563  -0563 —0.79% 0782 75379
3.0 1.615 1568 -0568 -08 -0018  76.161
3025 1615 1568 -0568 -08 -0818  76.143
305 1615 1562  —0562 -0792 —161 75.325
3075 1615 155 -055 —-0776 —2386 7371

After fault clearance d goes through a maximum and then begins to reduce, the
system is stable.

12.10 From Eq. (12.67)

s &, = | X (1417 - 383) + 1615 c0os1417| + 1.615 = 0.333
© 1180

o, = 70.54°
For sustained fault
t P, P.,=P,snd P,=1-P, 141P, AS J deg
Sec pu pu pu

0- 1.615 1.0 0 0 — 38.3
O+ 0 0 1.0 1.41 - 38.3
0., - - 0.5 0.705 0.705 38.3
0.025 0 0 1 1.41 2.115 39.005
0.05 0 0 1 1.41 3.525 41.120
0.075 0 0 1 1.41 4.935 44.645
1.0 0 0 1 1.41 6.345 49.58
1.025 0 0 1 1.41 7.755 55.925
1.05 0 0 1 1.41 9.165 63.68
1.075 0 0 1 1.41 10.575 72.845

11 83.42
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From swing curve of
Fig. S-12.10, we get

t. = 1.07 sec

5, deg ——
N
o

T

L L ! - L > t, sec
0.05 1.0 1.05 1.1

Fig. S-12.10 Swing curve for Prob 12.10 for sustained fault

12.11
O—C 0 —C

|[El=1.15pu Power Network [V|=1.00
Fig. S-12.11 (a)

0 1

Pa (prefault) = % sing=23sn &
P, (during fault) = *°*1 sns= 0383 sin &
Py = 1%L gns= 0192 5n §
P Per
Pemm At §=60° — A recloses
6=75° — Areopens
P /
; A4 EAZ §A3 For
E i i Perr
L )

30° 60° 75° 90° &1 Om

A opens B opens

instantaneously
Fig. s-12.11 (b)

Pei (B opens) = % dn §=192sn &
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P, =23 sin 30° = 1.15,
8, =180° —sint 5 ase
192
For the system to be stable &, < d,ad A+ Ay + A= A,

60° _ T X
A = LO (P, ~0383sin 9 d5=115 T x 30
+ 0.383 (cos 60° — cos 30°) = 0.462

75°

A, = jw (- 0192 sin 8+ P) d& = 0.25
90° .

A, = Lso (P, — 0383 sin &) dJ = 0.202

A, = J;lo(l.QZ s$n 5— P) d§ = — 192 cos 6,
Z002 8, + 1.806
At At Ag= Ay
0.462 + 0.202 + 0.250 = — 1.92 cos &, — 0.02 &5, + 1.806
192 cos 6, + 002 &, — 0.892 = 0

By solving this equation, we can not obtain
0, < J, hence the system is Unstable. Alternatively, if the axes are
plotted on a graph paper, it can be immediately seen that

A+ A+ A A,

hence the system is unstable.
12.12 H=25sec

1
O— )
j0.25
jo.2 | V2| =1 pu; 0.8 pu power at 0.8 pf lag

5 08-j06
|
I

IE1=7 3¢ fault Vo1t
Fig. S-12.12
m=CH - 1X25 _ 508 104 seckldlect deg.
180f  180x50
- 08 1 39 =08-]06
08x1
E=1+]045 (08— 06) = 132 £15.83°
| Prefalt Py = 2o2X1 4 5=293sn 5. G, - = snt 28
0.45 2.93

= 15.83°
[I' During fault Py, = 0 Choose At = 0.05 sec
(At)> _ (0.05)2

= =9.00
M 2.78x10°*

Il Post fault Py, = Py
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Pn Pe=P,snd Pa=08-Pe 9Pa Adday Jdeg

Ssec
0- 2.93 0.8 0 0 0 15.83°
0+ 0 0 0.8 7.2 15.83°
0. 3.6 3.6 15.83°
0.05 0 0 0.8 7.2 10.8 19.43
0.10 0 0 0.8 7.2 18.0 30.23
015~ O 0 0.8 7.2 48.23
0.15+ 2.93 2.216 — 1416 —12.744 48.23
0.15,, — 0.308 — 2772 15228 48.23
0.2 2.93 2.651 - 1851 - 16.659 —1431 63.458
0.25 2.93 63.362
62.027

Torque angle ¢ = 62.0270 at 250 milisecs.

12.13 50 Hz, 500 MVA, |E| = 450 kV, |V| = 400 kV, At = 0.05 sec, t; = 0.15

sec, H = 25 MJUMVA, Load = 460 MW, X, = 0.5 pu, X, = 1.0 pu, X,
=075 pu; M = (1 x 25)/(180 x 50) = 2.778 x 107 sec/elect. deg.
Base MVA = 500
Base kV = 400
G = 1pu

_ 1x1125

o sn §=225sn &
05

Prefault power transfer = % = 0.92 pu

225sn & =092 . & = 24.14°

During fault: Po = % sn 0=1125sn ¢
Post fauilt Py = XU g 5= 1580 g
0.75

(at? _  (0.09)°
M 2.778 x10™*

t P, P.=P,Sno P,=092-P, 9P, A5  Jdeg
sec deg

0- 2.25 0.92 0 0 0 24.14
o+ 1.125 0.46 0.46 4.14 24.14
0, 2.07 207 2414
0.05 1.125 0.496 0.424 3.816 5.886 26.21
0.1 1.125 0.597 0.323 2.907 8.793 32.1
0.15- 1.125 0.737 0.183 1.647 40.9

(Contd.)
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t P, P.=P.,Sno P,=092-P, 9P, A5 Jdeg
sec deg

0.15+ 15 0.982 — 0.062 — 0.56 40.9
0.15, 15 0.543 9.336 40.9
0.2 1.5 1.15 -0.23 - 2.07 7.27 50.24
0.25 1.5 1.265 —0.345 - 3.105 4.16 57.50
0.3 1.5 1.32 - 04 - 3.6 0.56 61.66
0.35 1.5 1.327 — 0.407 — 3.663 -31 62.22
0.4 1.5 1.287 - 0.357 - 3.213 —6.313 59.12
0.45 1.5 1.194 - 0.274 — 2.466 - 8779 5281
0.5 1.5 44,04

System is STABLE

12.14 From Example 12.8

| Prefault Py =2sn .. & =sin*1/2 = 30°

[I' During fault Py, = 0.5sn ¢

Il Post fault (after opening of circuit breakers)
1x35

180 x 50

= 3.89 x 10 sec/elec deg

Time to circuit breaker opening (3 cycles) = 5—3; = 0.06 sec

Time to circuit breaker opening (8 cycles) = % = 0.16 sec

At = 0.05 sec; (A)YM = (0.05)%/ (3.89 x 10™%) = 6.426

Fault clears at 3 cycles

t P, P.=P,sné P,=1-P, 6426P, AS Sieq
0— 2.0 1.0 0.0 30.0
0+ 05 0.25 0.75 30.0
0, 0.375 2.41 241 300
005 05 0.268 0.732 4.70 711 3241
010 15 0.954 0.046 0.296 7.406 39.520
015 15 1.095 -0095  -061 6.796 46.926
020 15 1.209 -0209  -1343 5453 53.722
025 15 1.288 -0288 - 1850 3603 59.175
030 15 1.333 -0333  -2139 1.464 62.778
035 15 1.350 —0350  —2249 —0785 64.242
040 15 1.341 -0341  -2191 —2976 63451
045 15 1.305 -0305  —1959 —4935 60.481
050 15 1.236 -0236  —1516 —6451 55546
055 15 1.133 -0133  —0854 —7305 49.095
060 15 1.0 0 0 —- 7305 41.79

34.485
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. System is STABLE.

Fault clears at 8 cycles

tee Pn Pe=Ppsn o 1-P, 6.426P, Ao 0 deg
0- 2 1 0 30
0+ 0.5 0.25 0.75
0. 0.375 241 241 30
0.05 05 0.268 0.732 47 711 3241
0.10 05 0.318 0.682 4.383 11.493 39.52
0.15 0.5 0.389 0.611 3.926 15419 51.013
%
0.2 15 1.374 - 0.374 — 2403 13.016 66.432
0.25 15 1.474 - 0474 — 3.045 9.971 79.448
0.30 15 15 -05 —3.213 6.758 89.41
0.35 15 1.491 - 0.491 - 3.155 3.603 96.177
0.4 15 1.478 - 0478 - 3.072 0.531 99.78
0.45 15 1.475 — 0475 —-3052 —-2521 100.311
0.5 15 1.486 — 0.486 —-3123 -5644 97.79
0.55 15 15 - 05 —-3623 —-9.267 92.146
0.6 15 1.488 —0.488 - 3136 - 12403 82.879
0.65 70.476
. System is STABLE.

SUSTAINED FAULT
0- 20 1.0 0.0 30.0
0+ 0.5 0.25 0.75
0. 0.3750 241 241  30.0
0.05 05 0.268 0.732 47 711 3241
0.1 0.5 0.318 0.682 4.383 11.493 39.52
0.15 0.5 0.389 0.611 3.926 15419 51.013
0.2 0.5 0.458 0.542 3.482 18.901 66.432
0.25 0.5 0.498 0.502 3.226 22127 85.333
0.3 0.5 0.477 0.523 3.361 25.488 107.46
0.35 05 0.37 0.63 4.05 29.538 132.948
0.4 0.5 0.15 0.85 5.462 35.0 162.486
0.45 0.5 — 0.1502 1.1502 7.391 42.391 197.486
0.5 0.5 239.877
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12.15
+ve Seq.

|El=12 V=1.0

P P

—-ve Seq.

T

p’

Zero Seq.

P P
q

0.1 1.1

Fig. S-12.15 (a) Connection of sequence networks
with both faulted lines switched off

|E|=1.2

Fig. S-12.15 (b) Connection of sequence networks for LIG fault as P

Transfer reactances are:
04x04 _
00574
X, (both faulted lines open) = 0.8 + 0.65 + 1.2 = 2.65
X, (line healthy) = 0.8

Prefault Py = % s§n §=15sn &

Xy, (2 LG fault) =04 + 0.4 + 3.59
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.1 1
=sn - — =41.8°
% 15

During fault Py, = % sn 6=0334sn o0

During three-pole switching Py, = 0
During single pole switching
_12x1
elll — 2765
Post fault Py, =Py = 15sn §
Swing curve calculations;
H =4.167 MJMVA,
_ 4x167
~ 180x 50
Taking At = 0.05 sec

@y’

an 0=0453 sn ¢

= 4.63 x 10 sec’/elect. deg

= (0.05)%/(4.65 x 107 = 5.4

Time when single/three pole switching occurs = 0.075 sec
(during middle of At)

Time when reclosing occurs = 0.325 (during middle of At).
(i) Swing curve cal culations—three-pole switching

t P, P, P,=1-P, 54P, AS Sieg
SecC.

0- 1.500 1.0 0 0 418
0+ 0.334 0.223 0.777 4198 418
0, 2.099 21 418
005  0.334 0.232 0.768 4.147 6.25 439
%

010 0 0 1.0 5.4 1165  50.15
015 0 0 1.0 5.4 17.05 6180
020 0 0 1.0 5.4 2245 7885
025 0 0 1.0 5.4 27.85 10130
030 0 0 1.0 5.4 3325 129.15
%

035 15 0.454 0.546 2951 36201 162.4
0.4 15 — 0478 1.478 7981 4418 198.60
045 15 —1.333 2.333 12598  56.778 242.78
05 299.56

The system is OBVIOUSLY UNSTABLE
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|
(if) Swing curve calculations—single-pole switching

0- 15 1.0 0 0 418
0+ 0.334 0.223 0.777 4.198 418
0, 2.099 21 418
005 0334 0.232 0.768 4.147 6.25 439
%
010  0.453 0.348 0.652 3.522 9.776 50.15
015  0.453 0.392 0.608 3283 1305 59.92
020  0.453 0.433 0.567 3061 1611  72.97
025  0.453 0.453 0.547 2954 1906  89.08
030 0453 0.430 0.57 3.08 2214 108.14
%
035 150 1.144 -0144  -08 21.34 130.28
0.4 1.50 0.713 0.287 1550  22.89 151.62
045 150 0.1435 0.856 4622 2751 17451
05 1.50 — 0.562 1.562 8.43 3594  202.02
055 150 ~- 1271 2.271 12.26 4820 237.96
286.16

The System is UNSTABLE

Note: In this problem in case of LLG fault in spite of single pole switching the
system is found to be UNSTABLE.



