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POWER SYSTEM MODELING

Need for system Analysis in planning and operation of power system — per phase
analysis of symmetrical three — phase system. General aspects relating to power flow,
short circuit and stability analysis — Modeling of generator, load, Shunt capacitor,
transmission line, shunt reactor for short circuit, power flow and stability studies — per
unit representation — bus admittance by analytical method and direct inspection method

Introduction

* A Typical Power System Consists of a 3 — Phase grid to which all generating
stations feeds energy and from which all substations taps energy

« Agridis either 3- phase single circuit or 3 phase two circuit transmission line,
running throughout the length and breadth of a country or a state

Components of Power System

Generators
Power Transformers
Transmission lines
Substation Transformers
Distribution Transformers
Loads
Single Line Diagram

« Itis a diagrammatic representation of power system in which the components
are represented by their symbols and the interconnection between themare
shown by a single line diagram (even though the system s 3 phase system)

* The ratings and the impedances of the components are also marked on the single
line diagram

Page 2



-

SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS

Per Unit Value
ActualValu e
BaseValue

PerUnitValue =

ActualValue
BaseValue

%PerUnitValue = 100

Symbols used in Single line diagram

Machine or rotating armature O Power circuit breaker, -
(0il/gas filled)

Two-winding power

transformer ? ‘—‘§ é‘ Air circuit breaker —N—

" Three-winding power Three-phase, three-wire A .
transformer | delta connection

Fuse —@p— | Three-phase star, neutral Y-

ungrounded
‘ Three-phase 'star, neutral
Cufrent transformer —FA— srotinded ﬁ_
Potential transformer  — or—3 (| Ammeter and voltmeter _@— —®—-

Table: 1.1
Single line Diagram

* The various components of power system components of Power system like
alternators, motors, transformers etc., have their voltage, power, current and
impedance ratings in KV,KVA KA and Q
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* The components or various sections of power system may operate at different
voltage and power levels

« It will be convenient for analysis of power systemif the voltage, power, current
and impe dance ratings of components of power system are expressed with
reference to a common value called base value

11kV
100kVA

4 , 220/11kV 108kV
8% ,8094} T bl
X 12%
£ A o ,
Y 220/22 kV A Y B
=
22kV

100kVA Y
10%

11/220kV

Figure:1.1

» Hence the analysis purpose a base value is chosen for voltage, power, current
and impe dance

* The power system requires the base values of four quantities and they are
Voltage, Power, Current and Impedance.

» Selection of base values for any two of them determines the base values of the
remaining two

Formula for finding base Value
Single Phase System
Let KVA;, = Base KVA

KVp=Base voltage in KV
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l,=Base currentin A

Z,=Base impedance in Q

KVA,

I, = inamps
b KV, p

KV, *1 .
Zb — b—OOOmQ

Iy

C KV, *1000  (KV,)*  (KV, )’
T KVA, T KVA, T MVA,
KV, 1000

* The same formula holds good for Three phase system also both for star
connected and Delta connected

* In3 phase system, the KV, is a line value and MVA, is a 3 phase MVA

The Impedance value is always expressed as Phase Value

1. A three Phase generator with rating 1000KVA, 33KV has its armature
resistance and synchronous reactance as 20Q/Phase and 70Q/Phase. Calculate P.U.
impedance of the generator.

Solution:
KVp=33KV
KVA,=1000KVA

L (K, _ (@)
b MVA, ~ 1000

1000

=1089Q

Z=(20+)70)Q2/ Phase
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_ Actualim pedance ~ Z _ 20+ j70
Baseimpedance  Z, 1089

=0.018+ j0.064pu

pu

2. A three phase, A/Y transformer with rating 100KV A, 11KV/400V has its primary and
secondary leakage reactance as 12Q/Phase and 0.05Q2/Phase respectively. Calculate the
p.u reactance of the transformer.

Solution:
Case(i)
High Voltage winding ( Primary) is chosen as base values.
KVp=11KV
KVA,=100KVA
, (kv _ @)

b MVA, ~ 100
1000

=1210Q

Transformer line voltage ratio,

K= 400 =0.0364

11000

Total leakage reactance referred to primary

Xo,= X, + X, = X, + 22 :12+L52 =12+37.737 = 49.737Q/ Phase

K? (0.0364)

Xpu=Total leakage reactance/ Base impedance

_ X _ 49737601100
Z, 1210

Case(ii)

Page 6



—

(=5),
SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY

(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS
Low Voltage winding ( Secondary) is chosen as base values.
KVp=400/1000=0.4KV
KVA,=100KVA

_(Kv,)* _(04)°

Z = = =1.6Q
" MvA, 100 °
~ 1000 )
Transformer line voltage ratio,
K =490 _ 50364
11000

Total leakage reactance referred to Secondary

Xy = X; + X, = K2X, + X, =(0.0364) *12+0.05 = 0.0159+0.05 = 0.0659Q2/ Phase

Xpu=Total leakage reactance/ Base impedance

_ Koo 00659 h11pu
16

_Zb

Note: 1. It is observed that P.U. reactance of a transformer referred to primary and
secondary are same.

2. Inthree phase transformer if the voltage ratio K is obtained using line values
then using this value of K ,

The phase impedance per phase of star side can be directly transferred to delta
side or vice versa

Advantages of Per Unit Computations

1. Manufactures usually specify the impedance of a device or machine in percent or
per unit on the base of the name plate rating
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2. The Per Unit impedances of a machines of the same type and widely different
rating usually lie withina narrow range, although the ohmic Values differ widely
for machines of different ratings

3. The Per Unit impedance of circuit element connected by transformers expressed
ona proper base will be same if it is referred to either side of a transformer

4. The way in which the transformers are connected in a 3 phase circuits (Y/A) does
not affect the per unit impedances of the equivalent circuit, although the
transformer connection does determine the relation between the voltage bases on
the two sides of the transformer

Equivalent Circuits of Components of Power System

Equivalent Circuit of Generator

3-Phase equivalent circuit =

Figure 1.2
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~>L

Single phase equivalent circuit
Figure 1.3 - : b

Equivalent Circuit of Synchronous motor

 : 3-Phase équip;ﬂe&f_cirgﬂf_r .

Figure 1.4
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<1,

Single phase equivalent circuit

Figure 1.5
Equivalent Circuit of Transformer

Figure 1.6

Page 10



—

(E5),
SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS

Equivalent Circuit of Induction Motor

II IZ
> >

\/Io
D

-~
%Ro %

R|=-
(S j = Resistance representing load

!
|

Figure 1.7
S=Slip

R=R +R = Equivalent resistance referred to stator
X=X +X = Equivalent reactance referred to stator

R, X, = resistance and reactance of Stator

R X, = resistance and reactance of rotor

Equivalent Circuit of Transmission line

‘j?X°% KK Toox
g T

.

;'r— lype

Figure :1.8
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R X, R X,

2 3 3 i
LI _L MA oo
T T-type
Figure:1.9

Representation of resistive and reactive loads
Single Phase Load
Constant Power representation
S=P+jQ
Constant Current representation

S=VI*
S*=V*
S*=P-jQ
JPP+Q*2-6 P?+Q°
| = Q = Q Z65-0=1£5-6
VI£-6 [V
Where
0= tan’19
P
Constant Impedance representation
2
71V |_
P-JQ
Y:P‘F
IV
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Three Phase Load (Balanced Star Connected load)

P= Three Phase active Power of star connected load in watts
Q= Three Phase reactive Power of star connected load in VARS
V.,V = Phase & line voltage of load respectively
I,I.=Phase & line current of load respectively
Constant Power representation

S=P+jQ

Constant Current representation

25-01, | £5-0

REIA
Where
0= tan‘19
P

Constant Impedance representation
_ M
P-ijQ
y=P-IQ
IV

Three Phase Load (Balanced Delta Connected load)

Constant Power representation

S=P+jQ
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Constant Current representation

JP?+Q? /P? + 02
Q ss—oiz5-0 1=3P*Q s oais50

R 3|V, |

Where Where
6 =tan™ Q 6= tan’19
P P

Constant Impedance representation

P-JQ
,_P-i0
3|V, I

3. A 50Kw, three phase, Y connected load is fed by a 200 KVA transformer with
voltage rating 11KV/400V through a feeder. The length of the feeder is 0.5km and the

impedance of the feeder is 0.1+j0.2Q/km. If the load p.f is 0.8, Calculate the p.u
impedance of the load and feeder.

Solution:

Choose secondary winding rating of transformer as base values

Kvp=400/1000 = 0.4KV

KVA,=200KVA
(K, ) (0.4)

"7 MvA, 200
1000

Z.4 =(0.1+ j0.2)*0.5=0.05+ j0.10Q/ Phase

=0.8Q2

Z -
Zpuis = = 0'050+810'1 —0.0625 + j0.125pu

—
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P=50Kw, pf=cos¢=0.8

~.sing=sin(cos10.8)=0.6

Q=

50

L*sin ¢ =——*0.6 =37.5KVAR
Cos ¢ 0.8

Load impedance/Phase

Z =

ZL,Pu =

VP 4002

510~ G0 ia15)vior ~ 25043687 =2.048:+ [L536N / Phase
-] - j375)*

Z, 2048+ jL536

=256+ j1.92pu
Z, 0.8 J2ep

Impedance Diagram

The impedance diagram is the equivalent circuit of Power system in which the
various components of power system are represented by their approximate or
simplified equivalent circuits

Itis used for load flow studies
Approximations made in Impedance Diagram
The neutral reactances are neglected

The shunt branches in equivalent circuit of Transformers & induction motor are
neglected

Reactance Diagram

It is a simplified equivalent circuit of power system in which the various
components are represented by their reactances

It can be obtained from impedance diagram if all the resistive components are
neglected

It is used for fault calculations
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Approximations made in Reactance Diagram
The neutral reactances are neglected

Shunt branches in the equivalent circuits of transformer are neglected

The resistances are neglected

All static loads and induction motors are neglected

o M w nhpoE

The capacitance of the transmission lines are neglected

Single Line Diagram

"ne y
iY I - Synchronous motor
: g . 'I'ransmission line

Load A Load B

1

Figure:1.10
Impedance Diagram

- AAATTT

|
|

. m_ N

.

. T.L Y

Em

E

gl E

i

=) N
(%Y
s W e B S G s e e mr wm mf

-
I e e

Il
L
|

- e w m e owr omr o o o o o ] e
-

- I . 1

C e e L i —>y¢— —> Synchronous

Gareravors Generator ; Logd 1 1 ransormer, Tmon |- ransformer: Load: motor
e st e T g 1 i

1 2 1

Figure 1.11
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Reactance Diagram

OO IS SRS
| [ I ] ] ] I
| I 1 1 I i |
| ] ] 1 i 1 1
| [ i ] 1 i I
] ] ] 1 ] E ]
GO : '. : -
] ] I ] [ 1
—P— > = —— —— — et —
{{;_tnmmr'Gcnemlﬂr i Transformer 1 Transmission | Transformer 'E}I'IIdZINDm.'JL:

G o 1 i T ' line 0 i ' motor

1 ? 1 2
Figure:1.12

Equation for converting P.U impedance expressed in one base to another

* KVb,old i * MVAb,new
Z pu,new = Z pu,old
KV MVA, .4

b,new

Equation for transforming base KV on LV side to HV side of transformer
& Vice versa

Base KV on HT side = Base KV on LT side * (HT voltage rating / LT voltage rating)
Base KV on LT side = Base KV on HT side * (LT voltage rating / HT voltage rating)

4. A 300 MVA, 20KV, 3¢ generator has a subtransient reactance of 20%. The generator
supplies 2 synchronous motors through a 64Km transmission line having transformers
at both ends as as shown in Fig. In this, Ty is a 3¢ transformer and T, is made of 3 single
phase transformer of rating 100 MVA, 127/13.2KV, 10% reactance. Series reactance of
the transmission line is 0.5Q/Km. Draw the reactance diagram with all the reactances
marked in p.u. Select the generator ratings as base values.
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350MVA SRR
300MVA iomo ws 3 x 100MVA 13.2kV
20 kV 0% 127/13.2kV

$¢ 10.50/km \

LA X a0 v
1ICOMVA

20%
20% 3§, R 1) —® 53(
© ;A%

Figure: 1.13

Solution:

MVAp, new=300M VA

KV new=20KV

Reactance of Generator G
Since the generator rating and the base values are same, the
generator p.u. reactance does not change

. X6, pupew = 20% = 0.2p.u.
Reactance of Transformer T;

2
X _ X * KVle,0|C| * MVAb,neW
T4, pu,new Tlpu.old KV MVA, 11014

b,new

2
= O.l*(EJ *(@J =0.0857
20 350

Reactance of Transmission line (TL)

Reactance of transmission line = 0.5Q/Km

Total reactance X1 = 0.5*64 = 32Q
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Base KV onHT side of T =Base KV on LT side of Ty * (HT

voltage rating of T1 / LT voltage rating of T;)
= 20*(230/20)=230KV
KVp,new=230KV

Kv,,new)’ 230°
(Kv,, new)” _

MVA, 300
32
- % _0.1815pu
PY176.33 P

Reactance of Transformer T,
Voltage ratio of line voltage of 3¢ transformer bank =((¥3*127)/13.2) = (220/13.2)KV
Base KV on LT side of T, = Base KV on HT side of T,* ( LT voltage
rating of T,/ HT voltage rating of T»)
= 230 *(13.2/220) = 13.8KV
KVp,new=13.8KV

2
X _ X * KVbTZ,OId * MVAb,neW
T2, pu,new - T2 pu,old KV MV
AbTZ,OId

b,new

2
=0.1* 13.21 [ 300 =0.0915p.u
13.8 3*100

Reactance of Motor M1

2
x _ X * KVle,oId * MVAb,new
ML punew ~ 7" Mlpuold KV, MV,
Ale,oId

b,new

2
= 0.2*(@j *(@j = 0.0915pu
138) 200
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Reactance of Motor M,

2
X _ * KViumz,o1 * MVA new
M2, pu,new M2pucold KV, new MVA12,014

2
:o.z*(&j *(@j:o.mg pu
13.8 100

]I W 7. 1. o W 7. T x|

J0.0857  j0.1815  j0.0915
jn,zg
j0.2745 j0.549
+
E, O il
Eml_ [ Em.’.‘
<+
Figure :1.14

5.Draw the reactance diagram for the power system shown in fig. Neglect resistance and
use a base of 100 MVA, 220KV in 50Q line. The ratings of the generator, motor and

transformer are given below.
: ’I‘1

o I

A

.||-r:‘<

Figure:1.15

Generator: 40MVA,25KV,X’=20%
Synchronous motor:5S0MVA,11KV,X*’=30%
Y-Y Transformer : 40MVA,33/220KV, X=15%
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Y-A Transformer : 30MVA,11/220KV(A/Y), X=15%
Solution:
MVAp new=100M VA
KVb.new=220KV
Reactance of Transmission line (TL)
(Kv,, new)® _ 220

MVA, 100

50
Xrip= g, =01033pu

b=

=484Q2

Reactance of Transformer T,

Base KV on LT side of T; = Base KV on HT side of T:* ( LT voltage
rating of T1/ HT voltage rating of T;)

=220 *(33/220) = 33KV
KVb,neW:\?)\?)KV

2
X — X * KVbT2,0|d * MVAb,new
T punew Tepuold KV MVAbTZ,oId

b,new
2
:0.15*(1_1j *[@j:o.s,p.u
11 30

Reactance of Synchronous motor

2
y _x o Koo | of MVA, ey
M., pu,new M pu,old KV MVAbM,oId

b,new

2
—03* 1) « @jzo.ﬁp.u
11) |50
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I BTE IR ¢ YT+ J) WS . T T's “-—-—-{

| ' 50375 10.1033 0.5

0.6

Eml
Ef-‘i Q -

L

Figure: 1.16

6. A 15MVA, 85KV, 3- Phase generator has a substransient reactance of 20%. It is
connected througha A - Y transformer to a high voltage transmission line having a total
series reactance of 70Q.The load end of the line has Y-Y step down transformer. Both
transformer banks are composed of single Phase transformers connected for 3-Phase
operation. Each of three transformers composing three phase bank is rated 6667 KVA,
10/100KV, with a reactance of 10%. The load represented as impedance, is drawing
10MVA at 125KV and 0.8pf lagging. Draw the single line diagram of the power
network. Choose a base of 10MVA12.5KV in the load circuit and determine the
reactance diagram. Determine also the voltage at the terminals of the generator.

Solution:

3 % 6667 LVA 3% 6667 kV

10/100kV, 10% . A
15MVA T ¢ _ 100/10kV, 10% gﬁ‘f“ fla

™ . Ui

85kv (G)—] 3§ '  ina 3 T2 i

| Load
20% g E gf

A Y = &
Figure :1.17

MVAp new=10MVA
KVb,neW:lz.S KV
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Reactance of Transformer T2
Voltage ratio of line voltage of transformer
T2=(100*V3KV/10*Y3KV) = (173.2KV/17.32KV)
3 — Phase KVA rating of Transformer T2 = 3*6667=20,000KVA=20MVA
- KVb,0ld=17.32KV (LT side)
MVAD,0ld =20MVA

2
X — X * KVbT2,0|d * MVAb,HEW
7% punew T2puold KV, MVAsz,om

b,new

2
= 0.1*(%} *[;_(())j =0.096pu

Reactance of Transmission line

Base KV on HT side of T, = Base KV on LT side of T,* (HT voltage
rating of T,/ LT voltage rating of T)
= 12.5 *(173.2/17.32) = 125KV

KVp,new=125KV
~ (Kv,,new)® 1257
7 MVA, 10

70

X pi™ 15625

=1562.5Q

=0.0448p.u

Reactance of Transformer T1
Voltage ratio of line voltage of transformer
T1=(10KV/100*V3KV) = (10KV/173.2KV)
3 —Phase KVA rating of Transformer T2 =
3*6667=20,000KVA=20M VA
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~.KVb,0ld=173.2KV (HT side)
MVAb,old =20MVA

2
X — X * KVle,0|d * MVAb,HEW
Thpunen Tipueld KV MVAle,oId

b,new

2
- o.1*(%) *(%j =0.096 p.u

Reactance of Generator
Base KV on LT side of T; = Base KV on HT side of T;* ( LT voltage
rating of T1/ HT voltage rating of T1)
=125 *(10/173.2) = 7.217KV
KVp new=7.217KV

2
X =X o Koo | o MVA, e
G, pu,new G pu,old KV I\/IVAbG,oId

b,new

2
= o.2*[£j *[9) =0.185pu
7.217) \15

This can be represented as constant current load

Load

p.f of load = 0.8lag

-.p.fangle = -cos10.8=-36.87°

Complex load power = 10£- 36.87° MVA

p.u value of load (Power) = Actual load MVA/ Base value of MVA
=10«-36.87° /10 =1Z - 36.87° p.u

p.u value of load voltage = Actual load voltage/Base voltage

=12.5KV/125KV =1.0 p.u
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Let | =Loadcurrentin p.u
VV=Load voltage inp.u
V*I=p.u value of load

s 1=1/-36.87° /1.0= 1/ - 36.87°

W77, W (1. 1. ) W (.. T 3|

T j0.09%  jo.0448  j0.09 +T 1I=1é~36.87 p.u
j0.185 A5
v ValOpu. ¢
’ ré 8
5,0 |
B

Figure:1.18
Terminal voltage of the Generator
Vi=V+1(j0.096+j0.096+j0.0448)
=1.0+1Z -36.87° * 0.2368£90°
=1.0+0.2368+j0.1894
=1.1421+j0.1894
=1.1577£9.4° p.u
Actual value of generator terminal voltage
= p.u value of voltage * Base KV on LT side of Transformer T,
=1.1577£9.4° *7.217 = 8.355£9.4°
BUS ADMITTANCE MATRIX

Bus

* The meeting point of various components ina power systemis called a bus

* The bus is a conductor made of copper or aluminum having negligible resistance
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* The buses are considered as points of constant voltage ina power system

Bus admittance matrix

* The matrix consisting of the self and mutual admittance of the network of a
power system s called Bus admittance matrix

« It is given by the admittance matrix Y in the node basis matrix equation of a
powe r system. Denoted as Ypus

* Itis asymmetrical matrix

Yl 1 Yl 2 Yl 3

* The diagonal elements of bus admittance matrix are called self admittances of
the buses

+ Off — diagonal elements are called mutual admittances of the buses

Formula for determining Yy, after eliminating the last row and Column

Y.Y

_ jn ' nk
jk,new _ij,old - Y
nn

Y

F1,2,3...(n-1) ; K=1,2,3...... (n-1) ; n=last rowand column to be eliminated

Direct Inspection method

The Guidelines to form bus admittance matrix by Indirect Inspection method are:

1. The diagonal element Yj; is given by sum of all the admittances connected to
node j

2. The off diagonal elements Yjkx is given by negative of the sum of all the
admittances connected between node jand node k
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6. For the network shown in Fig, form the bus admittance matrix. Determine the
reduced admittance by eliminating node 4. The values are marked in p.u

Figure: 1.19
Solution: Direct Inspection Method
The Ypus matrix of the network is,
—(j0.5+ j0.4+ jO0.4) jo.5 j0.4 j0.4
v - jo.5 —(j0.5+ j0.6) j0.6 0
bus = jo.4 j0.6 —(j0.6+ jO.5+ j0.4) jo.5
j0.4 0 jo.5 —(j0.5+j0.4)

—j13 jo5 jo4 jo4
y _| 005 -1 jos 0
1 jo.4  jos —j15  jo5

jo4 0  jo5 —jo9

The elements of new bus admittance matrix after eliminating the 4™ rowand 4™ column
is given by

Y. Y

jn " nk

jk.new :ij,old -

nn
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n=4; j=123; K=1,23

The bus admittance matrix is symmetrical, .. Yij new = Yjknew

Y.

1lnew — Y1],old -

Y14Y 41 — _j1.3_ (104)(184) — _J112

44

Y14Y42 — J05_ (104*0) — J05

le,new =Y12,o|d -

44

YiaY 4 _ j0_4_M: j0.622

Y13,new :Y13,0Id - Y
44

YZlneW :le,new = J05

Y22nen = V22,010 ol = —jl.l—m =—j1.1
Y4 -j0.9

Yoanew = Y23010 — Yol i3 = jO.G—M = j0.6
Y —-J0.9

Y3Lnew :Y13,new = j0.622

Y32,new = Y23,new = JO6

Y33,new :Y33,old -

YouVus __ j1.5——(10'5?§)’0'5) — 1222

44
The reduced admittance matrix after eliminating 4™ row is

~jL12 jo5  j0.622
Y. =| jo5 —jlLl jos
j0.622 j0.6 - jl.222

8. Determine the bus admittance matrix of the system whose reactance diagram is
shown in fig. the currents and admittances are given in p.u. Determine the reduced bus
admittance matrix after eliminating node-3
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ST <
-il P
l 1.7 A34m~ 3 :
-j2 -5 . )2 '
2£4-30° -j2 -2 é-il # dp 1£0°
Figure:1.20
Solution:
—(j2+j2+j1) 0 j2 jl
v 0 —(j2+ j4) 0 j2
bus j2 0 —(j2+j2+j5) j5
il j2 j5 —(j1+j5+j2+ j1
-j5 0 j2 il
v 0 -j6 0 j2

g2 0 —j9 5
O N e L
For eliminating node 3, the bus admittance matrix is re arranged by interchanging row
3 and then row 4 and then inte rchanging column 3 & column 4.
After interchanging row 3 & row 4 of Yps matrix,
-j5 0 j2 ]l
0 -j6 0 j2
R VS VA I ¢
j2 0 -j9 j5

After interchanging column 3 & column 4 of Yy, matrix,
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-5 0 1 j2

| o -j6 j2 0

“lilj2 -j9 5
j2 0 5 -j9

Y,

Y.Y

jn " nk

Y

nn

ij,new = ij,old -

Yl],new = Yllold -

Y4 -9
i9*x
Y12|new = Y12,old - Y14Y 12 = 0- (J2 - 0) =0
Y4 -9
Y13,new :Yls,old - YMY B = Jl_ (JZ)(J5) = J2111
Y44 -J9
Y2],new = Y12,new =0

Y,,Y .~ (0)(0)
Yoznew = Yazo1d — 22— 6=

—=—6
Y 44 -j9

Yoo, OB _,
Y44 —j9

Y23,new :Y23,old -

Yoo =,

13 new

= j2.111

Lnew —

Y32,new =Y23,new = j2

Y44 _Jg

The reduced admittance matrix after eliminating bus 3 is

Y33,new :Y33,old -

—j4s56 0 j2.111
L=l 0 —j6 2
j2.111  j2 - j6.222

A
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9. For the given 5-bus system form the admittance matrix by direct inspection method.

Line Impedance, Z (ohms) leriittanc;_,ilrje(mho) Charging
1-2 0.01+j0.05 -j0.02
1-4 0.07+j0.02 -j0.03
2-3 0.05+j0.11 -j0.025
2-4 0.04+j0.20 -j0.12
1-5 0.06+j0.14 -j0.01
3-5 0.02+j0.05 -j0.02
4-5 0.06+j0.14 -j0.025
Table:1.2
Solution:
Yous(1,1) = 1/(0.01+j0.05) + 1/(0.07+j0.02) + 1/(0.06+j0.14) — j0.01 —
j0.02 - j0.03

= 1/(0.051£1.37)+1/(0.073 £0.28) +1/(0.152 £1.17-
j0.01 - j0.02 — j0.03
=19.61 £-1.37+13.69 £-0.28+6.58 £-1.17 — j0.01 —j0.02 —J0.03
Yous(1,1)=3.91-j19.22+13.16-3.78+2.57-j6.06-j0.01-j0.02-j0.03
=19.64-j29.11
Yous(2,2) = 1/(0.01+j0.05) + 1/(0.05+j0.11) + 1/(0.04+0.2) — j0.02 — j0.025 — j0.012
=8.23 + j31.6
Yous(3,3) = 1/(0.05+j0.11) + 1/(0.02+j0.05) — j0.02 — j0.025
= 10.31-j24.82
Yous(4,4) = 1/(0.04+j0.2) + 1/(0.07+j0.02) + 1/(0.06+0.14) —
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j0.025 — j0.012 — j0.03
= 16.76 — j30.12
Yous(5,5) = 1/(0.06+j0.14) + 1/(0.02+j0.05) + 1/(0.06+j0.14) —
j0.025 — j0.02 — j0.01
=12.05 - j29.35
Yous(1,2) = Ypus(2,1) = -1/(0.01+j0.05) = -3.85 + j19.2
Yous(1,3) = Yhus(3,1) =0
Yous(1,4) = Yous(4,1) = -1/(0.07+j0.02) = -13.21+ j3.77
Yous(1,5) = Yous(5,1) = -1/(0.06+j0.14) = -2.59 + j6.03
Yous(2,3) = Yous(3,2) = -1/(0.05+j0.11) = -3.42+j7.73
Yous(2,4) = Yous(4,2) = -1/(0.04+j0.2) = -0.96+j4.81
Yous(2,5) = Yous(5,2) = 0
Yous(3,:4) = Yous(4,3) = 0
Yous(3,5) = Yous(5,3) = -1/(0.02+j0.05) = -6.9+j17.24
Yous(4,5) = Yous(5,4) = -1/(0.06+j0.14) = -2.59+j6.03

[19.64— j29.11 -3.85+ j19.2 0 -13.21+j3.77 -2.59+ j6.03 ]
-385+j19.2 8.23+j31.6 -3.42+j7.73 -0.96+j4.81 0

Y, = 0 -3.42+7.73 10.31- j24.82 0 -6.9+ j17.24
-13.21+j3.77 -0.96+ j4.81 0 16.76— j30.12 -2.59+ j6.03
| -259+6.03 0 -6.9+j17.24 -2.59+6.03 12.05— j29.35 |
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Analytical method or Singular transformation Method
Yous = [A]" [y] [A]
A — Incidence Matrix
y — primitive Ybus

10. For the given system form the admittance matrix by analytical method

& 0.02+10.04 (2)

0.01 + j0.03 0.0125 +j0.025

Figure: 1.21
Solution:
0.02+ j0.04 0 0
Z= 0 0.0125+j0.025 0
0 0 0.01+j0.03

Columns are nodes and rows are elements (lines)

1 -1 0 1 0 -1
A=0 1 -1 Al=l-1 1 0
-1 0 1 0 -1 1
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Y, = ATyA
1 0 o |
1 0 -1](0.02+]j0.04) 1 -1 0
Yo == 10 0 (001251'0025) 0 0o 1 -
0 -1 1 e . 10 1
0 0 v
I (0.01+ j0.03) |

20-j50 -10+j20 -10+j30
=|-10+j20 26-j52 -16+j32
-10+j30 -16+j32 26- j62

Y,

bus

11. For the given system form the admittance matrix by analytical method
(1 (23
i0.3 o~ _ G2

O‘“ paf ~ /ﬁ:._s 240
103 70.5
L i =

)

Figure:1.22

Page 34



-

SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS

Solution:

Node 1 to Node 0 — 1% element
Node 1 to Node 2 - 2"%element
Node 1 to Node 3 —3"element
Node 2 to Node 3 — 4" element
Node 2 to Node 0 — 5" element

-11 0 O
R 0 1 -1 0
ElementalN odelncidcenceMatrix(A)=| 0 1 0 -1
0O 0 1 -1
-1 0 1 0]
1 0 0]
1 -1 0
Incidcence Matrix(A)={1 0 -1
0 1 -1
0 1 0]

[j02 0 jos 0 0
0 jo3 0 jos8 O
z=jo6 0 jo3 0 0O
0O jo8 0 jo5 O
o 0 0 0 jo

Y,

bus

= ATyA
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B N
j0.2 j0.6
0 1 0 1 0 1 0 0
1 1 1 0 0] . J0.3 . 0.8 1 -1 0
0 -1 0 1 1||— 0 _— 0 0 1 0 -1
j0.6 j0.3
0 0 -1 -1 0 1 1 0 1 -1
10 — 0 — o0
j0.8 j0.5 0 1 0]
0 0 0 0 i
i 10.4_

-j15 j2.083 j6.25
~|j2.083 -j5.33 j0.75
j6.25 j0.75 -j5.33

Y,

bus

Need of System analysis in planning and operation of power System

Load Flow Studies:

It is a steady state behavior of the power system under normal conditions & its
dynamic behavior under small scale disturbances

In Load flow studies, the main concentration is on transmission with generators
& loads modeled by the complex powers. The transmission system may be a
primary or sub transmission system

The transmission system is to be designed in such a manner that power system
operation is reliable and economical & no difficulties arise during its operation

But these two objectives are conflicting, so more concentration is needed in load
flow studies

Now power system is highly complicated consisting of hundreds of buses &
transmission lines

So load flow involves extensive calculations
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Short Circuit Analysis:

It is the abnormal system behavior under conditions of fault during operation

In a large interconnected power system, heavy currents flowing during short
circuits must be interrupted through a circuit breaker.

So maximum current that circuit breaker can withstand momentarily has to be
determined

For selection of circuit breakers, the initial current that flows on occurrence of a
short circuit & the transient current that flows at the time of circuit interruption
has to be calculated from short circuit studies

Stability Studies:

The stability of an interconnected power system is its ability to return to its
normal or stable operation after having been subjected to some form of
disturbances

Stability is considered as an essential part of power system planning for a long
time

During a fault, electrical power from nearby generators is reduced drastically,
while power from remote generators is scarcely affected

In some cases, the system will be stable even with a sustained fault, whereas
other system will be stable only if the fault is cleared rapidly

Whether the system is stable on occurrence of a fault depends not only on the
system itself, but also on the type of the fault, location of the fault, rapidity on
clearing the fault and method used in clearing the fault

Thus for a reliable, economical operation of power system, the need of system
analysis like load flow analysis, short circuit analysis, stability analysis is
essential to have effective planning & operation of power system

Page 37



Questions

Part-A
Q.No Questions Competence BT Level
1 Define per unit value. Remember BTL1
). What is bus incidence matrix? Remember BTL1
3. List the advantages of per-unit computations? Remember BTL1
A generator rated at 30 MVA, 11KV has a reactance of 20%. Aol BTL3
4. Calculate its p.u. reactance for a base of 50 MVA and 10 KV. PRl
5. What are the components of power system? Remember BTL1
Show the equation for converting the per unit impedance BTL2
6 i Understand
. expressed in one base to another?
If the reactance in ohms is 15 ohmes, find the p.u value for a base Aol BTL3
7. | of 15 KVA and 10 KV PRIy
. [llustrate the approximations made in reactance diagram? Understand BTL2
Rephrase the equations for transforming base KV on HV side to BTL2
9 . . Understand
. LV side of transformer and vice-versa.
10. Outline the equivalent circuit of a 3-phase generator. Understand BTL2
Part-B
Q.No Questions Competence BT Level
Analyze the need for system analysis in planning and operation | Analyze BTL4
1. of power system.
A 300 MVA, 20 KV, 3 phase generator has a sub transient | Evaluate BTL5
reactance of 20%. The generator supplies 2 synchronous motors
through a 64 km transmission line having transformers both
ends. In this T1 is 3 phase transformer and T2 is made of 3 single
2. phase transformer of rating 100 MVA, 127 / 13.2 KV, 10%

reactance. Series reactance of the transmission line is 0.5
ohm/km. select the generator rating as base values.
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, ) 3x 100 MVA
300 MVA 350 MVA 127132KV
0KV 201230KV 10%

20 % 10 %

T MVEA
132KV £7
L

20%

—)

~ 3¢ 3¢
O3t
{( AY H A

100 MVA
132KV

20%

Evaluate the Per unit values of each component and represent it

in a reactance diagram

Evaluate the Per Unit values for the given single line diagram of
the power system. Take base MVA as 100 and base KV as 220 in
50 ohm line. The ratings of the generator, motor and

transformers are given below

T2

M

6 w3
3t 3t
g  HA

Generator: 40 MVA, 25KV, X” = 20%

Synchronous motor: 50 MVA, 11 KV, X”

e

=30%

Y —Y Transformer: 40 MVA, 33 /220 KV, X = 15%

Y - A Transformer: 30 MVA, 11/ 220KV (A/Y), X =15%

Evaluate

BTL5

For the given 5-bus system Construct the admittance matrix by

direct inspection method.

Apply

BTL3
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Half Line
Line Impedance, Z Charging
(ohms) Admittance, L
{mho)
1-2 0.01+0.05 -j0.02
1-4 0.07+0.02 -j0.03
2-3 0.05+0.11 -0.025
2-4 0.04+j0.20 -j0.12
1-5 0.06+0.14 -0.01
3-5 0.02+j0.05 -j0.02
4-5 0.06+0.14 -10.025
For the given 4-bus system Build the admittance matrix by | Apply BTL3
analytical method.
Line Resistance, R (pu) Reactance, X (pu)
1-2 0.05 0.15
1-3 0.1 0.3
1-4 0.2 0.4
2-4 0.1 0.3
3-4 0.05 0.15
Construct the impedance diagram of the power system shown | Create BTL6

below. Mark impedances in per unit. Neglect resistance and use
a base of 50 MVA, 138 kV in the 40- line. The ratings of the
generator, motors and transformers are:

Generator 1: 20 MVA,18 kV, X" = 20%
Generator 2: 20 MVA,18 kV, X" =20%
Synchronous motor 3: 30 MVA, 13.8 kV, X" =20%

Three phase Y-Y transformers: 20 MVA, 138Y/20Y kV, X =
10%

Three phase Y- A transformers:15 MVA, 138Y/13.8 kV, X
=10%
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POWER FLOW ANALYSIS

Proble m definition — bus classification — derivation of powe r flow equation — solution by
Gauss seidel and Newton Raphson methods by polar form — PV bus adjustments for
both methods — computation of slack bus power, line flowand transmission lines

Power flow study or load flow study

* The study of various methods of solution to power system networks is referred
to as load flow study

* The solution provides the voltages at various buses, power flowing in various
lines and line losses

Information’s obtained from a load flow study

* Magnitude and phase of bus voltages, real and reactive power flowing in each
line and the line losses

* Load flow solution also gives the initial conditions of the system when the
transient behavior of the system s to be studied

Need for load flow study

* Itis essential to decide the best operation of existing systemand for planning the
future expansion of the system

* Itis also essential for designing a new power system
Work involved in a load flow study or How a load flow study is performed?
I.  Representation of the system by single line diagram

ii. Determining the impedance diagram using the informations in single line
diagram

iii.  Formulation of network equations
iv.  Solution of network equations

Quantities associated with each bus ina system

i. Real Power (P)
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ii. Reactive Power (Q)
iii.  Magnitude of Voltage (|V|)
iv.  Phase angle of voltage (6)
Classification of buses
i.  Loadbus or PQ bus (P and Q are specified)
ii.  Generator bus or voltage controlled bus or PV bus (P and V Specified)
iii.  Slack bus or swing bus or reference bus (|V|and é are specified)
PQ bus

* Abus is called PQ bus or load bus when real and reactive components of power
are specified for the bus.

* Ina load bus the voltage is allowed to vary within permissible limits
PV bus or Voltage Controlled bus or Generator bus

* A bus is called voltage controlled bus if the magnitude of voltage [V| and real
power (P) are specified for it.

* Inavoltage controlled bus the magnitude of the voltage is not allowed to change
Slack bus

* A bus is called swing bus ( or Slack bus) when the magnitude and phase of bus
voltage are specified for it

* The swing bus is the reference bus for load flow solution and it is required for
accounting for line losses.

» Usually one of the generator bus is selected as the swing bus
Need of Swing bus
* The slack bus is needed to account for transmission line losses

* In a power system the total power generated will be equal to sum of power
consumed by loads and losses
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* Ina power system only the generated power and load power are specified for
buses

* The slack bus is assumed to generate the power required for losses

» Since the losses are unknown the real and reactive power are not specified for
slack bus

» They are estimated through the solution of load flow equations
Formulation of Load flow equations using Y ,,s matrix

* The load flow equations can be formed using either the mesh or node basis
equations of power system

* From the point of computer time and memory, the nodal admittance formulation
using the nodal voltages as the independent variables is the most economic

Yous * V =1
Where,
Ypus - Bus admittance matrix of order (nxn)
V - Bus (node) voltage matrix of order (nx1)

I - Sources current matrix of order (nx1)

|1 Y11 Y12 Ylp Yln V1

I 2 Y21 Yzz sz Y2n Vz

|p - Ypl sz Ypp an Vp
_In_ _Ynl Yn2 an Ynn__Vn_

Ip = Current injected to bus p

Vp=Voltage at bus p

Lo =YV + YV, Y VY Y

pn¥n
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p-1 n
sy = zlquVq YV + ZlquVq
g= g=p+.
Sp=Complex power of bus p
Pp,=Real power of bus p

Qp=Reactive power of bus p

S, =P +1Q,

*

S, =V,I

p p-p
~V,1 =P, +jQ,
The load flow problem can be handled more conveniently by use of I, rather than Ip*
Volp) =(P,+ Q)
V;I » =P = IQ;
_ Pp ~ JQp
p V*

p

Pp — JQp
p
* lterative methods are used to solve load flow problems

YoVi +Yp Vo +o+ Y Vo +Y V=

pn'n

* The reason to use iterative methods is the load (or power) flowequations are
nonlinear algebraic equations and explicit solution is not possible

Iterative Methods
I.  Gauss seidel (G-S) method
ii.  Newton Raphson (N-R) method
Operating constraints imposed in the load flow studies
I.  Reactive power limits for generator buses

ii.  Allowable change in magnitude of voltage for load buses
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Flat Voltage Start

* Initerative methods of load flow solution, the initial voltages of all buses except
slack bus are assumed as 1+j0O p.u

Gauss Seidel Method

P o
YoVi+Y Vo +o+Y V) +- anvnz—pr
Vp
P,—IQ
Zqu q+Y V + Zqu q = pV* :
g=p+1 p
p-1
Yppvp Zqu q Zqu q
q=p+1
1 p-1
Vv, =Y_ szq q Zqu q
pp p g=p+1

Vl;H—l |: pZququ+l ZYPQ q jl
Vp) O

a=L q=p+l

V¥ — k™ iteration value of bus voltage V;

Vi< _ (k+1) " iteration value of bus voltage V;

p-1
ZYPCI q+Y V + ZYPCI q

p q=p+1

p-1
ZYPQ Q+ZYPQ q

P

P _JQ =V {Zqu q +Zqu q:|

p-1
. k+1 Ha LS k\* k+1 k
. Pp - JQp - (Vp) {ZquVq szqVq }
g=1 g=p
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Reactive Power of bus p during (k+1)" iteration

p-1 n
R LRI PR AT G
q= q=p
Computation of Slack bus powerand line flows

- * n k
Pp - JQp =Vp Z;quvq
q=:

Bus-p : Bus-q
I
T ImJ« zl), Ym (": ‘LI,,, T
41 1
vp P2 qp? vq
1 Yoa Ypa l
2 2
Figure: 2.1

Ypq — Series admittances

Y’pq/2- Shunt admittances

pq pal

| = V.Y V le,q
+ qu_(Vp_ q) pq T p?

Yoq
Ioq = Ipql +1 paz (Vp _Vq)qu +Vp 7

pq

Complex power Injected by bus pin line pq

*

"
: * pq
Spq = qu - Jqu :Vp I nq :Vp {(Vp _Vq)qu +Vp T}
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| =1 | = V)Y VY';q
ap = Vapt T qu_(Vq_ p) pq T q?

Complex power Injected by bus qin line pq
S. =P _—jQ.,. =V 1=V V. )Y VYFI’q
ap qp_Jqu_ g'ap ~ Vg (Vq_ p) pg T p?
Power loss in the transmission line — pq

S S, +S

paloss — P pg T qp

Flow chart of Load Flow Analysis using Gauss Siedel Method

@D

Read line data, tolerance (g), o
Bus Data
Pifori=2....N
Omin, Omax fori=2....M
Qjfori=M+1... N
|Vilfori=1, ... M

| Compute Y bus matrix |

i
| Initialize bus voltages |

.

Set iteration countiter=1 |
|
v

[ Busf.'r[),i=1 ]
v

[ t=1+1 ]

/Do‘e\s
- i refer to
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] Yes

\/new = V[spec) / seal _]
T .

Qfa' = =Im[V! 2 YijVj)
j=1

QG; = QfFa| + QL!

Qsi>Q;
Gi Q:(max) ﬁ Qi< Qi (min)

1 Q limit

QGi = Q; (max)

Qgi = Q; (min)
Q; (spec) = Qj (max) - QL

Q (spec) = Qfal

Q; (spec) = Qi (min)-QL;

»
Ll b3

.
L

y

p; -Q; . N
1 I (spec) = i (spec) ;-1 new old
V-new= _ Yoy, - L Y Ve
Y v’ LRl
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No

ew  old
Vi |se No
..... Y
newl old new  cld
Vi = Vi +alVi =V |
: g , old  new
Calculate all line flows, total line losses, reactive Vi =V ,iz2tN
power generated at P-V buses, slack bus power I
ter = iter + 1

Print the results

Figure:2.2

Algorithm for load flow solution by Gauss seidel method

Step 1: Form Y — bus matrix

Step 2: Assume Vi=Vispe)£0° at all generator buses
Step 3: Assume V=1 £0°=1+j0 at all load buses
Step 4: set iteration count=1 (k =1)

Step 5: Let bus numberi=1

Step 6: If ‘i’ refers to generator bus go to step no.7, othe rwise go tostep 8

Step7(a): If ‘i’ refers to the slack bus go to step 9, othe rwie go to step 7(b)

Step 7(b) : Compute Q; using,
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Q= (-1* |m{(\/ik){izlYijij+l +Z:Yu j }}

Qai= Q®'+Qui
Check for Q limit violation
If Qiminy < Qi< Qimax), then Qigpee=Qi™
If Qimin) < Qai, then Qiepec) = Qigmin)-QLi
If Qimax) < Qai, then Qiepec) = Qimax)-QLi
If Qiimit IS violated , then treat this bus as P-q bus till
convergence is obtained
Step 8: Compute V; using the equation,

V-k+l - YVk+1
L |: (V ) Z "] z ij Jj|

j=1 j=i+l

Step 9: If iis less than number of buses, increment i by 1 and go to step 6
Step 10: Compare two sucessive iteration values for Vi
If V! — Vi < tolerance, go to step 12
Step 11: Update the newvoltage as

VK = Vg (VP vy

Vk=Vk+1

K=K+1; gotostep5

Step 12: Compute relevant quantities:

Slack bus power,

S, =P -Q VI—VZY

ijv]

Page 11



(D))
SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS

Line flows,
S;=PF;+ jQij

:Vi B/i* _Vj*}YijZeries+ |V| |2 Yu*

Poss = P, +P;

Loss

QLoss = Qij +jS

Step 13: Stop the execution

1. Inthe systemshown in fig, generators are connected to all the four buses, while
loads are at buses 2 and 3. The specifications of the buses and line impedances
are given in the tables. Assume that all the buses other than slack bus are PQ
type. By taking a flat voltage profile, determine the bus voltages at the end of
first Gauss seidel iteration

=
ST ®

g

oL ®

Figure:2.3
Buscode | P Q V')
1 - - | 1.0520°
2 0.5 | -0.2
3 1.0| 0.5
4 0.3 | -0.1
Table:2.1
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Line | Rinp.u | Xin p.u

1-2 | 0.05 0.15

1-3 | 0.10 0.30

1-4 | 0.20 0.40

2-4 [ 0.10 0.30

3-4 | 0.05 0.15

Table: 2.2
Z;=0.05+j0.15p.u Z,4=0.10+j0.30p.u
Z;3=0.10+j0.30p.u Z34=0.05+j0.15p.u

Z14=0.20+j0.40p. U
Y12=1/Z15 = 1/(0.05+j0.15) = 2-j6 Y13=1/Z13=1/(0.10+j0.30)=1-j3
Y14 =1/Z14=1/(0.20+j0.40)=1-j2 Y24=1/Z54=1/(0.10+j0.30)=1-j3
Y34=1/Z54=1/(0.05+j0.15)=2-6
Y11= Y10+ Yi+ Y14=2-6+1-j3+1-j2=4-j11
Yo2= Y10+ Y24=2-j6+1-j3=3-j9
Y33=Y13+Y3,=1-J3+2-j6=3-]9
Y144=Y1a+Yo4+ Yaa=1-j2+1-j3+2-j6=4-j11
Y12= Ya1=-Y1p=-(2-6)=-2+]6
Y13= Ya1=-Y13=-(1-8)=-1+]3
Yi4=Yar=-Yia=-(1-j2)=-1+]2
Y23=Y3=0
Y24=Yar=-Yau=-(1-3)=-1+3
Y34=Ya3=-Y24=-(2-j6)=-2+6
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Y, Y, Y5 Y. —j11 -2+j6 -1+j3 -1+j2
y Yoo Yo Yo Y| |-2+j6 3-)9 0 -1+ j3
Yy Ya Y Ya| | -1+§3 0 3-j9 -2+j6
Yo Yoo Y Yol |-1+j2 -1+j3 -2+j6 4-jl1
V0=V ==V =V, =1.05+ jOp.u
vV, =1+ jO v°:1+jo V) =1+ j0 K=0

gq=p+1

k+ 1 2 k+
VP l l: (V ) ;quvq - ZYPQ q

Vzl_ . { —19, —Y21V1 Y23V0 YoV, :|
V)

i 1 |05+j0.2
2 . .
3—-1J9] 1-j0

—(-2+ j6)(2.05+ jO)-0*(1+ jO)— (—1+ j3)(A+ jO)}

05+ 0.2+2.1-j6.3+1—j3
3_19[ j j i3]

36—]91 9.7862/ —68.42°
3-J9 9.48684 —71.57°

=1.0316£3.15° =1.0300 + j0.0567 p.u

P _i
V31 = 1 { 3 0193 _Y31V11 _Y32V21 _Y34V40}
Y33 (Va )

viz 1- —-1- 1-0.5 —(~1+ j3)(1.05+ jO)—0*(1.0300 + j0.0567) — (-2 + j6)(1+ jO)
3-j9| 1-jo0
~ 1 [1-j05+105-j315+2 j6]
3-]9

205—]965 9.8653£—-78.0T°

=1.0399/ -6.44° =1.0333 - j0.01166 p.u
-j9 ©9.4868/ —T71.57°
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1|P,—-]JQ
Vi= {% =Y Vi =YV, _Y43V31}
Yl (Vy)

V! :41]_11[0'? 1_18'1-(-1+ j2)(L05+ j0) - (~1+ j3)*(1.0300+ j0.0567) - (=2-+ j6)(L.0333- j0.01166)

= 1_11[0.3+ j0.1+1.05— j2.1— (~1.2001+ j3.0333) — (~1.367 + j6.433)]
— ]

~3.9171- j11.4663 12.1169/-71.14°
4-j11 11.7047 2 -70.02°

=1.0352/ —1.12° =1.0350 — j0.0202p.u

The bus voltages at the end of first Gauss seidel iteration are

V! =1.05+ j0=1.05£0" pu
V, =1.0300 + j0.0567 =1.0316./3.15° p.u
V., =1.0333- j0.01166 =1.0399./ — 6.44° p.u

V, =1.0350- j0.0202 =1.0352/—1.12° pu

2. In Problem 1, let the bus 2 be a PV bus (Generator bus) with |V,| =1.07p.u. the
reactive power constraint of the generator bus is 0.3 < Q,< 1.0. With other data
remaining same (Except Q), calculate the bus voltages at the end of first G-S ite ration

Solution:
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Yo Y, Y Y. —j11 -2+j6 -1+j3 -1+j2

v _|Ya Y Yo Yu| |-2+j6 39 0 -1+j3

Y, Y, Yee Ya| [-143 0 3-j9 -2+j6

Yy Yo Yo Yol |-1+j2 -1+j3 -2+j6 4-j11
V0=V ==V =V, =1.05+ jOpu

V, =1+j0 V2=1+j0 V.=107+j0 K=0

Qs =(-D* |m{(\/;)*{§quvqk*l +2qu ] }
Q. = (-1)Imf 20)*[\(2;/11 I RVARRAVARRV
Q) e = (-1) IM{(1.07 — jO)[(-2 + j6)(1.05+ jO) + (3~ jO)(L.07 + jO) + (0* (L~ jO)) + (~1+ j3)L+ jO)[}
= (-1) Im{.07[- 2.1+ j6.3+3.21— j9.63 -1+ j3]}
= (-1) Im{1.07[0.11~ j0.33]}=0.3531pu

Q’2c2=0.3531. The given Q limits are 0.3 < Q< 1.0. the calculated Q- is within
the limits. So bus 2 is treated as PV bus.

Now Q220.3531, p2:0.5, |V2|:1.07

p-1
k+1 k+l
Vp,temp = { (V ) ZlquVq ZYPQ Q}
q_

g=p+1

1 IQ
VZl,temp = { (VJ) 2 Y21V1 stvo Y24V }
2

1 [05-j0.3531 . . N . .
Vzl,temp=3_j9{ 1070 —(=2+ j6)(1.05+ jO)— (0 (1+JO))—(—1+J3)(1+JO)}
=3 ! 9[o 4673— j0.33+2.1— j6.3+1— j3]
— ]
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~3.5673-j9.63 10.2695/-69.67"

- = =1.0825/1.9°
3-]9 9.4868£ —-71.57°

SOt =2V, =19

2temp —

VLSV, | e £ =1.07.21.9° =1.0694 + j0.0355 p.u

spec

Bus 3 and bus 4 are load buses

K+ 1|P- JQ &= K+ > k
Vo ' :Y_ p(Vk)* . _ZquVq - ZquVq
pp P

g=1 g=p+1

Val = i|: P3 _0193 _Y31V11 _Y32V21 _Y34V40}
Yas (\/3 )

1 [-1-jo5
3-j9| 1-jo

V)= —(~1+ j3)(L.O5+ jO)— (0* (10694 + j0.0355)) — (—2+ j6)(L+ jO)}

1 [ j05+105 31540 jg] 20571965 _ 986537801

- 3-9 3-j9  9.4868/-71.57°

=1.0399./ —6.44° =1.0333— j0.1166 p.u

\/4l = 1 {P‘l — JQ4 _Y41V11 _Y42V21 _Y43V31}

BEAR)
V)= 4_1j11[0'fj j‘g'l— (-1+ j2)(1.05+ jO) — (—1+ j3)*(1.0694 + j0.0355)) — (-2 + j6)(L.0333— j0.01166)

- [0.3+j0.1+1.05— j2.1—(-1.1759 + j3.1727) — (-1.367 + j6.433)]

4-j11
3.8929- j11.6057 122412/ —71.46°
4-j11 11.7047£ - 70.02°

=1.0458/ —1.44° =1.0455— j0.0263p.u
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The bus voltages at the end of first Gauss seidel iteration are
V! =1.05+ jop.u =1.0520°
V, =1.0694 + j0.0355=1.07./1.9° p.u
V, =1.0333- j0.1166 =1.0399./ — 6.44° p.u
V, =1.0458/ —1.44° =1.0455— j0.0263p.u

3. In Problem 2, let the reactive power constraint of the generator bus is 0.4 < Q,< 1.0.
With other data remaining same (Except Q-), calculate the bus voltages at the end of
first G-S iteration

Solution:

<
<
N
=<
w
<
S

4-j11 -2+j6 -1+j3 -1+j2

v _|Ya Ya Ya Ya|_|-2+j6 3-j9 0 ~1+j3
Y, Y., Ye Y| | -143 0 3-j9 -2+j6

Yo Y Y Y| |-1+§2 -1+4j3 -2+j6 4-ji1
V0 =Vr= =V =V, =1.05+ jOpu

V) =1+j0 V. =1+j0 V, =1.07+j0 K=0

p-1 n
Q|r§+1 =D~ Im{(\/,f) [Zququ+l +Zququ }}
gq=1 q=p
Qb = (D IMVE) [N Y,V Y, 00 4,12 |
Qb = (-1 IM{(L.07 — jO)[(=2+ j6)(1.05+ jO) + (3~ jO)(L.07 + jO) + (0* (1— jO)) + (~1+ j3)L+ jO)]}

= (-1) Im{L.07[- 2.1+ j6.3+3.21— j9.63 -1+ j3[}
= (-1) Im{1.07[0.11~ j0.33]}=0.3531pu
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Q’2c4=0.3531. The given Q limits are 0.4 < Q,< 1.0. the calculated Q; is less than the
specified lower limit. So bus 2 is treated as PQ bus.

Now Q,=0.4, p2:0 5, |v2|:1 0

K+ l & K+
VP l |: (V ) ZYPQVQ - ZYPQ q

g=1 q=p+1

Vzl_ . [ — 19, _Y21V1 Y23VO = YoV, }
v,)

1 [05-jo.4
3-j9| 1-jo
1

=ﬁ[0'5_ jo.4+2.1-j6.3+1- j3]

Vi=

—(-2+ j6)(2.05+ jO)—(0*(1+ jO)) - (-1+ j3)(1+ jO)}

_3.6-j9.7 _10.3465./ - 69.64
3-j9  9.4868/-7157°

=1.0906.£1.93" =1.0900+ j0.0367 p.u.

Bus 3 and bus 4 are load buses

p-1
k+1 k+l
Vp _[ (V ) ZquVq Zqu q}

g=1 q=p+1

Vsl_ . { — 19 _Y31V1 Y32Vl — Y3V, }
V3

v;:sl_g{ 1 ‘85 (—1+ j3)(L.05+ jO)— (0* (1.0900+ j0.0367))— (2+]6)(1+10)}
—jol 1-]

1 [ j05+105 3150 jg] 20571965 _ 9865377801

3-j9 3-j9  9.4868/-71.57°

=1.0399/ —6.44° =1.0333— j0.1166 p.u

- JjQ
V41 = |: (V4 ) . Y41V11 _Y42V21 _Y43V31
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yio_ 1 [0.3+j0.1

=] T (I 205+ J0)~ (14 [3)*(L09+ j0.0367)) ~ (-2+ j6)(1.0333 jo.01166)}
-j -j

— 1 03+ j0.1+1.05— j2.1— (~1.2001+ j3.2333)— (~1.367 + 6.433)]

VT
39171 j11.6663 123063/ —71.44°
4— 11 11.7047/-70.02°

The bus voltages at the end of first Gauss — Seidel iteration are,
V;1=1.05+j0=1.0520° p.u.

V,1=1.09+j0.0367=1.0906.£1.93° p.u.
V5'=1.0333-j0.116=1.0399.2-6.44° p.u.
V41=1.0511-j0.0261=1.0514/-1.42° p.u.

4. Figure shows a three bus power system.

Bus 1: Slack bus, V=1.05£0° p.u.

Bus 2: PV bus, |V|=1.0 p.u., P4=3p.u.

Bus 3: PQ bus, P =4p.u., Q_.=2p.u.

Figure:2.4

Carry out one iteration of load flow solution by Gauss seidel method. Neglect
limits on reactive power generation
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Solution:
The line impedances are
712=J0.4p.u.
713=j0.3p.u.
223=j0.2p. u.
The line admittances are
y12=1/21,=1/j0.4=-j2.5p. .
y13=1/213=1/j0.3=-J3.333p.u.
Y23=1/2,3=1/j0.2=-j5p.u.
Y11=Y12+Y13=-j2.5-j3.33=-}5.833
Y22=Y12+Y023=-J2.5-J5=-J7.5
Y33=Y13+Y23=-j3.333-j5=-j8.333
Y12=Y21=-y12=-(-j2.5)=j2.5
Y13=Y31=-y13=-(-j3.333)=j3.333
Y23=Y32=-Y23=-(-J9)=J5
Y, Yo, Y —j5.833 j25  j3.333

Yoo Yoo Yo |= 2.5 - J75 j5
Y,, Y, Y| | j3333 j5 —j8.333

Y,

bus —

The initial Values are:

V;°=1.052£0°=1.05+j0 p.u.

V,%=1.0 £0°=1.0+j0 p.u.

V3°=1.0 £0°=1.0+j0 p.u.

Bus 1 is a slack bus,so its voltage will not change in any iteration

Vi'=v;°=1.0520°=1.05+j0 p.u.
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Q:;ﬂ =(-D* Im{(\/lf)*|:F)Z%4quvqk+1 +Zqu q }}
Qo = (D IM{VR) YV Y, 2 +Y23v3° i
Q; o = (D) IM{(L— jO)[ j2.5(1.05+ jO) + (- j7.5)(L+ jO) + j5@L+ jO))]}

=(-1)Im{j2.625— j7.5+ j5}=-0.125p.u
Now, Q,=-0.125, P2=3,v2°=1+jo,|v2|spEC=1.o

p-1
k+ K+
Vp,telmp = |: (\/ ) ZquVq - Zqu q}

q=1 g=p+l
1 iQ
Vzl,temp_ |: (VZJ) 2 Y21Vl Y23V }
1 [3+jo12s . . . .
Vo= —(j2.5)(1.05+ jO)—(j5)(1+ jO
2 temp _j7.5[ 10 (J2.5)( j0)—(15)( J)}
1
= 5[3+10125—12625—15]
- J7
:—[3 j7.5]=1+ j0.4=1.077£21.8
- j7.5
.0y = LNy = 21.8°

VRSV, |, £62 =1.0221.8 =0.92849 + j0.37137 pu

spec

Bus 3is a load bus. .. P3=-P =-4 and Q3=-Q_=-2

1 p-1
k+1 k+l
VP l: (V ) ZYPqVq ZYPQ q

q=1 q=p+1

vio_ 1 [—4“‘2

—(~3.333)(L.05+ j0) - (j5)(0.92849 + j0.37137
8333 10 (=13.333)( j0) - (35)( j )}
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_— 1 [_4+ j2— j3.49965+1.85685— j4.64245]= —2.143-15— 16.1421 _ 6.50527 £ -109.24
—)8.333 —]8.3333 8.3333£-90°

=0.78064./ —19.24° = 0.73704— j0.25724 p.u

The bus voltages at the end of first Gauss seidel iteration are,
V;1=1.05+j0=1.0520°p.u.
V,1=0.92849+j0.37137=1.0£21.8°p.u.
V5'=0.73704-j0.25724=0.78064.£-19.24°p.u.

5. The System data for a load flow solution are given in Tables below. Determine the
voltages at the end of first iteration by Gauss seidel method. Take o = 1.6

Buscode Admittance |
1-2 2—-38
1-3 1-34
2-3 0.666 —j2.664
2-4 1-34
3-4 2—38
Table:2.3
Buscode l P | Q ‘ V \. Remarks ‘l
1 - - 1.0620° Slack
2 0.5 02 . - Q
3 0.4 03 - 0
4 Q.3 0.1 - Q)
l 1 |

Table 2.4
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Solution:

Figure 2.5
Y11=Y12+Y13=2-j8+1-j4=3-j12
Y22=Y12+Y23+y24=2-j8+0.666-2.664+1 - 4=3.666-j14.664
Y33=Y13+Y23+Y34=1-}4+0.666-J2.664+2-]8=3.666-]14.664
Y14=Y24+Y34=1-j4+2-]8=3-j12

Y12=Y21=-(2-]8)=-2+j8

Y13= Ya1=-y13=-(1-j4)=-1+j4

Y14=Y11=0
Y23=Yar=-y23=-(0.666-2.664)=-0.666+]2.664
Y24=Y12=-Y24=-(1-j4)=-1+}4

Y34=Yaz=-y34=-(2-j8)=-2+]8

Yy Y, Y Y 3-j12 -2+ j8 ~1+ j4 0
v Yo Yo Ya Ya|_ —-2+j8 3.666- j14.664 —0.666+ j2.664 -1+ j4
Yy Vs Yau Yao| |-1+j4 0666+ j2.664 3.666- jl4.664 —2+ j8

Yo Yo Yo Y 0 ~1+ j4 -2+ j8 3-j12
VO =V ==V =V, =1.06+ jOp.u

V,) =1+j0 V) =1+j0 V. =1+ j0 K=0
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q=p+1

p-1
Vpk+l ZYPqqu+l ZYPQ q
(V ) q=1

Vzl_ . { (V J)Q2 _Yzlvl stvo =YV, }
2
- 1 ~0.5+j0.2
~ 3.666— j14.664{ 1-jo0
_ —0.5+j0.2+2.12— j8.48+0.666— j2.664 +1— j4
- 3.666— j14.664
 3.286- j14.944 153010/ -77.6°
© 3.666— j14.664 15.1153/—75.96°

—(~2+ j8)(1.06+ jO)— (0.666 + j2.664)(1+ jO) — (~1+ j4)(L+ jO)}

=1.0123/-1.64° =1.0119— j0.0290 p.u

k+1 k k+1 k
Vi =V +av -V

p,acc

1
V2 acc

_Vzo + a(Vzl _Vzo)

=1+1.6(1.0119— j0.0290—1)
=1+1.6(0.0119— j0.0290) =1.0190 — j0.0464

V, =V,

2,acc

=1.0190 — j0.0464p.u. =1.0201/ — 2.61° p.u.

)
.1 ~04+ 03

©3.666- j14.664| 1-j0
_ —0.4+j0.3+1.06— j4.24—(~0.5550 + j2.7455) + 2 — j8

3.666 — j14.664
~ 3.215-j14.6855 15.0333£-77.65

3.666— j14.664 15.1153/—75.96°
VSlacc _V30 + a(vsl _VSO)

=1+1.6(0.9942 — j0.0293—1)

Vsl_ L |: JQ3 _Y31V1 Y32V1 Y34V }
A

—(~1+ j4)(L.06+ jO)—(0.666 + 2.664)(1.0190+ j0.0464)— (-2 + 8)(L+ jO)

=0.9946/-1.69° =0.9942 - j0.0293p.u

=1+1.6(~0.0058 — j0.0293) = 0.9907 — j0.0469
Vi=V]

3,acc

=0.9907 — j0.0469 p.u. = 0.9918/ —2.71° p.u.
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1 jQ
vsz_{ (V4J) 4 Y NVE-Y, V- Y43V}

1

Ve 1— jo
* 3-j12 !

—(—2+ j8)(0.9907 — j0.0469)

{M(O*l.OG) —(—1+ j4)(1.0190 — j0.0464)

 —0.3+j0.1-(~0.8334+ j4.1224) — (-1.6062 — j8.0194)
—j12

2 1396— j12.0418 12.2304./—-79.92°
-j12 ~ 12.3693/—75.96°

V41acc _V4O + a(v4l _V40)

=1+1.6(0.9864— j0.0683-1)
~1+1.6(~0.0136— j0.0683) =0.9782— j0.1033

VE =V} =0.9782— j0.1093p.u.=0.9843./ —6.38° pu.

4,acc

The bus voltages at the end of first Gauss seidel iteration are,
V;1=1.06+j0=1.06 £0°p.u.
V,1=1.019-j0.0464=1.0201£-2.61°p.u.
V51=0.9907-j0.0469=0.9918£-2.7°p.u.
V,'=0.9782-j0.1093=0.9843.2-6.38°p.u.

When the generator bus is treated as load bus?

=0.9888—-3.96" =0.9864 — j0.0683p.u

» If the reactive power of a generator bus violates the specified limits then the

generator bus is treated as load bus
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What will be the reactive power and bus voltage when the generator bus is
treated as load bus?

When the generator bus is treated as load bus, the reactive power of the bus is
equated to the limit it has violated, and the previous iteration value of bus
voltage is used for calculating current iteration value

Acceleration factor:

In Gauss Seidel method, the number of iterations can be reduced, if the
correction voltage at each bus is multiplied by some constant

Itis used only for load bus
Advantages of Gauss seidel Method:
Calculations are simple and so the programming task is lesser
The memory requirements is less
Useful for small systems
Disadvantages of Gauss Seidel Method:
Requires large number of ite rations to reach convergence
Not suitable for large systems
Convergence time increases with size of the system
Newton Raphson Method

The set of nonlinear simultaneous (load flow) equations are approximated to a
set of linear simultaneous equations using Taylor’s series expansion and the
terms are limited to first order approximation

Jacobian Matrix

The matrix formed from the first derivatives of load flow equations is called
Jacobian matrix and it is denoted by J

How the elements of Jacobian matrix are computed?

The elements of Jacobian matrix will change in every iteration
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* Ineach iteration, the elements of Jacobian matrix are obtained by partially
differentiating the load flow equations with respect to a unknown variable and
then evaluating the first derivatives using the solution of previous iteration

Newton Raphson Method

» The Gauss seidel algorithm is very simple but convergence become increasingly
slow as the system size grows

* The Newton Raphson technique converges equally fast for large as well as small
systems, usually inless than4 to 5 iterations but more functional evaluations are
required

* It has become very popular for large system studies

* The most widely used method for solving simultaneous non linear algebraic
equations is the N-R method

* This method is a successive approximation procedure based on an initial
estimate of the unknown and the use of Taylor series expansion

The current entering bus i is given by

A
j=1

In polar form Where, Yij=|Yij|£8ij, V;=|V;|£3;

1. :,Z:‘lY” IV 1£6; +6,
Complex power at bus i,
P —jQ, =V I, :vi*ivijvj
1
R 10 NI £-0 2% 1V, 1 46, +5)

N
:Z[\/.” Yij ”Vj |Z(9ij +5j _5i)

-1
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Equating the real and imaginary parts,
N
R :Zl\/.” Yij ”Vj |COS(0ij +§j _5‘.)
i=1

N
Qi :_Zl\/i” Yij ”Vj |Sin(0ij +5j _5|)
j=1

Real power mismatch, AP;’ = P; - P°
Reactive Power mismatch, AQ? = Q; - Q°

In Matrix form,

0
oy
] \es,

AP

0
( j

op, Y’
APy 05,

AQ0 | [(0Q,Y 0, . (Y 0, )
05, o5, ) oIV, o1V, |

AQy

AS,)

ASy,

|AV, |

Q) () Qu |
a5, ) oIV, | o|Vy |

3
MEES R

AVy |
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The diagonal and off diagonal elements of J; are,

op
ZLoS VIV, Y, [singg, + 6, -6)
85, S

#I

o .
25, ==IVillV; 1Y [sin(f; +6; =) j 4

The diagonal and off diagonal elements of J are,

R 51V, | cosé, +Z|v 1Y, | cos(8; +5, &)
oV | =
;tl
oP,
a1V, |—|V 'Y | cos(&; +0 -5;) j#i

The diagonal and off diagonal elements of Js are,

N
R _S WV, v, 1Y, [ cos(@, +6, - 5)
05, 4

#i

0Q, .
CL VIV, IY, loos(6, +6,-8) =i

]

The diagonal and off diagonal elements of J, are,

Q. . N .
—2|V, 1Y, [sin @, = > |V, |IY; | sin(
oV, | =

=1

Q. .
Vi |Y; ) 9. .
SIS, 5 0)

AP=P, (spec) 'PiCé1I
AQi=Qi speo) Qi

gij "‘51' —5)
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el 3]

The new estimates of bus voltages are,

5inew — é‘iold +A5i0|d

Vinew :ViOId +AViOId
For PV buses or voltage Controlled Buses:

The Voltage magnitudes are specified for PV bus
Let M be the number of generator buses.

M equations involving AQ and AV and the corresponding columns of the
Jacobian matrix are eliminated

.. There are (N-1) real power constraints and (N-1-M) reactive powe r constraints

and the Jacobian matrix of order (2N-2-M) * (2N-2-M)
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Flow chart of Load Flow Analysis using Newton Raphson
Method

Read line dala, Bus data,
lolerance for AP and AQ

Y

Compule Y bus

Y

Initialize voltage state vector X°

y

Set iteration count, iter = 1

a

Bus No. i=1
[=i+1
Y
Calculate P; and Q;
cal N
P~ = % IVillYijllVjlcos(8jj+38;-3)
=
cal N .
Q; == § IVillYij[1Vjlsin(8jj +8; - )
j=1

Y
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I reler lo No

P.V bus

cal
Calculate 8P; = Pj (gp0c) = Pi

Calculate AP and 8

el

el
L (spac) " 0:

ca| » 30;=Q
Qi > Qi max) Check G <Qin

for Q-limit
Qj spee) = Qi \/ Qi pe) = B
I (spec) - “I(max) al cal

cal AQ; s Q -Q
= Qi tspee) = Qi 1804 Qj e Qi ' daacdill

1 l

»|<¢
Y
Yes /s
= <N
No

TR

u i
% dV

Page 33




-

SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE
www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS

{

Calculate AS and AV
‘\8]: lJ]-i [AP]
AV AQ

(

Update bus voltage
vnew . Vo|d + AV ﬁnew = BOId +AS

Check for tolerance
AP;j<e, Q<

Y

Calculate line flows, slack bus power,
total line losses, reactive power generated at

iter = iter + 1 B e

_

Figure: 2.6
Algorithm for Newton Raphson Method

Step 1: Formulate Y — bus matrix

Step 2: Assume flat start for starting voltage solution

5 =0, fori=1, ........ , N for all buses except slack bus
|Vi0|=1.0, for =EM=1,M+2, ........,N (for all PQ buses)
IVil=I Vil(spec)

Step 3: For load buses, calculate p;® and Q;*®
Step 4: for PV buses, check for Q-limit violation

If Qiminy < @ < Qi(max), the bus acts as P-V bus
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If Qi > Qigmax), Qipe=Qimax)

If Qi < Qigminy,  Qitspec)=Qi(min), the P-V bus will act as P-Q bus

Step 5: Compute mismatch vector using
APi=Pispeq) — Pi®
AQ=Qi(speq) — Q™
Step 6: Compute APimaxy=max|AP;; i=1,2,....... , N except slack
AQimaxy=max|AQj|; i=EM+1,....... ,N

Step 7: Compute Jacobian matrix using

o R

J_| a5 oV
R
05 0|V|

Step 8: Obtain state correction vector

[AAS J b ]Ecj

Step 9: Update state vector using

Vnew :VOId +AV

5new :5old +A5
Step 10: This procedure is continued until

|APi|< € and |AQi|< &, otherwise go to step 3

6. The one line diagram of a simple 3 bus powe r system with generators at buses 1 and 3
is shown. The magnitude of voltage at bus 1 is adjusted to 1.05 pu. Voltage magnitude at
bus 3 is fixed at 1.04 pu with a real power generation of 200 MW. A load consisting of
400 MW and 250 Mvar is taken from the bus 2. Line impedances are marked in per
unitona 100 MVA base, and the line charging susceptances are neglected. Obtain the
power flow solution by Newton Raphson method.
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@) )
0.02 +7 0.04
—l
L _ | a00w
0.01 +70.03 0.0125 +§ 0.025

Vi =1.051I0 250 Mvfvar
)
200 bA4W
V=104
Figure: 2.7
Solution:
1 1

=20- j50=53.85/-68.3

Y, = - + -
0.02+j0.04 0.01+ j0.03

1
L 0.02+ j0.04

Y~V =— L -10-j30-3162./10843
0.01+ j0.03

1 1
Y 20— . + p
0.02+ j0.04 0.0125+ j0.025
1

Y,=Y,, = =16— j32 =35.70./116.56"
2% 7% 70,0125+ j0.025 J

1 1
Y33: - + -
0.01+ j0.03 0.0125+ j0.025

Y, =Y =10- j20 =22.36/116.56°

=20- j50=58.14/-63.6°

=26- )62 =17.23/-67.25°

53.85£-68.3° 22.36/116.56° 31.62.108.43°
=|22.36£116.56° 58.14/-63.6° 35.70£116.56°
31.62,108.43° 35.70/116.56° 17.234-67.25°

Y,

bus
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Bus 1: Slack bus = V;=1.05£0°=|V1|=1.05 ; §:=0°
Bus 2: load bus = P,=400MW; Q,=250MVA; |V,|=1.0 ; §,=0°
Bus 3: Generator bus = P3=200M VA, |V3|=1.04; &3=0°
P,*"=-4.0p.u; Q" =-25p.u; Ps*"=2.0 p.u
N
Pi :Zl\/.” Yij ”Vj |COS(0ij +5j _5|)
j=1
Pz =| Vz ” Y21 ” V1 | COS(021 +51 _52)"' |V2 ” Yzz ” Vz | COS(6’22 +52 _52)+ |V2 ” st ” V3 | COS(6’23 +53 _52)
Py =V 1Yy Vs 1 €08(6y + 8, = 8,)+ |V, [°] Yoo [0S O+ [V, [| Yo [V | COS(0y5 + 85 = 5,)
P, = (1*22.36*1.05) cos(116.56 + 0 — 0) +1* *58.14 cos(—63.6) + (1*35.70*1.04) cos(116.56 + 0 — 0) = —1.14
Py =V || Yaq |V, | COS(6s; +3, = 33)+ Vs || Yoy |V, | COS(6s, + 8, —33)+ V3 [°] Yoy | COS O
P, = (1.04*31.62*1.05) c0s(108.43+ 0 —0) + (1.04*35.70*1) cos(116.56 + 0 — 0) + (1.04)* *17.23cos(—67.25) = 0.5616
N
Qi :_ZNi” Yij ”Vj |Sin(0ij +5j _5‘.)
j-1
Q, =V, Vo1 IV [8IN(6yy + 8, = G )+ IV, (| Yo, 1V, [SIN(Gp + 5, =85 )+ |V, || Yo [| Vs [ SIN(5+ 55 = 5,))
Q, ={(1*22.36*1.05)sin(116.56 + 0 —0) +1* *58.14sin(—63.6) + (1*35.70*1.04)sin(116.56 + 0 — 0)] = —2.28

AR =P =P =—4-(-1.14) = -2.86
APY = P5" — P = 2 (0.5616) =1.4384

AQS = Q" —Q0 = —2.5—(—2.28) = —0.22

'oP, oP, P, |
o |5 @ Wi
APs 1= 5532 5533 a|v32| A9
AQ:| | a0, oq, oQ, AN
05, 05, 0[V,|]
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oP, N .
5221:'\4 [ Yij ”Vj |S|n(0ij+5j -5,)
i J=

#i

oP. . .
5 =| Vz ” Y21 ” V1 | Sln(eﬂ + 51 _52)"‘ |V2 “ Y23 ” Vs | Sln(923 + 53 _52) =54.28
2

OP, )
8_5] =—[Vi 1Y 1V | sin(; +6 -9;)
8& =—|V, || Y5 || V5 | SIN(@,; +5,-5,) =—33.28
00,
[y Py =-33.28

2

N
B 2|V, 1Yy 1086, + DIV, 1Y, | cos(8; + 5, —3,)
oV, | =
oP
a|v2 = 2|V, 1Y, 1 €08 0, |V, (| Y,y | COS(Byy + S, — 8, )+ | Vs || Yas | COS(Oys + 5, — 5,) = 24.86
2

oP, .
I :l Vi ” Yi' |Cos(‘9i' +6 '_5i) J#1
a |VJ | ] ) J
P
o SV, || Yy, | 0S(6,, +5 ~5,) = —16.64
2|V, |

N
S, IV, o046, —6)
06; i=1

#i

0
a% =V, 1Y, [V, 1086y, +6 -6, )+ [V, [[ Vs Vs | €OS(6y5 +6,-6,) = ~27.14
2

oQ i j =i
8_? == [Vi Yy [1V; [8in(6; +6 =6)) 17
J

232 IV, [ Y IV, [SiN(By5 +6-5,) =16.64
3
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N
B DIV, 1Y, Ising, - IV, 1Y, [sin(d, +6,~5)
o|Vi| i
0 . . .
3 |?/2 | =-2 IVz ” Yzz |Sm ‘922_ |V1 ” Y21 | Sm(azl +51 _52)_ |V3 ” Y23 |sm(4923 +§3 _52) =49.72
2

~2.86] [ 5428 -3328 24.86 7 AS?
143 |=|-3328 66.04 -1664| AS°
~022| |-27.14 1664 4972 |A|V, |

AS? 54.28 —33.28 24.86 | [—2.86
ASy |=|-33.28 66.04 -16.64| | 1.43
AV, || |-27.14 16.64 4972 | |-0.22
ASY =-0.0453
AL =-0.0077
AV, |=-0.0265

AS; =0+ (-0.0453) = —0.0453
AS; =0+ (-0.0077) = —0.0077
A|V, |=1+(-0.0265) = 0.9735

Advantages of Newton Raphson method
1. The N- R method is faster, more reliable and the results are accurate
2. Requires less number of iterations for conve rgence

3. The Number of iterations are independent of size of the system (number of
buses)

4. Suitable for large size system
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Disadvantages of Newton Raphson method
. The programming is more complex

. The memory requirement is more

Computational time per iteration is higher due to large numbe r of calculations

per iteration
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Questions

Part-A
Q.No Questions Competence BT Level
1 What is power flow study or load flow study? Remember BTL1
2 Recall the need for load-flow study? Remember BTL1
3 Classify the types of buses in a power system? Understand BTL2
4 Outline the need for slack bus? Understand BTL2
Recall Jacobian matrix? How the elements of Jacobian matrix BTL1
5 Remember
. are computed?
6 What do you mean by a flat voltage start? Remember BTL1
7 Compare the G-S and N-R methods of load flow solutions. Understand BTL2
List the quantities specified and the quantities to be determined BTL1
8 . Remember
. from load flow study for various types of buses.
9 Summarize the load flow equations of Gauss Seidel method. Understand BTL2
10 When the generator bus is treated as load bus? Remember BTL1
Part-B
Q.No Questions Competence BT Level
Analyze the step by step computational procedure for Gauss- Apply BTL3
1. Seidel method of load flow studies.
The load flow data for 4-bus systems are given in tables below. Analyse BTL4
Examine the voltages at the end of first G-S iteration.
|
Bus code Impedance
1-2 0.02+j0.08
1-3 0.04+j0.25
2-3 0.01+j0.15
2-4 0.03+j0.14
2. 3-4 0.04+j0.08
Bus code P Q Vi Remark
1 - - 1.06L0° Slack
2 0.25 0.1 - PQ
3 05 03 - PQ
4 04 0.05 - PQ
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Analyze the step by step computational procedure for Newton Apply BTL3
Raphson method of load flow studies.
The load flow data for a three bus system are shown in tables Evaluate BTL5
given below. The reactive power limit of bus-2 is 0.01< Q2 <
0.25.Evaluate the bus voltages at the end of second iteration by
G-S method.
Bus code Impedance
1-2 0.07+j0.2
1-3 0.01+j0.05
2-3 0.0+0.15
Bus code P Q Vi Remark
1 - - 1.06L0° Slack
2 0.2 - 1.05 PV
3 06 0.25 - PQ
The load flow data for a 4-bus systems are given in tables below. | Evaluate BTL5
Estimate the Voltages at the end of first G-S iteration. Take
alphais 1.6.
Bus code Admittance
12 278
1-3 144
2-3 0.666-j2 664
2.4 194
3-4 2.8
Bus code P Q Vi Remark
1 - - 1.06L0° Slack
2 0.5 0.2 - PQ
3 0.4 0.3 - PQ
4 03 0.1 - PQ
The line data for a 3-bus system are given in table below. Evaluate BTL5
Determine the voltages at the end of first G-S iteration.
Bus code Admittance
12 j04
1-3 j0.3
2-3 j02
Bus code P Q \' Remark
1 - - 1.05L0° Slack
2 3 - 10L0° PV
3 4 2 - PQ
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Need for Short circuit study — Bus impedance matrix formation — Symmetrical short
circuit analysis using Zbus- Computations of short circuit capacity, post fault voltage
and current

Fault

A fault in a circuit is any failure which interferes with the normal flow of
current.

 The faults are associated with abnormal change in current, voltage and
frequency of the power system

* The faults may cause damage to the equipments if it is allowed to persist for a
long time

* Hence every part of a system has been protected by means of relays and circuit
breakers to sense the faults and to isolate the faulty part from the healthy part in
the event of fault

Why faults occur in a power system?
* Insulation failure of equipme nts
» Flashover of lines initiated by a lightning stroke
* Permanent damage to conductors and towe rs
» Accidental faulty operations
Classification of faults
Method |

e Shunt Fault: Due to short circuits in conductors
» Series Fault: Due to open conductors

Method 11

+ Symmetrical faults: The fault currents are equal in all the phases and can be
analysed on per phase basis
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* Unsymmetrical faults: The fault currents are unbalanced and so they are
analysed using symmetrical components

Various Types of shunt Faults
i.  Line to ground fault
ii.  Line to line fault
iii.  Double line to ground fault
Iv.  Three Phase fault
Various Types of Series Faults
i.  One open conductor fault
ii.  Two openconductor fault
Symmetrical fault
I.  Three Phase Fault
Unsymmetrical fault
i.  Line to ground fault
ii.  Line to line fault
iii.  Double line to ground fault
iv.  One ortwo open conductor faults
Methods of reducing short circuit current
* By providing neutral reactance
* By introducing a large value of shunt reactance between buses

Differences in representation of power system for load flow and short
circuit studies

» For load flow studies both the resistances and reactances are considered
whe reas for fault analysis the resistances are neglected
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* For load flow studies the bus admittance matrix is useful whereas for short
circuit studies bus impedance matrix is used

* The load flow study is performed to determine the exact voltages and currents
whereas in short circuit studies the voltages can be safely assumed as 1 pu and
the prefault current can be neglected

Rank the various faults in the order of severity
I. 3 —Phase fault
ii.  Double line to ground fault
iii.  Line to line fault
iv.  Single line to ground fault
v.  Openconductor faults

Relative frequency of occurrence of various types of faults

Type of Fault Relative frequency of occurrence
I. 3 —Phase fault 5%
ii.  Double line to ground fault 10%
iii.  Line to line fault 15%
iv.  Single line to ground fault 70%

Reason for transients during short circuits

» The faults or short circuits are associated with sudden change in curre nts

* Most of the components of the power system have inductive property which
opposes any sudden change in currents and so the faults (short circuits) are
associated with transients
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Waveform of a short circuit current on a transmission line

R L t=0
A Mm*.
d RS KT
. Ri() L=
v=V sin(otte) dt short
ki //7&\\. eircuit
L

Figure: 3.1
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Doubling Effect

If a symmetrical fault occurs when the voltage wave is going through zero then

the maximum momentary short circuit current will be double the value of
maximum symmetrical short circuit current.

» This effect is called doubling effect
DC off —set Current

The unidirectional transient component of short circuit current is called DC off
set current

Oscillogram of short circuit current when an unloaded generator is
subjected to symmetrical fault

Subtransient period

Transient period Steady state

Actual
envelope

Extrapolation
of steady state envelope

Symmetrical short cireuit current =

Extrapolation of
transient envelope

Figure 3.2
Subtransient Symmetrical rms current, I’ =oc/v2
Transient Symmetrical rms current, I’=ob/2
Steady state symmetrical rms current, | =oa/V2
Subtransient reactance, Xq”’=|Eq|/|I”’|

Transient reactance, Xq’=|Eg|/|’|
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Synchronous reactance, Xq=|Egl/|1|

Subtransient reactance:

Itis the ratio of induced e mf on no load and the subtransient symmetrical rms
current, (i.e, it is the reactance of a synchronous machine under subtransient

condition)

[ Xy X -
> p— r Xt 0
Gt s short -
E, v ' 100 X=X+ 1
X - circuit Ty
. Xa Xf XdW

Figure: 3.3
Significance of subtransient reactance in short circuit studies:

It is used to estimate the initial value of fault current immediately on the
occurrence of the fault

The maximum mome ntary short circuit current rating of the circuit breaker
used for protection or fault clearing should be less than this initial fault current

Transient reactance:

It is the ratio of induced emf on no load and the transient symmetrical rms
current. (i.e, it is the reactance of a synchronous machine under transient

condition)
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shbrt i_i_
circuit - X, X

Figure: 3.4
Significance of transient reactance in short circuit studies:
* Itis used to estimate the transient state fault current
* Most of the circuit breakers open their contacts only during this period

» Therefore fora C.B used for fault clearing, its interruption short circuit current
rating should be less than the transient fault current

Synchronous reactance:

» Itis the ratio of induced e mf and the steady state rms current (i.e, it is the
reactance of a synchronous machine under steady state condition).

+ Itis the sum of leakage reactance and the reactance representing armature

reaction
Al
LY . t=l}
3 L-'a'm m\___.}(
+ v ' :
X ~ short Xd:X|+%:X|+Xa
14 circuit il
Xa
Figure:3.5
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Need for Short circuit studies or fault analysis

The short circuit studies are essential in order to design or develop the protective
schemes for various parts of the system

The selection of protective devices like current and voltage sensing devices,
protective relays , circuit breakers mainly depends on various elements that may
flow in fault conditions

Fault Calculations

The fault condition of a powe r system can be divided into subtransient, transient
and steady state periods

The currents in the various parts of the systtm and in the fault are differentin
these periods

The estimation of these currents for various types of faults at various locations in
the system are commonly referred to as fault calculations

Analysis of Symmetrical faults:

The symmetrical faults are analysed using per unit reactance diagram of the
power system

Once the reactance diagram is formed, then the fault is simulated by short
circuit

The currents and voltages at various parts of the system can be estimated by
Kirchoff’s method
Thevenin’s theorem

Bus impe dance matrix

1. A Synchronous generator and motor are rated for 30,000KVA, 13.2KV and both
have sub - transient reactance of 20% . The line connecting them has a reactance of
10% on the base of machine ratings. The motor is drawing 20,000KW at 0.8 pf leading.
The terminal voltage of the motoris 12.8KV. When a symmetrical three phase fault
occurs at motor terminals, find the sub — transient current in generator, motor and at
the fault point.
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Solution:
I Transmission line I ,
. | x=1% | M
Xd" = 20% Xa" =20%, 12.8 kV,
30 MVA, 13.2 kV 20 MW, 0.8 lead
Figure: 3.6
I, jo.1 F
5 JTEO
> o
}{T
jUE :{;r j{lz }:du
I"'Irlm
+
EE
- il
O
Figure: 3.7
Base Values:
MVA,=30MVA, KVp=13.2KV

Base current, I = KVAL/(V3 * KVy,) =( (30 * 1000) / (V3 * 13.2)) = 1312.16 A
Actual Value of prefault Voltage at fault point, Vim = 12.8KV
p.u. value of prefault voltage at fault point, Vin = Actual Value / Base Value
=12.8/13.2=0.9697 p.u.
Actual Value of real power of the load, Py, = 20MW, 0.8 lead
p.u. value of real power of the load, Py, = Actual Value / Base Value
=20/30 = 0.6667 p.u.
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When voltage, current and power are expressed in p.u., then in 3 — phase circuits
P = VI cos®
Where cos® = power factor of the load
. p.u. value of magnitude of load current, [I|= Py / (Vim cos®)
= (0.6667/(0.9697 * 0.8))
=0.8594 p.u.

Take Terminal Voltage of motor Vi, as reference vector, so the load current will
lead the terminal voltage of motor with an angle cos™ 0.8

. Vim = 0.9697 £0°
1,.=0.8594 ~cos *0.8=0.8594 £36.%° p.u.
Method - 1: Using Kirchoff’s Theorem

Prefault Condition

0,11
R
g
= g l02
+
E.
_ 0.
Figure:3.8

g7 =j0.2 I +j0.1 I +Vim
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=0.3 £90° * 0.8594 £36.9° +0.9697 £0°
= 0.2578 £126.9° + 0.9697 £0°
= -0.1548 +j0.2062+0.9697
=0.8149 +j0.2062 = 0.8406 £14.2° p.u.
Em” +j0.2IL = Vim
Em” = Vim — jO.21L
= 0.9697 Z0° - (0.2 £90° * 0.8594 £36.9°)
= 0.9697 £0° - (0.1719 £126.9°)
= 0.9697 — (-0.1032 + j0.1375)
=1.0729 - j0.1375 = 1.0817 £-7.3° p.u.

Fault Condition

1]

AN

~g 021"
S §+
+

T ‘ 2
g .
l Emll

Figure: 3.9

j0.2 1,7 +0.1 I;” = E;”
j03 Ig” = Eg”
1 = Eg” /j0.3
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= ((0.8406 £14.2°) / (0.3 £90°))
=2.802 £75.8° p.u.

j0.2 1n” = En”

Im” = Em” /0.2
= ((1.0817 £-7.3°) /(0.2 £90° ))
= 5.4085 £-97.3° p.u.

I = 1" + Iy

= 2.802 £75.8° + 5.4085 £-97.3°
= 0.687-j2.716-0.687-j5.365
= -j8.081 = 8.081 £-90° p.u.

Actual Value of fault current can be obtained by multiplying the p.u. values
with base current

lg” =2.802 £75.8° *1312.16

=3676.67 £75.8° A=3.67667 £75.8° KA
Im”=5.4085 £-97.3° *1312.16

=7096.8 £-97.3° A=7.0968 £-97.3° KA
I> =8.081 £-90° *1312.16

=10603.56 £-90° A =10.60356 £-90° KA
Method - 2 : Using thevenin’s theorem

To find Fault current
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j0.1 F jo.1 g F

LT3 P P aY o P

4
jo.2 ] j0.2 é = jo.1 T
o 0. 2
+ vV, =V + -Z, 02§ = . 10.2é Z,
i L@ l skl W
’ = A 'm
"0 "0 "0
Figure: 3.10

Thevenin’s equivalent impedance, Z, = ((j0.1+j0.2)*j0.2) / (j0.1+j0.2)+j0.2

=j0.12
Zth F Z:h
bR ad ETT F
jO.12 : jo.12
c d P2 Short
vV 0.9697£0° V 0.9697 £0° Sl or.
@\ "‘_C> © ¥| circuit
e o
Prefault thevenin'’s Thevenin's equivalent
equivalent at fault point -under fault condition
Figure: 3.11

Currentin the fault = 1" = Vi / Zin =0.9697 £0°/0.12 £90° =8.081.£-90° p.u

To find the change in current due to fault

jo.r g

j '-ju.z £ G' th% ;z) g Jo.2
9!
0

Figure: 3.12
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1 =Vin /j0.2+J0.1 = 0.9697 £0° /0.3 £90°
= 3.2323 £90°
I =Vin /J0.2 =0.9697 £0° /0.2 £90°
= 4.8485 £-90°
To find the sub - transient fault current in motor and generator
lg” =11+ =3.2323 £90° + 0.8594 £36.9° = -J3.2323 +0.6872+j0.516
=0.6872 —j2.7163 = 2.802 £-75.8° p.u.

Im” =1, — I, = 4.8485 £-90° - 0.8594 £36.9° =-j4.8485 — (0.6872+j0.516)

=-0.6872 —j 5.3645 = 5.4083 £-97.3° p.u.
Note: The currents calculated by both the methods are same.
1g” =2.802 £75.8° *1312.16 = 3676.67 £75.8° A=3.67667 £75.8° KA
Im” =5.4085 £-97.3° *1312.16 = 7096.8 £-97.3° A =7.0968 £-97.3° KA
I =8.081 £-90° *1312.16 = 10603.56 £-90° A =10.60356 £-90° KA

2. A 3—-Phase, SMVA, 6.6KV alternator with a reactance of 8% is connected to a feeder
of series impedance of 0.12+j0.48 ohms/phase per Km. The transformer is rated at 3
MVA, 6.6KV/33KV and has a reactance of 5%. Determine the fault current supplied by
the generator operating under no load with a voltage of 6.9KV, when a 3 — Phase
symmetrical fault occurs at a point 15Km along the feeder.

Solution:

Base Values
MVA,=5 MVA
KVp=6.6 KV

Page 15



()
SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY

(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS

DEPARTMENT OF ELECTRICAL AND ELECTRONICS

0.12+j0.48Q/Kkm

C A EE B .
3 i— 15 km —

Ih, SMVA 3 MVA

Figure: 3.13
To Find generator reactance

Since the rating of the generator is chosen as base value, the p.u. reactance of the
generator will be same as the specified value.

. p.u. reactance of the generator, X4 = 8% =0.08 p.u.
To find transformer reactance

* KVb old 2 * MVAb new
x pu,new = x pu,old : :
KV, MVA, .4

b,new

. 2
<. p.u. reactance of transformer, Xt 0.05*(%) *[§j:0.0833p.u.

To find feeder reactance
The base impedance, Z, = (KVp)* / MVA, = 33% /5 = 217.8 Q/ Phase
Actual impedance of the feeder for a length of 15Km
Zseeq = impedance / Km * length
=(0.12 + j0.48) * 15 = 1.8+j7.2 Q/ Phase
.. p.u. value of the impedance of the feeder,
Zseed, pu. = Actual impedance / Base impedance
=(1.8+j7.2) /1 217.8
=0.0083 + j 0.0331 p.u.
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jO.0B33 00023 3
+j0.331
Vﬂr
reference bus L_
Figure:3.14

To find Eg & Vs

» Here the generator is not delivering any load current and so the induced emf of
the generator will be same as operating voltage

Actual Value of induced emf, E5 = 6.9 Kv
p.u. Value of induced emf = Actual VValue / Base Value
=6.9/6.6 =1.0455 p.u.

* The open circuit p.u. value of voltage is same at every point in a series path
irrespective of their actual voltages

<. Vpr = 1.0455 p.u.
To find fault current
Zin = J Xd + ] X7+ Zseed
= j0.08+j0.0833+0.0083+j0.0331
=0.0083 + j0.1964 p.u. = 0.1966 £ 87.6° p.u.
=0.1966 £ 87.6° p.u.
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Z, = 0.1966.87.6°

| ——

] + Short
vV, = L04335.£0° circuit

Figure:3.15
. p.u. value of fault current, I+ = Vi, / Zin = 1.0455 £ 0° /0.1966 £ 87.6°
=5.3179 £ -87.6° p.u.
Base current, Ip = KVAp / V3 KV, = (5 * 1000) / (V3 *33) = 87.4773 A
. Actual Value of fault current, I+ = p.u. value of Is * Iy
=(5.3179 £-87.6°) * 87.4773
= 4652 £ -87.6° amps.
3. For the radial network shown in fig, a 3 — phase fault occurs at point F.

Determine the fault current.

10MVA 1COMVA

20% ﬁD @E 12.5%
L kv
T, »L 10MVA, 10%

Over head line | Z=6+j100
3kV

25MVA,87%
6.6kV
Feeder F
Z =05 +j0.150Q l
Fault

T,

Figure: 3.16
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Solution:
Base Values
Choose Generator 1 ratings as base value
MVA,=10MVA
KVp=11KV
To find the generator reactances

. Since the generator ratings are chosen as base values, the p.u. reactance of the
generators will remain same

p.u. reactance of generator-1, Xq4; =20% = 0.2 p.u.
p.u. reactance of generator-2 , Xq42 = 12.5% = 0.125 p.u.
To find the reactance of Ty

* The base values referred to LT side of transformer is same as chosen base and so
its reactance is same as specified value

p.u. reactance of transformer — T1, XT1 =10% = 0.1 p.u.

To find the p.u. impedance of overhead line

Base KV on HT side of transformer—T; =11 * (33 / 11)=33KV
Base impedance Z, = Kvy,> / MVA, = 332 /10 = 108.9 Q / Phase

Actual Impedance of overhead line = 6+j10Q

. p.u. impedance overhead line, Zt_ = Actual / Base = (6+j10) / 108.9
= 0.0551 +j0.0918 p.u.
To find the reactance of T
Xopunew = Xpuold * (KVb,o1d / KVb.new)? * (MVAp new / MVAp 01d)
p.u. reactance of transformer T,, XT, = 0.087 * (33/33)? * (10/25)
=0.0348 p.u.
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To find the p.u. impedance of the feeder
Base KV on LT side of transformer, T, =33 * (6.6 /33) = 6.6KV
Base impedance, Z, = KVp? / MVA,, = 6.62 /10 =4.356 Q/Phase
Actual impedance of feeder =0.5+j0.15 Q/ Phase

. p.u. impedance of the feeder, Z;.q = Actual impedance / Base impedance
=0.5+J0.15/4.356 =0.1148 +j0.0344 p.u.
To find thevenin’s equivalent at fault point

. The thevenin’s voltage at the fault point is prefault voltage

Vin = 1Z£0° p.u.
. J.;” '
Ky oI joods
A T,
x Jﬂ.i I'--I""" Lﬂ—m .F
ju”.'zﬁ?f..- 0,05514j0,0918 0.1148+J0.0344

Figure: 3.17
Zin = ((j0.2 * j0.125) / (j0.2 + j0.125))
+(j0.1+0.0551+j0.0918+j0.0348+0.1148+j0.0344)
= j0.0769 +0.1699+j0.261
= 0.1699+j0.3379
=0.3782£63.3° p.u.
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Zlh F Zm F
— 1—» |
i 0.3782.£63.3° %
V o d Short
) —<> ol g - e <> Te 4 Grauin
O O
Figure:3.18

To find fault current
p.u. value of fault current, It = Vi, / Zn = (1£0°) / (0.3782 £-63.3° p.u.
The base current, Ip = KVA, / V3 * KV,
= (10 * 1000) / (V3 * 6.6)
=874.77TA
The actual value of fault current, If = p.u. valu of fault current * Base current
= (2.6441 £-63.3°) * 874.77
=2313 £-63.3° KA
Bus impedance Matrix in Fault calculations

* The bus impedance matrix can be used to estimate the fault at any point of the
system.

» Usually this method is useful for large system

Fora n bus system,

Zhus 1 =V
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le ZlZ Zlk Z1n Il Vl
Z21 ZZZ ZZk ZZn I 2 V2
Zkl ZkZ Zkk an Ik Vk
_an Zn2 an Znn__In_ _Vn_
Where Iy, I,-------- I, are currents injected to buses 1,2,------- ,N respectively
V1, Vo,------- V, are voltages at buses 1,2, ------ ,N respectively

T bus-k . bl
o k. pt | P i g L [
| ¥ B
-|I|.|I
-+ o
I""'rr_ . &
Reference Reference ™.
Prefault condition Fault condition
Figure:3.19
_Avl_ _211 Z12 Zlk Zln__ 0 ]
AVz Zz1 Zzz sz Zzn 0
_fo Zkl Zk2 Zkk an _If
L AVn _ _an Zn2 an Znn__ O B
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Avl:_llek
AV, ==1:Z,,
Vo =—1i7y4
AVn =—I fznk

. The fault current in bus K, I+ = Vps / Zkk

In general the change in bus g voltage due to three phase fault in bus k is given
by

AVq = 'Iquk

The voltage at a bus after a fault in bus K is given by sum of prefault bus voltage
and change in bus voltage

Since the system is unloaded system, the prefault voltage at all buses be

Vi =V +(=1,2,)=1£0"-1,Z,,
V, =V +(=1,Z,)=1£0" - 1,Z,,

Vi =V, -V, =0
Vo=V +(=1,2,)=1£0"-1,Z,

The fault current flowing through the lines can be estimated from the
knowledge of line impedances
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_} | S—
|

Figure: 3.20
Iqr = (Vq' Vr) / qu = (Vq - Vr) * qu

4. The bus impedance matrix of four bus system with values in p.u. is given by,

0.15 0.08 0.04 0.07
10,08 0.15 0.06 0.09
ws =004 006 013 005
0.07 0.09 0.05 0.12

In this system generators are connected to buses 1 and 2 and their subtransient
reactances were included when finding Zp,s. If prefault current is neglected, find
subtransient current in p.u. in the fault of a 3 phase on bus 4. Assume prefault voltage
as 1 p.u. If the subtransient reactance of generator in bus 2 is 0.2 p.u. find the
subtransient fault current supplied by generator.

Solution:

Let I+’ be the sub transient current in the fault on bus 4
I¢” = Vpi | Zag
Vpr = 1£0° p.u.
s 197 =1£0°17j0.12 = -j8.333 = 8.333 £-90° p.u.

The voltage at bus 2, when there is a 3 phase fault in bus 4 is given by
V2 = Vpt +(-1¢"Zp4)
V,=1/0° +(8.333 £-90°) * j0.09 = 1+8.333 £-90° * 0.09 £90°
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=1-0.74997 = 0.25003 = 0.25 Z0° p.u.

The subtransient fault current delivered by generator at bus 2,
lg2” = (Eq2” = V2) / jXa2”
= (1 £0° -0.25 £0°)/j0.2
= (1-0.25) / 0.2.£90°

=3.75£-90°

_EI:'.-EI:-I;_’I‘.}“ Ptk

TﬂfﬂTﬂﬂcf

Figure: 3.21

Find the fault current and post fault voltages for the given system shown below

and fault being occurred at bus 2.
1 2
o ® .
jo.2 0.8 — {5
'[ ) 06 o /
j0.3 j 0.5

&
Iy

Figure:3.22
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Solution:
Node 1 to Node 0 — 1% element
Node 1 to Node 2 - 2"%element
Node 1 to Node 3 — 3" element
Node 2 to Node 3 — 4" element
Node 2 to Node 0 — 5" element

-11 0 O
R 0 1 -1 0
ElementalN odelncidcenceMatrix(A)=| 0 1 0 -1
0 0 1 -1
-1 0 1 0]
1 0 0]
1 -1 0
IncidcenceMatrix(A)=|{1 0 -1
0 1 -1
0 1 0
[j02 0 jo6 O 0 |
0O jo3 0 jo8 O
Z=|jo6 0 jo3 O 0
0O jo8 0 jo5 O
0 0 0 0 jo4|_
B 1-11 0 O
R 0 1 -1 0
ElementalN odelncidcenceMatrix(A)=| 0 1 0 -1
0O 0 1 -1
-1 0 1 0]
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1 0 0]
1 -1 0
IncidcenceMatrix(A)=|{1 0 -1
0 1 -1
0 1 0
[j02 0 jo6 O 0 |
0O jo3 0 jo8 0
Z=j0o6 0 jo3 O 0
0O jo8 0 jos5 0
0 0 0 0 jo4]

-j15 j2.083 j6.25

Y, =| j2.083 -j5.33 j0.75 Zpus =1NV(Yys)
j6.25 j0.75 -j5.33
j0.167 j0.0945 j0.209

Z,us =| J0.0945 j0.245  j0.145

j0.209 j0.145 j0.452

Fault Bus at n™ bus = Vpre fault / Zous (nn)
Fault is 2" bus
Vpre fauit = 1.0 pu
» laut = 1/ Z3 2y = 1/ 0.245) = -4.0816]
A V(1) = Taue * Z(1,2) = -4.0816] * 0.0945j = -0.386
A V(2) = Trauit * Z(2,2) = -4.0816j * 0.245j = -1
A V(3) = Traurt * Z(3,2) = -4.0816j * 0.145] = -0.592
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V(1) = Vpre fault - A V(1) = 1.0 +(— 0.386) = 0.614
V(2) = Vpre fault - A V(2) = 1.0 +(— 1.0) = 0.0
V(3) = Vpre fault - A V(3) = 1.0 +(— 0.592) = 0.408
Bus Impedance Matrix

» The matrix consisting of driving point impedances and transfer impedances of
the network of a power system is called bus impedance matrix

» Itis given by the inverse of bus a bus admittance matrix (Yyys) and it is denoted
as Zpus

* The bus impedance matrix is symmetrical

* Diagonal Elements — Driving point impedances

» Off — Diagonal Elements — Transfer impedances
le ZlZ ZlS

ZZl ZZZ ZZ3
Z3l Z32 233

YA

bus —

Methods for Forming bus impedance matrix

Method 1: Form the bus admittance matrix (Ypys) and then take its inverse to get bus
impedance matrix (Zpys)

Method 2: Directly form bus impedance matrix (Zpys)from the reactance diagram. This
method utilizes the techniques of modifications of existing bus impedance matrix due to
addition of new bus (Building Block method)

Forming Z,,s using Building Block method
Case i: Adding anelement froma new bus to a reference bus
Case ii: Adding an element from a Existing bus to a new bus
Case iii: Adding an element from a Existing bus to a reference bus

Case iv: Adding an element between two existing buses
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6. Determine Zy,s for system whose reactance diagram is shown in fig whe re the
impedance is given in p.u. preserve all the three nodes

: 11.5
1.2 Reference bus J

Figure:3.23
Solution:

®

12
Reference bus Zbus =[;1.2]

jlz 12 g2
@ w—l @ fZpe =12 14 jl4

j0.2

j12  j14  jl4+j0.15
j12  jla jla
jl2 jl4  jL55

Reference bus
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jl2 jl2 j1.2 j1.2
jl2 jl4 jiL4 jl1.4

e jl2 j14 j155 j1.55
jl2 jl4 j155 j155+ j1.5

Reference bus

jn“=nk

jk.,new — ij,old -

jl2 jl2 12 jl.2 Z
jl2 j14 jl4  jL4

T 12 jl4 jL55  jL55
jl2 j14 155 j3.05

n=4; j=123; K=1,2,3

zZ,Z . jL.2*j1.2 .
Z11nen = L1101 _% = J]--Z—J.—J = j0.728

44
o
Zysew=Ziron — 2,2, - le_w = j0.649
' ’ 2y j3.05

2,24 _ 4y, [L2*jL55

= j0.590

Zl3,new = Zl3,o|d -
44

= j0.649

Z,Z, — 14— j1.4* 1.4
Z,, j3.05
ke
Zosnew = L2314 _% = j1-4_w = j0.689
' ' Z,, J3.05

= j0.590

ZZLnew = Z

12,new

= j0.757

ZZZ,neW = ZZZ,oId -

Z Z

3Lnew = 13,new

y Z,n = j0.689

32,new = 23,new

2.2 . j1.55* j1.55 .
Z 300w = L3301 _% = 11-55_% =]0.762

44
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j0.728 j0.649 j0.590

Z,.=| j0.649 j0.757 j0.689
j0.500 j0.689 j0.762
1GG0\

0.3
© oo _rsmon ©)
0.2 @‘ j0.15

j1.2 j1.5

Reference bus

Zyy=2Zy1+2Z33-2*Zy3+ 2y ; Where Z, = 0.3
. Zu=j0.728 + j0.762 -2(j0.59)+j0.3

= jo.61
j0.728 j0.649 j0.590 j0.728— j0.590
, j0.649 j0.757 j0.689 j0.649 — j0.689
bus = j0.590 j0.689 j0.762 j0.590 — j0.762
jO0.728— j0.590 j0.649— j0.689 j0.590— j0.762 j0.61
j0.728 j0.649 j0.590  j0.138 7 7
| j0.649 j0.757 j0.689  -0.04 Z ynow = Z kot — Jz m

nn

"5 1j0.590 j0.689 j0.762 —j0.172
j0.138 -0.04 -—j0.172  jo.61

n=4; j=1,2,3; K=1,2;3

2y = Zao — 218541 = jo.728 - SL8TI0138_ 44 o7
Zs j0.61
le new — ZlZOId - 214242 = j0-649— 10.138. (£10.04) = j0.658
| "z, j0.61
e
7 g Blu_jggg J0138*(Ci01T) . o0
’ ’ Z,, jo.61
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ZZLnew = ZlZ,new = J0658
72, _z, _Zulu_ o757 (CI009*(J0.04) o0,
| | Z,, jo.61
— *(_ i
ZZS new — Zzso|d _% = 10689—( J004) ( 10172) = 10678
| | Z, jo.61
Z3Lnew = Zl3,new = J0629

7. Determine Z,,s for system whose reactance diagram is shown in fig where the
impedance is given in p.u. preserve all the three nodes.

@, m I@

jO 25 10.05
11.25
) Reference'bus
Figure:3.24
Solution:
j1.0
Reference'bus
Zpys = [J 1.0 ]
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® 5T i@

j025 |
j1.0 j1.0 jl.0 L0
1.0 Zos=| 00 1104025 ZT| [0 .25
e Reference'bus L R 11O 3L
@
® s _ _ _
‘ j0.25 j1.0 j1L.0 j1.0
i - Z,.=|jl0 j1.25  j1.25
oA : jlLO j1.25 j1.25+ j1.25
Reference bus
sy _ZnZu jL0 jL0 L0
Jonew = kol g Z,..=|jl0 jL25 j1.25

j1.O0 j1.25 j25
n=3; j=12; K=12

Z,Zyy o JLO*jLO

Z11nen = L1100 — - j1.0 jO0.6
Zynew = Z1z01 —% = jl.O—% =j0.5
33 :
Zy1new = Ziznew = 0.5
Z o nen = L2010 _% = j1-25—j1'2§;lj1'25 = j0.625

33

jo.6  jos5
Zbus =1 . -
jo5 j1.625

Page 33



-

SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS

® ©

jO 25 JO 05
11.25
J Reference’bus
j0.6  jo5 j0.5

Z,..=|j05 j0.625 j0.625
j0.5 j0.625 j0.625+ j0.05

j0.6  jo5  jO5
=| j0.5 j0.625 j0.625
j0.5 j0.625 j0.675

z

bus

Flowchart of Symmetrical Fault Analysis using Zy,s

f'f Read the line data, bus data, fault bus, sub-transient reactances of each machire /

Assume prefault load currenls, shunt elements in transformer, transformer taps,
shunt capacitance, series resistance of lines are neglected.

1

Draw the prefault per phase network (positive sequence network)
obtain Zy, matrix using bus building algorithm

i
Obtain prefault bus voltages from power flow solution
Vi
| [Vis] = [V
i :
| I"-"r:J
'
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e

Draw the Thevenin's equivalent circuil and oblain the
fault currant using

Va
v

Compute change in bus voitages using network equation

Iy =

ANy Ly1 Laz - Lag - Eqn 0

AVg | T | €a1 Zaz - Zaq " Zan | | =

AV Znr Enz e Er«:q - Znn 0
¥

Compute change in bus voltages using network equation
F a
I":'r‘l = Vi—Z4q It

Vi — Zng I

v

Post fault line currents

{ TR&E
F
il

f f
P Vi TV
Iij  —
Eij SETiaS
¥
Print 1. post fault voltages, post fault line currents, etc. V4
Figure: 3.25
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Questions

Part-A
Q.No Questions Competence BT Level
1 Outline the need for short circuit analysis? Understand BTL2
2 Define short circuit capacity of power system. Remember BTL1
3 State and explain symmetrical fault. Understand BTL2
4 List the causes of symmetrical fault? Remember BTL1
5 Recall bus impedance matrix? Remember BTL1
Explain the four ways of adding an impedance to an existing BTL2
6 . . . Understand
. system so as to modify bus impedance matrix.
7 Label the methods available for forming bus impedance matrix? | Remember BTL1
Explain how the Z bus is modified when a branch of impedance BTL2
8 . Understand
. Zb is added from a new bus-p to the reference bus?

9 State the applications of short circuit analysis. Remember BTL1
10 Compare symmetrical and unsymmetrical short circuits. Understand BTL2
Part-B
Q.No Questions Competence BT Level

For the 3- bus network shown in fig. Build Z bus Create BTL6
2
@ -_.....q_n?."U\__.J__rm:\._.___.l @
L | 025 }-l j0.05
& 9
(.’ ) ) , 1.25
J' .0 J Reference bus
Using building algorithm method, Build ZBUS for the network Create BTL6
2. shown below.
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j0.02 é) j0.04

j0.05 j0.02

Reference bus @

Evaluate the fault current and post fault voltages for the given
system shown below and fault being occurred at bus 2.

®) (2
j03 G2

Gl . 104
_]0.2‘ 108 ( )
( ) 06 )
103 105 ﬁ

M 2

O

Evaluate

BTLS5

For the given system, Estimate the fault current, short circuit
capacity and post fault voltages for a bolted fault at bus 4. The
sub transient reactance of the generators and positive sequence
reactance of other elements are Generator X = 15%,
Transmission line X = 30%, Transformer X = 20%

OO ® = @

oHHE—HH-or

Evaluate

BTLS

Explain the procedure for making short circuit studies of a large
power system

Evaluate

BTLS

Build ZBUS for the network shown below using bus building
algorithm

Create

BTL6
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UNSYMMETRICAL SHORT CIRCUIT STUDIES

Symmetrical Component transformation — sequence impedance — sequence Networks —
Unsymmetrical short circuit analysis for single line fault, line to line fault, double line to
ground fault using Zy,s — Computations of short circuit capacity, post fault voltage and
current

Symmetrical Components

* Anunbalanced system of N related vectors can be resolved into N systems of
balanced vectors

* The N -sets of balanced vectors are called symmetrical components

» Eachset consist of N vectors which are equal in length and having equal phase
angles between adjacent vectors

Symmetrical Components of three phase system:
1. Positive sequence components
2. Negative sequence components
3. Zero sequence components

Positive Sequence Components:

» The positive sequence components of a 3 phase unbalanced vectors consists of
three vectors of equal magnitude, displaced from each other by 120° in phase
and having the same phase sequence as the original vectors

Negative Sequence Components:

* The negative sequence components of a 3 phase unbalanced vectors consists of
three vectors of equal magnitude displaced from each other by 120° in phase and
having the phase sequence opposite to that of the original vectors

Zero Sequence Components:

* The zero sequence components of a 3 phase unbalanced vectors consists of 3
phase vectors of equal magnitude and with zero phase displace ment from each
other
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abc
Q8
N o BTN o
g ‘\mo L
120° ‘\ Vll 120° v 2
¢/120° </12‘0°
) " v S
Positive sequence ‘Negative sequence Zero sequence
components components componenls
Figure 4.1

Let V,, V, arrd V_be the set of unbalanced voltage vectors with phase sequence abc. .
Each voIr.age vector can be resolved into posmve, negative and zero sequence components.
Let 'V, V, &V, = Positive sequence components of V, V, & V_respectively
with phase sequence abc.
Negative sequence components of V_, V, andV . respectively
: _ - with phase sequence acb.
Vo Vo &V, = Zerosequence componentsof V,, V, & Vc respectively.

V.V, V,

b2?

The operator “a” is defmed as,
a=1£120° = 1 et/ _ cos2nt/3 + jsin 21/3 = —0.5 + j0.866
Since, a =1£120° = —0.5 + j0.866 |
a2 =1.240° = -0.5-0.866
a’ =12360° = 1
l+a+a?=1+(-05 +10866) + (—05—;0866) -0
1+a+a2=0"
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Computation of Unbalanced Vectors from their symmetrical components

va 1 1' I‘ Vﬂﬂ
Vh, il 1 a 2 a Vﬂi
Ve Mfll ! a. “a%|[Vas

Computation of balanced Vectors from their Unbalanced Vectors

v, L1 1]py,
V,|= % 1 a a%||vy,
Va2 1 a’? a | Ve
1.
The voltages acmssalphaseunba]ancedload are V, = 300 £20°V, V, = 360 £90°V
zi Zf = 500 £-140°V. Determine the symmetrical components of voltages. Phase sequence
Solution:

The symmetrical components of V,aregiven By the following matrix equations.

V.o 1 1 1 v,
1 "
Va | = 3|t e a? v,
7 R .vaz 1 82 a vc

.
~-Vao =3 [Va+Vy +V,]

' v,,-=% [va +aVy +a2Vc]
V.2 ik [V. +a2 V, +a Vc]

Given tha:V = 300 Z£20°V = 281.91 + ]102 61 V
= 360 £90°V =0 + j360V
Vc = 500 £—-140°V = —=383.02—j321.39V
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s.aV, =.1£120° x 360£90° = 360£210° = —311.77 —-;180V
a?V = 1£240° x360£90° = 360.330° = 311.77 —j180V
= 1£120° x 500£—-140° = 500L—-20° = 469.85—)171.01V

a’V_= 1£240° x 500£—-140° = 500£100° = —86.82 + j492.40V

Vao =% [Va +Vp + vc]'=% (281.91+ j102.61+0+ j360— 383.02 — j321.39)

aVv

(10111 + jl41.22) = ~33.70 + j47.07 = 57.89.£126° V

=
k
]
W= W= -

[va +aV, +a? \_fc]=% (281.91+ j102.61—311.77 — j180 — 8682 + j492.40)

(-1 16.68 + j415.01) = —38.89 + j138.34 = 14370£106° V

(281.91+ j102.61+ 31 T o j180+469.85— j171.01)

W | =

Vﬂ

— [V. +a? Ve +a Ve ]=

(1063.53 — j248.40) = 35451~ j82.80 = 364.052 —13° V

W= w

WeknowthatV =V, =V,

. The zero sequence components are
Woa = SF.B9 1267 N
Vo — 57.89 —126° W
WV, — 57.89 £126° WV

We know thart, Vi, =alV 3 V,=aV,
-~ The positive sequence components are

V,, = 143.70 £106° V

WV, = a2V, = 1.2240° x 143.70 £106° = 143.70 -346°

V, —aV,, = 1£120° x 143.70 £106° — 143.70 -226°V
Welmowt‘hat,vl;z=avaz; W gmea® W,
. The negativf: sequence components are

V,, = 364.05--13°V

Via = aV,, = 1.2120° x 364.052—13° = 364.05.-107°

Ve = a?V,, — 1.2240° % 364.052—13° — 364.05_-227° v
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The symmetrical components of phase-a fault current in a 3-phase unbalanced system
arel, = 350£90° A, I, = 600£-90° Aand I, = 250290° A. Determine the phase currents
[Land],

Solution:
The currents L, I, and I are given by the following matrix equations.

I I 1 1

. I,
=1L a* a ||,
IE‘.’ 1 a. az IaZ

L =I,+1,+1I,
I, =I,+a’l, +al,

IL=1I,+al 6 +a%l,

- Given thar I, — 350290° — O + j350

I, = 600<—90° — 0 —j600O

I, = 250-90° — 0 + j250
~al, = 1£120° x 600£-90° = 600.£30° = 519.62 + 300
2’ = 1.£240° x 600.£-90° = 600.£150° = —519.62 + j300
al = 1-120°x250£90° = 250£210° = —216.51-j125

ac

- a’l, = 1£240° x 250£90° = 250£330° = 216.51—125
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I, =Tag +1a; +15 = j350- j600+ j250=0

I, =1, +a’l,, +al,, = j350~519.62+ j300—- 21651 - j125
=-736.13+ j525=904.16/145° A

I =Ly +al, +a I, = 350+519.62 + 300+21651 - j125
=736.13+j525=904.16£35° A

Sequence Impedance and sequence Networks:

* The sequence impedances are the impedances offered by the devices or
components for the like sequence component of the current

* The single phase equivalent circuit of a power system consisting of impedances to
current of any one sequence only is called sequence network

Positive , Negative and Zero sequence impedances:

« The impedance of a circuit element for positive, negative and ze ro sequence
component currents are called positive, negative and zero sequence impedance
respectively

Positive , Negative and Zero sequence reactance diagram:

» The reactance diagramof a power system, when formed using positive, negative
and zero sequence reactances are called positive, negative and zero sequence
reactance diagram respectively

Sequence Impedances and networks of generator:

I -

Figure: 4.2
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Lee E,E,E = Generatedemfperphasein phasea,band c respectively.
'3 .- (Positive sequence emf)
= Positive sequence impedance per phase of generator.

-

= Negative sequence impedance per phase of generator.

N N

N

= Zero sequence impedance per phase of generator.

= Neutral reactance. -
= Total zero sequence impedance per phase of zero-sequence
network of generator.

N NN

— 1,

ki I‘:I a
4
?.',1 I Ial.zl
L Vﬂ_
I j L
Rg%m_hﬁ
Paositive-sequence. ' Ll
i ve-seguence
cxia g igf:::rrk i
-1,

=
Z,_%;I Z, Iﬂ

a2
md Reﬁrmbm'

alive-Segquence I
cufriﬁ ! pa m:'q Negative-sequence
network
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- 137,
-1, .
' " Referencebus

Zero-sequence

Zero-sequence

current paths. network
—>I1_=0 =
= IIO a 3 [ =
= e "
= Z
= 0 Q v
Z,~-Z, 8§ LZ, v, G
e
Refe 7 Reference brs
Zero-sequence Zero-sequence
network of a generator when the network of a generator when
; the newtral is ungrounded

neutral is solidly grounded

Figure:4.3
Sequence Impedances and networks of Transmission lines

Iet, 2Z, = Positivesequence impedance of transmission line
Z, = Negative sequence impedance of transmission line
z — Zero sequence impedance of transmission line

Q

The value of Z1= 2, ; Zo =2 to 3.5 times the Z;
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' Z

Ly b 1, = I e TR

el A rae
v 0 bus
al
é al Reference bus é__ Reference bus é - Reference
Fig a : Positive Fig b : Negative Fig ¢ : Zero sequence
sequence network sequence network network
Figure: 4.4
Sequence Impedances and networks of Transformer:
Let, Z, = Positivesequence impedance of transformer
Z, = Negative sequence impedance of transformer
Z, = Zerosequence impedance of transformer
Ial Zl Iz! Zz

- \]

- Referencebus 3 a2 Referencebus

O -

Fig a : Positive sequence Fig b : Negative sequence
network . network
Figure: 4.5

The value of 1= 2, = 27,

Zero Sequence network of three phase transformer:

Configuration I Winding Connection Zero sequence

Diagram Network

M Z N
YY

Mz
|
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M N M Z, N

_Z

L
g__. ;I Ni | M Z N
Yo :

il

PIRCI

] |,

>

>

=
T
.
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%__, VAN ‘ N: Lf_. Z, N
M N N ' - | IH
A A & :
. i Referencebus

Figure: 4.6

Sequence Impedances and networks of Loads:

Let

L1
L2
Lo

Load bus Load bus
+ i, L ' 1 U.z
\Y . 7 Ve Zu
: u = R bus
- eferencelus J dference

Fig b : Negative sequence network

= Positive sequence impedance of load
= Negative sequence impedance of load
= Zero sequence impedance of load.

N NN
H

Fig a : Positive sequence network

Zoro sequonco notworks of loads

Connection Diagram of load Zero sequence network

Load bus

}
s .
; ; ” Zyy
I

1 _Referencebus
Load bus

Z

= 3 ' Lo

: ' ,_ Referencebus
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Load bus
Z

Lo

n ‘ 3Zn
r = _ Referencebus
Load bus

N

Lo

Reference bus

=

Figure: 4.7

 Determinethe positive, negative and zero sequence networks for the system shown
in fig 1.25.1. Assume zero sequence reactances for the generator and synchronous motors
as 0.06 p.u. Current limiting reactors of 2.5 Q are connected in the neutral of the generator
and motor No.2. The zero sequence reactance of the transmission line is j300Q2.

25MVA T, _ T .- P 15MVA
11kV, 10%©_I3_§ (B | j100¢2 | F 3¢ G |=—(M)10kv,25%
¢ | Transmissionline | 3¢ [ Q <Y
AYa = A ""‘"@ 75MVA
- ig Ig‘lfg,g@ 30 MVA, 10% 10kV, 25%
- 12.1/108kV ‘}
Figure: 4.8
Solution:

Let us choose the generator ratings as new base values for entire system. | n
Base megavoltampere, MVA, = 25MVA
Base kilovolt, kV, =11kV
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Sequence reactances of Generator G

Since the generator rating and the new base values are same, the generator p.u.
reactances does not change. Also for generator the positive and negative sequence reactances
are same.

. Positive sequence reactance of generator, X, , =10 %= 10/100 = 0.1 p.u.
Negative sequence reactance of generator, X, , = 0.1 p.u.

Zero sequence reactance of generator, X, , = 0.06 p.u.

2 2
(KVonew)” 11 _ 4840

Base impedance, Zy, = MVA, 25
NEW

p.u, value of generator]  Actual Neutral reactance _ 25 _ s ”
GN™" " Base impedance 484 :

(im \ '

nentral reactance
Sequence reactances of Transformer T,

New p.u. reactance _ kVy, ol * MVAy new
= Apuold X %
KV ew MVA 14

of transformer T,
Here, Xy oa =10% =01,  kVy g4 =108kV,  MVAy4 =30 MVA
kVy pew = 11KV, MVA, v =25 MVA

New p.u. reactance 2
£ =0.1 x (m) X (—22) =0.08 p.u.
of transformer T, 11 30

In transformer the specified reactance is positive sequence reactance. Also we assume
that the positive, negative and zero sequence reactances of the transformer are equal.

- Positive sequence reactance of transformer T, X;, , = 0.08 p.u.

Negative sequence reactance of transformer T, X, , = 0.08 p.u.
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Zero sequence reactance of transformer T,, X, , = 0.08 p.u.

Sequence reactances of Transmission line

HT voltage rating
LT voltage rating

The base kV on HT side

= Buse kV on LT side #
of transformer T)

*’llx—lz—’—:: 123.24 kV
10.8

Now, kVjnew = 12324 kV

g
k Vi, 123.24)”
Basc impedance, 7, = .-(_-w..":i.‘i"f_)k.. = .(.-_.56_2-- = 506,27€)

MVA bonews
A1 reactance of stual reactance
3 - Actual reactince . 1900 5198 p.u.
transmission line Base impedanee 50627

"T'he specified reactance in single line diagram is positive sequence reactance. Also
the negative sequence reactance of a transmission line is same as that of positive sequence
reactance.

- = Positive sequence reactance of transmission line, Xy ; = 0.198 p.u '

Negative sequence reactance of transmission line, Xy 5 = 0.198 p.u

p-u. value of zero sequence | - Zero sequence reactance in Q300
: - = 0593 p.u.

reactance of transmission line| Base impedance T 50627
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Sequence reactances of Transformer T,

i i dso
. are identical an
The ratings and winding connections of transformer T,and T,

the sequence reactances of T, and T, are same. .
Positive sequence reactance of transformer T, X5 | = 0:2 guu
Negative sequence reactance of transformer T, sz.:) 28 ; 4 p-
Zero sequence reactance of transformer Tj, X, o = 0-US P-

M
Sequence reactances of Synchronous motor M,

i Itage rating
g LT side o LT vo :
ety S }n Base kV on HT sidese HT voltage rating

of transformer T;

10.8
t = —=11kV
=123.24x 21

Now, kVpnew = 11KV

2"
. V, MVA

New p.u. reactance kVy old b, new

¢ p " } = x old X[ ) I o ————

kV, MVAy, aia
of motor M, b,new 0

Here, Xpmold = 25% =025 ; ka.old =10kY MVA bold = 15 MVA

kVp, new = 11KV 3 MVAy o =25 MVA

New p.u. reactance 2
i 2 x(lo) x£=0.344 p.u.
of motor M, 15

The reactance specified in single line diagram is positive sequence reactance. Alsothe
negative sequence reactance of synchronous motor is same as that of positive sequence reactance.

. Positive sequence reactance of motor M,, X, , = 0.344 p.u.

Negative sequence reactance of motor M, Xm,.z = 0.344 p.u.

£hill KV, ) MA
The zero sequence re_actance} SHE B x[ b.okd ] I bpew

of motor M, on new bases KV} it WAMP
. . ~0.06x[ 2 LB P
i 11) 15 3
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Sequence reactances of Synchronous motor M,

Newp.u. reactance KV ¥ MVA,, new
— X - x '
of motor M, o KV} cw MVA, ou

Here, X, qa =25% =025 ; kV,,,=10kV ; MVA,,, =7.5 MVA
KV, pew =11 kV : MVA, _ =25 MVA

Newp.u. reactance -
p c}=0'25x(10) 25

—=0.689 p.u.
of motor M, % 5 2

b,ncw

11

The reactance specified in single line diagram s positive sequence reactance. Also the
negative sequence reactance of synchronous motor is same as that of positive sequence reactance.

. Positive sequence reactance of motor M, X, | = 0.689 p.u. .

Negative sequence reactance of motor M, X, , = 0.689 p-u. 4

2
The zero sequence reactance KV, o1 MVA new
o[ M20 = X puold % %

of motor M, on the new base kViiew - MVAy 04

2

10} 25

=0.06x[—| x22=0165p.u.
6"(11) T P

(kvb.lnew)2 112 _

Base impedance, Z, = ——————=——=4.84Q
MVAp w25
- p-u. value of motor _ Actual ne}xml reactance _ 25 _ 05175 .
neutral reactance Base impedance’ 4.84
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Positive sequence network.

Positive sequence reactance diagram of the power system .

Negative sequence network

0.08 j0.198 | j0.08
D i B | o [E e G} F
RLE X, j0.689 j0.34

Reberehs . X Xiia

Negative sequence reactance diagram of the power system

Zero sequence network

D j0.08 E j0.593 F j0.08 -
X-mo ’ x'"-ﬁ ] X-n.o

j0.068 X

»

3x0.517 f
= j1.551 X

Refrenelss

Zero sequence reactance diagram of the power system

Figure:4.9
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Review of symmetrical components of unbalanced voltages and currents:

Computation of Unbalanced Vectors from their symmetrical components

W 11 1 il Ll
Vh. el 1 ﬂz a Vai
Ve _ _l a. azj Vaz

Computation of balanced Vectors from their Unbalanced Vectors

-Vaﬂ ] 1 1 | A
1
V= 311 e a’ ||V,

20
l' : " Referencebus
Referencebus
Posilive-sequence | 2 5
netwaork Negative-sequence ero-sequenc
network network
Figure: 4.10
PR A Gt A
0 Imzu
S A
v il
2 = ]ﬂzz
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an:r E-“ ﬂ ﬁ ilﬂ

0
val ={E, - 0 Z, 0 | Y
Val 0 0 0 Z lal

Single Line to Ground fault on an unloaded generator

Circuit diagram for single
line-to-ground fault on phase-a of
an unloaded generator

Figure: 4.11

foll .The Cﬁﬂ'dition at the fault 1s expressed by the
ollowing equations

I, =0 ; I[.=0 ; V. =0

a

The symmetrical components of the currents are’

given by
Lo 1 1 1 L
Ial — % 1 a 32 Ib
I.> 1 a’ a I
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11 11,

a l ]

Iﬂl L‘:g l d a D
];D=1c=0 I.» 1 a’ a [[0

| ]

1.‘0 =!l! =122 =_3»

Vol [0] [Zo 0 0 11,
Va |=1E.|1-10 Z, 0 I
v"-'z 0 L 0 0 Zl I:|2
I,=1,andI, = Ia-l'
Vo] (07 2, 0 0 1[1,
Va |=|E |-l 0 z 0o ||1,
V. 1 1 )
al . HZOIJI i 2 Vaﬂ
al = Ea-- Zilal Vb il 1 a | a Vai
o= "Zz L, - Ve g a. a%|[Va
Vao + Va] + Val = — Ial ZD + E:: - Ia‘1 Zl - Inl 22

WV, = "Vac-f_Val + V_,=0:

—Ial ZO + Ea—Ial Zl _Ia.l ZZ = 0

By e _
" ZiAZyxZy o dd
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Connection of sequence
network of an unloaded generator for
line-to-ground fault on phase -a I; =z I; =3 I,,l

Figure: 4.12

If the neutral of the generator is not grounded,
the zero-sequence network is open-circuited and Z is
infinite. Under this condition, is zeroandsol, &
I, must be zero. Therefore no path exists for the
flow of current in the fault unless the generator neutral
1sgrounded. ' '
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Line to Line fault onan unloaded generator:

The C()nd't'
fQHOWingequatioln;ons atthe fault are expressed by the

Vb=Vc 3 L=0;

Ib+Icf=O = Ib=—Ic

I, = I, == —X .

Circuit diagram for double V=V,
line to ground fault between phase
b & c in an unloaded generator
Figure: 4.13
‘&0' | I I v,
Vai =3 1 a a?flv,
a2 ] a' a Vh
a- VJ.Z

Iﬂ.ﬂ 1 ]. l 1 ln
Ls =3[l a a’ [|1,
132 | az a Ic

[ =-Land] =0

Power System Analysis - SEE1302 Page 23
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=7 [—ﬂ Lo +az-Ic I.II i i I:l
l,a =.%. [_az I +ﬂlﬂ]=—_ [-a I,'_-1-a2 I¢

< vt O -

vﬂ.l - 'Eﬂ T ﬂ Ei l:' iﬂl

Vo 0 . 0 0 0
Vail=|E. =10 Z, 0 ||],
V,; ] 0 0 Zi|-l,
V=0
a=EB-E L,
Va=4,L, Va=Va

) IL,(Z,+Z)=E,

Power System Analysis - SEE1302 Page 24



(E))

SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS

DEPARTMENT OF ELECTRICAL AND ELECTRONICS

Since V., = V., , here the positive and negative
sequence networks ofthe generator must be in parallel.
Since V/, = 0, thezero sequence network isshorted and so
it need not be considered. (or Since Z, does not enter tnto
the equations, the zerosequence network s not used). Since
thistype o faul does ot nvolve ground, the neutral current
I = 0, Hence the presenceorabsenceof agrounded neutra
at the generator does notaffect the faul curte.

the fault current, [ =1, = -1,

Ia 1 1 IaO
Ib =11 32 a Ial
2
I IREARREZIdaes Ih=1m+a I +al,

L= -1

Connection of the
sequence networks of an unloaded
generator for a line-to-line fault
between phases b and ¢

Figure: 4.14

I,.= Qandl,=-1 -

Page 25



(&)
SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS

DEPARTMENT OF ELECTRICAL AND ELECTRONICS
Double Line to Ground fault on an unloaded generator:

The conditions at the fault are expressed by the
following equations

V.=0, Vw0, Lud.

=% +L V,=V,=0

Figure: 4.15

Circuit diagram for double
line-to-ground fault between phase
b & c in an unloaded generator

Vo lll‘-,,r'Ll
Vul=

L
e
vui _I ﬂz d 0

Vio = Var = Vaz =

v,] [0z o o011,

V“ = Ea = U Zl U ]“

Vﬂ! 0 0 0 Z‘Z ln'.!
V1=Ei_lﬂzl

Vaﬂ - Vn = Vﬂ
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E.-1.Z,] 107 [z, 0 0]l

E,-LyZ/|=|E.|-| 0 Z, 0|

E,-1,Z,] [0 ]| [0 0 Z]|I,

Zg 0 0 ][I 0 E; -1, Z,

0 Z,0 ||I|=|EBi| - |Ea-Ta 2

0 0 Zy]|la 0 E, -1y 2,
Zg 00 [11Zy 0 0

Let, Z=| 0 Z, 0 JE=10 W 0
0 02 0“0z,

wr

lo| |VZy 0 0 }[0] [z, 0 o0 [Ea-luZi
Ial = ﬂ ]"rz| U E_ﬂ_ o ﬂ l."z.] ﬂ Ei i In]z'l
La] LO 0 Uz{lo] |0 0 VZ)iE-Tua

(1.0] [o (B, —1,.2Z; ]
s PP ¢ bnd W
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11=I:I,
I='Ian+I;1+Izz=c'
- VPSRN - N 9 AR

On multiplying

ll'll i'.—:?;ir_'h zl '_-'..I'il'l
Lyt 4y

I':'IJ.

Z + Sty
Zﬂ + ?;1

1‘1 ]ll =

Under this fault conditon the sequence networks
should be connected in parallel since the positive, negative,
and zero-sequence voltages are equal during thisfault. In
the absence of a ground connection at the generator no
current can flow into the ground at the fault. In this case

Z, would be infinite and 1 would be zero andso the

Connection of the famtwm&gmﬂartoli]l&tﬂ-ﬁﬂﬂfauh.
sequence nefworlks of an unloaded

generator for a double line-to- . .
ground fault on phase b and c. Figure:4.16

L=L+1
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; I B,  laZy
E ! il E. ]u1z ajllh = -t
e + aﬂn Z, il sty Zy m Zy il Z, Zy

L
==l x—2—& 1,=—(, -1,)

Z,+Z,
[1, = |1 il: a [nl
s l =& .a% la2

I, =I,+a’l, +al,
I =1+ al, +2a’l,
~.Fault current,] =1 +1 = Lotal +al +1 + al +21,
= 2120+(a+a2)1ﬂ+(a+a2’)I,l2
= 2
2Iao+(a+a)(In+Iaz)

Unsymmetrical Faults on Power Systems

Let  Z, = Thevenin'simpedance of positive sequence network.
Z, = Thevenin’simpedance of negative sequence network,
Z, = Thevenin’simpedance of zero sequence network.,
V . = Prefault voltageat the fault poiut.
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ul If L F

&

1 [fffrl
-’-:”f-r'u z, I]:Zu!.., ¥
;L_c, —L-Ei
Thevenin's equivalent Thevenin s equivalent of Thevenin's eguivalent
o pasitive sequence network neparive sequence network of zere Sequence merwork
Figure:4.17
Mo=—2T 1 et 2y 0 0y
v =] 1||IF a.-z I I"l'ral = I"l'rpr R G E| G IBI
it I il To o 2,1

Viz ] 2 a

vﬂ m _Zz I:z

Single Line to Ground fault on Power System

|_LJ_;F1—:— 3 Ibu{'.l; [t-D : 1'|'ri=G

1.,4—T*—-—;

Stak

o : ' I
O [P—— Li=lyp=l,g=2
Comnection 3
diagram of the siubs for o
sfrngle ffne—fo—graundfau!:_ W
I L]

i z|+f.1 +2.n

Figure: 4.18
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ro sequence
network

network
T B Ay g ) B ) 0

negative sequence €

o
g 1 S |
S5 “ VT Connection of sequence
2L ) I .
G =:.".«+ | networks for a single line-to-
s = - ground fault in @ power system
Figure: 4.19
Line to Line fault on Power System
a lli(_.-‘ | HI::VE I:=ﬂ II:|=-It:
|
b » ! i
l.l e ’:slub vﬂ Vﬂ
+ I
c lci U(- J il "-.-r'_r
Connection diagram of the stubs for a line-to-line fault. T2+,
Figure: 4.20
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positive sequence network

negative sequence network

e e e - S

Connection of the
sequence networks for a line-to-line
Sfault in a power system.

Figure: 4.21

Double Line to Ground fault on Power System

i e vh-v‘::,U;Iisn

b . 1
] l‘lAi—T'Esmb Vzlgvﬂ=vﬂ
. ltl «— o
: = 1.l
Connection diagram of sr.ubs Inl = vpf
or a double line-to-ground fault in Z (7.5 = -
oo power system fl I I:""I"'I"'iﬂ ”-"{-1 + )

Figure: 4.22

Connection of the
sequence networks for a double line-

to-ground fault in a power systen.

Figure: 4.23
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Unsymmetrical Faults on Power Systems through Impedance

Single Line to Ground fault on Power System through Impedance:

a

. =13

b (¢I,=o
P Zf

Connection diagram of
stubs for a single line-to ground

Jagt Srough e bnpedance Figure: 4.24

At the fault point F, the following relations exist
T A N Y

L I || [ 1 ,'[ﬂ
" =—;— 1 a _az_ 0
I, 1 & allD
I P
= <af 2" T 1 1
In i 3 Ial
1l e e . ‘Ui-“-.f""+‘fﬂ+‘f"=ﬂ
TR R 1 L
Ve _ 1 a. al.z Va2 I|IIIFI1I +v12 T I‘I"Ir:rl] i erI = sz IJ-I
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.= lcl

—y
T+
ZD ZO lnlv'0 l’ l"
x: \L-
Z, =1,
-
- ThF +
z,[1% W Ve 32| |3z,
X ~L— -
L

Connection of sequence *
networks for a single line-10

ground fault through an
impedance Zf

Figure: 4.25
I = 1I"IIIF'E-
3 TNZ 2y + Z) + 3

[.=3 var
Fault current, I;= I, = W UNZ 4 2y +2g) 432

V,=V,-ZI,
L vl] =_'Z"I IIJ
vﬂ = _.z-ulll - [
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From the symmemcal components of phase-a voltage, the phase voltages V,, V, and
< are calculated usmg the following matrix equation.

AN RIAA
Ve [=[1 2 all|V,
Vel b & 2

Line to Line fault on Power System through Impedance:

. I — ——
: T .= Oandl, =
3 L ] Also V, -V, = L& - '.-.-vc=vb.1'b Z,
LS] l°
. v X
| Z, [ 11 1][ o
al
Connection diagram | ,
of stubs for a line-to-line Sault L =3 I a a Iy
through an impedance I, L a® a ||-To
Figure: 4.26
glliling
‘-‘_3: (1 =1,)=0
1 5
tlliE g
L s
Lz mi (a“lp —aly)=-1I,,

Iﬂ=03ﬂdlﬂ?'1ﬂ

Page 35



@
SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS

I 8 o 0 T O G
=211 & n I,i=1‘~lza L,

I
1l Efl a2 | L

V=VIZ
Va(] Lol | Va
' :-13-1 a a’||

Vaz 1 a2 a|l Vb-1Z¢

From row-2 of matrix
v, =.13[v, +aV, +a*V, —a’,Z]
-3V, =V, +V,(a+a?)-a’Z],
From row-3 of matrix
V,= %[V,-, +a?V, +aV, —al,Z]

53V, =V, +V,(a +a)-a Z,
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IV, -3V, = V, +V,(a+a?) —a’Z], -V, - Vy(a’ +a) +aZl,
= (_a2 +a)ZfIb

1 .3 1 .43 : )
=S ....__+_Z[=\/§ZI
(2'*]22]2}” J )

V=V, = %jﬁzflb = j:;—gzrlb
g 1 :
Var = Va2 = J'ﬁzf(‘)\ﬁla;] =Zgly
Ny = Vo =2l

_ ——-—VI!I-
Li+Z,+2Z;

al

The fauk curren, =1, =-j31,

E:-._') 4 alZf
Z
f a2= _Ial
+
ZZ an

Figure: 4.27

Double line to ground fault on Power System through Impedance:

A double line to ground fault at point F ina power system, through a fault impedance

Z; can be represented by connecting three stubs as shown in Fig

The current and voltage conditions at the fault are
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1,=0
Vb:Vc:Zf(lb"'lc)

/J' = lh”r

- Figure: 4.28
The line currents are given by

la=laot+lartlaz
LT 11 171,
I, [=|1 a* a|l,

|c 1 a a2 |a?_ IaO+|a1+|a2=O (OI’) IaD='(|a1+|a2)

Since, 1,=0

Ib=lao+a’ la1+ala2
Ic=la0+ala+a’la
Ib+lc=lag+a’ lag +alaz+ lag+ala +a’ la
=2l0+(@%+a) 1y +(@%+a)l 2
W.K.T, 1+a+a’=0, o ata’=-1
Ib+1c=2la0-1a1-1a2
= 2la0-(lar+la2)
=2la0-(-1a0)
= 3la0
The Symmetrical components of voltages after substituting V .=V} are given by

Vao=(1/3)[Vat+Vp+Vp] =(1/3)[Vat+2Vp] i

20 . 1 1 1|V,
Va1=Vaz= (1/3)[Va+aVp+a® Vi) Va |31 @ @V,
=(1/3)[Va+(@a+a?)Vp] = (113)[Va-Vs] LV a2 1 a® alV,
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Va0-Va1=(1/3)[Va+2Vp] - (1/3) [Va-Vb]
= (1/3) [Vat2Vp-Vat+Vp] = Vp
. Vao-Va1=Vp
Vao-Va1=Z(lp+lc)
Vao-Va1=Z3la0

. Va():Va]_+3Zf|a0 (Slnce Va]_:Vaz)
Also, Vag = Va2+3Zl a0
3Z,
l'l la: | _ fo
= > a1~ L, L2432
+ - - - -
- Y Z,+2,+3Z,
z, ||z,
+

Connection of sequence
networks for a double line-to-ground

ult through an impedance
- 4 & Figure: 4.29

Va1=Vps - Zsla1
Va2=Va1
la2=(Va2/Z2)
lao= -(lar+la2)
Fault current, l+=lp+lc = 3140

4. Two 11 KV, 20MVA, three Phase star connected generators operate in parallel as
shown in Figure. The positive, negative and zero sequence reactance's of each being
respectively, j0.18,j0.15,j0.10 p.u. The star point of one of the generator is isolated and
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that of the other is earthed through a 2.0Q resistor. A single line to ground fault occurs
at the terminals of one of the generators. Estimate (i) fault current, (ii) currentin
grounded resistor and (iii) voltage across grounding resistor

Figure: 4.30
Solution:
MVA,=20MVA
KVp=11KV
Zv= (KVp)’/MVA, = (11)* / 20 = 6.05 Q
p.u. value of neutral resistance = Actual Value / Base Impedance

=2/6.05 =0.3306 p.u

11 KV, 20 MVA

@_ I - |
g F jol
— 0158z, 0asg 7,
Y 0.9918
©— i
1L TNy 20 PN A Positive Negative Zero
Single sequence network sequence network sequence network

line diagram

Figure: 4.31
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The thevenin’s equivalent of the sequence networks are shown as

F
T+
0.9918 Vo
+j0.1
T 00
Thevenin's Thevenin'’s Thevenin's

equivalent of p.s. network  equivalent of n.s. network  equivalent of z.s. network

Figure: 4.32
Forasingle line to ground fault,
lar1 = la2 = lao
=13 =3la1
Hence the thevenin’s equivalent of sequence networks are connected in series as shown
in fig
The fault current is calculated by taking the prefault voltage V=1 p.u.
From Fig,
la1 = 1£0° /(j0.09+0.075+0.9918+j0.1)
=1/(0.9918+j0.265)
=1/(1.0266 £15°)

=0.9714 £-15° p.u.
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(9918
+ l“ |

vl
ol

10,075

10.09

-

V= 1.0£0°

Figure: 4.33
I.  Tofind fault current
Fault current, I+ =15 =314
=3*0.9741« -15°
=2.9223 £ -15° p.u.
Base current, I = KVAp/ (V3*KVp) =(20 * 1000) / (V3*11) =1049.7 A
.. Actual value of fault current = p.u. value of fault current * Base current
=2.9223 £ -15° p.u. or 3.0675 £ -15° KA
ii.  To find the current through neutral resistor
The current through the neutral resistor is same as that of fault current
.. Current through neutral resistor = 2.9223 £ -15° p.u. or 3.0675 £ -15° KA
iii.  To find the voltage across grounding resistor
From the thevenin’s equivalent of zero sequence network, we get
The Voltage across grounding resistor = 3R, l0 = 3Ry la1

= 3*0.3306*0.9741£-15° = 0.9661 £-15° p.u.
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Actual Value of voltage across grounding resistor

= p.u value of voltage * (KVp/N3) (Since KV, is line value)

=0.9661 £-15° * (11/V3) =

6.1356 £-15° KV

5. A salient pole generator without dampers is rated 20MVA, 13.8KV and has a direct
axis sub - transient reactance of 0.25 per unit. The negative and zero sequence reactance
are 0.35 and 0.10 per unit respectively. The neutral of the generator is solidly grounded.
Determine the sub - transient current in the generator and the line to line voltages for
sub - transient conditions when a line to line fault occurs at the generator ope rating
unloaded at rated voltage. Neglect resistance.

Solution:

Base Values

MVA,=20MVA

KVp=13.8KV

Base current, Ip = KVA, / (V3 * KVp)

= (20* 1000) / (V3 * 13.8)
=836.7 A=837 A
i )Inl - ——lu)
lu?
—)
.’.
'/
/] w2
j0.35é Z"'“
' T Figure: 4.34

la=0; lp=-lc ; lao =0; laz =-la1; Vb =V¢; Vi =0

From Fig,
la1 = Ed/ (Zl+ZZ)

Page 43



-

@

R

SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS

DEPARTMENT OF ELECTRICAL AND ELECTRONICS
E, is phase value value of induced e mf.
Ea=1Z0° p.u
11 = 1/(j0.25+j0.35) = 1/ j0.6 = -j1.667 = 1.667 £ -90° p.u.
laz = -l = j1.667 p.u.

|a0:0

LT[ 1 171,
I, [=|1 a® a |l
I.| |1 a a*|lI,

a=1.£120° = -0.5+j0.866
a2 = 1/£240° = -0.5-j0.866
la=lag+la1+152=0-j1.667+j1.667=0
Ih=lao+a’la1+aly, = -j1.667(-0.5-j0.866) + j1.667 (-0.5+j0.866)
=j0.833-1.443-j0.833-1.443 = -2.886 p.u.
I = lotalg+allp=-alap-a’la=-(a’lu+alsy) = -1, = 2.886 p.u

Actual values of line currents are obtained by multiplying the p.u. values with base
currents

1,.=0

I,=-2.886 * 837 =2416 £180° A

1.=2.886 * 837 = 2416 £0° A

The fault current, Is = |lIp| =2416 A=2.416 KA

From the sequence networks of the generator, the symmetrical components of Phase a
Voltage are calculated as:

V —O V —E I Z V —V V V
0 1 1 “lal 1; 2 1 2
a a a a a Vb 1 3 3 V .
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Va = VaotVa1+Va =0.583+0.583 = 1.166.£0° p.u.
Vp = Vaota’Var+aVa
= 0.583 (-0.5-j0.866)+0.583(-0.5+j0.866) =-0.583 p.u.
V=V, = -0.583 p.u.
Line voltages are
Vap= Va — Vp = 1.166+0.583 = 1.749.£0° p.u.
Ve = Vb — Ve = -0.583 +0.583 =0 p.u.
Vea = Ve — V4 =-0.583 -1.166 = 1.749 £180° p.u
Ea=1p.u
Line Value of base voltage = 13.8KV
Phase Value of base voltage = (13.8/V3) = 7.9KV
Vap=1.749 £ 0° *7.97 =13.94 £ 0° KV
Vi = 0 KV
Vea = 1.749 £ 180° * 7.97 = 13.94 £ 180° KV

6. Agenerator of negligible resistance having 1 p.u. voltage behind transient reactance
is subjected to different types of faults

Type of Fault Resulting fault current in pu
3 —Phase 3.33

L-L 2.33

L-G 3.01

Calculate the per unit value of 3 sequence reactances.
Solution:

Case (i): 3 Phase fault
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F

Short

crcult

Ey=1p.u., I’=3.33 p.u Figure: 4.35
When load current is neglected, E” = Ey’ = Eg = E
" Xg’=|Eg|/ 1’| =1/3.33=0.3 p.u.
. W.K.T, the reactance during symmetrical fault is + sequence reactance
". +seqguence reactance of generator, X; = X4’ =0.3 p.u.
Case (ii): L - L Fault,
From Fig
la1 = Ea / (1X1+jX2)
s la| = Eal (X1 + X2)

Assume the line to line fault is between Phase b and Phase c. Hence the fault current is
lp.

lb = lag+a’las+ala
Foraline to line fault, 1,0 =0 and lao=-141
51y = 0+@%ly-ala = la(a — a)
= la1 (-0.5-j0.866- (-0.5+j0.866)) = la1(-j1.7321) = -j1.732141
Fault current, I+ = |lp| = 1.732 |l41]
- laa] = (151 1.732)
ls=2.23 p.u.
- laa] = (2.23/1.732) = 1.2875 p.u.
1.2875 = (Eo/ (X1+X2))
= X1+ X, = Ea/l.2875
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Xp = (Ea / 1.2875) — Xy = (1/1.2875) — 0.3 = 0.48 p.u.

I,=—I,
I.h.'l:
s
o
- A 8 A
-1

Figure: 4.36
Case (iii): L-G Fault

For a single line to ground fault, on a generator the sequence networks are connected in
series as shown in Fig

Forasingle line to ground fault, the fault currentis |lI5] and it is equal to 3|l4|
1.=3.01 p.u.
. 3|la1| =1¢ =3.01 (or) [la1] =(3.01/3) = 1.0033 p.u.
From Fig
lar = (BEa / (iX1+jX2+jX0))
o la| =(Ea/ (X1 +X2+X0))
X1+Xo+Xo=(Ea/|la1])
Xo=(Ea/|la1]) — X1 — X2
=(1/1.0033) - 0.3 -0.48
=0.22 p.u.
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Figure: 4.37
Flowchart of UnSymmetrical Fault Analysis using Zy,s

| Start )

Read the bus data, line data, fault bus, posiive, negalive, zero sequence /
reactance of each machine, transformer, line

Assume Eg-prefault voltage, f represents as fault. Zero, positive, negalive sequence values of
voltages and currents are indicated by superscript 0, + and - Assume a, b, ¢ be the phase values.

1
Assume fault at phase a and bus k

Draw the positive, negative and zero sequence networks using the sequence impedances of the
power system. Compute positive, negative, zero sequence bus impedance matrices
12*, 27 &.2%) using bus building algorithm.

m%(bﬂ%
s LG faul
r

Page 48



SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY

(DEEMED TO BE UNIVERSITY)

Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE

www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS

DEPARTMENT OF ELECTRICAL AND ELECTRONICS

¥

Symmetrical components of
fault current at bus K is

]E: I;:[; =
e
- 0
Zkk+ Zyk + Zrk + 32,

- 0
where ?_EK, Ly, Ly are he
diagonal elements in the

K axis of [Zys]
L
Fault phase current 19
L] [1 1 173
Ll={1 a® a||k
Ll [1 a2 &g
Iy = Ia=3I;
Iy = Ic:D

1
Symmetrical voltages are
0 0+
Va = - Zkk la

+ ] + +

- - 4
Vo = =Zkk la

M

Yes
No (LLG faul)
Yes
|
0 =9 -
Y a = + - 0
A : . i ¥ e (Lt 2)
Zik * Zgk + 2y 2+ i
0
- ’ = -0 Z*3Z)
h=l I
, = -1=-ji3 I Zyw * Lug*+ 3L
. 0 0 0
: . ‘]E-Ea Iy = -1y x iy
f == - - 0
i+ Lk * 21 Zyg + Ly + 34
|
ﬂ 3
V, = 0 .
=]
; yok
V, = EE-ZH;H[a b*l= "
- - = 4 =31
V, = —Zyyla =Zyx 13
r
0 0 0
\'FB = _Zl"-'.'l‘:I-."l

- L4
U;i V3=E3'zh’.r:15+
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l 1 l

E, = PF.

Posl fault zero sequence bus voltages

f+ + f+
Vi = Vpr=Zik ik

I+ ¥ .
Vk = Vpyi=2Zgk i

+ {+
Voir=2Znk Ik

V'
Post fault negative sequence bus voltages

L=
Vi = =Z Ik

'
I
N

x
=
x -

Vg =

'l- -
Vn = =Znklk

Post fault zero sequence bus voltages

_ 0o 10
Vi = Vpr=2Zi Ik

' = 0 _10
Vk = Vpr=Zgk Ik

0 _10
- Vp.f‘ZnK 'K

|
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f

[- L
- WY

| =

Z

I.‘j —

Positive sequence line current | Negative sequence line current | Zero sequence line current
f+ f¥
o Vi =V,

U +

Hi] f
o Vi -VJ‘O

Z

Phase vollages

[""‘;3]=

Phase
[lp] g

[T [Ve]

current

M0

/ Print al

I results /

End

Figure: 4.38

7. For the given network shown below a solid single line to ground fault is occurred at
bus 3. Perform the fault analysis and determine (a) Fault current (b) Bus voltages after
fault and (c) Line currents after fault. Assume pre fault voltage 1 p.u./phase. Neglect the
shunt admittance of the line. All values are given on 100 MVA base.

Figure: 4.39
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Line Impedance
El Bus
ements Code Zero Positive Negative
Sequence Sequence Sequence
L1 1-2 J0.12 J0.2 j0.2
L2 2-3 J0.12 j0.2 j0.2
L3 1-3 j0.12 j0.2 j0.2
Gl 1-0 j0.15 j0.3 j0.3
G2 2-0 j0.15 j0.3 j0.3
Table: 4.1
Solution:
1015+ 1012+ 1/0.12 -10.12 -1/0.12
Y19 =j -1/0.12 1015+ 1/0.12 + 1/0.12 -1/0.12
-1/0.12 -10.12 1/0.12+1/0.12
2333 -8.33 -8.33
[Y19 =j -8.33 2333 -8.33
-8.33 -8.33 16.66

[Z]Y = inverse of [Y]

0.09078 0.05921 0.075
[Z2]9) =] 0.05921 0.09078 0.075
0.075 0.075 0.135
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Similarly
0.17727 0.12272 0.13

ZIV=[Z]®=; | 0.12272 0.17727 0.15
0.15 0.15 0.25

Faulted bus numbe r =3; pre fault phase voltage, E=1.0; for solid fault Zs=0
150 = 159 = 159 = (V3) * E /(265" + Zos™ + 23 + 32)

= (\3) / (j0.135 + j0.25 +j0.25)

= -j2.7276 p.u. Fault current at bus 3, If = 3 *I;) =-j8.1828 p.u.

Bus voltages after fault is

Zero Sequence Voltages

VZ(O)
Vs (0)

WVACKEE MOFKC)

= - j0.075 * (-j2.7276) = -j0.2045 pu
- 2,39 159 = -j0.2045 pu
- Z33© 1,0 = -j0.3682 pu

Positive Sequence Voltages

Vi =@ 3)E - 7,30 1,0

= (V3) — j0.15%(-j2.7276)

= 1.3229 pu
Vo =(W3HE- 250 1,9 = 1.3229 pu
Vs = (W3)E - Z5:W 1,0 = 1.0501 pu

Negative Sequence Voltages

Vi@ =-27,591,0
=-j0.15 * (-j2.7276) = -0.4091 pu
V@ =- 7,59 150 = -0.4091 pu
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Vi@ =-7501,9 = 06819 pu

The line currents after fault are as follows,
Currentin L1 element which connects buses 1 and 2
|12(0) = (Vl(O) _ V2(0) )/ Ziine 12 ® =9
Currentin L2 element which connects buses 2 and 3
13 = (Va9 V5 Zijne s ©
= (-0.2046 — (-0.3682)) / j0.12

=-j1.3638
Similarly
|12(0) =0 |12(1) =0 |12(2) =0
159 = -j1.3638 I3 = -j1.3638 I5? = j1.3638
1159 = -j1.3638 112 = -j1.3638 1159 = -j1.3638
109 = j1.3638 10 = -j4.4096 I10? = j1.3638
= j1.3638 |20<1> = - j4.4096 120 = j1.3638

Above all currents are in pu.
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Questions

Part-A
Q.No Questions Competence BT Level
1 List out the symmetrical components of three phase system. Remember BTL1
Illustrate the vector diagram of symmetrical components of BTL2
2 Understand
. unbalanced 3 — phase voltage vectors.
Spell the fault in which positive, negative and zero sequence BTL1
3 Remember
. component currents are equal.
Outline the matrix equations of symmetrical components in BTL2
a Understand
. terms of unbalanced vectors.
Ifla=18L0° A, Ib=10L-30° A and Ic = 10L30° A. Determine the Appl BTL3
5. positive sequence current. PRl
llustrate the zero sequence network of a three phase solidly BTL2
6 Understand
. grounded star — delta transformer.
7 What are sequence impedance and sequence networks? Remember BTL1
8. Demonstrate 1+a+a*=0. Understand BTL2
llustrate the zero sequence network of a generator when the BTL2
9 . Understand
. neutral is ungrounded.
10 List the various unsymmetrical faults in a power system. Remember BTL1
Part-B
Q.No Questions Competence BT Level
The voltages across a 3 phase unbalanced load are Evaluate BTL5
1 Va = 300.20° V, Vb = 360L90° V and Vc = 500L-140° V.
) Determine the symmetrical components of voltages. Phase
sequence is abc.
Determine the symmetrical components of the unbalanced Evaluate BTL5
three phase currents
2 la=10L0°A, Ib=12230°Aand Ic=10L.130° A.

Draw the positive, negative and zero sequence reactance
diagram of the power system shown in figure.
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Ay _
E (F Transmission line-1
¢

L Hee
+

GTZE H
X Syn.
é By Af Transmission line-2 4 motor

Determine the positive, negative and zero sequence networks Evaluate BTL5
for the system shown in figure. Assume zero sequence
reactances for the generator and synchronous motor as 0.06
p.u. Current limiting reactors of 2.5 Q are connected in the
neutral of the generator and motor No.2. The zero sequence
reactance of the transmission line is j300 Q.

BMvA T, ‘ T, p . BMA
likv,1oojoo D 15 E |  me | ogc | 10KV, 25%
t l Transmission line l it Q Y
E AY oA "—(:)75MVA
: 3QlMVA, 10% WOMVA, 10% 10KV, 5%
168/121kV 121 /108 kY b
Formulate the necessary equation to determine the fault Create BTL6

current of single line to ground fault on an unloaded generator.

A salient pole generator without damper is rated 20MVA, 13.8 KV | Evaluate BTL5
and has a direct axis sub transient reactance of 0.25 PU. The
negative and zero sequence reactance are 0.35 PU and 0.10 PU
respectively. Estimate the sub transient currents and line to line
voltages at the fault under sub transient conditions when a line
to line fault between phase b and ¢ occurs at the terminals of the
generator. Assume that the generator is unloaded and operating
at rated terminal voltage when the fault occurs. Neglect
resistance.

References :

1. 4. Nagarath, I1.J. and Kothari, D.P., "Modern Power System Analysis", 4th Edition, Tata McGraw
Hill Publishing Company, 2011.
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UNIT 5-STABILITY AND SECURITY ANALYSIS
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STABILITY AND SECURITY ANALYSIS

Distinction between steady state and transient state — Concepts of Stability and
Security- Swing Equation — Solution to swing equation — step by step method — Power
angle equation — Equal area criterion — critical clearing angle and time . Stability
Analysis of single machine connected to infinite bus by modified Euler’s method — Multi
machine stability analysis using Runge kutta method

Stability

The Stability of a system is defined as the ability of power system to return to stable
(Synchronous) operation when it is subjected to a disturbance

Steady State Stability

The steady state stability is defined as the ability of a power system to remain
stable (i.e, without loosing synchronism) for small disturbance

Transient Stability

The transient stability is defined as the ability of a power systtm to remain
stable (i.e, without loosing synchronism) for large disturbances.

Steady State Stability limit

* The steady state stability limit is the maximum power that can be transmitted by
a machine (or transmitting system) to a receiving system without loss of
synchronism

* In Steady state the power transferred by synchronous machine (or power
system) is always less than the steady state stability limit

Transient Stability limit

* The transient stability limit is the maximum power that can be transmitted by a
machine (or transmitting system) to a fault or a receiving system during a
transient state without loss of synchronism

* The transient stability limit is always less than the steady state stability limit
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Classification of Stability Studies
Depending upon the nature of disturbance, stability studies can be classified as :
1. Steady state stability

It is concerned with the determination of upper limit of loading without loss of
synchronism

2. Dynamic Stability

It is concerned with the study of nature of oscillations and its decay for small
disturbances

3. Transient Stability
Itis conce med with the study of dynamics of a system for large disturbances
Dynamics of synchronous Machine Rotor
Exke - Kinectic energy of the rotorin MJ (Mega Joules)
J - Moment of inertia of the rotorin Kg-n
®sm - Synchronous angular speed of the rotor in mech.rad/sec
®s -Synchronous angular speed of rotor inelect.rad/sec
P - Number of poles in Synchronous machine
M - Moment of inertia of rotor in MJ-s/elec.rad or MJ-s/mech .rad
S - Power rating of Machine in MVA
H - Inertia constant in MJ/MVA or MW-s/MVA
F - Frequency in cycles/sec or HZ
dm - Angular displace ment of rotor with respect to synchronously rotating
reference frame in mech.rad
) - Angular displace ment of rotor with respect to synchronously rotating

reference frame inelect.rad
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O - Angular displacement of rotor with respect to a stationary axis in
mech.rad
® - Angular displace ment of rotor with respect to stationary axis inelec.rad
t - Time inseconds
Tm - Mechanical torque at the shaft of rotor (supplied by prime mover) in
N-m
Te - Netelectromagnetic torque in N-m
Ta - Netaccelerating torque in N-m
Pm - Mechanical Power input in p.u.
Pe - Electrical power outputin p.u.

The Kinetic energy (in MJ) of the rotor of a synchronous machine is given by

Ere = S Jw2, *10°°

The mechanica?f and electrical angular speeds are related to the number of poles in

synchronous machine as shown as
P

Wy = — 0, or WOy = = W
2
E. . = 1 J(Ejza)z *10°°
KE 2 P S
Let, 1
Exe =-Mo

2
Where, M :‘](Ej w. *107°
P S

Here M is the moment of inertia in MJ-s/elec.rad. This is used popularly in stability
studies

Another useful constant which is popularly used in stability studies is the inertia
constant H. It is defined as:
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H = Stored Kinetic energy in MJ at synchronous speed / Machine rating in MVA

H=f
;Ja)szm 1
H = —Ma,
S H=2 M :ﬁ
S @s
We Know that, os=2rf
_2HS HS (inMJ-s/elec.rad)

Cof  nf
Sometimes it is required in MJ-s/elect.degree

\ —_HS
180 f (in MJ-s/elec.deg)

The value of M can be expressed in per unit by selecting a base of MVA

Let, Sp=Base MVA

_ SH/TIf Or v _ SH/180f

p.u. p.u.
Sb Sb

M

If the machine rating S is chosen as base Value, then S= Sb p.u. value of M with
Machine rating as base MVA

M =—_ or H
u. M -
T P~ 180§

1. A2pole 50Hz 11KV turbo alternator has a ratio of 100MW, power factor 0.85
lagging. The rotor has a moment of inertia of 10,000 Kgm?. Calculate H and M.

Solution:
Synchronous speed in rps, ng = 2f/p =(2*50)/2 =50 rps

Synchronous speed in rad/sec, ws=2rns = 2n* 50 = 314.16 elect.rad/sec
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Inertia constant M = J(2/P)’@s* 10° in MJ-s/elect.rad
~.M = 10000 *(2/2)> *314.16 * 10° =3.146 MJ-s /elec.rad

MVA rating of machine, S = P/pf =100/0.85 =117.675 MVA

Base Values

KVp=11KV

MVA,=117.65MVA

Inertia constant, M in p.u., Mp, = (M in MJ-skelect.rad )/MVA,
=3.1416 / 117.65 =0.0267 p.u.

Inertia constant, H=n fM,=*50*0.0267 =4.194 MW -s / MVA

2. Two power station A and B are located close together. Station A has four identical
generator sets each rated 100MVA and having an inertia constant of IMJ/MVA

whe reas the station B has 3 sets each rated 200MVA, 4AMJ/MVA. Calculate the inertia
constant of a single equivalent machine on a base of 100MVA .

Solution:

* Assume that the machines are swinging coherently. For two machines swinging
coherently the equivalent inertia constant, Heq is given by

Heq = (H1mach*Stmach) / Ssys +(H2,mach*S2,mach) / SSys
Where, Ssys — MVA rating of system
S1mach & Hi mach — MVA rating and inertia constant of machine 1
S2mach & Hz mach — M VA rating and ine rtia constant of machine 2
Station A
The station A has four machines of identical rating
. Equivalent inertia constant of station A = Ha = 4( (Hmach*Smach) / Ssys)
= 4((9 * 100)/100)
=36 MJ/MVA
Station B
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The station B has three machines of identical rating
. Equivalent inertia constant of station A = Hg = 3( (Hmach*Smach) / Ssys)
= 3((4 * 200)/100)
=24 MJ/MVA
Heq Of System
Equivalent inertia constant of the system = Heq=Ha+Hg = 36+24 = 60MJ/MVA

Swing Equation

The rotor of a synchronous machine is subjected to two torques, T, and T,
which are acting in opposite directions as shown in Fig

T Fig a : Generator

¢ m

Fig b : Moror

Torque acting on rotor of synchronous machine

Figure: 5.1

Where T, — Net electrical or electromechanical torque in N-m

Tm — Mechanical or shaft torque supplied by the prime moverin N-m

* Under steady state operating condition the T, and Ty, are equal and the machine
runs at constant speed, which is called synchronous speed.

If there is a difference between the two torques then the rotor will have an
accelerating or decelerating torque, denoted as T,

Ta=Tm-Te
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* Here Ty, & T, are positive for generators and T, & T, are negative for motors

* Let Oy — Angular displacement for rotor with respect to stationary reference axis

*  &mn—Angular displacement of rotor with respect with synchronously rotating
reference axis

* By Newton’s second law of motion,

d 2 Or d 2
T,« '92”‘ T,=1J 62)”‘
dt dt
d%0,
dtz :Tm _Te

The angular displace ments 6 & &, are related to synchronous speed by the following
equation,

0, =w,t+0,

d6, ds,
= wsm
dt dt

* From the equation, the rotor angular velocity d0n/dt is constant and equal to

®sm (Synchronous speed) only dém/dt is zero.

. Hence d&/dt represents the deviation of the rotor speed from synchronism
d’g, d?%s, 2
dt2 B dt2 J ddgm :Tm _Te

Let, Pmact - shaft power input to the machine neglecting losses (in MW)

Peact - Electrical power developed in rotor (in MW)

P= —21221— = ol
T = Pm,act
Pm,act = a)sme or ; WOy,
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Pe,act = a)smTe T Pe,act
o =
,

2
4’6, _p,

sm m,act
dt?

P

Ja) e,act

Let, H — Inertia constant in MJ/MVA

S - power rating of machine in MVA

1

2
E ‘]a)sm ‘]a)sm — ﬁ
H = S a)sm
2HS d?5,,
a)—dt—2 = Pmact — Pe,act

WK.T, om=2/p)os & m=(2/p)d

P — Number of poles in Synchronous machine

2HS d2(25/p)

P P
26!)5 /P dt2 m,act e,act
2HS d?%6

a)—dt_2 = Pm,act ~ Fe,act

On substituting for os=2rf

2HS d?5

2HS _p HS d?5
211 dt? ™

e,act ~ m,act ~ Te,act
I1f dt?

p.u. value of mechanical power, Pn=Pmn act/S
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p.u. value of electrical power, Pe=Pe 4ct/S

2
H_Sd_f=pms_pes id25:P P
Hf dt Hf dt2 m €

. This equation is called swing equation.

It is the fundamental equation which gove rns the dynamics of the
synchronous machine rotor

. This swing equation is a second order differential equation
Power Angle Equation

* The equation relating the electrical power generated (Pe) to the angular
displacement of the rotor (3) is called Power angle Equation

« The Power angle equation can be derived using the transient model of the
generator, because for stability studies, the transient model of the generator is
used

* The transient model of the generator is shown in fig

. ¥ +
X,
“+ '
E "
£ —_
¢ —_—
Figure: 5.2

* Considerasingle generator supplying power through a transmission systemto a
load or to a large systemat other end.

» Suchsystemcan be represented by a 2 — bus network as shown in fig as a
rectangular box representing the linear passive components (reactance's) of the
system including the transient reactance of the generator
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— _1@ @+,
. ﬁ'% Transmission E) E,
fts network 0} -

——a

Figure: 5.3
Here E;’ — Transient internal voltage of the generator at bus 1
E.’ — Voltage at the receiving end. (This may be the voltage at infinite
bus, or transient internal voltage of synchronous motor at bus 2)
The node basis matrix equation of 2 bus system of fig can be written as

|:Ybusv
|:|1:|:|:Y11 Y12:||:E1j|
IZ Y21 Y22 E2
Where, I; & I, are the currents injected by the sources E;* & E’ respectively to the
system
|1 :Y11E1I +Y12EI2
S, =R +JQ =El
Pl + JQl = El‘(YllEll +Y12E‘2)*
= El'((Yll*(El')* +Y12*(EI2)*)
= (E)E) Yy +Yy, (E)(E;)
= E, Yy +Yy, (E)E;)

LetEy’=|E’|£81  Y11=Gi11+)B11 = |Y11|£011
Ex’=|E2’|£082  Y12=G12+jB12 = |Y12|£012
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P +JQ, = Ei |2 (G, + jBll)* + (leéglz)* | Ei | Z6,(] Elz | Zé‘2)*

= Ell |2 (G — B+ Y, | £-6,,) | Ei | Zo, | Elz | £-6,

P+ iQ:=E (G- B+ ENE Y, | £(8,-6,-6,)

= E, [* (Gyy— 1B+ E, I B, Il Yo [€OS(S, =8, —0,) + J | EL | B, Il Yy [ 8IS, — 5, = 6,,)

Pl :l Ell |2 Gll+| E1 ” Eé ”l Y12 | C05(51 _52 _912)

Ql = _l E:I‘. |2 B11_| E1 " E‘z |" Y12 |Sin(51 _52 _012)

Let8=61-52
Y=012 /2 (012 =y 41 /2)
Pe=|E1’Gu1
Pmax =[E2’||E2’|| Y12
P,=P,
P,=P. +P, cos(o—y—-I1/2)

P,=P. +P., sin(6—y)

» This equationis called Powe r angle equation
Pe - Electrical power generated by the Generator
Pc - powerloss in the system
Pmax — maximum real power that can be delive red by the generator to an
infinite bus
* Assume bus 2 is an infinite bus .6, =0. .~.6=5;

* The power angle equation can be further simplified by considering the network
as purely reactive network ( Neglect resistance)
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G11=0, 612=m/2.s0y=0
On Substituting,

Pe = Pmaxsind. This equation is called simplified power angle equation
Where, _IEIE|

max X,

and Xj2 — Transfer reactance betweenbus 1 & 2

* The graphor plot of Pe as a function of 8 is called power angle curve.

|:"p_ E o
MR R Cienerator
]
mn n'2 :
i 0 /2 n i
1
Maotor it 'P...n
Hd% _p _p
mf dat>2 "¢
H d? .
ﬁ?ij =P, —-P.,.sind

* This equation is the swing equation in which the electrical power is expressed as
a function of &

Steady State Stability

* Insteady state every synchronous machine has a limit for power transfer to a
receiving system

* The steady state limit of a machine or transmitting system is defined as the

maximum powe r that can be transmitted to the receiving system without loss of
synchronism
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+ Consider a single synchronous machine delivering power to a large system
through a transmitting system

* The power angle equation of such system developed can be used for the analysis
of steady state stability if the transfer emfs are replaced by steady state emfs

Let |E| = Magnitude of steady state internal emf of synchronous machine
|V| = Magnitude of voltage of receiving system
X = Transfer reactance between the synchronous machine and receiving
system
Real power injected by machine to system, Pe=PmaxSind
» _IEIV]

* Letthe syrgaxtem be>8pe rating with steady state power transfer with a torque angle
do

* Inthis operating condition, let the electrical power output be Peg
*  Now Py, = Peo under ideal conditions

*  With the power input (Pm) remaining same, assume electrical power output
increases by a small amount AP

P L2~

Figure: 5.4
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* Nowthe torque angle change by a small amount A3
» So the newvalue of torque angle is (8otAd)
» The electrical power output for this newtorque angle of (§,+A8) is
Peo+tAP=Pmasin(8o+Ad)
=Pmax[SiNd oCOSAS +C0S8¢SINAJ |
Since AS is asmall incremental dis place ment from &
Sin A8 = A8 and cos Ad =1
PeotAP=PmaSindo+(PmaxC0s80)Ad
When §=60
Pe= Peo=Pmsindo
. AP=(PaxC0s80)Ad

The nonlinear swing equation can be linearized about the operating point for
steady state analysis

Hds_,

If dt>2 ™ ¢
2
df:Pm_Pe
dt

For a torque of §=(¢+A8), Pe = (Peo+AP)

M d2(50+A5)
dt?
Since &9 is constant and Py, = Peg

= I:)m _(Peo +AP)

2
M d—Af =—AP
dt
2
M dth25 = —(P COSO,)AS
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2
M dd%ﬁ (P c0s5,)AS =0

Let, d° _ . and P coss,=C
dt’
Mx?AS +CAS =0

(Mx? +C)AS =0

This is the characteristic equation of the system for small changes. The stability is
determined by the roots of the characte ristic equation

, -C or .~.x:i/£
SXT=— M

M

Case 1: When c is positive, (i.e, Pmax C05860>0)
* Inthis case the roots are purely imaginary and conjugate
» Hence the system behaviour is oscillatory about &
* Inthis analysis the resistances in the system have been neglected

» If resistances are included, then the roots will be complex conjugate and the
response will be damped oscillatory

« .. inapractical sysyem the system s stable for small incre ment in power
provided, Pmax c0s80>0

Case 2: When ¢ is negative, (i.e, Pmax €058(<0)
* Inthis case the roots are real and equal in magnitude
» One of the root is positive and the other one is negative

* Due to positive root the torque angle increases without bound when there is a
small increment in powe r and the machine will loose synchronism
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Hence the machine becomes unstable for small changes in power provided Pmax
€0s80<0

Steady State limit

The term Pmax C0s8o decides the steady state stability of the systemand so it is
called Synchronizing coefficient or stiffness of the synchronous machine

From the power angle curve for generator action, the range of pas O ton

The Fig is drawn using the equation Pe =PpyaSind

When0<8¢<n/2 ; Pmax 0S80 and P, are positive

When 8o =n/2 ; Pmax 0S80 =0 and Pe = Prax

When /2 <8¢ <m; Pmax C0S8¢ IS negative and Pe is positive

From the above discussion, the synchronizing coefficient (Pmax 0S8 ) and real
power injected to the system (P.) are positive when & is in the range of 0 to /2

. the maximum powe r that can be transmitted without loss of stability occurs
for & =8¢ =m/2 =90°

The maximum power transmitted is Pgax _ | E IV |
max X
Fig shows the stable and unstable steady state operating regions of a generator

This concept is also applicable for power transfer from one system to another
system if the transmitting system is represented by single equivalent generator

In stable operating region of the system the damping should be sufficient to
reduce the oscillations developed due to small changes in loads

If oscillations exists for a long time then it may pose a problem to system security
Practically the system has to be operated below the steady state stability limit

The limit can be improved by reducing the reactance X or by increasing the
voltages at sending end and /or at the receiving end

The reactance can be reduced by introducing series capacitors in the
transmission line
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Alte matively the line reactance can be reduced by using two parallel
transmission lines

Transient Stability

It is conce rmed with the study of system behaviour for large disturbances
The Short circuits and switching heavy loads can be treated as transients

The dynamics of the system under transient state are governed by the nonlinear
swing equation developed

Since the changes ind is very large in the transient state, the swing equation
cannot be linearized for a general solution

So the solution has to be obtained by using any one of numerical techniques like
point by point method, Runga kutta method and modified Euler’s method

The transient stability of a single machine connected to infinite bus bar can be
easily determined by a simple criterion called equal area criterion

The computational task involved in transient stability studies can be unde rstood
considering the transient state of a practical system

| |
@ ‘ = i RNl Infinite

bus

|
FaElt

Figure: 5.5

Consider a single machine system feeding energy through a transmission line to
an infinite bus

Let the Circuit breakers (C.B) be auto closure type

In this C.B will open its contact upon sensing a fault and after a small time it will
close its contacts, if the fault still exist then again it will open its contact to
permanently disconnect the faulty part

This feature is useful in clearing transient faults

Transient fault exists for a small time and it gets cleared when the circuit is
opened
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* Thenthe circuit can be closed for normal ope ration

* Most of the auto reclosure C.B will open and close the contacts twice before
permanently disconnecting the circuit

* In majority of faults, first reclosure will be successful
* Hence system stability is improved by using autoreclosure C.B

Steps involved in Transient stability study

1. Calculate the transient inte rnal emf and torque angle 8, using the prefault load
currents

2. Determine an equation for power during the fault condition P¢(8). If the fault is 3
— phase fault then power transferred to infinite bus is ze ro and the entire power
goes to fault

3. Calculate 3 (t) for various time instant by solving the swing equation using a
numerical technique. The initial value of & for the solution is 8¢

4. Assume the fault is cleared when the C.B open its contact for the first time. Now
Pe(©)=0. Continue calculating 6 (t) by taking previous step value as initial
condition

5. Assume C.B close its contact and power feeding to infinite bus is resumed. For
this situation find Pe(3) and continue to calculate & (t)

6. Examine the variations of § (t). If 3 (t) goes through a maximum value and starts
to reduce then the system is a stable system. On the other hand if 8 (t) remains
increasing for a specified length of time then the system s considered unstable

Equal Area Criterion
1. The system s stable if dd/dt =0 at some time instant

2. The systemis unstable if d&/dt > 0 for a sufficiently long time (typically 1 second
or more)

For a single machine infinite bus bar system, the stability criterion stated above can be
converted to a simple condition as shown below

Consider the swing equation of a generator connected to infinite bus
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2
SRR
Let there be a change in P, due to a large disturbance, with Pn, re maining constant
Pm-Pe=Pa  Where P, is the accelerating power

M=
I1f

d’s
dt? =Fa
d’s P,

dt?

M

|

On Multiplying the equation by 2 dd/dt,
2
p40d7s _,do R
dt dt? dt M
do d do ip do

dt dt dt M ? dt

2
d(d&} 2,48

dtldt) M °dt
2
Zd(d—ﬂ =£Pad5
dt M
On integrating the equation

dt

)
45 _ 3jpad5
dt \M;

2 s Where 9§y is the initial value of torque angle or rotor angle
(d‘sj = ijp dé
My ®
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For a stable system d&/dt=0, at a particular time instance. so for a stable system

2 )
fﬁipadazo

The equation is zero if the integral of P, is zero.

P.do=0

a

For d5_, Theterm ¢
&t J
%
* The physical meaning of integration is the estimation of the area under the curve

* Hence the integral of p, equal to zero area

* The condition of stability can be stated as:

I.  The systemis stable if the area under P, -8 curve reduces to zero at some value
of 3

ii.  This is possible only if the positive (accelerating) area under P5-8 curve is equal
to the negative (decelerating) area under P,-6 for a finite change in &

iii.  Hence this stability criterion is called equal area criterion of stability

* The equal area criterion of stability can be applied to any type of disturbances
that may occur ina single machine infinite bus bar system

Transient Stability analysis for a sudden change in mechanical input

‘ X
P —> .—.—.,f-,' IE\L { J()’c“a’\_____j
—77:\::/— | P
[E"| LS VZO°
Figure: 5.6
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Figure: 5.7
* Consider asingle generator feeding energy to infinite bus as shown in fig

* The electrical power transmitted by the generator is given by

o _IEV]

e

sino =P, sind

[E V]
X

Where P =

Let the generator be operating in steady state with a torque angle &o.

At this condition the mechanical power inputis Py, and the electrical output is
I:)eO

* Underideal conditions Pmo=Peo
*  Pmo=Peo=PmaxSindo
* Inthe powerangle curve shown in fig, the steady state operating point is point a

Let the mechanical input to the generator rotor be suddenly increased to Py by
some adjustment in prime mover

» Since the mechanical power is more than electrical power, the generator will
have an accelerating power Pa given by

Pa=Pm1-Pe
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Where Pe = Prax Sind

Due to accelerating power the rotor speed increases and so the rotor angle also
increases

This results inincreased electrical power generation
.. the operating point will move upwards along the powe r angle curve.

At Point b again the mechanical power Pm1 equals the electrical power Pe1,
where P is the electrical powe r output corresponding to torque angle 61

Now the rotor angle cannot stay at this point because the inertia of the rotor will
make the rotor to oscillate with respect to point b

Hence the torque angle will continue to increase till point ¢, when the operating
point moves from b to c, the electrical power is more than mechanical power

.. the power P, given by equation is negative and it is called decelerating power

In this region (i.e., from point b to c) the rotor angle & increases but the rotor
speed decreases due to decelerating power

The point c is decided by the damping of the system
At point c the speed of rotor will be equal to synchronous speed
At point a the speed is synchronous speed (ws)

From point a to b the speed increases and then from point b to ¢ the speed
decreases

Once again at point ¢ the speed is equal to synchronous speed (ws)
Thus the rotor oscillates between point a and point ¢ before settling to point b
In Fig, the area A; is the accelerating area and area A, is the deceleration area
The equal area criterion says that, the system s stable if

5

[Pds=0

2

To satisfy the equation, the acceleration area A; should be equal to deceleration
area A,
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When the oscillation die out the system will settle to a new state
In this new steady state, Pm1=Pe;
"o Pmi = Pe1=PmaxSind;

The areas A; & A, can be evaluated as
)
A = [(Py—P)ds
5
5
A, = [(P.—P,)d5
A

Where Pe= Piax SIiNd

From the above discussion it is clear, that there is a upper limit for increase in
mechanical power input Py,

As the mechanical power is increased, a limiting condition is finally reached at a
point where A; equals the area above Pm1max line as shown in fig

The corresponding 8 can be & 1max

Under this condition d 2 takes a maximum value of § 2,max

P
c

>
cl, max

|

I

>
a

ml, mas
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Figure: 5.8
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Here §2,max =& -81,max

Pel,max = Pm1,max = Pmax sin 81,max

P 1
el _ "'ml,max P P
.. SIn 51,max = P 51,max _ Sin—l( m1,max J 52’max —II _Sin—l[ m1,max J

max
max max

From Fig it is understood, any further increase in Pm1max Will make the area A;
less than the area A;

This means that the acceleration power is more than the deceleration power

Hence the system will have an excess kinetic energy which causes & to increase
beyond point ¢

If the 8 increases beyond c the deceleration power changes to acceleration power
and so the system will become unstable

The systemwill remain stable even though the rotor may oscillate beyond & =90°,
as long as the equal area criterion is met.

Hence the condition of & =90° for stability is applicable only for steady state
stability and not for transient stability

Clearing time and clearing angle

m F f =
_}__,/‘@__% - | Infinite
=7 E’E‘l_ T pus

Figure: 5.9

Consider a single machine system shown in Fig

Let the mechanical input be Pmand the machine is operating in steady state
with torque angle 60

Inthe power angle curve, the operating point is Point a
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7

v
b C > 5
0 0, - O 3, T
(@)
Figure: 5.10

Let a three fault phase fault occur at point F in the system
Now Pe=0 and the operating point drops to b

It means the power transferred to infinite bus is zero and the entire power
generated is flowing through the fault

Now the ope rating point moves along bc

Let the fault be transient in nature and so the fault be cleared by opening of the
C.B at point c where 6=48c and the correspondind time be tc

Here tc is called clearing time and &c is called clearing angle

It is assumed that the C.B closes its contact immediately after opening
Hence normal operation is restored

Now the ope rating point shifts to point d

Now the rotor decelerates and the operating point moves along dc

For this transient state, if anangle 8 1 can be found such that A2=A1, then the
system is found to be stable

The stable system may finally settles down to the steady operating pointa inan
oscillatory manner due to damping in the system
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* Inthe above discussion it is assumed that the fault is cleared at &, but if the fault
clearing is delayed then the angle & continue to increase to an upper limit 8max

» This corresponds to a point where equal areas for A; and A, can be found for a
given Pp, as shown in fig

pl 1;

P

v

Figure: 5.11

» For this situation the fault would have been cleared at an angle &
» This angle & is called critical clearing angle
» The time corresponding to this angle is called critical clearing time, te

* |f the faultis not cleared within critical time, then 8; would increase to a value
greater than &max

* Inthis situation the area A, will be less than the area A; and so the system would
be unstable

* Fora3- Phase fault in simple systems, the equations for 8 and t.; can be
obtained as

O max=- 8o
Under steady state for a given &9, Pm=Pe and it is constant

e Pm = Pe:Pmax Sin 80
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The acceleration Power, P;=Pn-Pe
When a three phase fault occurs, P,=0
.. P.=Pm=constant

The acceleration area A; can be evaluated by integrating P, fromé=8pt0  8=8

50(2
Al = J.Pmdé‘ = F)m [5]§:,C = I:)m (5«:0 _50)
%
When the Power feeding is resumed after the fault, Pe = Pmax sind
Now, Pa=Pe-Pm = Pmax sind - Pm
The deacceleration area A2 can be evaluated by integrating Pa fromfrom &8=38cc to
d=dmax e )
2 Ay = [ (Pry 5iN5 =P, )d5 = [~ By, OS5 - P, 5]
50(2

=[-P_ coss PS5 +P. _ cosS, +P.5

= Prax (COS5CC— cos 5max )_ F)m (5max - 5cc )

For a stable system A1=A2. Hence the equations of A1 & A2 can be equated to
solve dcc

P, €0so =P,.0, —P,6, + P, C0SO,n + POrax — PO

P C0SO = P, (O1x — 95) + Prax COS O,y

P
5. C0SO (= Pm (Orex —9,) +COSI, .,

max

P
S = cosl{ 5 " (. — ) +COSS,,

Consider the swing equation of single machine system

Hds_,
If dez2 " ¢

Page 28



w—

(E5),
SATHYABAMA

INSTITUTE OF SCIENCE AND TECHNOLOGY
(DEEMED TO BE UNIVERSITY)
Accredited “A” Grade by NAAC | 12B Status by UGC | Approved by AICTE
www.sathyabama.ac.in

SCHOOL OF ELECTRICAL AND ELECTRONICS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS
During a three phase fault, Pe=0

H d’s

-~ =P 2
If dt>2 " d’s _ iR,

dt>  H
On integrating the equation twice

s=r P t* +5, _ ,
2H Where & is the integral constant

When 8 =08, t=t..; At te

I1f
5cc = m Pmtczc + 50

t = 2H (5(:0 B 50)
« [P,

This equation is used to estimate the value of critical clearing time tc.
Solution of swing equation by Point by Point method

Consider the swing equation of a power system

2
id 25:Pm_Pe
I1f dt
M=
I1f
P, =P sino

P,=P,-P,=P,-PB,sind

M =P
dt? 2

d’s P,

dtz2 M
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* The equation is a nonlinear equation

During transient state the & is a function of time, t and so it can be denoted as
3(t)

In point by point method, the solution of & (t) is obtained by dividing the time into
small equal values of At

Assumptions:

1. The accelerating power p, computed at the beginning of an interval is assumed

constant from the middle of the preceding interval to the middle of the interval
being considered

2. The angular velocity is assumed constant throughout any interval. This constant
value is the value corresponding to the midpoint of concerned interval

The solution starts from the initial condition values, that corresponds to a stable
operating point

Letd, be the angle corresponding to initial operating point

PB A
Discrete solution
P - —Xm_—:]/
a(n—2)

I \ _
aln—1) 1 T : 1.\ —_— .
P g — ] inuous

e i 1 1 lkl\/solution N
'R IR ! i :
1 1 1 1 ] }
n—2 n—1 n t/ AL
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Continuous
w ‘F solution
Discrete solution 4
@i | - ——
Doz |- — . I
! 1
1 ! :
I 1 i
1 i 1
vl 1 1 >
—1 n t/AL
S T\
e B
o) i
1
—2
>
n—2 n—1 n t
Figure: 5.12

8n.1 — The value of § at the end of (n-1) ™ interval
@n.12 - The value of o at the end of (n-1) " interval
Pacna) — Value of Pa at the end of (n-1)™" interval
Pa(n-1) =Pm — Pmax Sidn1

d’s P,
dtz2 M

d_a):i %_i -Aa)_ﬂp
dt M A Twm M2

Let mn.3p — the value of @ at the end of N inte rval
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For calculating n interval value of ®, A@=n-1 - ®n-3/2, Pa = Pagn1)

) At

S W _qyp W 3/5= M Pa(n—l)
) At

S Wy 345 :a)n—lIZ_M Pa(n—l)

Forsmall changes in g,

AS
w=—

At
A = Atw

Forachange in 8 in (n-1)™ interval,
Ao, =Ma, 5,
Fora change in & inn™ interval,
AS, =Ataw, 4,
&n— The Value of § at the end of n" interval,
0, =0,,+AJ,
* The above process of computation is repeated to obtain Pan), Adn+1) and d (n+1)

* The solution of §(t) is thus obtained in discrete form over the desired length of
time

* The normal desired length of time is 0.5 sec

* The continuous form of solution is obtained by drawing a smooth curve through
discrete values

Modified Euler’s Method

* This method is used to solve the swing equation

* Inthis the swing equation are transformed into the state variable form
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d—5=Aa)

dt

d do)_mf
dt " dt H ¢
d IIf
—(Aw) = —
OIt( o) H Pa

Computational algorithm using Modified Euler’s Method for power system
problems

1. Obtaina load flow solution for the pre transient condition

2. Calculate the generator internal voltage behind transient reactance. The state
vectors have finite values whereas all ®=0 under pre transient condition

3. Assume the occurrence of fault and initialize time i=0. calculate the reduced
admittance matrix for this condition. Set count j=0.

4. Determine the state derivatives and calculate the first state estimate

Siq =0 + H—f/ Aa)t}(At)

Aw’

i+1

= Ao, J{dA—w/@}(At)
dt

5. Second estimate of the variable 8 can be obtained if derivatives at t;=ty+At so that the
generated power can be calculated

6. Determine the average value of the state derivative and obtain the second estimate of
the state variables and the second estimate of the internal voltage angle and machine
angular speeds

d—glAa)ﬁd—&/AZi+1
5ty =0+ | A l(an)
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dAat /5 + dAwt /5.
= Ao, +| 3 > at (At)

Awf

i+l

7. Compute final internal voltage of the generation at the end of [to+At] and print
the results

8. Check if t < t.. If yes advance time by At and go to step 4

9. Check if j=0, if yes the nodal admittance matrix is changed corresponding to
the post fault condition and a new reduced admittance matrix is obtained. Set j=j+1

10. Set i=i+1 and t;=ty+At and to=t; +At
11. Check if t < tpnax. If yes go tostep 8
12. Terminate the process of computation

The relation betweend and t for various generators are obtained and stability of
the system can be estimated for a particular type of fault and particular clearing time

Runge Kutta Method

This method is the most powerful method for solving swing equation on digital
computers

Algorithm
1. Obtaina load flow solution for the pre transient condition
2. Calculate the generator internal voltages behind transient reactances

3. Assume the occurrences of a fault and calculate the reduce admittance matrix
for the condition and initialize the time count k=0, initialize j=0

4. Determine the following conditions
K.k =f1 (6%, @ )At
11 *=fHE" @At
Ko*=f1[8*+1/2K " +1/21,]At
1K=F [ +1/2K*aX+1/21,*]At
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K3 =f1[¥+1/2K X" +1/21,K]At
I3K=H[6 % +1/2K 0 +1/21,]At
K =f1 [¥+1/2K 30" +1/2155]At
1 =h[§*+1/2K 0  +1/215At
5. Then compute the change in state vector
ASK = 1/6 [ kiK+2K X +2K 5" +K ]
A@X=1/6[14+21}+215+1,4]
6. Evaluate the internal voltage behind transient reactance

7. Check if t > tcc, if yes k=k+1 and go to step 4

8. Check if j=0, yes modify the network data and obtain a new reduced

admittance matrix corresponding to post fault condition. Set j=j+1
9. Set k=k+1
10. Check if k < Kmax, yes go tostep 4

11. Then terminate the process
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Questions

Part-A
Q.No Questions Competence BT Level
1 Define power system stability Remember BTL1
2 State steady state stability. Remember BTL1
3 Define transient stability. Remember BTL1
a State equal area criterion Remember BTL1
5 Define power angle. Remember BTL1
6 Define critical clearing time. Remember BTL1
7 Define critical clearing angle. Remember BTL1
8 Recall the expression for swing equation. Remember BTL1
9 List the assumptions made to solve the swing equation Remember BTL1
List the methods of improving the transient stability limit of a Remember BTL1
10. | power system
Part-B
Q.No Questions Competence BT Level
Derive an expression for multi machine Stability Using swing BTL5
1 _ Evaluate
. Equation.
2 Derive an expression for Equal Area Criterion. Evaluate BTL5
A 3 phase, 50 Hz, 50 MVA. Synchronous generator with 4.5 | Create BTL6
MJ/MVA in steady state input 0.7 p.u. Displacement angle 30
degree with respect to infinite bus. Consequent upon the
3 occurrence of a fault. The output power angle relation is given by
Pe =sin 6. Assume input power remains constant. Determine and
draw swing curve by step by step method, taking time interval of
At=0.05sand t=1.2 sec.
Derive an expression for critical clearing angle and critical BTL5
a L Evaluate
. clearing time.
Explain multi machine stability analysis using Runge Kutta BTL5
5 Evaluate
. method.
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MW is receiving 50 MW from the infinite bus bars. Find the
maximum additional load that can be applied without causing
instability.

Explain the algorithm for numerical solution of swing equation BTL5
. o Evaluate

by using modified Eulers method.

A synchronous motor having a steady state stability limit of 200 | Create BTL6
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