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It is a diagrammatic representation of a power
system in which the components are represented

by their symbols.
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1.Alternator
2.Power transformer

3.Transmission lines
4.Substation transformer
5.Distribution transformer
6.Loads



MODELLING OF GENERATOR AND
SYNCHRONOUS MOTOR
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1® equivalent circuit of generator 1® equivalent circuit of synchronous motor




K:Ez _Nz _ 1,
ko Ny L

RO1 — R1 + Rz' — R1 _|_R;22 =Equivalent resistance referred to 1°

X =X +X. =X +£ =Equivalent reactance referred to 1°
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R, (; — 1 =Resistance representing load
R =R, + R, =Equivalent resistance referred to stator

X = XS —+ Xr =Equivalent reactance referred to stator



per unit=actual value/base value
Let KVA,=Base KVA
kV,=Base voltage

Z,=Base impedance in Q)
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1000




Let z = actual impedance(Q)
Z, = base impedance ({2)

/ / Z*MVA,
Zp.u -~ 2 2
4wy )

MVA,
Let KV, .. &MVB, , representold base values

k V;,new &M VBb,new represent new base values






The p.u impedance referred to either side of a 10
transformer is same

The manufacturers provide the impedance value
in p.u
The p.u impedance referred to either side of a 30

transformer is same regardless of the 30
connections Y-Y,A-Y

p.u value always less than unity.



This diagram obtained by replacing each
component by their 1® equivalent circuit.
Following approximations are made to draw
impedance diagram
1. The impedance b/w neutral and ground
omitted.
2. Shunt branches of the transformer equivalent
circuit

neglected.



It is the equivalent circuit of the power system
in which the various components are
represented by their respective equivalent
circuit.

Reactance diagram can be obtained after
omitting all resistances & capacitances of the
transmission line from impedance diagram.



REACTANCE DIAGRAM FOR THE GIVEN
POWER SYSTEM NETWORK
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1.Select a base power kVA, or MVA,

2.Select a base voltage kV,
3. The voltage conversion is achieved by means of transformer
kV, on LT section= kV, on HT section x LT voltage rating/HT

voltage rating
4. When specified reactance of a component is in ohms

p.uU reactance=actual reactance/base reactance
specified reactance of a component is in p.u

2
X  =x % (V) MV4,
p.u,new p.u,old (k%,new )2 MVAb’OZd

new




Need for fault analysis

To determine the magnitude of fault current
throughout the power system after fault
OCCurs.

To select the ratings for fuses, breakers and
switchgear.

To check the MVA ratings of the existing circuit
breakers when new generators are added into
a system.



BALANCED THREE PHASE FAULT

All {[rr]\e three phases are short circuited to each other and to
ear

Voltages and currents of the system balanced after the
Y\mmetrlcal fault occurred. It is enough to consider any one
ase for analysis.

SHORT CIRCUIT CAPACITY

It is the product of magnitudes of the prefault voltage
and the post fault current.

It is used to determine the dimension of a bus bar and the
interrupting capacity of a circuit breaker.



Short Circuit Capacity (SCC)

|sccl,, *10°
"By, $10°




Draw a single line diagram and select common
base S, MVA and kV

Draw the reactance diagram and calculate the
total p.u impedance from the fault point to
source (Thevenin impedance Z;)

Determine SCC and I;



Consider a n bus network. Assume that three phase fault
is applied at bus k through a fault impedance z

Prefault voltages at all the buses are

7,(0) |
V,(0)

Viis (0) = V 0)

| V,(0)_

Draw the Thevenin equivalent circuit i.e Zeroing all voltage
sources and add voltage source V,(0) at faulted bus k and
draw the reactance diagram



The change in bus voltage due to fault is
AV

AVbuS - .
AV,

AV,

The bus voltages during the fault is

The current entering into all the buses is zero.the

current entering into faulted bus k is —ve of the current
leaving the bus k
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FAULT ANALYSIS - UNBALANCED
FAULTS



UNSYMMETRICAL FAULTS
One or two phases are involved

Voltages and currents become unbalanced and each phase
is to be treated individually

The various types of faults are
Shunt type faults
1.Line to Ground fault (LG)
2. Line to Line fault (LL)
3. Line to Line to Ground fault (LLG)
Series type faults

Open conductor fault (one or two conductor open
fault)



Symmetrical components can be used to
transform

three phase unbalanced voltages and currents
to

balanced voltages and currents
Three phase unbalanced phasors can be resolved
Into

following three sequences

1.Positive sequence components

2. Negative sequence components

3. Zero sequence components



Positive sequence components

Three phasors with equal magnitudes, equally displaced from
one another by 120° and phase sequence is same as that of

original phasors.
mone

Negative sequence components

Three phasors with equal magnitudes, equally displaced from
one another by 120° and phase sequence is opposite to that of
original phasors.

VazsViasVer

Zero sequence components

Three phasors with equal magnitudes and displaced from one
another by 0°
VaosViorVeo

a0’



vl (11 1)V,
V, |=1 a’ a 0
V.l 1 a a’ 1223
I 1 1
A=|1 a* a
1 a a

Similarly we can obtain for currents also



Impedances offered by power system components
to positive, negative and zero segquence currents.

Positive sequence impedance

The impedance of a component when positive
sequence currents alone are flowing.

Negative sequence impedance

The impedance of a component when negative
sequence currents alone are flowing.

Zero sequence impedance

The impedance of a component when zero
sequence currents alone are flowing.




SEQUENCE NETWORK FOR GENERATOR
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negative sequence network Zero sequence network

positive sequence network
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Reference bus

positive sequence network
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Load bus
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" M ° I =0

l:_: .: I [0
I.=0 c
. V=71,
i = 1,=0,=1/3
L, = £,
Consider a fault between phase a and L+l +Ly+ 377

ground through an impedance z¢



C o "_:TIE 2

Consider a fault between phase b and c
through an impedance Zf

I.=-1,
V,-V =L7'
I, =-1,
[,=0
Va—Va = ZfIal
I, = £,
Y Z+Z,+37
I,=-1 /b

"7 +7,+32



T | Ly =0
b N o 1+ +I1, =0
M A P A A S REL A
- ﬁ V, -V, =V, =321,
: E

N7 22,4320 (2, +Z,+32)

Consider a fault between phase b and ¢
through an impedance zs to ground



SINGLE LINE TO GROUND FAULT USING Z, .
Consider a fault between phase a and ground through
an impedance z; at bus k

Bus k of networlk

For a fault at bus k the symmetrical

d b |c components of fault current
. IkO — Ikl — Ik2 — 1 \zlk (O) -
zZ,)+72,+72,°+37'
: Lo dnl - - .
7t Whete Zi, Zie, 7 avethe diagonal elements 1n the k axts of the 7y
T & Vi(0) 15 the prefault voltage at bus k.

Fault phase cuent 1=A |



Consider a fault between phase b and ¢ through an impedance z¢

Bus k of networls

¢ q n'L_} oo




Consider a fault between phase b and ¢ through an impedance zf to ground

Bus I of networls
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BUS VOLTAGES AND LINE
CURRENTS DURING FAULT

Vio (£)=0- ZikOIkO
VNF)=V(0)-Z,'1,
VA(F)=0-Z,"1"

0 0
_VF)=V,(F)
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Modification of Zbus matrix involves any one of the following 4
cases

Case 1:adding a branch impedance z, from a new bus p to

the reference bus

oy 1 Addition of new bus will increase the order the Z, ., matrix
Y

0

Zy

Z
bus ,new = O

original

(n+1)th column and row elements are zero except the diagonal
diagonal element is z,



Case 2: adding a branch impedance z, from a new bus p
to the existing bus g
Addition of new bus will increase the order the Z, , matrix by

The elements of (n+1)th column and row are the elements of
gth column and row and the diagonal element is Z,,+Z,

Case 3:adding a branch impedance z, from an existing bus p to
the reference bus
The elements of (n+1)th column and row are the elements of
gth column and row and the diagonal element is Z,,+Z, and

(n+1)th row and column should be eliminated using the
following

formula

A/
7. =7 -1 k=120

Jkact = Jk
(n+1)(n+1)




Case 4:adding a branch impedance z, between existing buses h
and g elements of (n+1)th column are elements of bus h
column -

bus g column and elements of (n+1)th row are elements of

bus h row — bus g row the diagonal element=
Zy,+2,,+2, , 272

hq

and (n+1)th row and column should be eliminated using the

following
formula
YAV
J(n+) = (n+D)k 1

(n+1)(n+1)



UNIT III

LOAD FLOW ANALYSIS




1.Slack bus or Reference bus or Swing bus:

|V| and O are specified. P and Q are un specified,
and to be calculated.

2.Generator bus or PV bus or Voltage controlled bus:

P and |V| are specified. Q and 0 are un specified,
and to be calculated

3.Load bus or PQ bus:
P and Q are specified. |V| and 0 are un specified,
and to be calculated



It is @a set of unconnected elements which provides
information regarding the characteristics of individual
elements. it can be represented both in impedance &

admittance form
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Impedance form admittance form



Y BUS can be formed by 2 methods

1.Inspection method

2.Singular transformation

Y BUS =

(Y, Y,ee
b I ee

Ay Y,




For n bus system
Diagonal element of Y BUS

Y, :ZJ/g
j=1
Off Diagonal element of Y BUS

1 ==Y



T
Y BUS = 4 [y]A
Where [y]=primitive admittance

A=bus incidence matrix



g=1

Sp :Pp_jQp =Vp ]p

P —-jo,
pV* - :ZYPC]I/Q
P g=1

The above Load flow equations are non linear and
can be solved by following iterative methods.

1.Gauss seidal method
2.Newton Raphson method

3.Fast Decoupled method




For load bus calculate V| and & from V ¢ equation

. 1[P-jo, &
p it = YV Z Y vt
Y (VP ) g=l1

p L q= p+1

For generator bus calculate Q from QpX*! equation

-

0, =—1*Im{(V,*) ZY A ZY Vk >

\




Check Q, o' with the limits of Q,

If Q, <t lies within the limits bus p remains as
PV BUS otherwise it will change to load bus

Calculate 0 for PV bus from V **1 equation

Acceleration factor a can be used for faster
convergence

Calculate change in bus-p voltage

AVk+1 :Vk+1_Vk

If |AV, . |< €, find slack bus power otherwise
mcrease the iteration count (k)

Slack bus power= ) S;-).5,



r=0.=3> il v/, +s,
B =XV, ||¥[cos@, =5 +5))
j=1

0, = 2|V, |7 |sing, —&, +5))
j=1

[APJ B [Jl sz AS
AQO J, J, _A\V\_
APk _ Psch _Pk

AQz’k — QiSCh — Qz’k




Calculate |V| and 0 from the following equation

5,-k+1 :5,-k -|-A5k

‘Vilm :‘Vik‘_l_A‘Vik‘
If AP' <¢
AQf <&

stop the iteration otherwise increase the iteration
count (k)



J, & 15 of Jacobian matrix are zero

2

aP=sns=| 92 |a0
oo

AQ:J4A|V|=[6—Q}A|V|

ol
i—_B'Ag
AlY|
AL =—B'A|V]
AlY]
-1 AP



é*ik+1 :dik -I-A5k
=l

*»This method requires more iterations than NR

method but less time per iteration

“*It is useful for in contingency analysis



Gauss - Seidal Method
Computer memory requirement is less.
Computation time per iteration is less.

It requires less number of arithmetic
operations to complete an iteration and
ease in programming.

No. of iterations are more for convergence
and rate of convergence is slow (linear
convergence characteristic.

No. of iterations increases with the
increase of no. of buses.



Superior convergence because of quadratic
convergence.

It has an 1:8 iteration ratio compared to GS method.
More accurate.

Smaller no. of iterations and used for large size
systems.

It is faster and no. of iterations is independent of the
no. of buses.

Technique is difficult and calculations involved in each
iteration are more and thus computation time per
iteration is large.

Computer memory requirement is large, as the
elements of jacobian matrix are to be computed in
each iteration.

Programming logic is more complex.



It is simple and computationally efficient.
Storage of jacobian matrix elements are60% of
NR method

computation time per iteration is less.
Convergence is geometric,2 to 5 iterations
required for accurate solutions

Speed for iterations is 5 times that of NR
method and 2-3 times of GS method



UNIT IV

STABILITY ANALYSIS




STABILITY
The tendency of a power system to develop
restoring forces equal to or greater than the
disturbing forces to maintain the state of
equilibrium.
Ability to keep the machines in synchronism
with another machine



Steady state stability

Ability of the power system to regain synchronism
after small and slow disturbances (like gradual power
changes)

Dynamic stability
Ability of the power system to regain synchronism

after small disturbances occurring for a long time (like
changes in turbine speed, change in load)

Transient stability

This concern with sudden and large changes in the
network conditions i.e. . sudden changes in
application or removal of loads, line switching
operating operations, line faults, or loss of excitation.



Steady state limit is the maximum power that
can be transferred without the system become
unstable when the load in increased gradually
under steady state conditions.

Transient limit is the maximum power that can be
transferred without the system becoming
unstable when a sudden or large disturbance
OCCuUrs.



The equation governing the motion of the rotor of a
synchronous machine
d*0
J—2=T,=T,-T,
dt

where
J=The total moment of inertia of the rotor(kg-m?2)

¢ =Singular displacement of the rotor
T..=Mechanical torque (N-m)

T.=Net electrical torque (N-m)

T,=Net accelerating torque (N-m)



6 =w_t+o,

do ds
=w  +
dt o dt

d*6, d*s,
i’ dt?
J <9, =P, =P, PD
m dt2 a m e
Where p,, is the shaft power input to the machine

P. is the electrical power
P, is the accelerating power




Jo, =M
d>s

dt?

m=2s

w machine
sm

2H d°S,, _ Pu  _ Pu—P.

=Pa = Puw— P

a)sm dtz Smachine Smachine
2H d*6
®, dt’ Pa = Pm = P
w, =27 f
H d*’s (p.)—
zf, dit e \Pm) TP
d’s rxf,
— — sinod ) =
dt2 H (pm pZmax )
ﬁ =Aw
dt
dAw rf, d>o
= = u
dt w7 P ar P

H=machine inertia constant

O and wg are in electrical
radian



Swing Equation for Multimachine
System

S ,acnine =mMachine rating(base)
Ssystem =system base
2
Hsystem d 5

xf dr’ =P =Py =P PY

H — H Smachine

system machine
System




It is the ability of interconnected synchronous
machines of a power system to maintain in
synchronism. The stability problem involves the study
of the electro mechanical oscillations inherent in

power system.

Types of Rotor Angle Stability
1. Small Signal Stability (or) Steady State Stability

2. Transient stability



It is the ability of a power system to maintain
steady acceptable voltages at all buses in the
system under normal operating conditions and
after being subjected to a disturbance.

The major factor for instability is the inability of
the power system to meet the demand for
reactive power.



Mid Term Stability

It represents transition between short term and
long

term responses.
Typical ranges of time periods.
1. Short term : O to 10s
2. Mid Term : 10 to few minutes

3. Long Term : a few minutes to 10’s of
minutes

Long Term Stability
Usually these problem be associated with
1. Inadequacies in equipment responses.

2. Poor co-ordination of control and
protection equipment.

3. Insufficient active/reactive power
reserves.



This is a simple graphical method to predict the
transient stability of two machine system or a
single machine against infinite bus. This criterion
does not require swing equation or solution of
swing equation to determine the stability
condition.

The stability conditions are determined by
equating the areas of segments on power angle
diagram.



P (per umt)

e

0 8 a_ x  S(md)
Power-angle curve for equal area criterion

multiplying swing equation by 45/ on both sides
2
M(EJ (5 )%
i, di dt dt
E[ET _g[@] a’s
de\ de ) T\ de ) de?
Multiplying both sides of the above equation by df and then integrating between two
arbitrary angles 6, and J,



- (JET[E - [(e,- s

@, df i

Once a fault occurs, the machine starts accelerating. Once the fault is
cleared, the machine keeps on accelerating before it reaches its peak
at o, ,

The area of accelerating A1
£,
4=[(B-R)as=0

L

The area of deceleration is given by A,

4= [ -R)as -0

If the two areas are equal, i.e., A; = A, then the power system will be stable



Critical Clearing Angle (6,) maximum allowable
value of the clearing time and angle for the system
to remain stable are known as critical clearing time
and angle.

O, expression can be obtained by substituting 6, =
O, in the equation A1 = A2

fta-ras=[z-rus

&,

(2

Substituting P, = 0 in swing equation




Integrating the above equation

a3, P
2H

Pt =

5 o,
!

& dom

t
o, _
azlﬁw_ﬁaz +4,

Replacing 6 by 6., and t by t., in the above equation, we get
the critical clearing time as

zﬁ,=J A4 (5, — &)

@, 5,



Strength of the transmission network within the
system and of the tie lines to adjacent systems.

The characteristics of generating units including
inertia of rotating parts and electrical properties
such as transient reactance and magnetic
saturation characteristics of the stator and
rotor.

Speed with which the faulted Ilines or
equipments can be disconnected.



Modified Euler's method

Runge-Kutta method



Using first derivative of the initial point next

point is obta;&ed
X=X +—AN
dt

the step

t =t,+At

Using this x;P dx/dt at x,P=f(t; Xx;P)

Corrected value is

(=

dt
X' =X,+

I

dx
dt

)le

1 0]

X, =X+

i+1

At

At




Input power p,,=constant
At steady state p.=p,,,

S, =sin™! [Lj
pln’lax

=
I max X

1

At synchronous speed
Aw, =0
£V
X

2

p2max —



The swing equation

H d°5 —(p,)-
af, diz Do \Pm)T P
d’s rf, : 7Tf
= — sin g ) = —
dtZ H (pm p2max ) H pa
@:Aa)
dt
dA\ow nf,  d°S
i H T ar
Applying Modified Eulers method to above equation
t,=t,+At
a=o+[22]
dt )y,



The derivatives at the end of interval

(d_5j = Aa)il-:-l
dt A,

), )
dt )s, H’m

The corrected value

( ds J ( do j
- +| ==
dt Aw, dt Aof,

5P
941

51'11 = 51 + At
2
(dij +(dij
dt ), \dt ),
Awr, =Aw, + : AV

i+1 2




Obtain a load flow solution for pretransient conditions
Calculate the generator internal voltages behind transient reactance.

Assume the occurrence of a fault and calculate the reduced admittance
matrix

Initialize time count K=0,]=0
Determine the eight constants

K= (5", 0"t
I = £,(5", 0" )At

k k
K = f,(6" +%,a)" +%)At
Kk k
! :]‘2(5"4—7‘,@"4—%)&
k k
Ki = f (5" +%,a}" +%)At
k k
I =f2(5k+%,wk+%)m
k k
K} = f,(6" +%,a)" +%)At
k k
Ii = £,(5" +%,(ok +%)At
Kl +2K} + 2K} +K})
6
(ll" +205 +21f +lf)
6

At

A" =



K! +2K} +2K{ +K})
6
If 20 + 205 +17 )
6

Compute the change in state vector ~ AS" =(

Aa)kz(

Evaluate the new state vector S5 = 55 4 ASH

a)k+1 :a)k +Aa)k

Evaluate the internal voltage behind transient reactance using the
relation

k+1 _ | ok k+1 k] - |
E —‘Ep‘cos@ +]‘Ep‘sm5p

Check if t<t. yes K=K+1

Check if j=0,yes modify the network data and obtain the new reduced
admittance matrix and set j=j+1

set K=K+1

Check if K<Kmayx, yes start from finding 8 constants



Traveling Wave




Transient Phenomenon :
Aperiodic function of time
Short duration

Example :Voltage & Current Surge :

(The current surge are made up of charging or discharging
capacitive currents that introduced by the change in voltages
across the shunt capacitances of the transmission system)

Lightning Surge
Switching Surge



Time, us
Figure 7.1. Standard impulse voltage waveform.




5ot e g e e
() Twwm I Leg

C1]\ Co e C3I CdI FnlI e I o
(a)
ai
1 + —Ax
i Br
. AL i
YY"\ a

| & +

—(—'r——————-u—
B
€3

0———) }—j_

[

»

Ax

(&)

‘igure 7.2. Representation of two-wire transmission line for application of traveling
raves: (a) lumpy representation; (b) elemental section of line.

Disturbance represented by
closing or opening the switch
S

If Switch S closed, the line
suddenly connected to the
source.

The whole line is not
energized instantaneously.

Processed :
When Switch S closed

The first capacitor becomes
charged immediately

Because of the first series

inductor (acts as open circuit),

the second capacitor is delayed
This gradual buildup of voltage
over the line conductor can be
regarded as a voltage wave is
traveling from one end to the
other end



V=V, (X-vt)
Vp=V5(X+vt)

v = 1/ V(LC)
v(X,t)=v; + vy
Ve=Z2 ¢
V=2

Z.=(L/C)"

If=Vf/ZC

Ib=Vb/Zc

I(x,t)=I; + I,
I(x,t)=(C/L) *
[V{(X-vt) -V5(X+vt)]



In the air = 300 000 km/s

v = 1/ V(LC) m/s

Inductance single conductor Overhead Line
(assuming zero ground resistivity) :

L=2 x 107 In (2h/r) H/m

C=1/[18 x 10° In(2h/r)] F/m

1 _|{2x107m(2h/r))" -

~Jrc  |\18x10°n(24/ )

In the cable : v = 1/V(LC) = 3 x 108 VK m/s
K=dielectric constant (2.5 to 4.0)




P=vi Watt
W.= 1> Cyv2 W = 1> Li2
W=W_+W_=2W_=2W_ = Cv?2 = Li?

P=W v = Li2/V(LC) = i2Z. = v2/ Z



(c)

Figure 7.3. Representation of voltage and current waves: (a) in forward direction:
(b) in backward direction; (¢) superposition of waves.




Assuming Vf, if,vb and ib are the
instantaneous voltage and current.

Hence the instantaneous voltage and current
at the point discontinuity are :

v(x,t)=v¢ + v, and I(x,t)=I + I,

I=v/Z.-v,/Z. and iZ.=v; - v,

V+iZ=2vi SO Vv=2vi=iZ,

Ve = V2 (v+iZ.) and v, = V2 (V+iZ,) or
V= VeIZ






VA,
Vv, = ;. %
\2—Z_Zﬁ/
" Z+ 79
Vi = PVy

Z =7
0

T Z+Z.



Line is terminated with its characteristic
impedance :

=27,

p =0, no reflection (infinitely long)
L>7.

V, IS positive

I, Is negative

Reflected surges increased voltage and reduced current
Z</Z.

V, IS negative

I, Is positive

Reflected surges reduced voltage and increased current
Z. and Z; are defined as the sending-end and
receivingend.z _z Z. 7.

e R




Receiving end

Sending end

'

|

|

| arrival at

| termination Voitane
|

1

|

On arrival
i

After arrival
at
termination

— I termination
i=df+ip

Current

(4
Figure 7.4. Analysis of traveling waves when Z>Z_: (a) circuit diagram; (b)

voltage and current distributions. Figure 7.5. Anaiysis‘ Of' traveling waves when Z<Z: (a) circuit diagram; (b)
voltage and current distributions.




Boundary condition for current i=0
Therefore i.=-i,

Vb=ZCib=Zif=Vf

Thus total voltage at the receiving end
V=V+V, =2V

Voltage at the open end is twice the forward
voltage wave



Boundary condition for current v=0
Therefore vi=-v,

I;=vi/Z =-(Vp/Z.) =1}

Thus total voltage at the receiving end
V=ic+i,=2i¢

Current at the open end is twice the forward
current wave
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Figure 7.6. Analysis of traveling waves for: (a) open-circuit line termination; (b)
short-circuit line termination.




il 2(1/CS) Vf . 2Vf
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Figure 7.10. Traveling voltage wave on line with capacitive termination: (a) system;
(b) equivalent circuiz: (c) disposition of wave at various instants.




v(t) =2v fe_(zc/ L

l(t) il f (1 —(ZC/L)I)

v, (2) = V(t) v, (1)

v,(H)=v, (2e” %0 1)
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Figure 7.7. Traveling voltage and current waves being reflected and transmitt=d at
junction between two lines.
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Figure 7.9. Traveling voltage wave encountering line bifurcation: (a) system; (b)
equivalent circuit; (c) traveling voltage wave reflected and transmitted at junction of
three lines.
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Figure 7.11. Bewley lattice diagram: (&) circuit diagram; (&) lattice diagram.
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