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1.3 MODERN POWER SYSTEM ==
“The power system of today 15 a complex interconnected petwork as shown in Figurs

1.1 {page 7). A powcr sysiem can be subdivided into four major pars:

» Generation /"‘J,_e’ e
8 C)lp”, 3V e Transmission and Subtransmission
e
» Distnbution Tl

~
2 e lLoxis J\Z\ -k S ——" “}

== "

< ;
7 ' i

| 1.3.1 CGENERATION
Generators — One of the essential components of power systems is the three-

phase ac gencrator known as synchronous generator OF alierpator. Synchronous
gencrators have two synchronously rotating ficlds: One field is produced by the
rotor driven at synchronous speed and excited by de current. The other fickd is pro-
] duced in the stator windings by the three-phase armature currents. The do carrent
for the rotor windings is provided by excitation systems. In the older units, the ex-
citers are dc generators mounted on the same shaft, providing excitation through
slip rings. Today's systems use ac generators with rotating rectifiers, known as
brushless excitation systems. The geperalor excitation sysiem maintains generalor =
- vohage and controls the reactive power flow. Because they lack the cOmmutator,

ac generstors can gencrate high pewer at high voltage. typically 30 kV. In a power L
plant, the size of generators can vary from 50 MW to 1500 MW,

The source of the mechanical power, commonly known as the prime mover,
may be hydiaulic turbines at waterfalls, steam turbines whase cnergy Comes from
the burning of coal. gas and nuclear fuel, gas turbines, or occasionally intcrnal com-
bustion engines burning otl. The cstimated installed generation capacity in 1998 for
the United Staes is presented in Table 1.1,

Steam wurbines operate at relatively high speeds of 3600 or 1800 rpm. The
gencrators 16 which they are coupled are cylindrical rotor. two-pole for 3600 rpm of
four-pole for 1800 rpm operation. Hydraubic turbines, particularly those operating
with a low pressugse, operate ot low specd. Their generstors arc usually a salient
tyge rotor with many poles. In a power station several penerators are opeorsted in
parallel in the power grid (o provide the total power needed. They mre connccted at
a commeon point called a bus.
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Transformers — Another major component of a power system is the transformer.
It transfers power with very high efficiency from onc level of voltage o another
level. The power transferred 1o the secondary is almost the same as the primary,
except for losses in the transformer, and the product V 1 on the secondary side is
approximately the «ame as the primary side. Thercfore, using a step-up transformer
of turns ratio a will reduce the secondary current by a ratio of 1/a. This will re-
duce losses in the line. which makes the transmission of power over long distances

possible.

i The insulation requirements and other practical design problems limit the
gencrated voltage to low values, usually 30 kV. Thus, step-up transformers are
used for transmission of powet. Al the receiving end of the transmission lines step-
down transfonmers are used to reduce the voltage to suitable values for distnbation
or utilization. In a modern utility system, the power may undergo four or five trans-

|___formations between generntor and ultimate user.
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132 TRANSMISSION AND SUBTRANSMISSTON - =

The purposc of an overhead ransmission network is 1o transfer electnc cncrgy
from generating units at various locations to the distribution system which ulti- —
matcly supplies the load. Transmission lines also interconnect neighboring utilitics

which permits not only economic dispaich of power within regions during normal =
conditions, but also the transfer of power between regions during CIMErgonCics.

Standard transmission voltages are established in the United States by the
Amcrican National Standards Institute (ANSD. Transmission voltage lines operat- E
ing at more than 60 kV are standardized at 69 kV. 115 kV, 138 kV. 161 KV, 230 kV, 4
145 KV, 500 kV, and 765 kV line-to-line. Transmission voltages above 230 kV are
usvally referred to as extra-high voltage (EHV).

Figure 1.1 shows an elementary diagram of a transmission and distnbution 2
system. High voltage transmission lines are terminated in substations, which arc
called high-voliage substations, receiving substations, ov primary substations. The
function of same substations is switching circuits in and out of service: they arc
referred 1o as switching stations. At the primary substations, the voltage is stepped :
down 16 a value more suitable for the next part of the journey toward the load. Very . -
large industrial custorers may be served from the transmission system, et

The portion of the iransmission system that connects the high-voliage substa-
tions through step-down transformers to the distribution substations are called the
subtransmission network. There is no clear delineation between transmission and
subtransmission voltage levels. Typically, the subtransmission voltage level ranges

from 69 to 13% kV. Some large industrial customers may be served from the sub-
L transmission system. Capacitor banks und reactor banks are usually installed in the
substations for maintaining the transmission line voltage.
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133, DISTRIBUTION

The distnibution system s that part which connects the distnbution substations 10
ntuvon lines are usu-

the consumers’ service-entrance equipment. The primary dist A

ally in the range of 4 1o 34.5 kV and supply the load n a well-defined geographical

arca, Some small industnal customers are served directly by the pnmary feeders
The secondary distnbution network reduces the voltage for utilization by

commercial and residential consumers. Lines and cables not exceeding a few hun-

dred feet in length then deliver power (o the individual consumers. The secondary
distribution scrves most of the customers at levels of 2407120 V, single-phase,
three-wire: 208Y/120 V. three-phase, four-wire: or 480Y/277 VY, three-phase, four-
wire. The power for a typical home is derived from a transformer that reduces the
primacy feeder voltage to 2407120 V using a three-wire line.

Distribution systems are both overhead and underground. The growth of un-
derground distribution has been extremely rapid and as much as 70 percent of new
residential construction is served underground.

134 LOADS
Loads of power systems are divided into industial, commercial., and residential.
Very large industnial loads may be served from the transmission system. Large
industrial loads are served directly from the subtransmission network, and small
industrial boads are served from the primary distnbution network. The industrial
loods are composite loads, and induction motors form a high proportion of these
load. These composite loads are functions of voliage and frequency and form a
major part of the system toad. Commercial and residential loads consist largely
of lighting. heating. and cooling. These loads are independent of frequency and
consume negligibly small reactive power.

The real power of loads are expressed in terms of Kilowatls Or mMegawstis.
The magnitude of load varies throughout the day, and power must be available o
consumers on demand.

The daily-load curve of a utility is a composite of demands made by varnious
classes of users. The greatest value of load during a 24-hr pericd is called the peak
o1 maxinum demand. Smaller peaking generators may be commissioned to meet
the peak load that occurs for only a fow hours. In order to assess the usefulness
of the generating plant the load factor is defined. The jomd factor is the matio of
average load over a designated period of time to the peak lond occurring in that
period. Load factors may be given for a day, a month, or a year. The yearly, or
annual load factor is the most useful since a year represents a (ull cycle of time.
The daily load factor 15
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1.6 COMPUTER ANALYSIS

For a power system 1o be practical it must be safe, reliable, and cconamical. Thus

many analyses musi be performed (0 design and operatc an clectrical system. How-
ever, before going into system analysis we have © mexdel all components of elec-

trical power systems. Therefose. in this text, after reviewing the concepts of power
and three-phase CIfCuils, we will calculste the pararncicTs of a muli-circuit Lrans-
mission line. Then, we will model the transmission hine and look at the perfor-
mance of the trangmission linc, Since transformers and goperators are a part of
the system, we will mode! these devices. Design of a power system, its operation

and expansion requires much analysis. This text prescats methods of power system
analysis with the wd of a personal computer and the use of MATLAB. The MAT-
LAB environment permits a nearly direct transition from mathematical expression

1o simulation. Some of the basic analysis covered in this toxt are:

. Evaluation of tansmission line parameters
« Transmission line performance and compensation
» Power flow analysis

+ Fconomic scheduling of generation

+ Synchronous machine transient analysis

« Balanced fanlt

» Symmetrical components and unbalanced fault

+ Stability studies

- Power system control
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1.6 COMPUTER ANALYSIS

———
For a power system to be practical it must be safe, reliable, and economiacal. Thus
many analyses musl be performed (o design and operatc an clectrical system. How-

Jysis we have model all components of clec-
this text, after reviewing the concepts of power
lculate the parameters of a multi-circuit leans- i
—— = ; p——
; mission line. Then, we will iodel the transmission ine and look at the perfor- 1
mapce of the trangmission line, Since transformers and gencrators are a parl of
—— the system, we will model these devices. Design of a power syslem, its operation
2 and cxpansion requires much analysis. This text presents methods of power sysiem :
bl analysis with the aid of a personal competer and the usc of MATLAB. The MAT- -l
IAB environment permits a nearly direct transition from mathematical expression :

e ever. before going into system ana
trical power systoms. Therefore, in

and (hree-phasc CITCuils, we will ¢

e 1o simulation. Some of the basic analysis covered in this lext are: ]
;

e o 4 .o s
« EwlagQon of transmission hine ;ﬂramcre;s

p—— « Trapsmission line performance and compensation -
» Power flow analysis g
» Fconomic scheduling of generation
P « Synchwonous machine transient analysis e
bt « Balanced fanlt W
e
« Symmetrical components and unbalanced fault : .

» Stability studies

« Power sysiem contro
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s& ba!am:ed Jxrsa phasc Tr—cmmcctvd cengrator with positive sem_ence:sa an mpc&mce

02+ 30 5 €)@ and the nfernal voltage of 120 V/®. The ¥ ~_snmecied source fveds 2 A-commected foad R
throngh a distribution Imehaving g an inipedance ef 03+ 0200 Thelead] mpcdance 51 18,3 -%-135 3
0/, lhe a-phase internal voitage of 1!3{: generafor is specified as the reference phasc.

2} Cesstmct 2 single-phase equiv ralent circuit of S22 ﬁ:ree—phars system. ;
© b) Calculaie the lne currestis Ty, Tiss and Iec- *“"'"“""‘"""“‘"""‘""' :
| : : -,
) Caleulste the phase voltages at the load termingls. e
dy Calenlate the pha:.e cuirents of the Ioad. ) = 7
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‘ a} Lglcdatc 1hié averase powes per phase deliv ered to ﬁaa Y- ccamiccted Ioad T cxamnie eii 1. i e
| b) Caleulate the total averags power deliv ered o the load. 25 1L SR s —
- 4 ) Calcelate the total average power fost in the line. .

d) Calcutate the foial average power lost in the generat tor.
&) Calculate the total i pumher of maenetizing vars abserbed by the lcad.
| £} Calculate the ol complex power delivers ed by the source.

| @Pr 2Pon - 3x2y.Gu = GF2.90 wett R Pr =(r3v,.rlso

.

&b - =35 R R:A - 3%(2)x0.3) = 13. 22 wer

4

é @Pq - 3.2_« -Y-—Pq = 3% (2. 97) #@2) = 3. HG wath _;'*'

1:0° =3
o .@ @ Or 3G, =2Von Lonsing =12 V;,Iz;wmﬁ-
_=J2%(197.52) (2.4) 2in (MLMBLQWAB _,

100 A




Ex

A balanced 3 phaso reqv res 480kw at a lagging P.F of 0.8 the load is fed from a lir evo!tage
@ animpedance of 0 OOJU .025 ./ the line voltage at the termina of load is 600 \
a) calculat a single 2q. circuit of the system.

b) calcu at the magintude of the line current
¢) calculat the magintude of the voltage of the sending end of the line .
d) calculat the power factor at the sending end of the line

ol S = 1
@) < 0.005  J0.025 A il

'
| 4§

@,,s-/) Igt_ﬂ (_éaugo\ Xlg ol

i hE Tap - W ST - 57735 /f_ﬁfj A

@t ClVoy:Tprze
s = Gﬁgf),,t(_(g,ggmégg.p%) (557. 3614;211).

= 35F. 54 L1-5%
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The one line diagram of an unloaded power system is shown below . Reactance of the T.L is

enarator and transformers are rated follows :

shown on the diagram the g

Generator | 20 MVA . 13.8 K, . X =0.20 perunt

Generator 1I: 30 MVA . 18 KV, X = 0.20 per unit
Transformer |: 25 MVA 290Y [ 13.8A KV, X=10%

Transformer 11 30 MVA , 220Y / 18 A KV, X=10%

Draw the impedance with all reactance chooses a base of 50 MVA  13.8 KV in the

circuit of generator |

et
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A 100 MVA :33KV 2-Phase generalor has sub tra nsient reactance of 15°
connected to the notors through a T.L and transformers.

Selecting the generator rating ds ! he base q
s\ st en wn( ena u lleth( corresp Jn ding p.u va

/o the generator is

Lantities in the generator circuit. Determne the

ue.

base in other patsof he sys
\
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Using base values e 30 KVA and 240V in zonel;draw the per unit circuit and determine the

per unit impedance a 'd the per unit source .then caleulate the load current both n per unit

and amperes. e I 5 — 1
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| Pf— (&g-——)\lr{ Va—bn\lol o
PF—aé@d > Vi yVe = Volfage reguia

. . PPeces = g, B“

= Single phase over head transmissian [OHT]divers 1100 KW at 33KV oui of 0.8P.F lagging the « Q. &
e of the line are 1002 ,15Q) res pectively

total resistance and reactal
| a) Sending end voltag

b) Sending P.F
o B GRS e S

33'xi'o340-3
. @ =0z '(0:8) = 3¢. %%

= 33X1F]o +@o-:j|5)(*ﬂ-g7—t3_éi£i - 33.709 /242 Y 1

Qs = @raX =363F+0Ys QPF COSL_EﬁL ,
} . /‘YSM

Wi-
oo+ ¥, zeU = LIIE: 26Y kw . @

£ z-.. 100 wloa = 9E- Yy 7o
///F,?éu :

Eﬂj thu QA)\E&//\, .

%




Ex:la:

A 3-Phase 50Hz .16Km , long OHTL supplies 1000KW ab11KV .P.F 0.8 lagging the line
resistance is 0.030 per phase per km and line inductance % 0.7m.H per phase per km

Calculate the sending end voltage ,voltage regulation and efficiency of T.L

ﬁL-—oo.?JE/é = 0. U8 = _
XL> d%—)ok =:)2/U-h5°nﬂ3‘—k‘ra 7d'a.2,9_ il
X! < Xes 16 = jog2x 16 = 252

ZL = ovYg +)3.52

Ve . WWE gk

Jz=
= I.J’ JoooXI_ __/_9_«22)_02,/ = 65.6A

= — = =
. Z‘(r‘(&_gfé gx"gﬁ TROTO

Ve = Ve e '
= é;f; +[(éE é L_,—)(a ‘42—*43 52-\ 6515 Lu_é"i- ¢

£515 —G3E) sige = 4. 58 Yo ,.
&35 |

‘% 6516 Yo”aqe Rea{a_w
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Resistaice /km/phase = 010
Inductive reactance /km/phase =0.20) e
Capacitive reactance /km/phase = 0.04*10 5

W : . h lowing comstanks:
A3-Phase 50Hz, over head T.L j00Kw asfollowing

Find: a)ls b) Vs ¢) Sending end P.F  d) Transmission eff.
When a use nominal T method when balanced of 10KW ; 66KV ; P.F=0.8lagging

\o £

_gﬁf rmC,hnce/ Plfwse - XL=- 0.9xi0p = j20 -
2L = 1o 320 ' e

rara—

SEOL T T Q

39 ey gggauiw ve sugceplince = oggyg klao-—bw‘
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| Vieas Ve fe T4 =335 +(1cd 1“36 EH 13~+d\0)

= 39195+ j5U5

. giady” cuprent o JC \U\\/. 1§
A % Uyjo™ % (29195 +]5UB) = 0215 ,_\5.6_;

L4

T+l =T - loo [21HEA

?“

Vs —nile +I5 T (sqmwsws) +(8—'l——duq 3) (5 +dlo)
= Yolys [1-Y
line Vale = HolUs auJ“ = 9.532 KV

ol ol PE = e = (o5 i) - 2.353

wﬂho{m‘ e,y;,,f pow_e{/“ = é Vs IS Cﬁé Cxé ‘
¥ = 3(4o.148)(100) (0.£5%) =10333 323k}

lpo0 O )f/.ﬂ?/ = 76-?3[-7—
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A 3-Phase 50Hz . 150km line has resistance, “nductive yeactance and capacitive shunt
admittance of 0.1(2 ;0 50 and 3710 S per km per phase If the line delivers 50MW at 110KV
and 0.80 F lagging Determine the sending end voltage and current Assume a nominal

o ] . ‘_ ; circuit for the line .
| _
' VY‘ = J-\i-;_:é:—— :63 "5Og V

T, DB oo oh

l_s.‘ i -1
ds 1ioa

B Y P

A A
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Ri=o.l x50 =150
X = do.s *lbo = (75O

i ; = d}_&jgﬂé_ﬂﬂfg = Jysxle &i_

j'lﬂ :J:Y‘-FIC.; . J‘IC,,: Vi *‘% ’5 |
— -36.9% ] _ ; Jusx)o '
_30% [369F +)Iy.z = G3.508 x 255"

- 9¢2.U-Jlg2. 5 A Jop = JIU.3

Ve - Vi + e (-\ﬁ'a (5+J'+5)
63.50% + (362, q —122..5) (15+; %s’)

—

—
—
—

ng/(/wacf /wm i
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A 100km long 3-Phase , 50Hz T.L has fellowing line constant :
Resisfance /km/ phase = 0.1 5.

Wdudive reactance /kmfphase =05 -0n

Capacitive reactance fkm/phase = 10*10 5

nominal %G method :
a) sending P.F k) Transmission eff. . c) regulation.

If the line supplies load of 20MW of 0.9 P_F lagging at 66KV at the recejving end calculate by [B %

R: o.1 ¥loo = lo- — L = ]o+g50_

XL —OEXIoo = Eo-o -}j

-

Y = loxis® Xjoo __Joxlo”S'

Vr ':. @_@___%‘-Lé a: 33-'10_5 k\/ ’:) w;fﬁ{_l(oh'c/)

€

| o X o= <
N "I - = =195, /-25.94 A
Ie, - Vr,m”,i - 3g.lo5 xj 1225 = jlqpn
Te= Te+le, =\95)-35:8 + 4 /32
= 176 —d66A
Ve, VY‘-!—II-?E
_M5+(IW)(JO +159)
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. 1—5 = leo =t IQ I__z VSJJ E, ,
| e (Cuw2i0) +(1¥6 —j6e) = (8.925 /:a 65)(\ Io)(loj e
. = l:{"—"" é l——_.l*“‘B A _ . ) = 0 % i

| gmgm%ﬁ exncl 5f . cosg
- (05 (25. 15) =o.925 [,qgéu_%,_, 1.
_*VQ_[fC{LC’j@_ pe‘_%., -=. V,ém\ar_;ﬁvfﬁ_*’lno‘/.
\/r
U289 — 33105 /g, = 5.2,
- 2 3/05 "
o Dowei: EVC,-L_§ C%_Cé___,__,, '.

> = (43925) (173.0)Lo.905])
> 21n 18 MW

ha 29/ x—)nr)/
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\ed at 132KV ,50Hz and 0.85 P.F lagging by means %

2 sl
A balanced 3-Phas# load of 30MW is supp! =
ies i fan i ris 204j52 Q and the total phase neu
i ries impedance of single conductor 1s
of aT.L Theisel _Pc,
admittance is 315*10 S.
Using Nominal "T"* method determine:

A) The £,B,C and D constani of the line .

B) Sendng end voliage. C) Regulation of the line .

I' [ 1 T ORI DS AR AT 0 T B e

Lt2o+352) (315X h,"@J‘_-.‘:E
I g
¢ 2

H1TIETT ST

B - [z +T9]-Q@o+i%)
~ B=5B.5 [cEtEs o :

"€ - - pop03lh S

L™

: %g’ﬁh maa/ QLH@@’H Bial

T T
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.\/Y‘ - 132 X\o
= ch

= A
T = —OS e = THH
TR TSI X %5

:(7?’\2/;\/3

6 = CQg (o 35) =
W}T:} N
o e e

® Vs = PrVr + s | ' _
= LJ ajo) + éC/ ) (154 [i}:)-l | i §
= Sw& +g£u/z _

Vs =d Gruzgrsus) = B2.C KV o

@ At o Load (Ir-o0):
Ve =08 Vr‘ + B’/ﬁr = (Vr —'*fvf‘/[sr
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Exid:o

A 3-Phase T.L.200km long has the following constants:

Resistance /km/phase = 0.160)

Reactance /km/phase =0.250 &

Shunt admittance/km/phase= 1.57 TS,

Calculate by rigorous method the Sending end voltag
delivering a 'oad of 200MW at 0.8 P.F lagging .The receiving end voltage is kept
constant at 110KV,

e and current when the line 5

(7))
k®,
o
L L.
L]
B
=3

Solution:. - R = 0./g x200 =320
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xample 8.1: A synchronous generaior and a synchronous motor each rated 20 MVA, 12.66 KV
having 15% subiransient reactance are connected through transformers and a line as shown in
Fig. 8 1. The transformers are rated 20 MVA, 12.66/66 KV and 66/12.66 KV with leckaze
reactance of 10% each. The line has a reactance of 8% on a base of 20 MVA, 66 KV. The motor

is drawmg 10 MW at (.80 leading power factor and a terminal voliage 11 KV when a symmeirical
three-phase fault occurs at the mofor terminals. Determine the generator and motor currerts.
Also determine the fuwll curreni.

Solution: f
T Line 2 7 .
-3k Jﬁj

Fig- 8.1: Single line dsagramo/l {i

All reactances are given on a base of 20 MVA and appropriate voltages

11 ra
Prefault voltage Vg = AiE GG' 0° = 0.8688 | 0°pu. 7 .///}}\\H
o 10 19
Load = 10 MW, 0.80 power factor (leading) = T 0.50 pu. o ¢

f__—"""_\

e’ -5G S
s | 36.87°
Prefault current . }8688 <0.80 8

I = 0.7194 [ 36.87 “pu

Prefault equivalent circuit is shown in Fig. 8.2

jo.10 ju.us J0.10
& J‘(—T\ B e

Line T3

Fig. 8.2: Prefault equivalent circuit of Fxampie 8.1.

Eguivalent circuit during fault is shown in Fig. 8.3.

(_j,.Lz.ﬂ_)'l >
. LYY <

i jozse n
§0.15 j0.15

+ +
G) E] Ly EZ

Fig. 8.3: Equivalent circuit during Tault.
% 3
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From Fig. 8.2, voltage behind subtransient reactance {generator)
E;=V,+j(0.15+0.10 +0.08 + 0.10) X Ip

E;=0.8688 | 0° +j0.43 x 0.7194 | 36.87°
Fy=0.1266 | 19.9° pu :

Similarly, d
E;,=0.8688 [0°-j0.15%0.7194 36.87°-
= EZ=0.9374 | -528° pu ;
From Fig. 8.3, f/
r=- E, L 0.7256[_19_.:92
j(015+028)  043]90

- 7= 1689 =T01° pu /
~ I =(0.575 —j 1.588) pu
L g B 0.9374| -5.28°
=015 0.15] 90°
o I =625]-95.28°pu
o I7 =(-0.575 —j6.228) pu.

Fault current
L=I7+ I =0.575—j1.588 — 0.575 — 6.223

20% 1000
= T3x1266

I =912.085 x 1.689 | -70.1°= 1540.5[~70.1° Amp.

T =T su;éi})
Base current (generator and motor, ‘/

= 912.085 Amp.

I7 =912.085 x 6.25 | -95.28° = 5700.5 | -95.28" Amp. | J
I,= 912.085 x (j7-811) = 7124.3 | -90° Amp.

; d\ 5 auld (B8 d_> Example 8.2: Solve Ex-8.1 using Thevenin’s Theorem.
i : . _ Solution: The detailed derivation for this is given in Chapter-4, Section-4.8.2.
= J__\AL - Fizure 8.4 shows the Thevenin’s equivalent of the system feeding the fault impedance.
X“=7(0.1+0.08+0.01)=,028
Xa.=j0.15, X5, =j0.15

.7/:@”@”1”’5  hotoem @
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i AEAS

v
Xia

Reference bus
Ground

Fig. 8.4: Thevenin equivalent circuit of Example—-8.1.

KXo + X7 =j{0.15 + 0.28) = jO.43

P (x5, +X7)(X3z)  joas x jois
T (X3 + X7+ X5m)  1(043 + 0.15)

Xy =j0.1112 pu
74 0.8688| 0°

L=z + X)) ~ Jjolllz
I =—7.811 pu
urrent

[since z; zg]

Change in generator c
Al =TIp > den =
(Xig + X~ + Xim)
L j0.15
AL =—7811 % 5415+ 028+0.15)

A I =—j2.02 pu

Similarly,
AT" =_j7811 x JOI5+028)
= i j0.58
AL =—j579pa

-

Therefore,
I'=AI;+1,=—j2.02+ 0.7194 | 36.87°
I” =(0.575 —j1.589) pu

..-- =
IZ =AT, —I,=—j5.79 —0.7194 | 36.87°
IZ = 0.575 — j6.221) pu.

\Sp
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8.2 RATED MVA INTERRUPTING CAPACITY OF A CIRCUIT BREAKER

The circuit breakers rating requires the computation of rated momentary current and rated
symmetrical interrupting current computation of symmetrical short cixcuit current reiquii-és
subtransient reactances for synchronous machines. RMS value of momentary current is then
computed by muliiplying the symmetrical momentary current by a factor of 1.60 to consider the
) presence of DIC off-set current. :
- W The interrupting current of a circuit breaker is inversely proportional to the operating
W

voltage over a certain range, i.e., o
/ 4 /'2/}:-)"& E;_../L,C- ¥ e
))\ i 1 ®.1)
/f’ & : ‘fuv o

Where
' I, = current at eperating voltage
I_= current at rated voltage
A - _Yw = operating voltage
g«) JJ } 9V Ay — Note that operating voltage cannat exceed the maximum design value. Also rated interrupting
. current cannot exceed the rated maximum interrupting current.

RIS

Therefore, three phase rated interruptmg MVA capacity of a circuit breaker is given as
“ WA)mted-3¢ = 3 |Viinel, % [Trine s ~(8.2)

where

e

. [Pinel, = rated line voltage (l;\f)

!Iu,,e] i rated interrupting current (KA)
Thus, three phase short circuit MVA to be interrupted, where

SC MVA (30) = 3 |Eo|[sc] X MVAIpase : ~(83)

where
| E,} = prefault voltage (kV)
| Zs¢| = short circmt current KA)
Note that MVA ;. 34 15 to be more than or equal to the SC MVA (3¢) required to be
interrupted. A three phase fault which is very rare gives the highest short eircuit MVA and a
i~ circuit breaker must be capable of interrupting it "j 5 X

Z{ & Example 8.3: Three 11.2 KV generalors are interconnected as shown in Fig. 8.5 by a tie-bar
through current limiting reactors. A three phase feeder is supplied from the bus bar of generator
A at a line voliage 11.2 KV. Impedance of the feeder is (0.12 + j0.24) ohm per phase. Compute the
maximum MVA that can be fed into a symmetrical short circuit at the far end of the

\Sp

m;wea-m
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8% 8%
40 MVA 50 MVA
cB cB
10% CB 10%
F Fault

Z,ouer = (012 + j0.24) ohm

Fig. 8.5: Circuit diagram of Example 8.3.

Solution: Generator reactance
Xpg = 8% = 0.08 pu, xp; = %, = 0.08 pu
Reactor reactance
xp =xp=xc = 10% = 0.10 pu
Feeder impedance
Zooder = (0.12 + j0.24) ohm.
choose a base 50 MVA, 11.2 KV

2
Base impedance Zp= %%L ohm = 2.5088 chm
V _ Zpepdertohm) (012 + jO.24)
Zoeder (P1) = ZB = 25088

Ztesder (OW) = (0.0478 + jO.0956) pu.
= 50 .
xpg =j0.08 X 20 =j0.10 pu
xpgg =70.08 pu
5 50
%y =J0.08 % 30 =;0.133 pu
50
xa =J0.10 X 0 =j0.125 pu
xg =Jj0.10 pu

s a0 _ |
xe =J0.10 X 30 =j0.166 pu

Assume a zero prefault current (i.e., no load prefault condition). Circuit model for the fault
calculation is given in Fig. 8.5(a).

Z =0.0478 + j0.0956 +j

G Z=0.1727 | 73.94° pu.
Short circuit MVA = |Vl [ ;] X MVA)puce

"ol MLy fuyp),

®
U)2 %50 = 2295 VA /

°-1727

0.10 x 0.2375
0.3375

il
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(00475 + f0_0356)
Fig. 8.5{d)

ooly7Z

9 -Ahmacd AL -heek

J70.10 F0.08 70133
vy = 110
T ] j(}fl?ﬁ JFu.aua FO.186
] .
1 "
] )
1 "
¥ H
¥ -
A T (00478 1+ D.O035C)
Fig. B.5lal
Jo.1o o116 FO.00
Ve =0
—tr jo.125
H
H
1
H
1)
1]
: >
= (00478 + U US56)
e
Fig. 8.505)
YT
JOA125
-
Vo = 110* JO.10
r
P SN L [ R v
Halie St i H jnirs
(00478 1 jO.09I56)
Fig- &_5(c)
§ J0.10 JF0.2375
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b o LISl S 2

e

E = f==
L IGHE Kt e

Fig. 8.6(5)

jD.03125

V., = 1lo°
‘rl

Fig. 8.61(c)

I = el

l JOATTS .l JOITTS i
Jar Ty

J0.03125

Fig. B.6{e)
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g i 1-— VH,:, ]014 X (—4.165)
: ‘Vi¢=0.4169 pu.

Similarly
1= Vie=j0.14 % (j4.165)
Ve =0.4169 pu. )
; :_V-!l_f = Q;OV,\.
= Ve —Vie 04169 _ .
fu= zj'o.mllf S igag AT
Vye ~Vie 0416904169
| In="5020 =~ joz0
L= Iy + Iy + Ipy = —4.169 + 0.0 + Iyg
; —j4.165 =—j4.169 + Iy
i I, = j0.004 pu.
Now
%ﬁ;ﬁf— = I,y = j0.004
Vye = Vpe—j0.004 % j0.10 = 0.4169 + 0.0004
& Var = 0.4173 pu.
"l oo Vie—Ve _ (0.4169 —0.4173)
. LT jo20
L3 =—j0.00Z pu
SC MVA at bus 4
= | L] x (MVA)pgee
= 8.33 x 100 MVA
= 833 MVA

Example 8.5: Two generators G1 and G2 are rated 15 MVA, 11 KV and 10 MVA, 11 KV
respectively. The generators are connecied to @ transformer as shown in Fig. 8.7. Calculate the
subtransient current in each generator when a three phase fault occurs on the high voltage side

of the transformer.

15 MVA, 11 KV, X", = 0.10
AY

N N

1166 KV, 15 MVA, x; = 0.06

10 MVA, 11 KV, X7, = 0.10

Fig. 8.7: Circuit diagram of Example 8.5.

Solution: Choose a base 15 MVA
xg; = j0.10 pu

g 15
Xgo = JO1O X 0 =j0.15 pu

Eng-Ahmad Akheeh
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i
{
|

jo.15 5

= »x{—j8.33

Lex H0.1+015) b )
=—75.0 pu

- _ joao

Base current

. — 15x1000
BT BExil

I;; =—j5 % 787.3 = — j3.936 KA.

= 787.3 Amp.

= x (—78.38) =—j3.
Ie = 01+ 019) (—s838) =—j3.33 pu

ground

j0.06

I, =—j3.33 % 787.3 = — j2.621 KA.

I;=—j8.33 x 787.3 = — j6.557 KA.

8.3 CURRBRENT LIMITING REACTORS

Fig. 8.7{(c)

The short circuit current is large enough to do considerable damage mechanically and thermally.

The interrupting capacities of circuit breakers to handle such current would be very large. To

[/.rreduce this high fault current, artificial reactances are sometimes connected between bus
sections. These current limiting reactors are usually consist of insulated copper strip embeded
in concrete formers. This is necessary to withstand the high mechanical forces produced by the *

current in the neighbouring conductors.

Example 8.6: The estimaied short circuit MVA at the bus bars of a generating station-1 is 900 ~
MVA and at another generating station-2 of 600 MVA. Generator voliage at each station is 11.2
KV. The fwo stations are interconnected by a reactor of reactance I ohm per phase. Compute the -

fault MVA i each station.

Solution:
SC MVA of generating station-1 = 900 MVA
SC MVA of generating station-2 = 600 MVA
Assume base MVA = 100

Base MVA 100
1= "SCMVA 900 0.111 pu

100
& Kp = 600—0.1661::11

Sp

Eng-Bhmadl Alheeh.




~ Spark Team

Base current

100 x 1000
Ig= JSx112 —91549 Amp.

Per unit reactance of reactor JO.11

Reaclor
JjO.797

1x 100
xp=7% =0.997 pu
RO #
Figure 8.8 shows the pu impedance diagram.
When fault occurs at generating station-1, pu impedance diagram is shown in Fig. 8.8(a)

e

Fig. 8.8: circuit diagram.

102
+ 1
7o.111
L1k
jorar
Fig. 8.8
Fig. 8.8(a) e BB
- .0.111x 0963 _ .
= j————— =j0.0995
Fealire i 4 e
I=——~1—=-—'10047 u -
n”Go0085 T
SC MVA = 10.047 x 100 = 1004.7 MVA .
When fault occurs at generating station-2
0166 x0908 _ .
Xy5= j———— =30.1403 pu
eq2 J 1.074 7 P
. i
In= 501403~ —~j7.125 pu

SC MVA =7.125 x 100 = 712.5 MVA.

i
i’ 9 / Example 8.7: A 50 MVA generator with o reactance of 0.10 pu is connected to a bus-bar. A 25
" MVA transformer with a reactance of 0.05 pu is also connected through a bus-bar reactor of
0.10 pu to the same bus-bar. Both these reactances are based on 25 MVA rating. If a feeder taken
out from the bus-bar through a circuit breaker develops a line to ground fault, what should be
the rating of circuit breaker?

Eng-Ahmad Alheeh




Solution: Circuit connection is shown in Fig. 8.9.
Set base MVA = 50

xg=j0.1(} pu 50 mVA ‘-LJ - 95
j Lk T 2% 25 MVA
x5 =j0.10 x == =j0.20 pu _
o 2 . & Reactor T
: 50 S
xp =J0.05 > oo =j0.10 pu _)'?'\
Fault:
. _ X {xT +xE) _.0.10 X(O.lﬂ + 0.20) aully § Feeder
a Feq ™ (xg+xr+xr) ~ (0.10+020+0.10) Fig. 8.9: Circuit diagram of
Example—8.7.
Xeq = JO.0T5 pu
a0
Therefore SC MVA = Base MVA _

R 0.075

s = 667 MVA. Ans.
";‘_'_‘———ﬁ
(b ~ Example 8.8: Determine the ohmic value of the current limiting reactor per phase external to a

" 30 MVA, 11 KV, 50 Hz, three phase synchronous generator which can limit the current on short
circuil {o 6 times the full load current. The reactance of the synchronous generator is

.06 pu.
Sclution: Given that

Full load current 1
Shprt circuit current 6

x, = j0.06 pu
External reactance required per phase

(1
. 1(6—0.06] = j0.1066 pu.

Full load current,
30 % 1000
I=————— =1574.6 Amp.
R T B
L
Per unit reactance = %
_ IaxXg
& 0.1066 = 11 % 1000
J3

xp = 0.43 ohm. Ans.
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Eitample 8.9: Two generating stations are connected iogether through transformers and a
transmission line as shown in Fi

ig. 8.10. If a three phase faull occurs as shown in Fig. 810,
calculaie the fault current. g

G1 : 11 KV, 40 MVA, 15% : (2 (&3
G2 : 11 KV, 20 MVA, 10%

7 o 11 KV 11KV 1
G3 : 11 KV, 20 MVA., 10% ¢ 3 ]
T, : 40 MVA, 11/66 KV, 15% T s -
T, : 40 MVA, 66/11 KV, 15%

TB -
T3 : 5 MVA, 11/6.6 KV, 8% =
Line reactance = 40 ohm. Fault

Solution:

Fig. 8.10: Circuit diagram of Example 8.9, i
Set Base MVA = 40, Base Voltage = 11 KV e .
: Xgy =Jj0.15 pu,

N

Xpp = J ;—3 % 0.10 = j0.20 pu

; 0
xgg= J0.10x -;—0 =j0.20 pu

xp; =j0.15 pu
e = j0.15 pu

Tpg = jU.OSx% =j0.64 pu

z 40
Xing = 740 X ——— = j0.367 pu.
N

Cireuit model for fault calculation is shown in Fig. 8.10 (a).

1[ge 1lo°

+ +

j0.20 Jj0.20

j0.15
T

Jj0.84

Fig. 8.10(a)

19 Ohmac Alheeh.




P il

== W

g{p ;

1o

& L= 70729 =—j1.37 pu
40 % 1000
Base current Iy= ———
T dEni
= 2099.45 Amp

| Zg] = 1.87 x 2099.45
=2.876 KA. Ans.

Example 8.10: A generafing station consists of two 100 MVA generators with 6% reactance each
and one 150 MVA generator with 8% reactance as shown in Fig. 8 11. These generators are
connected to @ common bus bar from which loads are taken through a number of 50 MVA, siep
up transformers each having 5% reaciance. Compute the rating of circuit breaker on (i) low !

voltage side and (ii) on high voltage side.
Solution:
Set base power = 150 MVA.

.
xglzzgzz J0.0GX ﬁ 2]009 pu
: o _.
g =008 pu, zp = jOO5 X 222 = j0.15 pu.

() If the fault occurs on low voltage side current will be
restricted by the reactance of three generators in parallel.

1 i 1 1
e F—= =i
%, J0O09 jOoD9 jOoO8
Xoq = JO.0288 pu.
150

SC MVA on 1 1ta; ide =
on low voltage side 00283

= 5208 MVA.

(if) On the high voltage side,
X, = j(0.0238 + 0.15) = j0.1788 pu

150

A =
NN 0.1788

= 840 MVA.

Example 8.11: A radial power systern network is shown in Fig. 812, a three phase balanced /
fault occurs at F. Determine the fault current and the line voltoge at 11.8 KV bus under fault
e

condition.

Fig. 8.10(5)

—

Fig. 8.10(c)

i

Faulf
on LV side

4

Fault on”
HYV side

Fig. 8.711: Circuit diagram of
Example 8.10.
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Solution: 12 MgAgz
Let Base MVA =12 X5 =0.12 pu

11.8 KV

Base Voltage = 11.8 KV.
Xg = jO.12 pu, x,, =j0.15 pu T,
;= 10.12 pu,

33 KV—

’ iz . =
xpp = J0O.08 e =J0.32 pu T, %% 3 MVA, x,, = 0.08 pu
6.6 KV —— L
Base valtage for line-1 is 33 KV. Zine—2 = (0.54 + j0.40) ohm
Base voltage for line-2 is 6.6 KV. Line2  _#
{33}2 Fig. 8.12: Radial power system
Zn line1 = 5 = 90.75 chm. network.
(66)”
‘ZB, ltine-2 — 12 = 3.63 th-
(9.45 + j12.6) )
Zine1 = —goze—— = 0.104+0.139) pu
(0.54 + jo.40} .
Zine2 = (g = (0.148 + jO.11) pu
3.63
jo12 11.8 KV bus
jo.iz F

- 12 MVA
X, =0.35pu

= 12 MVA, x4, =012 pu

Line-1, Z,, , = (9.45 + j12.6) ochm

jo.3z
Lineed — 50 Line-2

i (o104 (0.148
+ j0.139) + j0.11)
— (a3
T
102
2
Fig. 8.12(a)
11.8 KV bus

e ot it o sty
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-~y i
Ne ™ SRR R
1jo° {0.252 + j0.755)
i
Fig. 8.12(c)
12 x 1000
Base current Ig=—F—— =1049.7 Amp.
BT B x68 X

el
.- e _d o
Now 1= lozsz + jo755) = L256] 715" pu

I;=1.256| —7L5%x 1048.7

& I;= 1318.4' —715° Amp.
Total impedance between F and 11.8 KV bus
= (0.252 + j0.689) pu

Voltage at 11.8 KV bus

1.256 | —715° x(0.252 + j0.689)
0921 | —16° pu

= 0921] —16°x 118 KV
= 10.86| -16°KV. Ans.

Example 8.12: A 100 MVA, 11 KV generalor with x; =0.20pu is connected through a transformer,
and line to a bus bar that supplies three identical motor as shown in Fig. 8.13 and each motor
has x5, = 0.20 pu end x, = 0.25 pu on a base of 20 MVA, 33 KV. The bus voltage at the motors
is 38 KV when a three phase balanced fault occurs at the poini F. Calculaie

(a) Subiransient current in the fauli.

(b) Subtransient current in the circuit breaker B.

(c) Momentary current in the circuit breaker B.

(d) The current to be interrupied by circuit breaker B in (i) 2 cycles (ii) & cycles (iii) 5 cycles

(iv) & cycles

A T"E Hine = 30 chm ETZ
11/66 KV 6633 KV
100 MVA 100 MVA
X =010 X =0.0

Fng. - Alheeh.




Scolution:
Let Base MVA = 100

Base Voltage = 11 KV.

x5 =j0.20 pu.
X2, = Xiap = Xinz = ¥ins = 02 X2 = j1.0 pu.
A 20
%o = Tl =Xz = Xz = JO25 x ll‘%-:jl.zS pu.
Tp; = X = jO.10 pu
100 " .
Ngipe = 30 x —— = jO.688 pu.
= (66)*
(@) The circuit model of the system for fault calculation is given in Fig. 8.13(a). .
al " Ty Line Tz
B

e j.20 jo1o 0683  jO.10

Fig. B.13lal -

j.088

Fig. 8.13(B)
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J .
Koy = = j0.255
T 3919 o
1o°
b Ir= 173—55_5 =—73.919 pu.

Base current for 33 KV circuit

_ 100 x 1000
3 x33

| Zg| = 3.919 x 1.75 = 6.85 KA.
(b) Current through circuit breaker B is,

ety b .,
j1° jLo88

Iy = 1.75 KA.

In —j2.919 pu

- | Is| = 2.919 x 1.75 = 5.108 KA.

(c) Momentary current can be calculated by multiplying the symmetrical momentary current
by a factor of 1.6 to account for the presence of DC off-set current.
. Momentary current through breaker B

=1.6 x 5.108 KA = 8.17 KA.

(d) For computing the current to be interrupted by the breaker, motor *m (x;, =J 1-0) is now

replaced by x[, (xEn = j1.25 Pu). The equivalent circuit is shown in Fig. 8.13(c).

{1.25
I 102

s

I

— -

Fig. B.13(c)

Xoq = JO.3012

Current to be interrupted by the breaker
i i

703012

Allowance is made for the DC off-set value by multiplying with a factor of (i) 1.4 for 2
cycles (it) 1.2 for 3 cycles (Giz) 1.1 for 5 cycles (iv) 1.0 for 8 cycles.

=—j3.32 pu
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"‘)/' Therefore, current to be interrupted as:
= (B 1.4x332x1.75=8.134 KA
(i7) 1.2x3.32 % 1.75=6.972 KA
(Ziry 1.1 x3.82x1.75=6.391 KA
(fv) 1.0 x3.32x 1.75=581 KA_

Example 8.13: Fig. 3. ; 7 geding a 220 KV system. Determine the
f total fault eurrent, fault level and fault current supplied by each generator for a three phase fault
at the receiving end of the line. 1Ky 220KV
G1 : 11 KV, 100 MVA, x5y =JO.15 O 5 ¢ jaza
. ey i F
G2 - 11 I(‘r, 75 MVA, xgg ]0.125 11KV 220KV 20 3_, Fault
T1 : 100 MVA, %p, = j0.10, 11/220 KV G>—3
T2 : 75 MVA, xr, = jO.08, 11/220 KV T
Solution: Fig. 8.14: Sample network of
Let base MVA = 100, Base voltage = 11 KV. Example 8.13.

x5 =j0.15, xp =jO.10
_— 100 .
Ig?. ]0.125?("}? -—-]0_166

xpp= JO.08 %059 =j0.106
Per unit reactance of each line
0 P
= f42 x —% =Jﬂ.0867 pu.
(220)
Single line reactance diagram is shown in Fig. 8.14(c)

Jj0.0867

j0.0867
" 1jor 3 ¥ &

Fig. 8.14{a)

A Jv] 00
@ [FE] Fieg
v U 0oL
jo.272 j0.0867
i

<
<

Fig. B.14(8)

i
— 110>} LR
- j0.173

A

Fig. 8.14{c)
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1
s Ii=——— =—jB.T8
A
Base current for 220 KV side
PR Lt S
BT Jasess >

| I¢] =5.78 x 262.43 = 1.516 KA.

Fault level = 5.78 pu = 5.78 x 100 = 578 MVA.
Base current on 11 KV side

= F 5 (@) = 26243x(220)
11 11
= 5248.6 Amp.
Fault current supplied by the two generators

=5248.6 x {—j5.78) = 30. 34[ —90° KA

P s —

0272

& = — 30.34| —90° KA
Ta= 0522 bR
Jip = 155| —90° KA
0.25
* Ing = 'U—EE x 30.34] —90° KA

o Ifgz = 1453]| —90° KA

Example 8.14: Fig. 8 15 shows a system having four synchronous generators each rated 11.2
\ 0 KV, 60 MVA and each having a subtransient reactance of 16%. Find (a) fault level for a fault on
" one of the feeders (near the bus with x = 0). (b) the reactance of the current limiting reactor
xp to limit the fault level to 860 MVA for a fault on one of the feeders near the bus.

| e o] e

Faull
Fig. 8.15: Sample power system of Example B.14.

Solution:
Set Base MVA = 60, Base voltage =11.2 KV.

Xgy =Xgg =Xgz =xgy =16% =0.16 pu

Eng-Bhmadl Alheeh.




Circuit model under fault condition is shown in Fig. 8.15(a)

Xeq=J __O.iG = j0.04 -

), Pl Tl 0_25?41 = 25.0 pu = 25 x 60 MVA

= 1500 MVA. Ans. 0.6 3046 016 3 0.16

1
() The generators G1and G2 will supply 2 x1500 =

750 MVA, directly to the fault. Therefore, the
fault MVA from G3 and G4 must be himited to Fig. 8.15(a)
(860 — 750) = 110 MVA. The reactance of G3 and

(G4 together is = 0.08 pu.
Thus,
1 _110
xp +0.08 ~ 60
xp = 0.465 pu
2
112
Base impedance = % = 2.09 ohm .
' /J,.«-m\ & 2xp = 0.465 x 2.09 = 0.97 ohm.

,-'; \\ ‘ Example 8.15: Fig. 8.16 shows a power system network. Each of the alternators G1 and G2 is
‘\\“_”", raied at 125 MVA, 11 KV and has a subirarnsient reactance of 0.21 pu. Each of the transformers
is rated at 125 MVA, 11/132 KV and has a leakage reactance of 0.06 pu. Find (a) fault MVA and -

(b) fault current for a fault at bus 5.
Fault

3

3@ -

T
A0Q |

4 5

2 j200 | j200
TZ

Fig. 8.16: Power system network of Example 8.15.

Solution:
Set Base MVA =125, Base Voltage = 11 KV
Base voltage for transmission line = 132 KV

2
132
Base impedance for the transmission line = 1323 ohm.
= 139.392 ohm.
. 40
= = P = D,
¥34= J{3gany ~40-286 pu,

| M_EwEa-:\b
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Xas = Xzs =j0.143 pu.

IEI = %xga =j0.21 pu., %y, = 2y = jO.06 pu.

o°

(a) Fault level =

0205

.21 jo.06 o2 }g\
PR s =
Fig. B.16(a}
F
g}fo_oas
qE o34 jo.3a Mo
= EE
+
Fig.8.16(5)
205
@5
—_— & I{
Fig. B.16{d)

Fig. 8.16(c]

X 125 = 610 MVA. Ans.

sl

1) 0°
®) Ir= Le

70205  0.205
=i 125 x 1000
>

pu.

e
™ o205

J3x132

s Ip=—372.66 KA Ans.

Se=
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Example 8.16: A 12 MVA, 132/6.6 KV, transformer having a reactance of 0.15 pu is fed from
an infinite bus. The transformer feeds i{wo motor each 6 MVA, 6.6 KV. Each moiors has
transient reactance of 0.14 pu and a subiransient reactance of 0.30 pu based on its own rating.
A three phase balanced fault occurs at the terminals of one motor as shown in Fig. 8.17. Find (a)
subtransient fault corrent (b) subtransient current in breaker (c) momentary current rating of
breaker D which has a breaking time of & cyeles. L

132/6.6 KV CB : K
I T CB

infinite -
B
L b Fault

Fig. 8.17: Power system network of Example 8.16. 2

Solution: If the external power system is very large as compared to the system under

consideration of any installation, disturbances within the installation do not affect the voltage

and frequency of the external power system. Under this situation, the external power source is

known as infinite bus and ¢an be represented by an ideal voltage souxrce, i.e., a constant voltage

with zero impedance. -
Let base MVA = 100, base voltage = 132 KV.
Therefore, on the motor bus bar, base voltae is 6.6 KV.
-~. Base current,

_ 100 x 1000

I = 8747.7 Amp.
B J[3x66 £ -
. 100
= JOI15X—— =jl. 2 -
Xp=J 12 F1.25 pu
. 00 .
XiG = 10.3X—6—— =35.0 pu -

X2 —J9 Du -

. 100
I;-:I = jO.4x ? = j6.67 pu —

Xong =J6.67 pu.

(a) Circuit model under fault condition (Subtransient condition) is shown in Fig. 8.17(a).
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Subtransient fault current,

il

5= x 87477 i e
70833 1jo°
%
= 10.5| —90° KA.
(6) Subtransient current through breaker D)
is the current from infinite bus and motor Fig. 8.178)
M,.
Fault current from infinite bus
1|0
= =-j0.8 pu oo} 5
j1.25 \_5-" j0.833 .
Fault current from motor M, e
1] 0° Fig. 8.17(c)

T = —0.20 pu
Fault current through circuit breaker I
=—0.8 —j0.2 =—1.0 pu

=j1.0 X 8747.7 = 8.74] —90° KA.

(c) To find the momentary current through the breaker, it is necessary to calculate the de-
off set current. However, emperical method for momentary current= 1.6 times symmetrical
faunlt current.

. momentary current = 1.6 x 10.5] —90° KA.
= 16.8| —90° KA. Amp.
(d) Fig. 8.17(d) shows the circuit model under transient condition.
f1.25

= 1100 + ,_ﬁ..ﬁ_\‘rﬁ'.GT

]js.sr i

D

Fig. 8.17(d}: Circuit model under transient condition.

Current interrupted by breaker I} =
= _1““‘—1— =—70.95 pu
F1L25 j667
=--j0.95 X 8747.7 = 8.31| -90° KA.

However, effect of de off-set can be included by using a multiplying factor of 1.1. Therefore
current to be interrupted by breaker

=11 x8.31] —90° = 9.14! —90° KA.
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(| / AN g &S Yi VIECLEL

91 LV

14

i

% Jo-oy
i

bus y

- Fonmulate the bus admittunce  for the petuork

shunt  admittunce are [ anereg/.
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bys 3

\hu_( L.l

“du o +de +Ji2

=Jdss -4 o Yo1 +Yss
Y23 :g‘lgg..’_\‘.j;? +d3y

duy =Jyz

-




o

1 dy e “5;3 'gug i85 425 45 ©
_ dbys - “du Yao -Hzg oy | - 425 -j33 45 ©
I=Y2r Yo Y3z -Yay 8 | 35 --igs 9B |

L=y Yye -dg Yuy @ o 425 4125

Table 1. Classification of buses for LFA

Sk Specified | Unspecified
Nao. Buyynes Variables | variables Remandid
g | Slackf o [V], 8: are assumed if not
Swing Bus [Vl o o Qo specified as 1.0 and 0°
Generator/ A generator is present at the
.2 _| Muching/ PV Bus | Pe, [Vl | _ Qo 5 machine bus
" QN0/ =
3 | Load/PQBus - | PeQe | [V _ g‘::“ B DAL PG
Voltage “a’ is the % tap change in
4 2 [ i
Controlied Bus P5,Q, V] 5,a | tap-changing transformer

P,= ilV,l IVJ (Gﬁ. COoS 55 + B sinég_,) ‘ (9) i

j=1

i

Kl tp’j ! (Gii sm 5y - Bi-j cOS8 59) 7
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Examples on GS Joad flow analysis:

xample-1: Obtain the voltage at bus 2 for the simple system shown in Fig 2, using
the Gauss—Seidel method, if V; = 120" pu.

Z=j0.5

Sp1 s,,=0.5+j1

Fig : System of Example 1
Solufion:
Here the capacitor at bus 2, injects a reactive power of 1.0 pu. The complex power -

injection at bus 2 is | . §
$,=j1.0-(05+j 1.0)=-0.5pu. a 2 m T _.J 2
V=120 ey

=52 1
YBUS=[.J j, l
. E

R
e e 3 ‘"' ,,, ’9' J(P‘ - =S
RN N el | \!t:-——-.L"':_‘_Z e\
4 _Yn[ @ YZ’V‘} P22 VT I ‘%J J
3o

Since Vy is specified it is a constant through all the iterations. Let the imtial voliage at J‘ e

bus2, P2 =1+j00=120"pu.

=3

m;wea-m
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1[5
V= —{j2=x120°
e (2 )]

=1.0—j0.25=1.030776 £ —14.036°

e 1 —05 — - ]
2 = 2 x1.-20° T . P o
I [-030776/_'14 {)36" (’ )J Pl .

=0.94118 -] 0.23529 = 0. 970145 2 14 036°

T, [ _i5 —(ijléO“)]

—j2 | 0.970145.14.036°

=0.9375 —j 0.249999 =0.970261 Z—14.931°

e o L N, ¢8R
=72 | 0.97026114.931

=0.933612 — j 0.248963 = 0.966237 ~—14.931°

Y i ——(j2x1.0°)
—j2 | 0.966237.,14.931

= 0.933335—j 0.25 =0.966237 £ —14.995°

Since the difference in the voltage magnitudes is less than 107 pu, the iterations can

be stopped. To compute line flow

¥V, -V, 120° — 0.966237 £ —14.995° =

S 705
=0.517472 ~£—14931° F
8, =T = 12072 0517472 £ 14931 =
=0.5+j0.133329 pu '
£ = V= 0.966237 £ —14.995° —1.20° T

- 0.5 ) .
=0.517472 £ —194.93°
B _V]m =—0.5+300pu

Thc total loss in the line 1s gnren by

Sz + Sz; =jo. 133329 pu
Obviounsly, it is observed that there is no real power loss, since the Iine has no

' resxstance
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xample-2Z:

For the power sysiemt showre in fig. below, with the data as giverr in tables below,

obtain the bus voltages at the end of first iteration, by applying G8 miethod. e
- i, < e Enito g s = |7 meesmpmme— | 7 & A RO ST
i e . S ) .
r—
: iR
- Power System of Example 2
: —
4 Line data of example 2
= X . B'C ] I
SB | EB —== |+
Slw |[pu) | 2
1 2 {0.10 ]| 040 - g
F 1| 4 (015|060 -
1 5 1 0.051 020 -
2 3 0.05 | 0.20 = m—
2 4 | 010§ 040 s
3 5 10.05 | 020 - -

Bus data of example 2

Po | Qs | Po | Qo | [Vl
Bus No. b 2 . a
T ow | ow | ew | oW | pu) . o
1 . = I = Tz [ b Slexis otr
2 - - |0.60]0.30 = B g
s 101, - - | - 104} - |- 9? 3 —
- — 4 | - — |o40l010| - [ -l P A
5 - | - Josolo20 = -l o 3
Solution: In this example, we have, ‘

e PBus I is slack bus, Bus 2, 4, 5°'are PQ buses, and Bus 3 is PV bus
« The lines do not have half line charging admittances I

P2+ jQs=Psz +jQg2 — (Pnz + iQp2) =— 0.6 — JO3
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P3+jQs3 = Pgs +jQas — (Pp3 + jQu3) = 1.0+ Qa3
Similarly Ps + jQs=—04-j0.1,  Ps+jQs=—0.6-j02
The Y formed by the rule of inspection is given by:

315685 | -0.58823 | 0.0+j0.0 | -0.39215 | -1.17647

-i8.62744 | +j2.35294 +1.56862 | +i4.70588
235293 | -1.17647 | -0.58823 | 0.0+j0.0

-0.58823 | 2.3525
4§2.35294 | -19.41176 | +j4.70588 | +32.35294
Yo — | 00400 | -1.17647 235294 | 0.0+0.0 | -1.17647
bes +j4.70588 | -j9.41176 . | +§4.70588
0.39215 | 058823 | 0.0+0.0 | 098038 | 0.0+j0.0
+j1.56862 | +§2.35294 §3.92156
1.17647 | 0.0+0.0 | -1.17647 | 0.040.0 | 2.35294
+j4.70588 +i4.70588 -j9.41176

The voltages at all PQ buses are assumed to be equal to 1+j0.0 pu. The slack bus

voltage is taken to be ¥;” =1.02+j0.0 in all iterations. :

—L[——~J.—QL—Y i I %, ) V;]
Y ve 5

-

p;l.':

_ 1| Z06+ 703 {4 5g823 + j2.35294)x 1.02£0°
Y,, | 1.0-,0.0
~{1.17647 + j4.70588) x 1.04.20° } - {-0.58823 + j2.35294) x 1.020°}]

0 98140 /£ —3.0665° = 0.97999 —j0.0525
Bus3isa PV bus. Hence we must first calculate Q3. This can be done as under:

= |7l (G, sind;, ~ By cos P ER AL AR (M T cosd,,)

+ lef (G, sin &y, — By, c0s 8y, )+ V4| [P (Gs,sin 8, — B, cos8s,)
+ 3] [P (Gis 5in 85 — Bs cos855)
=0°% 5,=-3.0665% §=0% 8=0" and &= 0°

We note that &;
n 83 =8 = 334 = 835 =0° (8. = 8i — Bx);

Q=1 04[; 0 go 0+j0.0)+0.9814 (-1 17647  5in(3.0665°) - 4.70588
Loos(3: 0665°)}+1 04{ 9.41176 Xcos(0°)}+1 0 [ 0.0+ 30 03+1.0{-4.70 70588xcos(e")}]

=1.04[46735+9. 78823 —4.70588] = 0. 425204 pu: ) ==

532 =3.0665"

1| A —-Jjo a
:‘_"{3,_.59 LY, W -Ty, VZI_Y;:V«:D_YQSV:“
"3
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= ?1_ [1'0 il s {(~1.7647 + j4.70588) x (0.98140.£ —3.0665° W
33

1.04— jO.0

117647 + j4.70588)x 1207}
—=1.05569 - 3.077°= 1.0541 +j0.05666 pu- — —— ——

- =5

 _Since it is a PV bus, the voltage magnitude is adjusted to specified vglue_a[’ldﬁif’; A s

computed as: ¥, =1.04.23 077°pu

£ = o : :
[4 Qq_'Y:an _Y42V2'_'Y43V3]_Y45Vsﬁ] -

ey
YM V4° :

_— [M ~{~0.39215 + j1.56862)x1.0220°}
Y,. | 1.0 0.0

—{(-0.58823 + j2.35294) x(0.98140£—3.0665° H

_ 045293 — j3.8366 _ 4, 955715 £ —7.303° pu= 0.94796-j0.12149
0.98038 — j3.92156 :

1|12 —F 2%
V;=Y [51,0-95_1’51 I8 '_Yszyz'l"'ysa IGI—Y“V_:]
- s

55

~ A 064 0T ey yaeay 4 jA 7058w 102207 ) .
Y., | 1.0- o0

—{(-1.17647 + 74.70588) x1.04.23.077° }] o
— 0.994618 £ —1.56° = 0.994249 —j0.027

Thus at end of 1% iteration, we have,

L Wh=1020"pa V2=0.98140 £ -3.066° pu
L V3=1.04 Z£3.077° pu . V4=0.955715 2 —7.303% pu
and Vs=0.994618 ~ —1.56° pu
xample-3:

Obtain the load flow solution at the end of first iteration of the system with data as

given below. The solution is to be obtained for the following cases

(i) Al buses except bus I are PQ Buses

(ii}  Bus 2 is a PV bus whose voltage magnitude is specified as I.04 pu
(iii) Bus 2 is PV bus, with voltage magnitude specified as 1.04 and 0.25505<1.0
e @

Sp=
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Fig. System for Example 3

Table: Line data of example 3

R X
e = (pu) | (pw
1 2 0.05 | 0.15
1 3 0.10 | 0.30
2 3 0.15 | 045
2 4 0.10 | 0.30
3 4 0.05 | 0.15

TFahle: Bus data of example 3

¥ P; Qi Vi
BusNo- | uw) | ow Geen2>
1 — - 1.04-0° |~ i
2 05 | —02 = «3\2 Y5 Y — ) %M
3 i —10] 05 — o
4 X03 | —0.1 —

Solution: Note that the data is directly in terms of injected powers at the buses. The

bus admittance matrix is formed by inspection as under:

3.0-j9.0 | 20+j6.0 | —1.0+33.0 0
Yo — | =2:0+]6.0 1 3.666 —j11.0 | ~0.666 +j2.0] 1.0 +j3.0 1|
BUS = "1 0 +j3.0 | —0.666 +j2.0 | 3.666 —j11.0 | 2.0 +i6.0
0 —10+j3.0 | —20+36.0 | 3.0-j95.0

Case(i): All buses except bus 1 are PQ Buses =
Assume all initial voltages to be 1.0 £ 0° pu.

Plose
= [52—%9-’-—1’21 i il W V;‘]
¥ & i

Z
Y22

=3

POLYTECNC
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| .SFBI’R Team

oo A YOS FOE M ) r
Y [LOﬁ 70.0 {-2.0+ j6.0)x(1.0420 )

_{o.666 + j2.0)x fozo°}— {10 + 73.0)=<(1.0-0°¥
=1.02014 £2.605° RS

e
V;:—I;}:['iyj"?‘i—yny, —F b, — X, an:l e

1 | —-1.0— jO5 .
el N D L (N ]G RN G O 1.04.-0.0°
D [ 1.0 — j0o.0 {( . )x ¢ )}

—{(~0.666 + j2.0)x (1.02014.22.605" 3} - {2.0 + j6.0)x (L.o<0°)]]
— 1.03108 £ —4.831°

1 | B —J0 o
I/::Y‘14 [—41}4‘.—-—4’_}2!“ — Y, V;_'Kls V;]

1 fo3+j01 g . )
— [1.0—_;;0.0 f-1.0 + 73.0)x(1.02014.22.605°)}

{20+ j6.0)=x(0.031082~ 4.831°)}]
—1.02467 £ —0.51°

Hence

¥} =104 £0%°pu ¥} =1.02014 £2.605° pu

¥} =1.03108 £-4.83 1° pu p! =1.02467 £—0.51° pu

Case(ii): Bus 2 is a PV bus whose voltage magnitude is specified as 1.04 pu
We first compute Q2.

Q2= Wullivi] (Gusin S,y — By cosd,, ) + 73| (G sind,, — By cosd,, )

+ P35 (G,,sin3,; — B,; cos 8,,) + Vu] (Gys5ind,, — By, cOs 624)]
= I'Gi,Ll_'04 {‘60} o 1.04 g_fl)_g}r!fl.ﬂ {— 2.0} -+ 1ﬂ}= 0.208 pu.

e e e . : s
£ Yzz[ 1.04 20° 2.0+ j6.0)=(1.0420 B

_{(~0.666 + j2.0)x (1.020° B- 1.0+ 3.0)x(1 00
—1.051288 + j0.033883

The voltage magnitude is adjusted to 1.04. Hence V;=1.0421 .846°

== W
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V;

Hence at end of 1% iteration we have:

Case (iii):Bus 2 is PV bus, with voltage magnitude specified as 1.04 & 0.25<Q-<1 pu.
If 0.25 < Q3 < 1.0 pu then the computed value of Q2 = 0.208 is less than the lower
limit. Hence, Q- is set equal to 0.25 pu. [terations are carried out with this value of Q2.

The voltage magnitude at bus 2 can no longer be maintained at 1.04. Hence, there is

no necessity to adjust for the

—

i fo1e-—g05
- Tear
_{(~0.666 + j2.0)x (1.04.21.846")}— {(-2.0 + j6.0) {1.os0°)}]
"= 1.035587 £ —4.951° pu. : o

034 J0L 4= 0T Ty (104846 )

1.0 20°

= _lf [
i [1-0“_}'0.0

_{~2.0+ j6.0)x(1.035587.2—4.951)}]

—

=0.9985 2 —0.178°

7! =1.04 £0%pu

V! =1.035587 £-4.951"pu

the end of first iteration,
V=104 £ 0% pu

Limitations of GS load flow analysis:

V! = 1.038546 £-4.933°pu

— 1.0+ j3.0) % (1.040.0°}}

voltage magnitude. Proceeding as before we obtain at

v} =1.04 £1.846° pu
7} =0.9985 2 —0.178° pu

GS method is very useful for very small systems.
generalized and it is very efficient for systems
However, GS LFA fails to converge in systems with one or more

under:

- Systems having large mamber of radial lines
- Systems with short and long lines terminating on the same bus
- Systems having negative values of transfer admittances
= Systems with heavily loaded lines, etc.

GS method successfully converges in the absence of the above problems. However,
n various other set of factors such as: selection of slack

convergence also depends o

bus, initial solutien, acceleration factor, tolerance limit, le
needed, type and quality of computer/ software nsed, etc.

=

POLYTECNC

-

Spoo

v} =1.05645 £ 1.849° pu
y! = 1.081446 £ 4.896° pu

1t is easily adoptable, it can be
having less number of buses.
of the features as

vel of accuracy of results
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