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nents of the voltages for the internal machine busea oﬁuul to
by

2

j:"‘-|§‘;[qin(lgq+k—“) ol s o

o™ = |E}| cos ('ﬂn +

2
The fourth estimates are obtained from
ku = [{an + la) — 2xf) A .
L P =P M (m ...
[}

where P.J' are obtained from a third solution of the network equations with

internal voltage angles equal to 3y + kyand voltage components equal to

™ = |k cos (8in + ka) -
i = | sin (8o + k)

The finul estimates of the internal voltage angles and machine speeds
at time { + At are obtained by substituting the k's and s into equations
(10.5.3). The internal voltage angles §;pan are used to caleulate the

estimates for the components of voltages for the iuli.arn:.l machine buses
from g 3

Ciran = |3:gi 208 dijpan .
wran = | B sin Sigan i=l 2. ...,m

The natwork equations are solved then for the fourth time to obtain bus
voltages for the ealeulation of machine eurrents and powers and' network
power flows. The time is advanced by A¢ and & network solution is
obtained for any scheduled switching operation and change in the fault
condition. The process is repeated until { equals the maximum time
T--“‘

10.6 Example of transient stability ﬂlﬂ;lll.l'll-l

The method for determining transignt stability will be illustraled with
tho sample power system used in S3eo. 8.5 for the lond flow problem, In
this example the machines are represented by voltages of constant magni-
tudes behind . direct-axis transient remctances. Loads are. represented
by fixed admittances to ground. :
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Fig. 10.8 Sample systam Jor
tions.

ble , . .
" admittance matrix and the Gauss-Seidel iterative method

giir:ﬁ:hl:l:;;n of the network equations and the modified Euler method

i i tiona:
for the solution of the swing equa i
a. Determine the effects on the sample power system shown in Fig.
l:ﬂl 8 of a three-phase fault on bus 2 for & duration of 0.1 !:ﬂ, i
b . Determine the effects of the fault on bus 2 for a duration i

Selution . .
' i ior to the fault are given in
results of the load flow =alwlnt{un prior ‘ .
-E:ln 10.1. The inertia constants, direct-axia transient :la;c!.nnn::. ;:it,
‘equivalent admittances of the generators at buses 1 and £ in P
< on & 100,000 kva base are given in Table 10.2.

Table 10.1 Bus voltages, generation, and loads from load flow
calculation priar to JSault

Feneration Load
b e ‘_Hcpumm Megavars  Megawalls Af egavari

r »

.0

1 1. 06000 +j'ﬂ=.m 129 . 665 —T.480 1:: !g-“

1.04821 — j0.05128 40.0 30.0 - b

: 1.02033 — 70. 0.0 0.0 ::n ¢

4 L.o1917 — j0.00508 0.0 0.0 .0 3.0

§  1.01209 — jO.10008 0.0 f
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Table 10.2 Inertia conatants, direct-asls

transient renctances, and
equivalent admitionces far Fenerators of

sampls ayatem

Buscods ' [nertia constant - . reaciance admilianecs
i H 2 Bt
1-8 50.0 . 0,25 0.0 = j4,00000
27 1.0 1.50 0.0 = _j0. 60667

6. The Gauss-Seidel iterative tquations describing the

performance of
the network, using the bus code numbers given in Fig, 1

0.9, are
B = —VL,E# — YLuEd = YLK, i

N 7)) YLiEd = YIniE# = VI Ep — Yiuk,
EV - =VLuEH - YLyEH — YLuE#
EM' = ~VLyEM — YLuE — YL,Ep
Et.u = -—FL“E:". g ]"L“E':‘H

The line parameters YL,, for these equations ean be obtained from the

elements of the bus admittance matrix used for the lond Aow solution
prior to the disturbance
and loads,

and the equivalent sdmittances for machines

The bus admittance matrix is

0]

@| 625000 — f18.80500 |— 5.00000 +;‘1:~.mmn|:- 1M|,I +_j 3

3.75000 — §11.21000

=

= L.25000 + j 3.75000

e —1.25000 4 § 3.75000
— 1.86667 +f_ﬁ.moo|1-mmm¢ +,iap.oomiﬂ 12.91667 — j38.68500

- 2.50000 + j 7.50000)

F i 5.00000 —2.50000 + § 7.50000
® | —5.00000 + 15.00000| 10.83334 — j32.41500(— 1.66667 + j 5-nlmni— 1.06667 + j & :

s = 10.00000 + F30.00000{
Yaos = @| —1.25000 + j 3.75000 |~ 1.86867 + j 5.00000{ 12.91667 mmwn! :
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The line parameters are obtained from the equl.tinn
YLpe = Yyly = ¥y ("jrlT.) :.

The modified line parameter for element 1-2 ia

Yiu = Yo (_ )
: Yu+ Y

YL, = 500000 + 15.00000
6.25000 — j22.60500
| = =0.67074 — j0.03560

where ¥y and ¥y are eleménts in the bus admitiance matrix
r and
is the equivalent admittance representing the machine at bus 1, whi:hra

given in Table 10.2. The remaining line paramete
obtained from the equations " Col

}rL’I.*- r“ (Yl-l + 'I')
Y i _._1__.:)
= (Yu +

where

Fig = —yu

The line parameter for element 2-1 is obtained from -

T -
¥ = § (_._._._._
o i P =+ g + r.)

I"]'I.B.N Vi and Yy are elements in the bus admittance matrix; yy in the

_ equivalent admittance representing the machine at bus 2 and s is the
equivalent admittance to ground representing the load at bus 2. Tlu
equation for the load equivalent admittance is

= P Ly — fﬂﬁl
&' + ;'
and for bus 2
0.20 — ;0.10

Ve = {L04021)" - (0.05128)"
= 0.18228 — j0.09114
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Iwhm the bus voltage is obtained from the load flow solution and is

given in Table 10.1. The line parameter VLuis

— —5.00000 + §15.00000
* 7 '11.01562 — j33.1728L
= —0.45235 — ;0.00052

The ¥ L, s for all elements are given in Table 10.3.
The voltages behind the equivalent admittances representing the

machines are obtained from the equation
E‘}'-Eﬂ-l-_fx'..fn i=a+l,n+2 ...,ntm
where

Pi— _fﬂ'll

L ]

l
and n is the number of buses of the network and m is the number of
machines. For the machine at bus 1

_ (1.29565 + m.muu)
E, = 1.06 + j0.0 + 11}:25( T T

= 1.04236 + ;0.30558

Iy =

Table 10.3 Line parameters for
transient stability represantation
of sample system

Buas cods
o | P

o
1-2 —0.87074 — j0.03660 -~
1-3 —~0.16769 — ;0. 00850
-8 —0.18383 + jO.04512°
-1 —0.45235 — j0,00052
2-3 —0.15078 — §0.00017 [
a4 —0. 15078 — §0.00017 /’
2-6 —0.22618 — jO.00026 /-
-7 —0.01810 + j0.00801
-1 —0.09625 + jO.00080
3-2 ~0,12833 + jO.00110 [
34 —0,77000 + j0.00711 &
2 —0. 12868 + j0.0pL15 -~
41 . —0.77108 + j0. 00687
] —0.09850 + j0.00088
6-2 —0.65238 + j0.02368
4 —0.32618 + §0.01433
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where the bus voltage and generation are obtained from Table 10.1 and
the machine reactance from Table 10.2. The voltage magnitude is

|Ei| = 1.08623 * -

and the internal voltage angle is

8y = 16.330° or & = 0.28517 rad

The voltage behind the equivalent |dﬁithnnn representing the machine
at bus 2 is obteined in & similar manner and ia

E, = 1.50335 + 70.409081

The voltage magnitude is

|Ey| = 1.58426

and the internal voltage angle ia

8 = 18.300° or & = 0.32007 rad

The fault ot bus 2 is simulated by setting the voltage at this bus
equal to gero. Then the network equations are solved to obtain system
conditions at the instant the fault oecurs. In this caleulation the voltage
at the faulted bus and the voltages behind the equivalent admittances
representing the machines are held fixed. The caloulated system volt-
ages are given in Table 10.4. [

The machine ourrents, with the fault, are caloulated from -the
equation d '

Iu = (E; = E)yn
Then g

Ty = |(L04236 -+ j0.30558) — (0.10234 aau 0 — j4.
= 1.20012 — 73.40008 R o .}I{ﬁ_nl a0

F

Table 10.4 Buis voltnges of sample
syatam at the instant the

. Joult doours

{ Busctode - . Buavolage

! P E,
1 0.10234 + j0. 00330 |
2 0.0 +j0.0
3 0.04707 = 0. 00000
4 0.03768 — j0.00118 . ;
] 0.01226 = j0.00008 o A i
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and
I:s == |(1.50335 4+ §0.40081) — (0.0 4 j0.0)}(0.0 — j0.66667)
= (.33321 — j1.00223 -
The electrical power of the machines is ealculated from
P = jQu = Tu(E)*
The real power of the machine at bus 1 is

P.. = (1.20012)(1.04246) — (3.40008)(0.30558)
= 0,22134

The real power of the machine at bus 2 is zero since bus 2 is the faulted
bus and its voltage is sero. Caleulating the real power as & check,

P, = (0.33321)(1.50335) — (1.00223)(0.40981)
== 00000067 '
The initial estimates of the internal voltage angles and speed of the

machines at { + Al are obtained from the differential equations. The
raté of change in speed of the machines is ealculated from

du; ¥

"E"- E {Pai = P..'uq]

Then, at { = 0 for the machine at bus 1,

dlug d.1418(80)

al |I1H - 50.0 {1.20565 — 0.22134)
= 4.06006

Bimilarly, for the machine at bus 2,

dwy 3.1416(60) ;
e T

= 75.3984
Next; the initial estimates of the speed of the machines ot | + Al are
caleulated from

wihyan = e+ i o

where u".' at { = O is the rated speed and equal to 2:r.|l'r and A = 0:02.

it

. 'Theii, for the machine at bus 1,

w - = 2(3.1416)60 -+ (4.05006)0.02

Wyrn.em

= 376.092 + 0.08100
='371.07300
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Similarly, for the machind at bus 2,

Wi 4o, = 2(3.1416)60 + (75.3984)0.02
= 376.092 4+ 1.50797
- 378.49007

The rates of change of the internal 'l'nlhlgﬂ angles are caleulated
next from

ds,
.ﬂ‘ S v Suf
Since um, at § = 0 is equal to 2xf, then for the machines
u‘ﬁ. dés
fm 00 ad |m - 0.0

The initial estimates of the internal 'rulugu angles of the machines are
ealeulated from

Yiiran = B + "i;_ |m

Then, for the machines, the internal voltage angles in radians are

'||-||| — ﬂ:‘lsnl'."
'E!Itll‘h - UW

The new eomponents of the vdh;es behind the uqunmlmt admit-
tances representing the machines are caleulated from ]
Citan = |Ed con 80y

and 4

.f:llt:lu - !EI sin "uul.

These voltage components replace the previous nluu obtained from the
load flow solution prior to the fault and again the network equations are
solved. In this caleulation the new voltages behind the machine equiva-
lent admittances as well as the sero voltage at the faulted bus sre held
constant.

Since there is no change in the internal voltage angle for the initial
estimate, the system voltnges and machine currents and powers are the
same as those obtained from the network solution at the instant the fault
oceurs. Consequently, the rates of chiange in the speed of the machines
at i + Al = 0.02 will be the same. Therefore,

duy
T loay = 405008 and

duy

at lioosy = 75.39484
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The final estimate for the speed of the machines at { + At is caleulated
from

ey dly
A + e
iy 1 + ('lﬂ lfll dt ]ﬁ+u}) Al

Wiggdn ™ SNn 2

Then, for the machine at bus 1,

- 6 + 4.05000
M 2(3.1416)60 + (m.sm ';' )mn

"'m.m
= 377.07300

Similarly, for the machine at bus 2,

5.3084 4 75.3084 :
o = 2(3.1416)80 + ({ : )H.

Wyean
= 37840007

The rates of change of the munmsl voltage angles at l + Al are ealeu-
lated from '

- 2xf

Then, for the machine at bus 1,

a8 | 377.0730 — 376.9920

= 0.08100
Similarly, for the machine at bus 2,
dh |

2 ham =

= 378.49907 — 376.9020

= 1.50707

The final estimates for the internal voltage angles of the machines
at [ + At are ealculated from

dii di; L
Lﬂ dt lu+an
'Hl}un - 55:1'1 + 2 Al
Then, for the machine at bus 1,

0.0 + 0.081
B o = 0.28517 + (_j'_ﬂ____?ﬂ) 0.02

= (.28517 + 0.00081
= (.28588

0.1}
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Bimilarly, for the machime at bus 2,

4 oy = 0.32007 + ('”"_"“%ﬂq .

= [.32007 4 0.01508
= (.33605

“The: iuumnl rnlumu angles in d.a;uu ati+ M = 002 are

m“ -ﬂ.ﬂ.ﬂ&ﬂ!(m) = u.,m
and

Hhom = Manuﬁ,(%’) = 10.25420°

At |+ At = 0.02 the final nnmpunmh of wltqeu behind th
machine equivalent admittances are i ;

6™ = 1.08623 cos (16.38540)
= 1.04212

fi" = 1,08623 sin (16.38540)
= 0.30841

and . [
™ = 158426 cos (10.25420)
= 1.40564

A™ = 1.58426 sin (19.25420)
= 0.52243

Then the nutmu-k equations are solved to obtain the final system voltages
at | 4+ Al = 0.02. The voltages obtsined ‘from this ealeulation are
;im in Table 10.5.

Table 10.5 Bus voltages qf--,pk
aystem ot | 4 Al = 0.02 e

Bun code Buy voliage S .I
P E, :

0.10268 + j0.00353
0.0 + j0.0

0.04815 — j0.00114
0.03845 — j0.00133 ;
0.01240 — 70.00097 "

En o B3 B =
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With these system voltages the machine ourrents and powers at
i + At = 0.02 can be caleulated. The current of the machine at bus 1 is

Foxprany = |(1.04212 + ;0.30841) — (0.19258 4 §0.00353) | (0.0 — j4.0)
= 1.21152 = ;53.30818

. and the real power is
Pajpany = {1.21152}{1 ﬂﬂlﬂ} (3.308168) (D.30641)

= (),22132
The current of the machine at bus 2 is

Tiggeen = [(1.49564 + 50.52243) — (0.0 +1'Dﬂ]][ﬂ 0- j{l BOGEAT)
= (.34820 — jﬂnmn

and the real power is zero since the fault is at bus 2.
This completes the calelntions for values at [ 4 Al = 0.02. Then
the time is set to{ = 0.02 and the process repeated to obtain estimates ot

-4 At = 0.04. When the time is advanded to { = 0.10, however, the

network equations are solved without the fault to obtain the post fault
conditions before proceeding with the normal process. In the network
caleulation only the voltages behind the machine equivalent admittances
are held constant. The machine currents and powers obtained with the
new system voltages are used to obtain new estimates at | 4+ 4l = 0.12.

. The process is continued until | = Tpus.

The internal voltage angles and the ratios of sctual to rated speed of
the machines for the complete caloulation are shown in Figs. 10,10 and
10.11, respectively. The aystem is stable for this disturbance.

b. The procedure for determining the transient stability of the sample
system for s fault on bus 2 of duration 0.2 sec ie identical except that the

_network solution without the fault is obtained when | = 0.20 instead of

t =0.10 as in part a. The internal voltage angles and the ratios of
actual to rated speed of the machines for the complete caleulation- are
shown in Figs. 10.12 and 10.13. The system is unstable for this

disturbanece.

10.7 [Exciter and governor control sysiems

In the solution techniques described in Bec. 10.5 the effects of the exciter
and governor control systems on power system response were neglected.
In that representation the field voltage E;y and the mechanieal power Fn
were held constant in the tfansient ealeulations. When a more detniled
evaluation of system response is required or the period of analysis
extends beyond one second it is important to include the effects of the
exciter and governor systems.
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The exciter control system provides the proper field voltage to main-
tain a desired system voltage, usually at the high-voltage bus of the power
plant. An important characteristic of an exciter coritrdl system is ‘its
sbility to respond rapidly to voltage deviations during both normal and
emergency eystem operation. Many different types of exciter control
systems are employed on power systems., The basic components of
nn exciter control gystem are the regulator, amplifier, and exciter. The
regulator mensurés the notual regulated voltage and determines the volt-
age deviation. The deviation signal produced by the regulator is then
amplified to provide thé signal required to change the exciter field current.
This in turn produces & change in the exciter nutput voltage *nrhidl results
in & new excitation level for the generator. :

A convenient form of representing & control mwm is & block dia-
gram that Félites throtigh tranafer functions the input and output varia-
bles of thié principal components of the aystem. A block:diagram for a
gimplified representation of & continuously acting exciter control aystem
is shown in Fig. 10.14. This is one of the important types of exciter
control systems. This representslion includes trahsfér functions to
describe the regulator, amplifier, exciter; and stabilising loop. The
stabilizing loop modifies the response to eliminate undesired oscillations
and overshoot of the regulated voltage. The differéntisl sguations
relating the input and output variables of the regulatar, lmphﬂu- exditer,
and stabilizsing loop, respectively, are

dE ‘ :

b ACEE LY T

dﬂ-l KJ(E"I'——E“)—E“‘I .

dl Ta

dEs 1 (10.7.1)
d_t = T_l Ei — K..Ejl]

dEv 1 | dEH "

di _— Ty r B l

where Eg = scheduled voltage in per unit ;
EY' = putput voltage of the ampljfier in purun.it pu'lurtu the
disturbanee
T's = regulator time constant
K4 = amplifier gain i
Ty = amplifier time constant ;
Kg = exciter gain
.  Tg'= exciter time constant

Kp = stabilizing loop gain

. Ty = ptabilising loop time constant

lF--I

Output limited between
© ER, end ER,

r
&
-
z
I
i .
i b b
gg il £
)

Fig. 10.14 Block diagram for = rapresantation of an exciter control system.



