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1 INTRODUCTION

Power is an essential prerequisite for the propess of any country Tbe modem power system
has features unique to it self It is the largest nan made system in existence and is the most
complex system. The power demand is more tian doubling every decade

Planning, operation and control of interconnected power system poses a variety of
challenging problems, the solution of which requires extensive application of mathematical
methods from various branches.

Thomas Alva Edisen was the first to conceive an electric power station and operate it in
Newyortc in 1882 Since then, power generatioa originally confined to sleam engines expanded
using (steam turbines) hydro electric turbines, nuclear reactors and others.

The inter connection of the various generating stations to load centers through EHV and
UHYV transmission lines necessitated analytical methods for analysing various situations that
arise in operation and coatrol of the system.

Power system analysis is the subject in the branch of electrical power engineering
which deals with the determination of voltages at various buses and the currents that flow in
the transmission lints operating at different voltage levels.

U1 The Electrical Power System

Thbl electrical power system is a complex network consisting of generators, loads, transmission
lines, transformers, buses, circuit breakerserc. For the analysis ofa power system in operation
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a suitable model is needed. Tbit model basically depends upon the type o f problem on hand.
Accordingly K may be algebraic equations, differential equations, transfer functions etc. The
power system is never in steady state as the loads keep changing continuously.

However, it is possible to conceive a quasistatic slate during which period the loads
could be considered constant This period could be 15 to 30 minutes. In this state power flow
equations are non-linear due to the presence of product terms of variables and trigonometric
terms. The solution techniques involves numerical (iterative) methods for solving non-linear
algebraic equations. Newton-ftaphson method is the most commonly used mathematical
technique. The analysis of the system for small load variations, wherein speed or frequency
and volt”e control may be required to maintain the standard values, transfer function and state
variable models are better suited to implement proportional, derivative and integral controllers
or optimal controllers using Kalman’s feed back coefficients. For transient stability studies
involving sudden changes in load or circuit condition due to faults, differential equations
describing energy balance over a few half-cycles oftime period are required For studying the
steady stale performance a number of matrix models are needed.

Consider the power System shown in Fig. 1.1. The equivalent circ*it for the power
system can be represented as in Fig. 1.2. For study of fault currents the equivalent circuit in
Fig. 1.2 can be reduced to Fig. 1.3u50 the load tcrainab neglecting the rfaiat capacitances of
the transmission line and magnetizing reactances of the transformers

Transmission Une
©H
© ~ Scadinfend «up up Receiving end sMp-dons
transformer

Generators
Fig. 1.1
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While the reactances of transformers and lines which are static do not change under
yatying conditions of operation, the machine reactances may change and assume different
values for different situations. Also, composite loads containing )-phase motors. |-phase
msolars, d-c motor*, rectifiers, lighting loads, beaters, welding transformers etc.. may have
vety different models depending upon the composition of its constituents.

The control ofa turbo generator set to suit to the varying load requirement requires a
mvikH  For small variations, a linearized model is convenient to study. Such a model can be
obutned using transfer function concept aad control can be achieved through classical or
modent control theory. This requires modeling of speed govemor, turbo generator and power
system itself as all these constitute the components of a feedback loop for control. The
Jtim atc objective of power system control is to maintain continuous supply of power with
acceptable quality. Quality is defined in terras of voltage and frequency.

1.2 Network Models

hlectncal power network consists of large number of transmission lines interconnected in a
fashion that is dictated by the development of load centers. This interconnected network
configuration expands continuously. A systematic procedure is needed to build a model that
can be constantly up-graded with increasing interconnections.

Network solutions can be carried on using Ohm’s law and KirchofTs laws.

Either e-Z.i

< i«Ye

model can be used for steady state network solution Thu¥*, it is required to develop both
7-bus and Y-bus models for the network. To build such a model, graph theory and incidence
matrices will be quite convenient.

U Faults aad Analyse

o{ ,he notwoA performance under GaHk conditions requires analysis of a generally

"* mmmeed network aa an unbalanced network. Under balanced operation, all tlie three-phase

are equal in magnitude and displaced from each other mutually by 120“ (elec ). It may

be naaed that unbalanced transmission line ctimAgmtfion is balanced in operation by transposition,
"mlancing the electrical characteristics
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lindex fault conditions, the three-phut voltages may not be equal in magnitude and fr*
phase angles too may differ widely from 130*(elec.) even if the transmission and distribution
networks are balanced. The situation changes into a case of unbalanced excitation.

Network solution under these conditions can be obtained by using transformed variables
through different component systems involving the concept of power invariance.

In this course all these aspects will be dealt with in modeling so tiat at an advanced
level, analyzing and developing of suitable control strategies could be easily understood using
these models wherever necessary.

14 The Prim itive Network

Network components aie represented either by their impedance parameters or admittance
parameters. Fig (1.4) represents the impedance farm, the variables are currents and voltages
Every power system element can be described by a primitive network. A primitive network ts
a set of unconnected elements.

«0-1.4
a and h are the terminals ofa network element a-b. Vt and Vk ate voltage* at aand b.

Vabis the voltage across the network element a-b.

eais the source voltage in series with the network elementa-b
Zy, is the self impedance of network clement a-b.

j,bis the current through the network element a - b.

From the Fig.(1.4 | we have the relation

In the admittance form #ie network element may be represented as in Fig. (1.5).

—
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y=kif tike self admittance of (be network element »t=>
it the sowce current in pm IW with the network element a-b

From Fig.(15) »"* hnve the relation
FHE e D)

The series voltf«e “ «he impedance form and the parallel source current in the admittance
(arm are related by the equation.

n'y **x* e =1»

A setofunconnected elements that s»e depicted in Fig.(14) or(1.5) constitute a primitive
network. The performance equations for the primitive networks may be either in the form

I+ J'W i e (M)
or in the form

i*j-lylx (1)

In eqgs.(1.4) and (1.5) the matrices (z] or [y] contain the self impedances or self
admittances denoted by z™ ~ or ylbb. The off-diagonal elements may in a similar way contain
the mutual impedances or mutual admittances denoted by z» — or yn —where ab and cd are
two different element*having mutual coupling. If there is no mutual coupling, then the matrices
[z] and [y] are diagonal matrices. While in general (y] matrix can be obtained by inverting the
[zj matrix, when there it no mutual couplsng. elements of [y) matrix are obtained by taking
reciprocals of the elements of [z] matrix,

15 PewerSyitea Stability

Power system stability is a word used In conaection with alternating current power systems
deaoting a condition where ia, the various altemators in the system remain in synchronous
with each other. Study of the aspect is very important, as otherwise, due to a variety of
cfcanges. such as. sudden load lost or increment, faults on lines, short circuits at different
locations, circuit opening and reswitching etc, occuring In the system continuously some
«teie or other may create blackouts.

Study of simple power systems with single machine or a group of machines represorted
by * machine, connected to Infinite bus gives an Ineight into the stability problem

At afirst level, study o f these topics it very important for electrical power engineering

mia
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21 latrodvrtion

Graph theory has many applications in several fields such as engineering, physical, social and
biological sciences, linguistics etc. Any physical situation that involves discrete objects with
interrelationships can be represented by a graph In Electrical Engineering Graph Theory is
used to predict the behaviour ofthe network in analysis. However, far smaller networks node
or mesh analysis is more convenient than the uae ofgraph theory. H may be mentioned that
Kirchoff was the first to develop theory of trees for applications to electrical network. The
advent o f hv\gh speed digital computers has made it possible to use graph theory advantageously
for larger network analysis la this chapter a brief account of graphs theory is given that is
relevant to power transmission networks and their analysis.

2] Definitions

Fitment o/ a Graph : Each network element is replaced by a line segment or an arc while
constructing a graph for a network. Each line segment or arc is called an element Each
potential source is replaced by a short circuit. Each current source is replaced by an open
circuit

Yodear Vertex : The terminal ofan element is called a node or a vertex

filge: An element ofa graph is called an edge

Degree : The number of edges connected to a vertex or node is called its degree
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, A(JelemeW is said to be incident on a hode, if the node is a terminal of the element.
Nodes can be iiKident to one or nore elements The network can thus be represented by an
interconnection of elements. The actual interconnections of «e elements gives a graph.
Kank : Therank ofagraphis n-1 where n is the number of nodes in the graph
Sub Grip*: Any subset of element* ofthe graph is called a subgraph A subgraph is said to
be proper if ii consists of strictly less than all the elements and nodes of the graph.
Path : A path is defined as a subgraph of connected eleaients such that not more than two
elements art connected to any one node. If there it a path between every pair of nodes then
the graph is said to be connected. Alternatively, a graph is said to be connected if there exists
at least one path between every pair of nodes.
Planer Graph mA graph is said to be planar, if it can be drawn without-out cross over of
edges Otherwise it is called non-ptanar (Fig. 2.H.

) (©)
Fig. 21 (a) Planar Graph (b) Non-Planar Graph

Closed Palk or Loop: The set of elements traversed starting from one node and retuming to
the same node form a closed path or loop.

Oriented Graph : An oriented graph is a graph with direction marked for each element
Fig. 2.2(a) shows the single line diagram ofa simple power network consisting of generating
stations. triasaiission lines and loads. Fig. 2.2(b) shows the positive sequence network
of the system in Fig. 2.2(a). The oriented connected graph is shown ia Fig. 2.3 for the
same systetB.

) ®)
'Y *e=(m) Po«**r system =mpe-hnedegram (b) Powbve sequence network diagram
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Hg. 2.3 Onented connected graph.
23 Treeand Co-Tree

Tret: Atree is an oriented connected subgraph ofan oriented connected graph containing all
the nodes of the graph, but. containing no loops. A tree has (n-1) branches where n is the
number of tcodes of graph G. The branches ofa tree are called twigs. The remaining branches
of the graph are called links «r chords.

Co-tret: The links form a subgraph, not necessarily connected called co-tree. Co-tree is the
complement of tree. There it a co-tree for every bee.

For a connected graph and subgraph
1 There exists only one path between any pair of nodes on a tree
2. every connected graph has at least one tree
3. every tree has two terminal nodes and
4. the rank of a tree is n-1 and is equal to the rank of the graph.
The number of nodes and the number of breaches in a tree are related by
bwe -1 ....(2.1)

lie is die total number ofelements then the number of links | ofaconnected graph with
hnuichcs b is given by

t-e-b ...(2.2)
Hence, from cq. (2.J). it can be written that
l-e-e+| 2.3)

A tree and foe corresponding co - tree ofthe graph for the system shown in Fig. 2.3 are
indicated in Hg. 2.4(a) and Fig. 2.4(b).
5
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Fig. 2.4 (b) Co-tree tortie syatem in Fig. 2.3.

24 Basic Loop*

A loop is obtained whenever a link is added to a lice, which ii aclosed path. As an example to
the tree ia Fig. 2.4(a) if the link 6 is added, a loop containing the elements 1-2-6 is obtained
Loops which contain only one link are called independent loopi or hatic Inapt

h can be observed that the number of basic loops is equal to the number of links given
by equation (2.2) o r(21J). Fig. 2.S shows the basic loops for the tree in Fig. 2.4(a).

6

Fig. 2.5 Bade loops for the tree in Fig 2 4(a)
25 Cat-Set

A Cut set is a minimal set of branches K of a connected graph G. such that the removal ofall
Jt"eiiehes divides the graph into two parts It is also true that the removal of XCbranches
reduces die rank ofO by one. provided no proper subset of this set reduces the rank ofG by
one when it is removed from G.

Consider the graph in Fig. 2.6(a).

Flgjjg
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The rank of die graph « (no. of nodesa - 1)m4 - | “ 3. If branches | and 3 we
removed two tub graphs a*e obtained u in Tig. 2.6(b). Thus | and 3 may be a cut-set. Also,
if breaches |, 4 and 3 arc removed the graph is divided into two sub graphs as shown in
Fig. 2.6(c) Branches I, 4.3 may also bea cut-set In both the above cases the raak both of
the subgraphsis 1| m2. It can be noted that (1 ,3) set is a sUb-set of (1 .4. 3) set The cut
set is a minimal set of breeches ofthe graph, removal of which cuts the graph into two parts
h separates nodes offee graphs into two graphs. Each group it in e*e of the two Mb graphs

2.6 Bask Cat-Seti

If each cut-set contains oaly one branch, ten these independent cut-sets are callad basic cut-
lets. In order to understand basic cut-seti select a tree. Consideratwig ofthe Me. If the
twig is removed the tree is separated into two parts. All the links which go from one part of
this disconnected tret te the other, together with the twig  constitutes a cut-set called basic
cut-set The orientation o f the basic cut-set is chosen as to coincide with that ofthe branch of
the tree defining the cut-set Each basic cut-set contains at least one branch with respect to
which the tree is defined which is not contained in the other basic cut-set. For thii reason, the
n -1 basic cut-sets of a tree are linearly independent

Now consider the tree in Fig. 2.4(1).

Consider node (1) and branch or twig |I. Cut-set A contains the branch | and links
5and 6 and is oriented in the same way si brsnch 1 In asimilarway C cut-set cut»#* bench
3and links 4 and 5and is oriented in the tame Erection as breach 3. Finally cut-setB cuamg
branch 2 and also links 4,6 and 5 it oriented as branch 2 and the cutwts are shown ia Fig. 2.7

Hq. 2.7 Cut-Mtfor9m tree in Fig 24<a)
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Worked Euuapka

}.1  Tor tfte artwork shown hi figure below, draw die graph aad nark a tree.
How amwy trow wtt thto graph have? Mart the bask cutset! and baric
loops.
Solatton :

Assume that bus (1) is the reference bus

Re. ENN
Number ofnodes n - ]
Number ofdements e - 6
The graph can be redrawn as.

FIS- E 2.3

*>»*t A coanected subgraph coatoining all nodes bl a graph, but no closed path is
calledaMe.
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® a G
Fig. R2ZA

Number of branches 1 - 5-1 - 4
Number oflinks - e-b* 6-4- 2

(Sou: Number of links -Number of co-trees).

The number of besic cutsets - no. of breaches - 4; the cutsets A.B,C,D. are shown
in figure.

U Show the basic loops aad basic cetacts far the graph shown M ow and verify
aay relations that eibt between than.

fThite | -2-34 as tree 1).
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If a link i* added to the tree = loop is formed, loops that contain only one link are called
baitc loop*
Branches. b-a-1 -5-1 -4
| —e-b -«-4-4

The four loops are shown in Fig.

The number of basic cuts (4) - auaiber of branchea b(4).

1] lar the graph ghen ia figure below, draw the tree aad tt
«=-tree. ChooM a tree of your choke aa4 hence write the

Orianiad connadad graph

t
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Solution :

The f-cta m schedule (Aindamemai or basic)

A:
B :
C:
D:

12
2,73,6
6,35
34

Power System Analysis

2]1 Tor the power systems shown la flgare draw the frapb, a tree aad to

co-tree.

Solution :

FIfLE2.t1

Fig. 1.1.12
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P2.1 Draw the graph for the network shown. Draw a tree and co-tree for
tie graph

P 2.2 Draw the graph for the circuit shown.
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P23 Dniw the graph for the network shown.

Marie basic cutset», basic loops and opea loops.

Queatians

21 Explain the following terms r
(i) Basic loops
(ii) Cutset
Qii) Basic out sett

2.2 Explain the rtlatioaship between the basic loops and links; basic cut-sets and the
number of branches

2.3 Define the following terms with suitable example:
() Tree
(ii) Branches
(iii) Links
(iv) Co-Tree
(v) Basic loop

24  Write down the relations between the number o fnodes, number o fbranches, number
of links and number of elements.

25 Define the following terms.
(1) Graph
(ii) Node
6ii) Rank of
Ov) Path



3 INCIDENCE MATRICES

There in several incidence matrices that are impoitant in developing the various netwrtcs
matrices nidi as bus impedance matrix, branch admittance matrix etc., using singular or non
singular tractsforviatier)

These various incidence matricesare basically derived from the connectivity or incidence
of an element to a node, path, cutset or loop.

Incidence Matrices
Thefollowing incidence matrices are afinterest Inpower network analysis
(a) Etement-node incidence matrix
(b) Bus incidence matrix
(c) Brandi path incidence aiatrix
(d) Basic cut-set incidence matrix
(=) Basic loop incidence matrix —

Ofthese, the bus Incidence matrices is the most important one :

ARM
REESTR+fc /. 9

a
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31 ElementNode lacidence Matrix
Flemeni node incidence matrix A show» the incidence o felements to nodes in the connected
graph The incidence or connectivity it indicated by the operator as follows :
" | if thep* element is incident to and directed «way from the g the node.

< —| if the p* element is incident to and directed towards the g the node.

oa * O if the p™ element is not incident to the g* node.

The element-node incidence matrix will have the dimension exn whereV is the number
ofelements and n is the number of nodes in the graph. It is denoted by A

The clement node incidence matrix for the graph of Fig. 23 is shown in Fig. 3.1

X . « < 0) 0)
e
1 1 -1
2 1 —i
3 i —i
4 1 -i
5 -1 i
6 1 -i

Fig. 3.1 Element-node incldence-matrix for the yaph of Fig (2.3).

It is seen from the dements of the matrix that

3
N *pg-0p-t2._..n L 3.1)

It can be inferred that the columns of A are linearly independent. The rank of A is less
than n the number of nodes in the graph.

J1 Bus Incidence Matrix

Ihe network in Fig. 2.2(b) contains a reference reflected in Fig. 23 as a reference node. In
fact any node of th« connected graph can be selected as the refeaence node. The matrix
obtained by deleting the column corresponding to the reference node in the element node

incidence matrix A <~ called /i» im tdtnct matrix A. Thus, the dimension of this matrix is
et (n - 1) and the raak therefore be. a - | * b. where b is the amber of branches a the
graph. Deleting the column corresponding to aede (0) from Fig. 31 the bus-incidence matrix
for the system in Fig 2/ a) » obtained This * shown in Fig. 1.2.
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b]- += @ ©

1 -1

2 -1

3 7 -1
4 -1
5 -1 +
t 1 -1

Fig. 3.2 Bus Incidence Matrix for graph in (2 3).

If the rows arc arranged in Ae order of a specific tree, the matrix A can be partitioned
into two jubmatrices Ahofthe dimension bx <n- 1)and A, ofdimension U (n - |). The rows
of A, corre™ond to branches and the rows of A , comrespond to links. This ts shown in

(Fig. 3.3) for the matrix in (Fig. 3.2).

"ANNbus”t () 2 @A) o @ S
1 -1 1 I
2 1 2 Ab
3 1 -l 3 t
4 1 4
s 4 1 5 At |
6 1 4 6

Fig. 3.3 Partitioning of matrix A.

3.3 Branch <Path Incidence Matrix K

Branch path incidence matrix, ns the name itself suggests, shows the incidence of branches to
paths in atree. The elements of this matrix are indicated by the operators as follows :
Kun « | If the pth branch is in the path from gth bus to reference and oriented in the
i direction.
*-1 |If the pth branch is in the path from qgth bus to reference and oriented in the
opposite direction
K~ -0 If the pth branch is not in the path from the gth bus to reference
*<fthe *yitem » Fig. 2.4(a), the branch-path Incidence matrix K ia shown m Fig. 34.
Node (0) it assumed as reference.
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Fig. 3A Bfanch-Peth Incidence Matrix for network

While the branch path incidence matrix relates branches » paths, the sub matrix Abof
fig. 3.1gives the connectivity between branches and buses. Thus, the paths and buses can be
related by AbK1 1l *heie U is a unit matrix.

Hence K*=Ab 1 C312)

3.4 Basic Cut-Set Incidence Matrix

rhis matrix depicts the connectivity of eleraents to basic cut-sels ofdie connected graph. The
elcnicnis of the matrix are indicated by the operator as follows:

P,N | if the plh element is incident to and oriented in the same direction as the gth
basic cut-set.
PN I if the pth element is incident to and oriented in the opposite direction as the

qth basic cut-set.
=0 if the pth element is not incident to the gth basic cut set

The basic cut-set incidence matrix has the dimension e >h. Far the graph in Fig- 2.3(a)
tlic basic cut-set incidence matrix B is obtained as in Fig.

L Basic Cut-set»
e A B C

1 1
2 1
) 1
4 11
5 11 -1
6 1 1

Fig. 3.5 BaacCut-aetincidence matox for the graph In 3 5(a) drawn and ahown

It is possible to partition the basic cut-set incidence matrix B into two submatrices |1,
and (“corresponding to branches and link» respectively. For the example on hand, the petitioned
matrix is slmwn in (Fig. U )



b Basic Cut-sets Bask Cut-ten
A4 A B C
1 1
2 1
3 1
4 1 1
5 1 -1 4 B
6 -1 1 6]
Fig. 3.8

The Utentity matrix Ub jho»” the one-to-one correspondence between branches and

basic cutset»
It may be recalled that the incidence of links to buses is shown by submatnx A and the

’ncidence ofbranches to buses by A*. There is a one-to-one correspondence between branches
und basic cul-sets.  Since the incidence of links to buset is given by
B,Ab-A, ..(3.3)
Therefore B,” A,AK"' ....(3.4)
However from equation (3.2) K1* AW
Substituting this result in equation (3.1)
B,AALC ....(3.5)
This is illustrated in Fig. (3.6k

Fig. 3.8 lllustration of equation A, No =8,

3-S Basic l.oop Incidence Matrix

*"*c,io" 2.3 basic loops are defined aad m Fig 3.7 basic loops tor the sample system under
mWWiDti are shown Basic Loop incidence matrix C «hows the incidence of the elements of

««nnectcd graph to the basic loop». The incidence of (Ik elements is indicated b) the
%*cnHor as follows;

I if le pth clement « iacident to and oriented in the same direction as the gth
basic loop.
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My - if the pth element is incident to sad orieated in the opposite direction as the
gth basic loop.
ym - 0 if the pth element is not incident t the gth loop.
The basic loop incidence matrix has the dimension c « | and the matrix is shown ki
Fig. 3.1

D B F
1 -1 1
2 -1 1 -1
3 -1 1
4 1
5 1
6 0 1

Fig. 17 Basic loops (D, E. F) and Fig. 3/1 Basic loop Incidence matrix for Fig. 3.7
open loops (A, B,C).

It is poasMe to partition the basic loop incideace matrix as in Fig. 3.9.

b Basic loops X Basic loops

e n .

1 1 Cs

2 -1 -1 l

3 n 1

4 1

5 1 I 4

6 1

Fig. 3 J Partlboning of basic loop incidence matrix

The unit matrix U, shown the one-to-one cotrespondence of links to basic loops.

3.6 Network Performance Equations

The power system network consists of components such at generators, transformers,
transmission Itnes, circuit broken, capacitor banks ete_ which are all connected together to
perform specific function. Some are in series and some are in shunt connection.
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1. e be thej, Klual configuration, network analysis it performed either by

method. In ca* of power system, generally. .*ch node * also a bos Thus,

J/frame of reference the performance of the power network is described by (H )

nr* .- M bl equations, where n mthe total number of nodes In the .mpedancc form the
«I-non, following Ohm's law will be

V =17.*") luus .... <36)

, Vector ofbus voltages measured with respect to a reference bus
where* » bus

[Msus “ \VBrof imPressed bcurTenu
[Z ,,us] » But impedance matrix
The elements of bus impedance matrix are open circuit driving point and transfer

impedance».
Coiwder a 3-bus or 3-node system  Then

(1) (2) 0)

zii *u *ii

XA P) 1y g *y,
@ Zi Zi z,

The impedance elements on the principal diagonal are called driving point impedance*, of
the bulei and the off-diagonal dements are called transfer impedances of the buses. In the
admittance frame of reference

ieus * (Y *J VBUS _43.7)
where =bus admittance matrix whose elements are short circuit driving point

and transfer admittances
BydefinWon ...(3.1)

n* “m'hr w*y. we can obtain the performance equations in the branch frame of
re erence If b it Hie number of branches, then b independent branch equation of the form

mu b- VM -[Zm Im -.(3.9)
detenbe network performance, la the admittance form

I* -CYelV», ....(3.10)

I'm Vtctor of currents through branches
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V BR “ Vector of voltages across the branches.

(Y BH * Branch admittance nutrix whose elements ire short circuit driving
point and transfer admittances of the branches of the network

[Zg,,) « Branch impedance matrix whose elements are open circuit drivii®
point and transfer impedances of the branches of the network.

Like wise, in the loop frame of reference, the performance equation can be described
by | independent loop equations where | It the number of links or basic loops. In the
impedance from

Vi<w - |ZLQ(p1.liaar .(3.11)

and ia the admittance form
lux»-[Y 1oupl.V loo» .3.12)

Vux»* Vectorofbasic loop voltages

a  Vector of basic loop currents
Inn#

1IZuwrl - Loop impedance matrix

| Yu<)ff - Loop admittance matrix

3.7 Network Matrices

It is indicated in Chapter < | that network solutio* can be carried out using Ohm's Law and
KirchofTs Law. The impedance model given by

- «Z.i
or the admittance model
I-Y.e

can be used depending upon the situation or the type of problem encountered.
In network analysis students ofelectrical engineering are familiar with nodal analysis and mesh
analysis usiag KirchofTs laws, la most of the power network solutions, the bus impedance
or bus admittance are used. Thus it is necessary to derive equations that relate that*
various models.

Network matrices can be formed by two methods:

Viz. (a) Singular transformation and
(b) Direct method
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ujed commonly in power syttem analysis that can be obtained

(03] Bus admittance maitrix
(D Bus impedance matrix
A)  Branch admittance matrix
(Ilv) Brandi impedance matrix
(v) Loop impedance matrix
(vi) Loop admittance matrix
3.8 BusAJmittaece Matrix and Bus Impedance Matrix

The bus admittance matrix Y K!| can be obtained by determining the relation between the
variables and parameters of the primitive network described imtection (7 1) to bus quantities
of the network using bus incidence matrix. Consider ega. (13).

iHH-[yb>
Pin multiplying by [A*I. the transpose of the bus Incidence matrix
[Al]i ¢IA'L j- A'[yli (313)

Matrix A shows the connections of elements to buses. [A ] i thus is a vector, wherein,
each element is the algebraic sum ofthe currents that terminate at any ofthe buses. Following
KircholT* cunen law. the algebraic sum of currents at any node or bus must be zero. Hence

[ati-o (3.14)

Again [A*]j term indicates the algebraic sum of source currents at each of the buses
and must equal the vector of impressed bus currents. Hence,

iaua-IA’fi

Substituting eqa. (3.14) and (3.1S) into (3.13)

laus-1A"llylo 3.16)
In the bus frame, power in the network is given by
[law’ j'VWH-P*, 3.1T)

Power in the primitive network is given by
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Power must be invariant, for transformation ofvariables to be invariant. That is to lay,
that the bus frame of referee corresponds to the given primitive network in performance.
Power consumed in both the circuits is the same.

Therefore <8 »9>

Conjugate transpose ofegn. (3.15) gives

Maus'r -u'fa> . (3J0)
However, asA is real matrix A » A*

[w f -uU*2A1 . (3-21)
Substituting (3-21) into (3.19)

0*)[A]. YKa-O*)A
Le- IAlVuus=o . 3-23)
Substituting egn. (3.22) into (3.16)

IM * [ATM [A] VM .... (320
From egn. 3.7

jM “IYyeusl Veu t325*

icC
Crel®“ CATY| A L. 3 26)

OKe IYbus] is evaluated from the above transformation, (2 ~ ) can be determined
from the relation

IW YA -IIA'TYIAL T (327>

3.9 Branch Admittance aad Branch Impedance Matrices

In order to obcain the branch admittance matrix YM , the basic cut-set incidence matrix [B]. ‘=
used. Tile variables and parameters of primitive network are related to the variables and
parameters of tie branch admittance network.

For the primitive network

- (32%)
Premultiplying by B1
wuy+T3-40M O — (3.2%)



Ih clear that Ae T 15X [B] «how» JT* incidence of elements to baste cut-tets.

Each element of the vector (B'J i it Ac algebraic tum of the currents through the
N cO(Vjected to i basic cumc*  Every cut-tet divide* the network into two

'W AL wb networks Thus each element ofthe vector (BT i represents the algebraic sum
rfilL.««rents entering » ~<work wt~h -«si be zero by KirchofTs law.

Hence. [BL -0 »(3.30)

V | j it avector in which each element is the algebraic sum of the source currents of

»e -incident to the basic cut-set and represents the toul source current in parallel with
a branch.

[BI'j« jM (331)

*erefore, 1*a B*][y|u —43.32)

For power invariance.
r.'=v».]*» 5>

conjugate transpose of egn. (3.31) gives j* “ [B) *- i Substituting this in the
previous egn. (3.32)

()** [B]* VBa -CrYii

As(B) is areal raatrix [BJ* *[B] . 3m)
Hence. (FTB] Yw*® (j*)'« ....<335)
0-e) v>[B]VM ..43.36)

Substituting egs. (335) into (3.32)

(ma -[B]'(yj(BIV* ... (3.37)
However, the branch voltages and currents are related by

\m -[Ym.LVp, ....(3.38)
comparing (JJ7) and (3)8)

Mmx]-[BrM1is) ....(3.39)
NN e m ce. the baaic cutset matrix [B) is a singular matrix the transformation [Y M) is a
AP*f*nw form atioti of[yj. The branch impedance matrix, then, it given by

nw=, -Iy.l"

fZlia-"'(Y]i= (I1B,lyHB]}" (3.4M
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3.10 Loop Impedance aad Loop Admittance Matrices

The loop impedance matrix is designated by fZ, 1L The basic loop incidence matrix [C] t*
used to obtain [Z ,” ) in ters ofthe elements of the primitive network

The performance eqaation of the primitive network is

o+c-[Z]i ....(3.41)
Premultiplying by fC*] v
fCIM + [Cri-[Cf[21]i ....(3.42)

As the matrix [C] shows the incidence of elements to basic loops, [C] 1 yields the
algebraic sum of the voltages around each basic loop.

By KirchofTs voltage law, the algebraic sum of the voltage around a loop is tero
Hence, [C*] n” 0. Also [C*] & gives the algebraic sam of source voltages around each basic
loop; ao that.

Vu*r «[C1» ....(3.43)
From power invariance condition for bo* the loop and primitive networks.

(lioor *)'. Vuaof - (I') "i ....(3.44)

forall values of «.
Sabatituting Vux» ftom e4n (3.43)
(lux»*) [Che-N‘T« L. (3.45)

Therefore,

i«[C*T'iux» (3.46)
However, as [C] is a real matrix [C] = [C*]
Hence, I cpwoe L (3.47)
From eqns. (3.43). (3.45) A. (3.47)

Vu»-IC*][2][C liu». ....(341)
However, for the loop fam e of reference the performance equation from egn. (3.11) =

Vu» m~uK»Vuxr ....(349)



Metwtrk Matrices e

comparing (3.48) & (3-49) equation

W  “le!'Wlc> -X3.K»
L , singular matrix the transformation egn. (3.50) is a singular transformation
of [*)
The loop admittance matrix is obuined from
[Ytoorl “ ™M u»] * UCr P1[CD- ...(351)
Summary of Singular Transform/atoms
wW"1-M
AT (vI [A] - (Yguj):
IW  mbl
(BT [y] [BI« [YM);
iveroiz=l
[CT [2] [C] - [Zujol;
IW "= 1Y ul

311 BusAdmittance Matrix by Direct Inspection

Bus admittance matrix can be obtained for any network, if there are no mutual impedances
between elements, by direct inspection ofthe network. This is explained by taking an example.

Consider the three bus power system as shown in Fig.

Fig. 3.10

Tb* equivalent circuit is shown in Fig below. The generator is represented by a voltage
wxs in Mriee with the impedance The three transmission lines are replaced by their
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Wy 111

The equivalent circuit ii further simplified as in the following figure combining tto
shunt admittance wherever feasible.

Fig. 11*
The three nodesare Mvoltage V ,,V} and V3respectively above the ground. The Kirchofl’i
nodal current equations are written as follows :

AtNode | :

.(3.52)
At Node 2:

....(353)
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At Nodel:
“(V,=-V,)Y,+(Vj-V)j)Y,-VjYt ...43.54)
Re -,,,ging the terms the equation* will become
..43.55(a))
u.-YIY, A (YL YL L)-Y LY, ....(055<b))
7 V,Yj+VjY#- Vj(YgeYT+Y]) ....(3.55(c))

The last of the above equation! w y be rewritten u
Sl SV, Y, -V YORV (Y E+Y, ) -+ (3.56)

Thu* we get the matrix relatiomhlp from the above

TOWAHYE+Y)) _Y» “ oy \a
" -Y, (Y,4Y,~Y) -Y, Y/ T (837)
a
-Y, -Y, (YA+Y, +Y,) _

It may be recognized that the diagonal terms in the admittance matrix at each of the
nodes are the sum o f the admittance* of the branches incident to the node. The off - diagonal
terms are the negative off these admittances branch - wise incident on the node. Thus, tie
diagonal element B the negative sum ofthe o ff - diagonal elements The matrix can be written
easily by direct inspection of the network.

The diagonal elements are denoted by
Y. - Y 4+Y,AY,
YM»Y,*YT+Y, and .(3.58)
y» « yd*y,+y,

They are called self admittances of the nodes or driving point admittances The off-
dwgonal elements ate denoted by

y ,2--y?
Y»—Y,
Y,—Y,
Yi—Y (359)
Yijr-Y,
Yij - =Y,
«lied l:s:ﬁ al denoting die across which the admittances exist. They are

rewritten i or transfer Thus the relation in egn. 391 can be



32 Power Syifa

1w Yu V» V» V,-
h 3 YW Ya Ya TV,
-b. YM v« 3 V..

i mtev«

Ao«u.

=36

361)

In power systems each node is called a bus. Thus, if there are n independent buses, th*

general expression for the source current towaads tie node i it given by

W)
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flttwoTkMetrlces

Worked Example*

r », P.r the network .bow* I filgue form the bu. Incidence matrix. A. braack
M ROTE "dWM  matrli X R 6 incidence Ml €.

Fig- EN.1

Solution :
For the tree end CO-tree chosen for the graph shown below, the basic cutsets arc marked Bus

The basic loops are shown in the following figure



14 Foxer Sy»Um Aaaly,i.

(1) Bus incidence matrix
Number of buses ® number of nodes

. O 0 @ =
-1 0 0 0

|
2 1 4 0 O
A- 3 0 1 -1 kO
4 1 0 4 o0
5 o o0 1 4
6 0o 0 0 4

Flg. ENA

00  Branch path incidence matrix (K):

Fig.B M Branchea and th* path*



Nttwork MmMcr'

-l
Fig. E.3.7 Branches and the paths

(i) Basic loop incidence matrix C :

Fig. E 3.1 Branches and the paths

IU  Form the VBW by usisg singular transformation for the network shown
ia Fig. iaduding the generator buses.
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Solution :
Thbl given network it represented la admittance form

[-O
——— nnramfwr-
K-j4u
‘wrr-wmr-
—J«O
1-JJO
Fig. E3.10

The oriented paph is tow n in Fig. below

The above graph can be converted Into the following form for convenience



Network MetrUet

~  element node incidence matrix is given by
e\n 0 1 2 ) 4
a +1 -1 0 0O O
b 0 41 0 =1 0
mC 0O O -1 1 O
d > 0 -1 0 O
e 0O 0O e 0 -1
f 0O -1 0 0 #
Bus incidence matrix is obtained by deleting the column corresponding to |
reference bu*

evbl) 1 2 J 4
-1 0 0 o

>
1
- O 00 T o
o
I
iy
*
hY
o

AR 0O 0 -1 -1

O R O
o

The but admittance matrix
YBUS-[A]' [yl [A]

a b ¢ d e f @» @ B @

ar, 0 0 0O 0 O -1 0 0 O

boy, 0 0 0 O 1 0 -1 O

M [A] - ¢ 0O o y. 0 0 O o -1 1 O
do 0 o0 y~ 0 O 0 -1 0

e0 0 0 0y O 0 0o -1

fo o o o0 © -1 0 0 1

<
*
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5 0 0 O
-25 0 25 O
0 4-4 0
Iy AT -
5 0 O
0-4 0 4
25 0 0 -25
2 0 0
(-1 0 0 0-1 25 0 25 0
) 0 4 -4 0
Yeus-IlAriyllA] -(2) O 0 -I -1 |
0O 5 0 O
©) -1 0 0 O o 4 0 4
4o o 0o 0 -1 1 h
25 0 -25

-10 O 25 25
0O -13 4 4

25 4 -«5 0}

25 4 0 -65

E 3] Find the YB,S »ing lingular traniformatioa for the lyitem ikown in
Fig. EJ.S.



A tree and t co-tree are identified »s shown below

Fig. E3.15

The element mode incidence matrix A is given by

O 0mEea®

(O]
24 0 100

-1

o o000
HoHdHdood
cooo g 9 v o
cocooo-o9¢
NineNeNeNoNo)
MO~ AHOD
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The bus incidence matrix is obtained by deleting the first column taking (0) node

reference.

Given

ty)l

[YgJ

°F
S o

MIA]-

O O OO O o o
O O O O o o o

0
-A'Ty]A
0 0
0 0
yn O
0 v«
0 0
0 0
0 0
o O
0 0

cooof ocoooo

O O o o o

o oo¥

coSf oooo oo

of ocooooooo

O O OO O O oo

<
w

ORp OOOO O R

R OO R PR OpRp OO

©S R, OO

=~ O OO
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M 0 0 0
6] Ym 0 0
0 0 wym O
0 0 0 ym
0 0O yYm -Ym
0 -y» Ya 0
yn -yn O O
0 -y» 0 ym
-y» 0 wu 0
Yo O 0 O
0 yu O O
1234 5 6 7 s 9 0 0 wym O
o) L0000 0 1 O -r 0 0] 0 ym
2 0100 0O -1 -1 -1 O 0 0 YM  -YM
©)) 0010 1 1 0 O 0 -y» ¥» 0
49 0001-1 0 O 1 O YH -YH 0 0
0 -YMm 0 ym
~Y» 0 wyu O
Mo +Yunyn) -Yu -yi3 (¢]
Ya,,- "Yu Y» +¥Yn+yn+ywu) -Y» -y»
“ YH -Ya (YM +Yn+Ya+ym) -YMm
0 -y* -YMm YM *Ym * 1»),

E3.4 Decrlvr an expression for for Ib* oriented graph ikown betew
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Solution :
Consider the tree and co-tree identified in the Fig. shown

The augmented loop incidence matrix C is obtained as shown from the Fig.

e 1 A B C D E F a
1 1 0] 1 i
2 1 1 1 i
3 1 1 0 0 ﬂé) 4
4 1 0 0 - U
5 1
6 1
7 i
The basic loop incidence matrix
« 1 E F 0
| 0 1 1
2 1 1 1
c- 3 1 o O
6 0 0o -1
4 1
f i
7 1
-[Ct][Z][C)

blUb X )

I*h - dfZobdc™+(z*)c> +cL(z«Mz.|



«1
, tr k
—_— — O form the augmented loop incidence matrix for thb problem
s°“ ~jyloop incidence matrix suffioes].

.C,«he iy.t«* *"°»n  n*ure obU‘n V«* bY IBi',ct‘ion me"'od Teke
bo. O ** reference. H it Impedance marked .re in pa.

SoI»*»" -

Pig. E118
1 () 3)
2 j05 jol ~1O» 2>T—J|2 +jlO]
Y«* - )
1 5ll0 2.5
@ sou o1 joa

E 36 Coaiider the linear graph ikown below which represents a 4 bas
transmission system with ail the shunt admittance lumped together. Each
lint hai a aeries impedance of (0.02 +j 0.08) and hair line charging
admittance of J0.02. Compete the Y#, by singular transformation.
Compute the Yitl also by inspection.
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yn" ¥»* 3294 -j 11.75) +3(j0.02)
- $.82 - 35.25+) 0.006
Y, -y,-f*~2-] 3519
the offdiagonal elements are
YA Y ~Ye| © “294 +j 1175
Y»* Y«-(-Yi0)-"°
Ya“ ¥Y» “ (Yed* ~294 +) 1175
Y» " ¥Y» e (“YA) *(-B.®4 +] >1.75)

wm'y » —(-*e]" %

5.88-2346 - 2.94+jl 175 0 - 2.94+jl 1.75
-294+j1 175 8.82-13519 -294+jl175 -294*jl 175
0 -294+11175 5/18-j2346 -Z794 &jl 175

- 294+jl 175 -294+jl 175 -294t-) 175 8J2-j35.19

The slight changes in the imaginary pan of the diagnal elements are due to the line
charging capacitances which are not neglected here.

E 3.7 A power system consists of 4 bases. Generators are connected at bases |
aad 3 reactances of which arc JO2 and JO.| respectively. The traasmisslon
lines are connected between buses 1-2,1-4,2-3 aad 3-4 aad have reactaaces
J0.25,J0.5,)0.4 and j 01 respectively. Fiad the bus admittance matrix (O by
direct Inspection (L) using bus Incidence matrix and admittance matrix.

Solution :

0} j0.25

41 itL o
P ©
10.2 L JOS - - .

ur Jol
(0}
Fig. E.3.20

Taking bus (1) at reference the graph It drawn a* shown in Fig.



Network

Fig. E3.21
Only the network reactances are considered. Generator reactances are not considered.

By direct inspection:

0) @ @) @
1
; -t r o
/0.25 /0.5 JoxL /o.s
1 1 F 1
2 0
/0.25 70.4  /0.25 /0.4
J ¢ f JL* a3 1
/0.4 >04 /0.1 yo.l
g ! 6 ! » 4+ i
1932 791 yo. yos

This reduces to

0) @ ® @
-J6.0 =40 0 /20
/40 -J655 /25 0
0 /25 -/125 /10
+2 0 /0 -/12

A WN R

Deleting the reference bus (1)

@ @ @
@) -/65 /21 0
@) /25 -/125 /10
@ 0 /10 -/120
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By lingular transformation
The primitive impedance matrix

1 2 4
=25 0 0 O
N 0 05 0 0

0 0 j04 o0
0 0 0

The primitive admittance matrix is obtained by taking the reciprocals ofz elements since
there are no matrices.

(Y u 22
3 -2.5

4 -jlo
The bus incidence matrix is from the graph

@ 3 @

1 -1 0 O
ARZ 0 0 -1
3 +1 -1 0

4 0 -1 #@

“u o 0
0 o i2
and y.A- ) J
-ja5 125 6]
0 JOo -jio
/4 0 0
-10 10 -/65 /25 0
0 o/,
AcyA- 0 0-1-1 3 p5 0 /25 -y125 /10
o -1 o 1 7= 0 /10 -/120

/10 -/10
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BJJ for the system ik » " tn n*ur* for mv ns-

Fig. E3.22

Solution

Solution is obtained using tingular transformation

The primitive admittance matrix is obtained by inverting the primitive impedance as
12 3 4 5
DO 0 O 0]
06 0 O 0]

y» O 0 668 O 0

0O O 0 -0952 2351
0O O 0 2(31 -0952

Fig. E3.21
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From the graph shown In figure the element-node incidence matrix is given by
e\node 0 12 3
1 -1 0 1 O
2 O e1-1 O
A* 3 0O 4 -1 O
4 0O -1 0 =1
5 0O 0 -1 +1

Taking bus zero as reference and eliminating its column the bus incidence matrix A is
given by

o @ @G
0

1 >1 o'
2 +# -1 O
3 #&4 -1 0
4 -1 0 el
$ 0 -1 +
0 0 0o O om 2 10O
0 666 O 0 0 1 -1 0
w- 0O 0 666 0 0 - 1 -1 0
0O o 0 -0952 2381 1 0 |
0O O 0 2131 . -0952
-1 1
m3
The bus adminance matrix is obuined from
mus WAYA
0 10 0
0O +#1 + -] O - 6.66 0 6.66
+ -1 -1 0 -I 0 - 6.66 666
0 0 0 + # 142 -1.42 0
142 -1.42 0

95)8 -2858 -6.66
B -28580 1951 -6.66
-666 -666 1332



Problem*

P3j Determine for the following networt using basic loop incidence matrix
JoI5
jO. ioJ
/ 1O0.J 4
)
Fig. P31

P32 Compute the bus admittance matrix for the power shown in figure by (i) direct
inspection method and (ii) by using singular transformation
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3.1
32
33
34

35

36

37

38
39

Power System AnlyiU

Questions

Derive the bus admittance matrix by lingular transformation
Prove that - K1ZBRK
Explain how do you form Y WS by direct inspection with a suitable example.

Derive the expression for bus admittance matrix in termsofprimitive admittance
matrix and bus incidence matrix.

Derive the expresiion for the loop impedance matrix ZLOOP using singular
transformation in terms ofprimitive impedance matrix Z and the basic loop incidence
matrix C.

Show thatz~~ mO [z]C

Show that YM - B1(y) B where (y) ii the primitive admittance matrix and B is the
basic cut set matrix

Prove that Zgg “ ABZ ™ j ABT wiih usual notation

Prove that Y gg - K Yws K* with usual notation



4 BUILDING OF
NETWORK MATRICES

Introduction
In Chaplet 4 methods for obtaining die various network matrices are presented These ntethods

basically depend upon incidence matrices. /1. B. C, K and B.C for singular and non-singular
transformation respectively. Thus, the procedure for obtaining Y or Z matrices in any frame of
reference requires matrix transformations involving inversions and multiplications. This could
he a very laborious and time consuming process for Urge systems involving hundreds of
nudes. It is possible to build the Z N, by using an algorithm where in systematically element by
clement it considered for addition and build the complete network directly from the element
parameters  Such an algorithm would be very convenient for various manipulations that may
he needed while the system it in operation such as addition of lines, removal of lines and
change in parameters.

The basic equation that govems the performance of a network is
V ** (7 mdLbi>s
4+  Partial Network

10 *uild ,h« network element by element, a partial network is considered At the
10~ w'th. the building up of the network and us /.m" or model a single
AN Pwun | It considered. Further, this element having two terminals connected to two nodes
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tay (1) and (2) will have one of the terminal! as reference or ground. Thus if node (1) it the
reference then the element will have its own self impedance at ZB$ When wa connect any
other element 2 to this element |, then it may be either a branch or a link. The branch is
connected in aeries with the existing node either (1) or (3) giving rise to a third node (1).
On the contrary, a link is connected across the terminals (1 )and (2) parallel to element |I. This
is shown in (Fig. 4.1).

<D< <

2

| ®
(@) Branch to (b) Branch and Link
FIfl. 4.1

In this case no new bus is formed. The element | with nodes (1) and (2) is called the partial
network that is already existing before the branch or link 2 is connected to the element. We
shall use the notation (a) and (b) for the nodes ofthe element added either as a branch or as a
link. The terminals ofthe already existing network will be called (x) and (y). Thus, as element
by element is added to an existing network, the network already in existence is called the partial
network, to which, in step that follows a branch or a link is added Thus generalizing the
process consider m buses or nodes already contained in the partial network in which (x) and
(y) are any buses (Fig. 4.2).

PARTIAL NETWORK

T
ch T o 9® A © Ref. BUS
Brandi
6(E)

ADDITION OF A BRANCH

PIfl. A2
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LgalHatEqn.(4.l) A
vn*“[ZNjjllsus
in the partial network [Z ~ J will be of [m « m)dimension while Vnhw tnJ ims will be of
(m * i) dimension.
Tbe voltage »nd currents are indicated in (Fig. 4.3)

The performance equation (4.1) for the partial network is represented in the matrix
form as under.

z,2,.27
Zj, Za - bl |]
hi o= e

..A4.1)

q/] - e L]
Z*E.]. ZM A\V4
4.2 AdditionofaBruch
Consider an element a-b added to the node (a) existing in the partial network. An additional
ride (b) is created as in (Fig. 4.4)

PARTIAL NETWORK

oo

Branchadded 6 ®

6 Rtf. BUS

Fig. 4.4 Addition of a Branch.
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The performance equation will be

z,2,..2|, ..2alz* |t
Zj, ZP .. Zu ..Zdmj Zrt h

[ R 2

V. ™iZ,j..ZH ..Zm] «(4.2)
I

n; ZM..*zh . z' | zw

n.
The last row and the last column in the Z-matrix are due to the added node b
.............. where i* 12..................mforall passive bilateral elements.

The added branch element a-b may have mutual coupling with any of the elements of
the partial network.

Calculation ofMutual Impedances

It is required to find the selfand mutual impedance elements ofthe last row and last column of
eg. (4.2). For this purpose a known current, say | * | pa is injected into bus K and the
voltage is measured as shown in (Fig. 4.5) at all other buses. We obtain the relations.

Fig. 4.5 Partial Network with Branch Added (Calculations of Mutual Impedances)

v, *Zulk
VvV *2lklk

V. -z*ik (4.3)

V-'mzT«k

V> -z*it
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Since b i* selected as | p.u. and all other bin currents are zero.
Z*can be known setting I*-10. from the measured value of Vv
v, 1z
V, 1ZX

vV.-2* “4.J)

~=«NMfMttHNI

V.-z*

vb-z*

We have that
Vk-V.-ert ... (44)

A [ytr M
[)'«*J 1yt ] - (49)

A m«elf admittance of added branch a-b
- mutual adminance between added branch ab and the elements x-y of

Also,

- .
partial network
Y« * «m»?«ee ®IY*H*
Yxy» " primitive admittance of the partial network

i* “ current in element ab
e - voltage across the element a-b

It is clear from the (Fig. 4.5) that

u-o0 ...46>

But, en ii not icro, since it may be mutually coupled to some elements in the
network.

Abo,

e(D«V »_\4-[‘ -(4-7)
‘shere Vt and VYy are the volmges at the buses x and y in the partial network.
The current in ab

(44>

oY . Mb«*+ Yk
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From equation (4.6)

Yay
4.9
Yo b
substituting equation (4.7)
W V. -Vy)
Ky oo e .(4.10)
From equation (4.4)
y*-.v(v.-vr)
vk v,+-+a AT

Yp-op

Using equation (4.3) a general expression for the mutual impedance Zk between the
added branch and other elements becomes

zM.z N
Yb-th 4.12)
i*2— m; i*b

Calculation of self impedance ofadded branch Zrt.

In order to calculate the self impedance Zu once again unit current Ib* 1p.u. will be
injected into bus b and the voltages at all the buses will be measured. Since all other current-,
are zero.

V, -Z*Ib
V, m
«* >MOUHLL,

V., —Z*«>

V.
Vv,



Fig 4.1 Partial Network with Branch Added (Calculations of Self Impedance)

Tt* voltage across the elements of the partial network are given by equation (4 7). The
currents are given by equation (4.5)

4le, [l I | ....(4.14)

From equation (41J)

I* -

But er mV, -V,
Therefore “YNAL e _|_y_/\(y_ _ yy)
-|+WV.-V>>
Hence [FWV.-V== 4.1S)
Noif V»-Vr-Zrtlb-Z™»
m(Z-b-V'b
.oV e 4.16)

substituting from equation (4.16) into (4.15)

“d«+w z , k-z*%)]

* Y*_*

e

.(4.14a)
From equation (4.4) VK-V, - en

Therefore y -V & +
b ' Mp-n
Yak-(p ia the K If admittance of branch added a-b also

Y*-n » the mutual admittance vector between a-b and x-y.
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\ 2%1*,
Vi-zZ/~L
I*- 1pu.

-2y>)

Hence.

Y*_*

Special Cases:

If there is no mutual coupling from equation (4.12)

with
§’dﬁ g
And since YHy =®

1bT2lh 07 U s m: \*b

From equation (4.17)

(4.17)

| Zbb*
If there is no mutual coupling and a is the reference bus equation (4.12) farther
reduces to
with A Kot IV 1 m;Il*b

From egn. (4.17)
* _
and ébb“ (t*b—»i(—

4 J Addition ofa Link



r-w /« of Network Mmlrke, «l

Consider the P**'» 1«*twortl *hown in €* 47>
Consider a link connected between aand bu ihown.

The procedure for building up ZBUS for the addition of a branch is already developed
the «ame method wi ill be used to develop an algorithm for the addition ofa link. Consider
Nf,cilnous node | between a and b. Imagine an voltage source V, in series with it between |
Ind b as shown in figure (4.6).
Vbltage V, is such that the current through the link ab (ic) i,,,*0
ert * voltage across the link a-b
\, m source voltage across I-b - eb

Thus we may consider that a branch a-l is added at the node (a) since the current
through the link is made zero by introducing a source voltage Vr

Now consider the performance equation

Ebus" 2B «)-lew mem11)
once again the partial network with the link added

| 2 1 a . m 1
V,) 12zn Zji .. zl * z, - I8 Z*¥ 1
V2 2 Z7ji Za - 4 "™ Zu Z, Zn 1
—_ .- M
v, iz, z, z z, z. z. ,1 4.19)
V. az, z, z, =z Mz z 1
V. m Z—, Za - Z. .I Zu - Z«. Z,, L
v /lz, zn - Z, AR AR S

Also, the last row and the last column in Z-matrix are due to the added fictitious node 1.
vt“ V,-Vk ....(4.20)
(ak*btto* of Mumol Impedances

[P*rniirE ~  "M*encrll’ ctn be determined by injecting a current at the ilhbus and measuring
e voltage at the node i with respect to bus b. Since all other bus currents are zero we obtain
om  »bove consideration

VZINK-=- bl i, - ..44.21)

and V/- ZAl, .A44.22)
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Letting |, “ 1Op.u. Z;, can be seen as v , which is the same as V,

B*

v,* V,-Vk-ew

It ia already stated that the current through the added link i - O

Treating «-I as a branch, curTeT in this element in terms of primitive adnittanoes
the voltages across the elements "1

Where

Yfass*e* * * U« [ln» 1«dmittances of any element X-Y in the partial network with respij
toaland s the voltage across the element x-y in the partial network.

BC

-Ih-0

Hence, equation (4.23) gives

Note that

and

Therefore

0n.)

since

Also,

Ybhbl
Yy-*“ Mbib
WK « Y+-Y

58
45

VWKV
yr_*

im29)
Ct, -V, -V,

Z2*-Z7.-2*%*
* Y n

Thus, using equation 4.20 and putting |, = 10 p.u.



gnlldM
r,"(z.-zrj

...A4.30)
yo.

I-U - -m

1#/
mutual Impedance in U* last row and las. column o. equation ,4 .4,

emc be calculated

Comp**™ o fM in equalion (4.30) Kma.ns 10 be computed For this
now . #evalue of V , unit current is injected at bus | and the voltage with

N NI55 ik e\t a

Ref BUS

I,-10pu

Fig. 4.8 Addition of mLink (Calculation o<Self Impedance)

V*k»fc K“ "=2.iiiennne. m ..44.31)
*Imzl,s e (4.32)
Bu I,- 1p.u.-—iw ..44.33)

MK current INin terms of the primitive admittances and voltages across the elements

...44.34)
-1
Again, i
Y —* “ ¥Y».., ad ...44.35)
Wy ..44.36)

", fromegn. (4.34)-|
V*/et/+ Yy » Vo
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| <o Y*- »«*)

Substituting
%" Vx=VYir
Zai " Zyi el
*N - 27y, (*inc* <7 10 P")

o x4y ~Zn)
7 Z\N-Zb"‘ y*_* n.»

Cue (i) : BO mutual impedance

If there i* no mutual coupling between the added link and the other element! la ]
partial network

y»b-«v are *11“ fo

Y*-b -
Hence we obtain
h *»z*"z7x:e 1L2......... «"' A
iKl
“Z%_7 b 441

Cam (U) : no mutual impedance aad a ia reference aede

If there is no mutual coupling and a ia the reference node

Also

Thus all the elements introduced in the performance equation of the network
link added and node | created are determined.

It is required now to eliminate the nod™* I.

For this, we short circuit the series voltage source  which does not exist i* |
Prom egn. (4.19)



*5

BLLIY<U*E
.(4.44)
Vaut
*Z,l.
-0 (,ince the source is short circuited) -(4.45)
Saving for |, from eq-tion (4.45)
Inn ..(4.4%)
W w
5ub*tituting In equation (4.44)
Z.,2,
V N - P kjsl lbos-— -I»Ub
ZW-Z,
Zbui .(4.47)

W W if the performance equation for the partial network including the link a b
incorporated.

From equation (4.47) w« obtain

Zpm (modified) m Zeus(beforeadditionof link) -

1for any element

Z,(rodified)-I Z~beforeaddition of link - ~"% ‘] @.41)

*¢»m 9t CFEUmtnb » Change* m Element
b>addfcifc 'V * lof*e *,em*mfro,n 4nc<«ork The modified impedance tan be obtained
,med«ea to be removed!h* ,lemenl * link’ Wh*** mPed4nce Is C4U»; to 'he negative bl the

A ® sifnilgf manru-r if .
~APAtnefmttrixobtame”L am mpi“ Ke of Jic cl«nicnt is changed, ihcn the modified
ofthe two eiernenui s d With thc clemcnl that the i®uivtleni
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©
PARTIAL partial
OR OR
FULL NETWORK FULL NETWORK.
° —

NETWORK

Fig. 4.9 Removal or Chang* mImpedance of an Element.
Z,, changed to 24
] L+ L
Zn Z,

However, the above are applicable only when there it no mutual coupling betweantifl
element to be moved or changed with any element or elementt of partial network
4.4 Removalor Change in Impedance ofElementtwith Mutual ImpedaaM

Change» in the configuration of the network elcmtnts introduce changes in the but currene
the original network. In order to study the efTcct of removal of an element or change*iflfl
impedance of the element can be studied by contidering these changct in the bus cur

The basic bus voltage relation it
Vaus - (r** ]! oyt

with changct in the bus currentt denoted by the vactor Aiaui the modified *
performance relation will become
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guiHU™* *
It is detired now to calculate the impedances

Vaus I* **n*w 601 vo***B

~ M | method is to injec. a known current (say | p.u) a. the busj and measure the

voltage at bus ! _ - ,nthe ne,work Let the element be coupled to another clement
c~ T en ifnow theelement p-a is removed from the network or .is impedance is
m the bus currents can be represented by

41i,-A1,
Al,--Ai,
1, mAl, .(4-50)
O1.--4'n

H<

Fig. 4.10

Inject a current of | p.u. u aay j*i bus

lj“ 10
Then k' Ofr— L Joeiis o K *j]
EM 1 k+gK)

™ r'

fro -2
fr"' «% 4.J0). HH M b the index k introduced, equation may be understood
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Ok =Aiw ;k =p
A1k * =01 [@;K »q
Olk» A, k-r
Alk=-01,;K-»

==A50(e))

From equation
V?-Z;e1+Z,Ai, -Z,Ai, +Z. Ai, -Z.Ai,,

«Z,+"~-Z,)Alp+(zil-ZIH)A»1 .(4.31)
If a, p are used u the subscripts for the elements of both p-q end r-s then

Vij-Z,+(Z2*-Z"»1-1.2.3 . n .(4.52)

From the performance equation of the primitive network.

Ai«, = ([y—bl y—]'1)ve ....(4.5))

Where [y j and ly~ J"1are the square sub matrices ofthe original and modified primitive
admittance matrices. Consider as an example, the sytemn in Fig 4.11(a), y matrix la shown
If y2element is removed, the y1matrix is shows in Fig 4.11(b).

0) (@ @
® >n O O

2 0 vya ym
3 0 vy ym.

0) 2
0) yu« 0 O
2 0 ym O
3 O o0 o



of Ntlwork M atties n.

A
Akn.Y ~ -d YIJ® given:y ,- [ n Y,,—[

Thus, the rows and column of the sub matrices Y —and correspond to the neiwori.

elements p-q and r-i (Fig. 4.10)

The subscript* of the elements of (Jye |-jyT j) are a0 and y6. We know that

....(4.54)
substituting (torn egn. (4.52)
for v, andv*
v*' -Z,-7*+([2,]-1Z2.,)-[Z2*.]+[z*])A1, ... (4.55)
Substituting from eqgn.(4.55) for v into eqn.(4.53)
AN 7 (Jy«il'ly'uB| )N =Z*)+KiZw]- 1Z»e]"[ZT»][HZ*i=]l Al ....(4.56)

Solving egn. (5.56) for !~

AW -{u-\y~1-[yL) (z» 1-[Z* ]m{rbl ] ®[z, ]}® Kysm -y'n fc, -z, 1}... (4.57)
Where U is unit matrix

Designating (dyw ) - (y ]- [ym] giving the change* in the admittance matrix... (4.51)
and the term

{U-[*yl(lzl-[zI-1z]-1z*])}
by F, the multiplying factor .... (4.5»)

=ubstituting equation (4.60) ia equation (4.52)
V)“ Zj +(z« -Zip)[FIL Oy, J [z,-2] ....(4.61)

,bove equation gives the bus voltage V, at the bus i ai » result of ii\»ecting | pu

cun*m « but] and the approximate current change™.

B The lj the element of modified bus impedance matrix is then,
< -Zt+ft.-zZ2*)(FI"[Ayjfr,-Z ,]

~le Process is to be repeated for eachj - 1,2.......... n to obtain all element of Z%*.
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Worked Examples

E.41 A transmission liae exists between bases 1 and 2 with per unit Impadancr
0.4. Another Hae of impedance 0.2 p.u. Is coaaected la parallel with It making
It a doabl-circult liae with mataal Impedance of 01 p.a. Obtain by hallding
algorithm method the impedaace ef the twcxircaK system.

Solution : \
Consider the system with one line

But | Bu=>2

04 pwline
Fie. B4.1

Taking bus (1) as reference the ZKli Is obtained at

(;) (? 2
“s: (9 (2) 04
(2) 0 04
S X Y b
0.2 p.u
0.l pu
04 pu
Fig. M |

Now consider the addition of the second line in parallel with h

The addition of the second line Is equivslent to addition of < link. The augmented
impedance matrix with the fictitious node | Introduced.

(2) <)
(2 04 «,l

) X«
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1-2(1) 1-2(2)
1-2(2) o O.l
A 1-21) [oll 0.2

»- Ijx -1
b-2,y-2
Y _*
1-2(1) 1-2(2)
4286
7143
-*r«)
Yop-n
(-1.4286X0 - 0.2)
r,,-10 =0-0.4 + 0.33

-0.35 +0.2625 -0.6125

(2) 0)
(2) ro4 -0351

() [-0.35 06125

Now, eliminating the fictions bus|  (modified) “ »u» zu -iu lilL

mo.4 - —°” ~ J5)-04-02. 02
06125
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E. 42 The doable circuit Ve In the problem E 4.1U further extended by the addition
of mlranians*ion line from bus(I> The new line by virtne of its proximity t0
the eliding lines has a mutual impedance of 0.09 p.u. and a self - iiapadanc,
ol 0.3 p.u. obtain the bat impedance matrix by asiag the buildiag algorithm

Solution : Consider the extended system

Now a“l and b« 3

Also a is the reference bus

4+ YH_xxkD" _**)
Yb-n
The primitive impedance matrix z[ti ” ii jiven by

1-2(1) 1-2(2) 1-3
1-21) 04 at 005
o " 1 22) ai 02 0

1-) 0.05 0 05

1 o))

121) 122 13
1-2(1) 29201 -14634 -04171

1-22) -14M4 57317 0.24)9
1-J - 04171 02439 34146
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Seeingb* 3;i“ 2;aj |
kg _ ok 0-02
=N 0{(-0.4t71X0.2439)] ]
sU=»n, 0. 021
* * .
h-"n < yivu 34146
0.04128
-0.014286
3.4146
-0.0142161
L priixiiatiiiown | *l +-0487802439) .\ os
-LiiUfsJ.0o*----—---
Z»-2z, + YH-ii 3.4146
1.0034844
0.29388
34146
(2 3
Z#u,-(2) I 02 0Nn14AaL
(3) [0.01428 0.29338
E43 1V »y*tem E4.2 U further extended by adding another traaimUston Hae to

bue 3wUh all to padancaof OJ pu Obtain the 2 iLS

Sobitto» :

Fig. U 4
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Consider (he system shown above with the line 4 added to the previous system.
This is the cue of the addition ofa branch. Bus (3) is not the reference bus.

a-3
b-4
There is no mutual coupling.
4 —** K L2, ml*b
\%

setting | m |, 2 and 3 respectively we can compute.
z4 - - O (ref. Node) - z,,
=0.01428
z, - 1j, - 029288
~hi * lum " 029288 +0.3 - 0.59288

) @ @
02 01428 01428

&)
Zeus* (3) 001428 0.29288 029283
(4) 001428 0.29288 0.59288

E. 44 The system in E 4 la fartker extended aad the radial system Is coaverted
Into a rlag system Joining bas (2) to has (4) for reliability of supply. Obtain

the lwr
The self impedance of elenent S is 0.1 p.u

Solution :

<3>
Fig. E4.8
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u shown in figure now let» - 2and b - 4 addition of the line 5 it addition of
Therie#,v™*tem. Henceinitially afictitious node | is created. However, there is no
«E**fc £ £ bui(2)i. «- a reference node.

U Tly ~mm*
i-2 ** mtu~ *@" *n *0.2 -0.01428 =0.18572
1-3 ~ - *u-0.01428 - 0.29288 - -0.27852
(-4 *M"*m Y *m~*44" 0.1428 - 0.59288 - -0. 5786

z(augmented) « ,, * r"- a** z ~

-*j|-2z4 +0-1 “ 018572 +0.5786 +0.1 - 086432
@) 3 4) 0]

(2 0.2 0.01428 0.01428 0.18572

(3 001428 0.20288 0.29288 - 027152

(4) 0.01428 0.20288 0.59288 -0.5786
() 018572 -0.27582 -05786  0.86432

Now it remains to eliminate the fictitious node I.

A (m o d ifie,ﬁd )o2-ffiggraiga) ,0)6

1) KA4 i»

Zj, (modified) - Zj, -

=0.01428 - — ‘8M2X~0-27852) _ 0 0U2g +a0l9467 . 0.0741267
0.86432

z" (modified) - Zj -
-0.01428 - ¢ '>3~5)S7>6) - 0.01428 +0.1243261- 0.1316
0.86432

z,, (modified) - z,, -

0.59288 - (-~ 27582°-0.37852) _ofn u _00t97s07 51 0.50313
0.86432
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zM (modified) - z4, (modified)

m0.2928- (-°27852)("76) _ 0 LJ - 0.186449 = 0.106431
016432

zZM (modified) - zu -

. 0.59288- (- ° S78<K~0 S7861) =0.59218- 0.38733 - 0.2055
0.86432

The ZKlIi for the entire ring system is obtained ss

) e @
2 016 00741267 0.1386

ZBus~ 0.0741267 050313 0106431
(4) 01386 0106431 02055

E 45 Compute the bus impedance matrix for the system shown in figure by adding
element by element. Tike but (2) as reference but

Solution :

0]
pi* e4.l

Step-1 Diking bus (1) as reference bus

®

zbu, * (2) QOF
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Step-2 A» line joining buses (2) nd (3). This is Addition of mbranch with mutuals

a-(2);b-@3)
®
FIfl. E4.7
2 @
Aus * (2) 202 s

3) fol s T ¥

y»-y(du->*»)
yn-+

Y;.y|?2L4?-1H)

*33  hi o+ v
Y21-2)

The primitive impedance matrix.

Mos -jo.il

TR P 05

r-)An47  jo.869 1
MploT* “ [ j0.869 -j2.1739j

Hence *[il 10-25 ¢ ~ | 3~ £93i) - J0-23)0.099

*jj —10.349 & " r-349*fii ' 30946

. jO.349
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2 @
(2 jo25 j0.349

3) (0349 j0.946

'bus

Step-3: Add the live joining (1) and (3)buses. Thi* i* addition of a link to the existing
system with out mutual impedance.
A fictitious bus | is created.

<+
Fig. E.4.8

«H--S

t,4 tu+ *b<b

*J* —*jj* ~i 0349
09464

* H>|3
-+j 0.9464 +j 0.25

-J 119
The augmented impedance matrix
@ 3) 4)
j0.2S /0349 -Y0.349
7 (g y
"*(3Y) /0.349 /0946 -/0.9464
(/) -7/0.349 -/0.9464 >1.196

The factious node () Is now «liminated.

Zij (modified) * Zj2- -Ak* ¥



7*
(TYON X ~0.349), 0]48[

J o* /1.196

2., (modified) * Zj, (modified) - Jj, - T

a” n o w B K B T TLW X *
wx /1.196

. . . Z,Z
Zj} (modified) m Zjj -

¥1.196

r/0.181 /0.0721

Hence 21n° [/OX)728 /01976

E. 4.6 Uatalg the building algorithm conttrud zMS for the system shown below.
Choose 4 at reference BUS.

&*utam

Stap-i Stan with element (1) which it abrancham4tob” I. The elementt ofthe bus
impedance matrix for the partial network containing the single branch arc
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0.)
Fig. C.4.10
Taking bus (4) a* reference bus
@
4 o O
ZBUS “ () o 03

Since node 4 chosen as reference. The elements of the first row and columo are zero
and need not be written thus

0)
Zus' (O [55]

Step-2  Add element (2) which i$a brancha - | to b m2. This adds a new bus

Fie.e.s .11
®» @
03 ii:
@
ij,-zn-0]J
*J+*ypr 03+ <
@ @
. (1 a3 a3
zbus 1 (2) az as

zbus :

Step-3  Add element (3) which lubranch a-2 tab - 3. This adds a new BUS. The
BUS Impedance matrix.



w, .mAHIA of Network Matrices

Rif o
0) 2 G
y (1) 03 03
<~ (2) 0] 01
@) z3

*i>mhimhimo03

«, -Zj, +*,,,- 01+0.2- 10
= ,3)
0) 03 03 03
U~ (@ 03 0J oe
3 03 01 10

Hence,

Step4  Add element (4) which U e link » - 4; b-3. The «ugmented impede** metrix
with the fictitious node | will be.
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@ E ”
@) 03 03 0) hij
(2) 03 08 01
(« 03 08 10 gy

/) VAR *v

4 mhi~hxm

*y-*a-*u--10

Zy- -lj, +*4,4, - -(-1) + 0] - 13
The augmented matrix is

®» @ 6 ”

0) 03 03 03 -03
(2 03 08 08 -08
3) 03 0J 10 -10
) -0.3 =08 -10 13

To eliminate the /* row and column

z], - - 0.3- L, 3X~°3) - 0.230769
13

« ™ ,,- bl bl .o n ..W rtfi -0.1153
*, 13

*ji =*1j - 1y - fal
.

»0.3-.0.06923
i 13

*a **n ~ -08- . 0.30769
A -*n -*n~ .0.8- -0.18461
13

z, . z, -k llifcli) . 1.0- "~ OK~ !~ «0.230769

*ii <



|
bhii )

o O (©)
0) 0230769 01153 0.06923
and. thu*. zam*“ (2) 01153 030769 0.18461

(3) 006923 018461 0.230769

SUP-5 Add element (5) which i»ellnk»-3tob - I, mutually coupled with element
(4). The alimented impedance autrix with the fictitious node | will be

0) 2 () )]
&) 0.230769 0.1153 0.06923
(2) 01153 030769 018461
3) 006923 018461 0.230769 =
<0 Zi *U . .hi *4

. y»IinC*n ~*>j)
hi wrn “ *n ~*n *
YMm

y>ia(zn ~gn)
-
YMm

mzn "’ *u

YAM(»H0 -«M)

y=a

VAR AN I P
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, FYna(*« -*n)
yun

ZU**»1 " *H

Invert the primitive impedance matrix of the partial network to obtain the primitive
admittance matrix.

4-KD 1-2(2) 2-3(3) 4-3(4) 3-1(5

4 -10) 03 0 0 0 0]
L 1 1-34) 0 05 0 0 0
Pnnyl** 2--3(3) 0 0 0.2 0 01

4--3(4) 0 0 0 0.3 0

3—1(5) 0 0 01 0 04j

4-11) 1-2(2) 2-3(3) 4—3(4) 3-1(5)

4-KO ' 333 0 0 0 0
. 1-2(2) 0 02 0 0 0
K. 14 =lyress 2-3(3) 0 0 5714 0 -1428
4-3(4) 0 0 0 333 0
3-1(5) 0 0 -1.428 0 2871
z,-.,- 006923 -0230769 & a_o0.,e<5%
N _* _0,1.46. -a.153+ . 0P

Zj| mz|3* 0.230769 - 0.06923 + Lt LffIX 0~ .b AA30769>. O 1846

z, - 0,1846 - (-0.1845) . ¢.075
= 28571

L @ ®3) jo ___
() 0230769 01153 006923 -0.18456

(2) 01153 030769 018461 000779
@) 006923 018461 0230769 , 0.186
(1) -0.114s6 000779 01146 08075



N\

ToBUmin»1 /1 row»d column:
gj, m«,, -fe A ii »0230769- (~° I '~ -%0.18858
M

i w'm omom *FH»»

USSSSSSS: .010751

*n 0.8075

=

doot - 0230769- (0 I~ 0<l1— - 0.18857
a, 08075

0.18858 0.11708 0.11142

«d 7 W=
BE“(2) wnM708 030752 0.18283
(3 aill4 018283 0.1U8

E47 < Kikown in Fig. E.4.13.

Fig. E.4.16
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It» Spug la n follows.

0) 0230769 01153 00623
Zbus- (2) 01153 030769 0.18461
(3) 006923 018461 0.230769

If the line 4 b removed determine the z all| for the changed network.

Solution: Add anelement parallel to the element 4 having an impedance equal to impedance of
element 4 with negative sign.

Zgpn  ZtftM - M«xL. a) oj
This amount to addition ofa link.

*= ®

@ @) 3) )
0) 0230769 01IS3 00623 =,

Z,us-(2) 0.11)3 030769 0.18461
(3) 006923 0.1IM6l 0230769 =,

0 ) 2" */] *

n -*, --«,,--0 06923
4/ -0.18461

ly -Inm - -0.230769

- (-0.230769) +(-0.3) - -0.06923



The augmented 17* ** Jicrf

0] ) ©) )
(1 0230769 0.1153 o623 -0.06923

. (2 01153 030769 018461  -0.18461
(3) 006923 018461 0230769 -0.2307*9
(/) -006923 -018461 -0230769 -0.06923

Z«us

Eliminating the fictitious node |

> » )W - (0.23076)- (-0.06923) - 0.3
*
n

*t “ %3 - *1y- (z* A -(0.1153)~(-0.18461) - 0.3
*ii

i = ~1j - *ii - (0.06923)-(-0.230769) . 0.3

bl bl . (0.30769)- (*»m'»*»-—«m»«e) .
X

" -0.06923
-Y bl , (0,230769) - (">"0769X-4).230769) = Q
zM —0.06923
The modified is
(O NE)
03 03 03

Z-U-«(% 03 0J 08
@) 03 0J 10

17
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E 4.8 Coaslder Nn «y»stem la Fig. E4.17.

(0] ®

Fig. EN17

Obtain by utla, building algorithm.
MM n
But (1) is choton at reference. Consider element | (between bus (1) snd (2))

(%)
ZUS- (2) 0.03ma03

Step-1  Add element 2 ( which is between bus (1) and (3))
0] )

(0]
Fig. EN1 U

This is addition of a branch. A new bus (3) it created. There it no mutual impedance

Q@ __0)

-<2) 008+/024 00+100.0
(3) 00+000 002+I0.06



Fig. E.4.1»

A link i* added. Fictitious node | is introduced.

@ 3) )
0.08 +j0.24 QO+jo.0 0.01 +j0.24
00+j00 0.02+j0.06 - (0.02 +0.06)

0.08+j0.24 -(a02+jo.oo«) 0.16+j041
eliminating the fictitious node |
Zj (modified) “ Zj3- iilill

- (0.0% +j0.24) - (0 08+ =004 +j0. 12
1 0.49 0.4

1,, (modified) - z,, (modified)

- |: n - 4r* 1J —0.0+¥/00+

0.16 +/0.48
-0.01 +0.03
z,, (modified) - 0.0175 +i 0.0526
AN 4w matrix is thus
(2) (3)

ZM .(1) [004+012 aoi +jo.o3 1
(1) ©° ¢®“ 0/M5+-)0.0526]
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E 4.9 Given the aystem of E4.4. An element with an Impedance of 0.2 p.u ,
mutual Impedance of 0.05 pit. with element 3. Obtained the modified b,
Impedance method nalng the method for compotatlo»» of Z,,,, for chanX|
ia the network.

Fig. C.4.20

Element added is a link
a“ 2;b-4. A fictitious node if | is created.

(2) 3) (4) i
@) 016 00741267 01316 2V

(3) 00741267 050313 0106431 Zv
(4) 01386 0106437 02055 7

%) 20 hi oz

y*_*

>»y*-<y(r » -7 ,,)
and z.-zM-V
Yep-h

The primitive Impedance matrix la



-1

1-2(1) 122 1-3 3-4 24Q0) 2.4(2)

04 01 005 0 O 0
1-2) 01 02 0 O O 0
0056 0 03 O 0 O
T la o 0 o 0 O 0
2-41) O 0 0 03 01 005
2-4(2) 0 0 0 0 005 02

The added element 6 is coupled to only one element (l.e.) element 5. It U snifTicient to
inverl the sub matrix for the coupled element.

2-4(1) 2-4(2
Z N - 2-41) 01 005
2-4(2) 005 02

fl 14285 -2.857

y*-" 2*57 57143
(-2.857XZ,
Zn *Z3~elIn 2
1143
m(0.16-0.086 » , 051070
Z, -2>-0.741M7-0.10643, nin 3)--0414
y»-,(2..-2),)
*za" Zj« Y-k
«0.1386 - 0.2055 + (-2 «>7MQ.I3»6-a2033) . N n3,45
5.7143
l,- 0.0107- (- w w u.le |-MMN4>>. | |TO7

m"eeugmemed matrix is then
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(2) ©)] (4) ()
(2) 01600 00741 0138 00107 °

(3) 00741 05081 01064 >0.01614
(O 01386 01064 02055 -0.0.3345
(/) 00107 -0.01614 -003345 0.19707

(0.0107)1
Zj, (modified) - 0.16- A9707 * a 1594

Zjj (modified) mZ,, (modified)

0.01070n(-<.01614
0.19707

Zy, (modified) - Z4] (modified)

m(0.1386- OOI™ «ng:9 3“ 7> .0,1404
0.19707

Z,(modified) - 050313 - » °-016L1/)>.>0.5018
01970
(modified) - Z~ (modified)

m0 106431 - ,0.10369
0.19707

Zu (modified) - 0.2055- -0.1998
0.19707

Hence the ZM b obtained by

) 3) 4)
(2) 01594 007497 0.1404'

M (3) 007497 05018 0.10369
(4) 01404 0.10369 0.1998
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Co,.iiter the problem E.4.9. If the element * to now removed ebtaln die
£4.1*

2:-Z~NZ0-Z9)fPrM[~ * f]

wherea - 2; P“ 4 1-1[
end y*2; 5»4

theoriginal primitive admittance matrix

2-4(1) 2-4(2)
[y»]*2-4(l) riL4»5 j : 2*57
2-4(2) [-2.857"j~S.7143

The modified primitive admittance matrix
1-2() 1-2(2)

1-2(3) * -0 |_|?3

X Jo[-— »“;]-=
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Computing term by term
(2) 2

Zw - Zta - Zjf - z|f m (2) TO1394 015941
(2) [0.1594 0.1594]

(2) (2)
Z» mZ2%mZi] «(4) [0.1404 0.14041

(4) [0.1404 0.140%

4) )
§2) 01404 014041

(2) [0.1404 0.1404]

(4) 4)
Z* <> 1991 0.1998
(4) 1991 0.1998

r0.1594 015941 Tlo.1404 0.1404

z, -2t "Z# 0.1394 0.1594] ~[0. 1404 01404

0.1404 014041 [0.1998 0.1998
[0.1404 0l404j [0.1998 0.199*

_ [0.0784 00784]

" [0.0784 00784]

[*yllz, -z, -Z2* -T1,]

_ 14283 -28571100784 07841 r-0.1120 -0.1201
‘ [‘ 2.837 5.7143\] [0.0784 0.0784J =[ 0.2240 0.2240J

n aro1o ol r 1112 612

F"U- ZN -Zta-Zjf +ZH)*
v ( -z ) [o 1]~[ 02240 022401]° [-0.224 0770

87387 -0.12612
(PJF‘I[:Q%QzS 1.25225

0.87387 -0.126121T 14285 -2.857F 16086 -32173
W= - loosoos 125005 j [-28571 57143, -32173 6435 .



*5

“ °fmodifie<JZ* J5ere ,hen given by

Zl -2~ (z--Z )(FAAye]r - Z %)

Fori-2j"2
Zn “ Zjj +((zn ZH]-[z* ZM] [m]"{Ay.}) [ [I€]- [Y )

-0.1594 +CO.1$%4 0.1594]-[0.1404 0.1404])

[ 16016 -321731 ¢ 01594 014041 1
[-32173 6435 J | 01504 0140417

6086 - 32173110019
0.1594 +0.019 0.019* (e
2173 6435 J [0.019

0.019
- 01594 + [-0.03056 a061l] 0,019 =0.1594 +0.00058026 - J1 15998 - 0.16

1 " 4—W* T 20

0.0749/ #[- 0.03056 0.0611]f~ 1461 - 0.07497 - 0.00096075 - 0.074040
J[- 0.03146)

leti-2;j-4

Z1, =0.1404 +[-0.03056 0.0611] | -00594 | ,0.1404 -0.001814 =0 13158
[ -0.0594)

L« 1-3;5-3
g ou- 0 GV
= -Q
-0.5018 +[0.0506 -0.101228] -0.031461 0.5018 +0.001592 - 0.503392
-0/13146]

POr | -3;j.4
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-0.0594
0594

Z '* -0.103691 «(0.05060 - 0.101221]

-0.103691 +0.003006 - 0.106696
Similarly for | -j m

Z%, m0.199#+[-00594 - M S * |[_ '~

r- 0.0594
0. 1«** (W N«=-bl»]| 13T -0.205476
-0.05%4
Hence the ZBUS with the eleraent 6 removed will be

@
(2) 015998

a07404 0503392 0.106696
a 13158 0.106696 0.20576

MO0.P 414

Form the bus impedance matrix for the lyitem ihovm in Fig. P 4.1the
given below.

Eleeteat Neiabere Bat Cede
1 (2) =(1)
2 0)-(3)
(-2
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tie» odiliec ifa lint 4 is ailded parallel to line | across the busses (2)

X with * **If imPedance of 05 pu-
lahe oioblein P 4-2if the added line element 4 res a rrulual impedance with respect
M IL,ne dement | of 0.1p u. how will the Z,,us matrix change- ?

Questions

Sttrt™8 from Z ,y., for a partial network describe st;p - by - step how you will
obtain the Z I)US for i modi led network when a lew line is to eadded to a bus in the

existing network.

Startir g from Z BUS for a partial network describe step by step how you w Il obtain
<e z BIJS for a mod fied network .vhen a new line is tc be added between two bus.-s

of the existing network.
What ire the advantages o fZ BUS building algorithm?

Descr be the Procecure for modification of Z gl,s when a lin,- is ad Jed or removed
which has no mutual impedance.

Descr be the proced tre for modifications ofZ Bl swhen a line vith mutual impedance
is add:d or removed.

Derive the nccessar, expressions for the building up of Z nlil when i) new element
is added, (ii) new clement is adced bet.veen t*o existing buses Assum; mutual
coupling between the added element anc the elements in the partial network.

Write short notes on

Removal ofa link ir Z B(S with no mutual coupling between t le element de eted and
the otlier elements in the network.

Derivi an expression for aiding f link to a network with mu’ual inductance.

Derivi an expression for ?dding j branch element between :wo buses in the ZBI.S
building algorithm.

Explain the modifications necessary in the 7. BLI when i mutu ill\ coupled e ement is
**m°ved or its impcdance is charged.

.& ~eve|,)P =te equatic.n for modifying the elements of a bus impedance mat'ix when

< coupled to oth;r elements in the network adding the elemen not c eating a
new bus.



5 RKWYERHOASTUIES

'ower *low studies are performed to determine voltages, active and reactive power etc. a
various points in the network for different operating conditions subject to the constraint’ on
generator capacities and specified net interchange between opeiating systems and several o her
restraints. Power flow or load flow solution is essen'ial for continuous evaluation of the
(terfonrance of the power systems so that suitable control measures can be taken in case ot
necessity. In practice it will be required to cany out numerous power flow solutions unds a
variety of conditions.

51 Necessity for Power Flow Studies

Power flow studies are undertaken for various reasons, some of which are the following

1
2.
3.

IN

©p~NoO O

The line flows

The bus voltages and system voltage profile

The effect of change in configuration and incorporating new circuits on system
load ng

. The effect of temporary loss of transmission capacity and (or) generation on system

loading and accompanied effects.

. The effect of in-phase ard quaerative Soost voltage; on system leading
. Economic system operation

System loss minimization
Transformer tap setting for economic operation

. Possible improvements to an existing system by change of conductor sizes *nd

system voltages.
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' N p ourcose of power How studies a single phase representation of the power network

i)Stem is generally balanced. When systems had not grown to the present

is wed-sin”™s weic simulated on network analyzers for load flow solutions. These analyzers

dit. w*  _ rype scaled down n-iniatuie models of power systems wit! resistances,

are I>f*"* ~ _ fiiances. autotrsnsfonrers, transformers. loitds and gener; tors | he generators

sources Of«rating at a much hij;her frequency than 50 Hz to limit the size of the

arejustly Mds arc represented by constant impedfnces. Meters are provided on the

measuring voltages. currents and powers. Tfe pow.-r flow solution in obtained
measurements for any system simulated on the analyzer

With the advent cf the modem digital computers possess ng large storage anj high

)__a- nf nnwer flow studies have changed from analog to digital simulation /1 large
"pe*j)er Of algorithms a+ developed for digital power flow solutions The methods basically
j Utiigu‘sh between themselves in the rate ol convergence storage requirement and t ine of
omwitatioi The loads are genilly represent»d by constant powei.

Network equations can be solved in a variety of ways in a systematic mamer. The most
popular method is node voltage method. When nodal or bus admittances are used complex
Im«r alffbraic simultaneous equations will be obtained in terms of ncdal or bus currents.
However, as in a power system since the nodal currents are not known, but powers are <nown
atalmostall the buses, the resulting mathematical equations become non-linear and are required
tobe solved by interactive methods. Load flow studies are required as has been already explained
for rower system planning, opeiation and control as well as for contingency analysis. The bus
ailm itance matrix is invariably utilized in power flow solutions

SJ Conditions for Successful Operation ofa Power System

There are the following :

1 There should the adequate teal po-ver generation to supply tl e pow.-r demand at
various load buses and also the losses
2. The bus voltag: magnitudes are ma plained at values very close to the rated values.

3. Generalors, transformers and transmission lines are not over loaded at any point of
time or 'he load curve.

*«3 ThePower Flow Equations

toniider ail n-bus system the bus voltages are giver, by

V, *6,
¥- (6-1)

V.
bus admittance matrx
[Y]* [G] +i [B] (5.2)
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are P.

when: OV/La
W8K™*) bk
X-IVJrs,"V, (Co.5,+jsin6.) .,
vk - )vH - IV,i (Cos 6, *j sin\) . @1
The currenlinjected into the network at bus I’
L'"Y,V, rYGV; f..+YmVr-»where nisthe number ofb\I I
' - -isi
The complex power into the system at bus i
W J9 .-V, i
‘v=l Y*V
* £ IV,VKY ] exp (6, - BIY
Equating the real and imaginary parts
P=£ |V,VKYjCoa(6,-\-¢€j 67
and o, - ]%- IV. VKY a| Sin (ft, -\ 0IK - (AK

where i« 1.2....... n

Excluding the slack bus, the above power flow equations are 2 (n - |) and the veri ’I*
0,. |Viand /d,

Simultaneous solution to the 2(n 1) equations
Pu Pn, £ |V,VbYd:Cos(A,-\ en)-0 (V<)

K * slack bus

Oc, <D-£ IV,V,Y] Sin(8.- \ -BA)' O e <*ce
K * slack bus

Constitutes the power flow or load flow solution.
The voltage magnitudes and the phase angles at all load buses are the quantities toQ

determined They are called state variables or dependent variables. The specified or scheclur

values at all buses are the independent variables.

Y matrix interactive methods are based on solution to power flow squations usin

current mismatch at a bus given by

I If



lin g the voltage form
Al,
4V,- V X ...(82)
1

~ K h e end of the interactive so ulion lo power flow equation. JIL or more usually AV
negligibly smal so that they can be neglected.

s4 ( |B*»ifiClition i f Buses

id bus : A bus « here there is only load connected and no generation cvists is
called a load bus. At this bus real and reactive load demand Pdand Qd are drawn
from ("M supply The demand is generally estimated or iredict.-d as in load forecast
or metered and measured from instruments. Ouitc often, the reactive power is
calculated from real powci demand with an assumed power factor A loac bus is
also called a P. O bus. Since the load demands 'dand Qdare known value- at this
bus. The other two unknown cjeiartities al .i loai bus aie voltage magnitude and its
phase ingle at the bcs. In a [Xiwer balance c-quati >n Pda id (J, are treated as negative
quantities since generated lowers Pwanc Q are assumed positive.

c

Yollluie controlled bus or generator bus :

A voltage controllec bus is any bi s in the system wher: the voltage magnitude car
be controlled The real power developed by a synchronous generator can be varied
b> changing the pri ne mover input. Dus in tu'n changes th: machine rotor axis
position with respcet to a synchronously rotating or reference axis > a re erencc
bus In other words, the piasc angle of the rotor fi is directly related to the real
m power generated b) the machine The voltage inagn hide rn the other hand, is
Emainh. influenced b\ the excitation cuirent in th; field vmdiru 1lui' at a generator
" bus the real power generation Ppand the /ollage magnitude Vf can lie spec fied It

is also possible to produce vars b} using capicitor or reactor banks toe they

compensate the lagging or leading vars consumed and then ontrihute to voltage

pontrol. At a generator bus or voltage controlled bus. also called a PV-bus the
Bcaetue power Q, and fi, aie the values that arc tot km wn and aie to be computed

e~

< Slack hus

In * network as power flows from the venerators to loads througl transmission

IMines power loss occurs due to the losses in the line cor ductots Hiese losses «her
included, we get the power balance relations

Pg- Pd-PL“ O ....(6 19

Qe-0d-°, "0 5 15

®*here PMand arc the to al real and reactive general ons. P and (,’j are the total

B * | and reactive power demands and P( anc! Q, are the power losses in the

mtransmission iGWOr< | he values of P... Q ,. Pdand ()darc cithe known or est mated

ince ihe flow of cements in Ihe various lines in the transmission lines ire not

*®wn in advance. P, and Q, remains unknown before the analysis of the network

m  **e tlese losses have to be supplied by Ihe generators in the system, for this
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purpose, one of the generators or generating bus is specified as ‘«lack bas'J
'swing bus. At this bus the generation P( and Qgare not specified. The v.)» *J
magnitude is specified at this bus. Further. the voltage phase anjle 6 is also fi cd4
this bus Geneially it is specified as 0° sothat all voltage phase angles are wern, 1]
with respect to voltage at this bus. For this refson slack bus is also kno nn [
reference bus. All the system losses are supplied by the generation at thi, HJ,
Further the system voltage p-ofile is also influenced by the voltage specified ny A
bus. The three types of buses are illustrated in F g. 5.1.

0,.".§
Generator bus Pj,
[Vi] spcifiee Q2
Stock bus |V11S, 5j to be known
“ 0" specifedP,,
Q, tobe
dewﬁ"gr:fﬁaéﬁ‘e T PiQj IV.It,
i Load bus Pj. Oj
solution specified [Vj|.53
are not known
Fig 51
Bus classification ii summarized in Table 5.1.
Table 51
Bas Specified variables Computed variable'
Slack - bus Voltage magnitude aid its piase angle  Real and reactive powersJ
Generator bus Magnitudes cf bus voltages and real Voltage phase angle aid 1

(PV - bui or voltage powers (limit on reactive powers)
controlled bus)

Load bus Real and reactive powers

5.5 BusAdmittance Formation

Consider the transmission system shown in Fig. 5.1.

reactivc power

Magnitude and phase
angle of bus voltages
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~BUnNe impedances joining buses 1.: and 3aredenMed by r [2. zu and  respectivelv.
Tl ndi ,g line admittances are yI2, y2Jand y ,,

Net »' capacitive susceptances at the bus;s are represented by y |0, y2D and yw.
Applying KirchofTs current law at each bus

aVIYICHIVI=V2yi2 +(VI - Viry|l

(5.15)
10y (Y =Y )y +(Y - Yy, 2]
In matrix from
1 Y|O+Y|2+Y» -Yn -Yn
» S -Yu Yra+YH+YM -Ym
1j. -Yu -Y» »=>+Yn +YMm.
YH YR Yu
=Y2ZA YA Ym - V2 (5.16)

YH YmM Ym. bl
where

Yn*“ Yo w2 Y.3
YMxYm +Y0 +Y3 m (5.17)
Yjj* Y0+Y.3 +Yr3.
are the seif admittances forming the diagonal terms and
Yij_yas _yw|
V,-Y,--yll |l
Y23-Y3» vy ]
are the mutual admittaKes farming the off-diagonal elements of the =ts ail nittanic

itrtx. For an ri-bus s;/stem. the elenents of the tus admittanct matrix can be written down
merely b\ inspection of the network as

tiNlonal terms

Y. =YB+1Y™*
k-

. (5.19)
k«

“*f»nd diagonal terms
Y*——y*

I1f , . . i
. *Ppl{lr% ," orlc ele*nents have mutual admin.mce (impedance). the above formulae will

‘Aformation* * Syslcmaic formation of the y-bus, linear graph heory with singular
“may be used.
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5.6 System Model for Load Flow Studies

The variable end parameters associated with bus i and J neighboring bus K ire represents) L,
"he usual notation as follows :

VI“ IVilexpj 5 mV, (Cos 6, + sin 8,) ....(56 20
Dus admittance,

Y*“ 1Y nlexpj On" IY kk|(Cbs gk+j sin 8lk) ....621)
Complex power,

s.-p.-O.-v.1, .. (5 22)
Using the indices G and L for generation and load,

P,-FG-Pu“ReM <% 523

Q.-0c-Qu-~"IYt 1% =5 24)

The bus current is given by

*eus - y bus =V BUS ~(529)
Hence, from eqgn. (5 22) and (5.23) from an n-bus system

Vv ; (5 26)
' S|
and from cgn. (5.26)
v, =— PoiQ X Yii Vk .(5.27)
v,
lod
Further,
P.-+jQ.- vi.iy ;v (529
kA
In the polar form
p+]Q (—kZIIv. VK YjexpXS, -6k -e4) ...(529
so that
P,-ilV, vk Ylklcos®, -6k -0j (5 30)
k-
and
Q .=1llv, vk Y*sin(o, -6k -e]j .(5.31)
k4

i*12,...ni* slack bus



newer fowegns. (5.30) and (5.31) are nonlinear and it is required to solve 2<n-I)
~Kjertjijivolving,V, .S,. P,and Q, ateach bus i for titc load (low solution Final > the
siicb«ll,a' ™ s|acj. bus may be computed fron which the losses and all ether Ihe flows can

powers at Y-matrix interactive methods ire based on solution to power flow relations
* current mismatch at a bus given by
Al,-l, | Y*V* ....(5.32)
L i-1
or using the voltage from
Al,
av, m-" ....(5.33)
il

I he convergence of the iterative methods depends ot the diagonal dominance of the
bus admiltnce matrix. The scl admittances of the buses, are usually large, relative to the
mutual admittances and thus, usually convergence is obtained. Junctions of very high and low
<xries impedance end large capacitanccs obtained in cable circuits long. EHV lines, series and
shunt compensation arc detrimental to convergence as these tend to weaken the diagonal
dominance in the Y-matrix. The choice of slack bus can affect convergence considerably. In
difTic.ilt bses. it is possible to obtain convergence by removing the least diagonally dominant
row Hd column of Y. The salient features of the Y-matrix iterative methods are thit the
elerents in the summation terms in egn. (5.26) or (5 27) an: on the average only three, even
tor well-developed power systems. The sparsity of the Y-inatrix and its symmetry reduces
both the slonge requirement and the computation time tor iteration, fora lar.’e. wel conditioned
system of n-buses. the number of iterations recuired are of the order of n and total computing
time —jrics approximately as n’.

Instead of using egn (5.25). one can select the imoedancc matiix and rewrite the
equation as
V-V I-7.. ....(5 34

»e ~N-matrix method is not usually vers sensitive to the choice of the slack bus It can
easily be verified that the /-matrix is not spa-se Kor problems that can be solved b\ both
tia’rix and Y-matrix methods, he former are rarely competitive with the Y-matri\ methods.

(eaulL-Seidel Iterative Method

'Icralivc n*ethod is very simple in concept but mav not yielc convagence to the
sol,However, whenthein tial solution or starting point is verv close to the ictual
A~ mvergetve isgenerally ontained. The following e=ample illustrator the method.

~**tder the equations:
2X+3y -2
3x my =31
V * solution to the above equations is\ 5andy 4
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If an interactive solution using Gauss-Seidel method is required then let u>assume a
starling value for x =4 8 which is nearer to the true value of ] we obtain from the gjVer
equations

22-2* \ 34-4y
y, «.— ads-
3

lteration 1:Letx-48;y «4.13

withy - 4.13; X - 6.2

Iteration 2 x“ 6.2; y -32
Y - 32 X « 6.06
lteration 3. xX* 6.06 y - 329
y » 3.29 X-5%4
Iteration 4 : X * 5.96 y - 337
y - 337 x“ 584
Iteration 5: x*“ S84 y «3.44
y * naa x - 574
lteration 6 : x * 5.74 y =35
y* 35 X « 5.66

The iteractive solution slowly converges to the true solution. The convergent of the
method depending upon the staling values for the iterative solution.

In irany cases the conveyence may not be obtained at all. However, in case of power!
flow studies, as the bus voltages are not very far from the rated values and as all load flowr
studies are performed with per unit values assuming a flat voltage profile at all load buses of
(1 * jO) p.u. yields convergence in most of the cases with appriate accleration factors chosen]

S.8 Gauss-Seidel Iterative Method of Load Flow Solution

In this method, voltages at all buses except at the slack bus are assumed. The voltag: at the!
slack bus is speci‘ied and remains fixed at that value. The (n-1) bus voltage relations

ta - 2Z v .v .1
1
I«

i* 1.2...... n; i * slack bus

are solved simultaneously for an improved solution. In order to accelerate the convergent
newly-computed values of bus voltages are substituted in eqgn. (5.35). Successively he
voltage equation of the (m + 1)n iteration may then be written as

Vi .(0.36)l
Ki-i
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thod converges slowly because of the loose mathematical coupling between the

*** 1 ol convetgcnce of the ;>races> can b« increased > using accele ation factors

| w B ? n obtained after tach iteration A fixed acceleration factor a (I s a : 2)is

«0 for each voltage change

AV<u aVTv_ ....(5.37)

of the acceleration factor amounts to a linea- extrapolation of V. hor a given
jt is quite often found that n near-opti nal choice of u exis s as si ggesied in literature
")5le,n _IMe of operating conditions. Fven though a complex value of n is Migge-ted in
liertwre it is more convsnieni to operate with real \alues given bv
V.'=1Z* - lallv,"™ j™ . ....(5.38)
AHemati'eK. difTercnt acceleration fac ors may be u;ed for real and imaginary parts of
the voltage
TrearTeXXofa PV -bus
The method of handling a PV-bus requires rectangular :oordinate representation fo- the voltages.
Letthg
VooV, *vi ....(5.39)

Where v, »nd V" are the real and imaginary components of V ( the relationship.
v +Vi) *iv.IL— ....(5 40>
must be satisfied. ;o0 that he reactive bus power requ red to establish ihe u'heduled bus

voltage can be computed. The estimates of voltege components. v * and v,Iml after

m iteration! must be adjusted to satisfy eqn (5 40 The Phase angle of the estimated bus
voltage is

(5.41)

Assuming that the phase «ingles of the estimated and scheduled voltages aie equa . then

'c adjusted estimates of yi»i aM y '"’ are

N-HV.L~cosC ....(5 42)

vii

Lib1 Yt i smer> . (5%43)

values are used to articulate the reactive lower g 1" 1 sing nese reactive powers

th*,% V-- , ancu estimate v I"" 1L is calculated The (lowchan tor computing

P ofload flow using gauss-seidel method is given in Fig. 5.3.
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Whil: computing the reactive powers, the limits on the reactive source must be taker,
into consideration. |f the calculated value ofthe react ve power is beyond limits. Then its valle
is fixed at the limit that is violated and it is no onger Possible to hold the desired magnitude Of
the bus voltage, the bus is treated as a PQ bus or load bus.

| Form Y-Bns)

+ \%
Assunc bus voltages V™™ T
i- 1.2 ..ni*slackbus

[ bla-0~]

Fig. 5.3 Flowchart for Gauss - Seidel iterat ve method for load *low solution using Y-Bus



Newton-Kaph* >n Method

F . fjewton-Raphson me:hod is an imeraclivc algorithm for solving a set ol

TW gen™ * ,onlineaf equations in an oqual nimber of unknowns Consider the set of m nlineai
sinHi!**" s

NUi," On f.(X,. X2........ X, -y, = 1L 2...... n ....(5.44)

wiih initial estimates for X,

G

which arc not far from the actual solution. Then using Taylor's series end neglecting
mf ngfier order terms, the corrected set of equations are

(K{H N x,.x ‘0 +AXTr...... x"°Y ax,)=¥Y ....<545)

where [1 x, are the corrections to x, =(i - 1.2........ n)
A set of linear equations which define a tang:nt hyperplan..- to the function f (x) at the

<iven itera'ion pont (xjI) are obtained as
AY-JAX ....(5 46)

where AY is a column vector determined by

y,-d*r... *?)
OX s the column vector of correction temis \ x. aid J is the Jai ohian matrix for the

function f given by the first order partiul derivatives evaluated at x|° The corrected solution is

obtiincd a‘

xI" »x;*44x, ....(5.47)

The square Jacobian matrix J is defined by

above method of obtaining a converging solution for a set ol nonlinear cgjations

nX usee for solving the load flow p oblem It me> be mi ntione i that since thr final .oltagt
‘olution] »re not much different frotn the nominal values. Nevrton Raphson me'hod is
wuit SU',ed lo *** lotu* f'ow prt'blem. The matrix | is highly spar>e and is particularly
ux 10,@le loi<* flow application and sparsi y programmed ordered trangul; tion ai d hack
m™ ™ *t0rl methods result in qnek and effic ent convergence to the loai' flow solution This
(*UIK*i" 'c co,,vergence anc thus converges ver rapidly when the solution

Thefir™" Sre t W mel™°~s  solution for the load flow using Newton - Raphson method,
'he noi!" n'ct’x* lise* reetangultr coordinates for the variables, while the second methinl uses
coordinate formulation



no Power System Analyst

59.1 The Rectangular Coordinate Method
The power entering the bu>i is given by

S,“P,*jQ,
-vii;-v,Ey; ....n ..(5.44)
K-
Where V.- v, &jv,

f(v: SMIE (% —IBYK WK WK j VK ...(55)

Expanding the right side ot the above equation and separating out the real and imaginary

#_ita K vk-B*vK+vi(°*vi ~a* Vi --.-(5.51)

0. MZ (V.(G* VKmMG* v»)_ v-G* WK*°* *m - (5:52)

These are the two power relation:, at each bus and the linearized equations of the form
(5.46) are written as

AP, iCt v, AV,
. < <4
ay bl 2y, H oy
' xg ‘b1 P 5v'., (553
0. aj.-1 dA 00"
AO Y Av
' Pew =1 . \/
dQ-i
AQ-.  x v Av

Matrix equation (5.53) can be solved for the unknowns Av, aid Av, (i- 1,2...n m

leaving the slack bus at the n"1bus where the voltage is specified. Equation (2.33) miy ke
written compactly as

Frap] T nTav'l .(5.54)
[a0J=[m lav"']

where H, N. M and L are the sufc-matrices of the Jacobian. The elements of the Jacobin are
obtained by differentiating Eqns. (5.51) and (5.52). The ofT-diagonal and diagonal eleme its1
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<T
...(56 55
K
. N =2C,kN -B*vk+B,v;+v (Gikvk -B,kv;) (5.56)
<Ak ﬁ:
fl~ofl-diagO lal and diagonal elcnents of N are :
i-l-«0*vL -B4v ,k#i ... (5.57)
*4
-B,v, *2G,vk+B, v>i(G Av; +B,Vvk) (5.58)
dvk lf»|
Phe ofl-diagoial and diagonal elements of sub-natrix M are obtained as.
~m =G*v; B4v,.k*i ....(5.59)
N 1=g.v;-g,v;-2b,v;- ifc lkv;,B Ikvk) ....(s.60)
CA, k.l
[
inallv the of-diagonal and diagonal elements cf L are given by
~'-C*v-B~".k*! ....(561)
'X
~~N =G, v,-2Bav,-X(G,vk »,kv] (5.62)
s Ke|
k(L

1can he noticed that

o] E .
ns property of syeretert})(f the elemerts reduces computer time tnd stoagc

'" «"memtcT Generator Buses

10*be*unmn I*Blr *t8*Noltler * >nthe swin”™ bu>. tl ¢ voltage magnitude marc specified in add tion
At the ith generator bus

N *-v? +v7 ....(5 63)
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Then, at all the generator nodes, the variable O, will have » be replaced by

Hut. Av,|' «_Hn_liAv,+ vV t— AV.

=2 v,+Av, +2viAv, L (5.6),
This is the only modification *equired to be introduced ir, egn. (5.60)

5.9.2 The PoUr Coordinate* Method

The equation fo* the complex power at nod<i in the polar form is given in eqti. (5.60) and i
real and "eactive powers at bas i are indicrted in egn. (5.30) and (5.31). Reproducing then

here once again for convenience.

P, -Z |V. VKYA|cos(6,-5k -0 j ....(565

k-1
and 0,=Z [V.VKV* [sin6, - A - 0 j ...(565

The Jocobian is then formulated in terms of |V] and 6 instead of V, and V, in 'his cau
Eon. (5.46) then takes the form
ropl] rH N'T 56 }
[ag) [m L_[a'V|J
The otT-d agonal and diagonal elements of the sub-matrices H, N. M and L arc determin

by differentiating egns (5.30) and (5.31) with respect to ftand |V. as before. The off diagor
and diagonal elements of H matrix ate

. .(561

5-|V. Vi V*|sin(8,-6»-e,l).i"k .56
S L=-Z |V.V,V4|co»(8,-8k e j .5
r6,

The Jocobian is then formulate in terms of jVj and 8 instead of V, and V,' in hi*c
Eqgn. (5.46) then takes the fonn

FAPI w NT fi6 1
[go! M L [a]V;]
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¥ ff-diagonal and diagonal elements of the sub-matrices H. N. M and | arc determined
tiating cgns (5.30) and  31) with respect to -Sand Vi as tx fore The off diagoral

S d IK » leicmen,s of H ma,rK are

5--1V, V, Yjsin(6, -A -e*)ii#k (5.71)
——“IK_I U4 VAR -A O0)ikk (5.72)
&K .
The off-diagonal and diagonal elements of N matrix are

<P .
- V. Y* sin6, -A -0%* .(5.
5ivK| uf ( ) (5.73)
i?L .2iV,Y,iCos0, +X |4 Y* |Cos(5, -«4 -5*) . (5.74)
V.| id

«

The off-diagonal and diagona elements of M matrix arc

a.- |Vt Vk YKk|Cos(S,-6k-9,k) (5.75)

mX 14 4 YjCos(5,-\-0j

- Er_r'1 (5.76)

Finally, the off-diagonal and diagonal elements of L matrix are
JN -1V, Y*sin (6, -BA) .. (5.77)
L2Vv,Y, |CosO, *£ |VkYk]Sin(8, -6k-0Ik) ....(6.78)

r|v,f If\i

It is seen from the elcnents of the Jacobtar in thi* case mat the symmetry that existed
in the rectangular coordinates case is no longer present now. By selecting the variable as
end A V] | |V] instead equation (5.70) will be in the form

16
P H O NJ AM
AOj M Lj " (5.79)

“«hiscase it will hesien that
Hk’ Lk

and
N,i“ - M*
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or. in other words, the symnetry is restored. The number of elements to be calculated for 41
n - dimensional Jaccbian matrix are only n +n-/2 instead of n2, thus again saving compjter

time and storage. The flow chart for computer solution is given in Fig. 5.4.

Fig. 5.4 Flow chart for Newton - Raphson methoc (Polar coordinates) tor kk d flow
. solution
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Inient Of Generator Nodes
erel reactive power equstions are repliced ai the i'hgenert tor bus by

IV,lj —v?+v7 ....(5.80)

The lleroerits of M al'e 8'Yel1 »

v)l
M*:9 ) =0.i*k ....(5.81)
no
aly.r .,
and M-=i»:- =0 a5 8218

Thenelwnts ofL are tiven by

and k “~plv.M v, ....68

NewtoiH method converges in 2 to 5 iterations from r flat start (|V [ = 1.0 p.uand ft =0
independent of system size. Previously stored soluti >ncan be used as starting values for rapic
o i /ergence. Iteration time can be saved by using ihe same triangulated Jacobian matrix foi
two or more iterations. For typical, large si»: systems, the compiling time for one Newton
rfuphson it .—ration is roughly equivalent to seven Gauss - Seidel iterations.

The rectangular formulation is marginally faster than the polar version beiause there art

no time consuming trigonometric functions However, it is observed that the rectangulai
- iidtnates method is less reliable thai the polar version.

S 10 sPar»ity <fNetwork Admittance Matrices

'nanT*” P wer ne\wor>s-'he admittance matrix is relatively spatsc, where as the impedanci
- "« f" ** e«eend, botf matrices are nonsii gular and symmetric In trie admittance
P-urofb™* 1°fbMro °N diagonal element torresp >nds to a network b anch lonm-c.ing tin

exhibit' ,M. " Cak4 ~ ,ow an*c’lunn IIf 1>eelement Most trjnsims.ion network’
'Wtte 'T \ ? ~ '"Mtllc rtonn,t,|on arrangements, ind the r.uliru tame matrices ire re jtisels
*P*rse systems possess the following advantages:

Their noragc tequirements arc smi Il. so mat larger sys ems can be silved

A~/ meOlution, using tnangi.lari/at on techniques can be obtain.-d mm htaste unles>
Annnnypendent vector  extremely sparse.

N N m olTerrors very much reduced.

ANBtoion of network sparsity inquires sophisticated propr; inminf; techniques
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5.11 Triangular Decornpostion

Matriv inversion is a very inefficient process for computing direct solutions, especially
large, sparse systems. Triangular decomposition of the matrix for solution by GiisHi
elimination is more suited for load flow solutions. Generally, the decomposition isaccompli

by elements below the main diagonal in successive columns. Elimination by successive oa$ I
more advantageous from computer programming point of view.

Consider the system of equations
A*-b (-0

where A is a nonsingular matrix, b is a known vector containing at least one non-zero elcmel
and X is a column vector of unknowns.

To solve egn. (5.84) by the triangular decomposition method, matrix A is augment -dm
b as shown

a, mn DO

il b2 b"

The elements of the first row in the augmented matrix are divided by a{, as ndicatd by
the following step with superscripts denoting the stage of the computation.

... (*.85)

In the next stage a,, is eliminated from the second row using the relations
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filin g matrix then becomes

The
B W (OIENT
2w
using the relation.’
kM ,..(5 901
bj» c b, -aj,b]|’ ...(5.91)
ay ‘N K (5.92)
bA-b'A-a'X')-~ ...(5.93)
U
ql eV j* 4 ... (5947
N
|/\
hT! - B (5.95)

rhe elements to the left of (he <liagon.il in the third row arr eliminated <nd fur her tht
djmnal element in the third row is made unity.

After n steps of computation for the nth nrcer system of cgn (Y84). the augmentec
metrix will he#btained as

= all» b!"

I HIL Ul

0 0o .. I h

B> back suhsi i ition, the solution is obtained as
4 by ....(5 96)
N.-I" b'IlrN-an".a..... - ....(56.97)
....(5.98)

For
inversion ofar n" order matnx. the uimbci ofaril imetical operations required
'mif
JNblleM»1be

Wangular decomposition it is approximately [ ---j.
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5.12 Optimal Ordering

When the A matrix in egn. <584) is sparse, it is necessary to see that the accumulation
non zero elements in the upper triangle is minimized This can be achieved b> suit
ordering the equa'ions. which is refened to as optimal ordering.

Consider the network system having five nodes as shown in Fig. 5.5.

©b

1
Fig. 55 A Five Bus system

The y-bus matrix of the network will have entries as follows
12 3 4

K O 0 *Y ....(5T
0*O0
0 0O»
After triangular decomposition the matrix will be reduced to the form
12 3 4
1[7 = * *
20 1% * vy (8]
3001 -
40001
By ordering the nodes as in Fig. 5.6 the bus fdmittance matrix will be ot |
12 34
I 00 *
0O * 0 * >Y
oo *7”
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ol"

Fig. 5.6 Renumbered five bus system

As a «suit oftriangula-decomposition, the Y-matiix will be reduced ti
12 3 4
10
0 1 (5.102)
00
000 1

Thus,«Htiparin,; the matrices in egn. (5.1 K0) ami (5.102) the non-zero off diagonal
tries aie reduced from 6 to 3 by suitably numbering the nodes.

Tinney and Walker have suggested three methods for optimal oidering

1 Number the tows according to the numtx r of non-zero, off-diagonal elements before
elimination Thus, rows with less numlicr of off diagonal elements are numbered
first and the rows with large nuirber last.

2. Number the rows so that ai each itep of elimination the next row to Tc elirrinated is
the one having fewest ncn-zero terms | bis method required simulaticn of the
elimination process to take into iccount the oanges in the non-zrro connections
affected at each step.

Number the rows sc that at each step of i limina'ion, the next ow to reelm mated is
one that will inl'oducc fewest ne* n>nzac>elements | us requires simulation
°f every feasible alternative at each step

edv*iaj and fast However, for power flow solution ., schcine 2 | as pro.ed to be

*\en ',s alditional computing time If the uimbei of iterations is large.
| t*ttP r've to be advantageous.

' [#coupied Methods

All

Systftn i L . :
7 1bws voﬁip— * exhibit in the steady stats a strong interdependence “>etween active powers
t,ween *n™e’ and I>etweei reactive pover ani voltage magnitude The coupling

NN *er an* bus voltage magnnude art! between reactive |kH\er and bu. voltage



120 Power Svitrm Analy,j
i

phase angle are both relatively weak. This weal coupl ng is utilized in the development cf,1 |
so called decoupled methoiis. Recalling equitation ($.79)

AP H NT N8
AQ M 1]lv|/a|v
by neglecting N and M sub matrices as r first step, de:oupling can be obtained so that
|AP |- |H|.|A4

and [AOI-|L[|.1A v/ Yy (S.loJ

The decoupled method converge;, as reliability as the original Newton method n
which it is derived. However, for very high accuracy the method requires mote itera
because overall quadratic convergence is lost. The decoupled Newton method saves by
factor of four on the storage for the J - matrix and its triangulation. But, the over.ill saving i
35 to 50% of storage when compared to the original Newton method. The computation per
iteration is 10 to 20% less than for the o-iginal Newton method.

5.14 Fast Decoupled Methods

For security monitoring and outage-contingency evaluation studies, fast load flow solu ot |
are required. A method developed for such an application is described in this section.

The elements of the sub-matrices H and L (egn (5.79)) are given by
H* -KV, V, Y[R |sin (6, - »k - B,b)
*1(V, VKY|K |sin 8kkCos O* -cos  Cos 9lk)

“1v, vkl [Glksin 6A- B Ikcos 8(K 5 B
where 5(- ™ « 5k
n*--Ely N **l*eNo —«»-«*)

* &lV,2 Y,IsinsBA- 1V, |VI]|sin 04

-Z|v, VK Y*|sin(6,-8k- e

- v,sB. -0, (5.M
4 ,“2V,Y,sine,+| vkYasinG, A -0%) iM °4
With A |V| 7 |V| formulation on the right hand side.
I-k* - 2iV* Y, |sinB, ¢ V|V, VK Y4|dn<S -6k-0%*)I
. <S$|

Milo, +a,
Assuming that
Cos5"s 1
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flo* Sludi’'s
Sin 8"~ =0
Gik sin 6k £ BA
0, -B, IVJI
’ HY - - 1V.Vb|BK
.(5.109)
V- m»
Rewr tmg egns. (5.103) end (5.104)
AP =[IV[B |V]A* .(5.110)
1
ool -iv|B |V AtVI .(5.111)
or
Jap;
P B [as] (5.112)
lvi
.(5.113)

AU AV
'V|[1 q

Matrices B“ and B" represent constant .ipprovu lations to the .lopes >fthe tingent hyper
r Jnes of the functions IP >M and \Q V respectively. 1he> arc ver> close to the Jaiohian
"latricc; Il and L evaluated at system no-load.
Shinn reactance-. . nd off-nominal in-phase ttansformcr td"s whiwh afUct the Mvar
] » to be omitted from [B] and for the same teason phase shifting elements are to he
“" «tted] from |B"|

*m | arc r=d an< spars e and iced be triangularis<d only once, at 'hc
* *‘rce It*ey contain network admittances only.
Ire method nu. . . . o . .
Crnforlkm $#™ ™ 'ei8c$ ve7 reliably in ‘wo to five iterations with furls good act uracy
* 'Peed per itcrar¥ u K30 ‘PP™4 ala,e solution is obtained after tht Imor 2MUlLiteiation

* 1S ** rou8hly five times that of the original Newton method
sisi ~ Fle* So,Mt'"n,,*inREBus

Ab)* ‘'-P«H *. Formation

rr network can |
1 Atin, _ orrred using the ollowing pos.ible methods ot cot structi in

be added to a reference point ot bus.
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2. A bus may be added to any existirg bus \n the system other than the refereiC(
through a new line, and
3. A line may be added joining two existing buses in the system forming a looj

The above three modes ire illustrated in Fig. 5.7.

> i i - Nev
System Syvem bus
. New
j K bus r L
@ (b)
|.ine added to Line added to any bus other
re erence bus than reference line

Fig. 5.7 Building of | -Bus

5.15.2 Addition of B Line to the Refei»nce Bus
If unit current is injected into bus k nc voltage will be produced at other buses of the

ZA-A . " °<'* Kk
The driving point impedancc of the new bus is given by

e Air*
i- 10
)a
Syitem

Fig. 5.6 Addition of the line to reference line

5.15) Addition of a Radial Line and New Bus
Injection of unit current into the system throjgh the new bus k produces voltaf.es at
buses of the system as shown in Fig. 5.9.

These voltages would of course, be same as that would be produced if thef o

injected instead at bus i as shown.
1*10

Sv*iem ©- 1

r

Fig. 5.9 Addition of s radial line ard new bus

123

....(5.116)

~H 2~ nwmon of the existing Z - Bus matrix is increased by one. The off diagonal

~of the new row and column are the same ?s the clemenb of thr row ?nd col imn ot
~sTofthe sy5lem

154 Arfdi*01 of “ *'oop ~,0*in8 T*'>F.xisting Buses in the System

both the buses arc existing buses in the system the dimension of the bus impedancc
will not increase in this rase However, the i-ddilior of the limp inlrodtK.es a nrw axis
hch can nasubsequen ly eliminated by Kron's reduction method

J

| .
$Un K Svstem - i-l.n

n P o~
r

ID (0))

Fig. 5.101a) Additioncf a loop (b) liquivaient represen‘ation

The systerms in Fig. 5.10(a) can be represented alternatively as in Kig. 5.10(b).
The link between i and k requires a loop voltage
W '°A , - A k*ZVKk~" / ....(5117)
" 'be circulation of unit current
The loopimpedan.e is
....(5.118)
The dimension of Z matrix is increased due tc the in'roduction of a new pxis due to the

7- =T7.»-Z"
z'm =2, -Zk:m *r
The acu A . o . i
>p axis can be eliminated now Consider the matrix
Zr Z,
2, Z._
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It can be proved easily that
n fp ZEZ, .

usint cgn. (S. 118) all the additional elements introduced by the loop can be elim
The method is illustrated in example F..5.4.

via
‘4

5.15,5 Giu m - Seidel Method Using Z-bust for Load Flow Solution

An initial bus voltage vector is assumed as in the case ofY - bus method. Using these \o J
the bus currents aie calculated using egn. (5.25) or (5.26).

BT
where vy, is the total shunt admittance at the bus i and yMv, is the shunt current fic
from bus i to ground.
A new bus voltage estiimite is obtained for an n-bus system from the relation. 1

VR ....(61201

Where VRis the (n - I) x | dimensional reference voltage vector containing h exch
clement the slack bus voltage. It may h: noted that since the slack bus is the reference
dimension of the is(n-1»n 1.

The voltages are u|>dated from iteration to iteration using the relation

<m 1)
k- ket
K#S
Then V,ml Qv Yk Yk
ly F f
12......... M
r sitek bus

5.16 Convergence Characteristics

The lumber of iterations required for convergence o solution depends considerably
corrcction to voltage at each bus. If the correction DViat bus i is multiplied by a (actor
found that acceleration can be obtained to convergence rate. Then multiplier a is
acceleration factor. The difference between .he newly computed voltage and the p
voltage at the bus is multiplied by an appropriate acceleration factor. The valueofathatd (,
improves the convergence is greater than are. In general | <a <2 and a typical val't’ ~
15 or 1.6 the use of acceleration factor amounts to a linear extrapolation of bu« v >itag  ‘jL
a given system, it is quite often found that a near optimal choice of a exists as sugge* M
literature over a range of operating conditior complex value is also suggested fot J
suggested different a values for real and imaginary parts of the bus voltages.



~ tei”™ “ncec °* 'tera,'ve mctlieids depends upon the diagonal dominance of the bus
j),cecep  Thest|fadmittances 3! the buses uliagonal terms) are ir.ualK lirue re ative
-~ (off-diagonal terms. For this reason convergence is obtained for

|-ldjonk of high and low series iinpcdfnccs aid large capacitances obtained in cable
ANKgHYV I'nes- ,cnes ?nd shl"’ Compensation aie detrimental to convergence as

arC end m»weak,en IhC 9)'a™ol,al dominancc 11Y bus ma" 4 ,tlc choice ot swing bu> mes
** W "Eyepencc consider; b= In difficult case' it is passible to obtain convergence b>

a theleast diagonally dominant mw an< column of Y-bus 11 e salient lean res of 7-bus
' iterative methods are that the element in the summation term nequation ( ) or ( ) are on
he...iip 2or 3only even for well developej power systems. Tie spar-ity of he Y-matri\
|Inj iu symmetry reduces both the storage requ remcnt and the computation time 'or iteration

For large well conditioned system ot n buses the number of iteration* required are of the
(d nand I1* total computing time varies approximately as n:.
In contrast, the Newton-Raphsoi method gives convergence in 3 to 4 iterations. No
i.kdcration factors are needed to the used. Being a gradient method solution is obtained must
tj tor then any iterative method.
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Worked Examples

E5.1 A three bus power system is shown in Flr. F.5.I. The system parameter,
given in Table E5 | and the load and generation data in Table F.5.2. The >>|1 J
bus 2 is maintained at 1.03p.u. The maximum and minimum reacti\e
limits of the generation at bus 2 are 35 and O Mvar respectively. Taking L
slack bus obtain the load flow solution using C.auss - Seidel iterative n T
using VB,

E 5.1 Athree bus power system

Table E 51 Impedance and Line charging Admittances

Bus t od" Ik Impedance (p.u.) Line charging Admittance (p.u) t,
1-2 0.0* MO 24 (0]
13 0 02 %O ()6 0
2-3 0it6 +jOOIK 0

Table E 52 Scheduled Generation, Loads and Voltages

Bus Nni Bus voltage V, Generation Laid
MW Myar WV Mvai
1 106 1j00 0 0]
2 1.03-+j0.0 20 — D0 2
3 (0] 0 &0 5

Solution :

The line admittance are obtained as
y.j- 1.25-13.75
y. - 1667 - jS00
V|j - 5.00 j15.00
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matrix * formed using the procedure indicated in section 21 as

'625 -jl875 -125 +j375 -50  +jl5.0
-1.25 +P-73 29167 -18.75 -jl.6667 +j5.0
-50 +jl5.0 -T6667 +j50 66667 -j20.0

4,.ict licnlitt Method using YB| s

Ljju .
ai bus 3 isassumed as | +|0 llie miiial voltages arc therefore

i'tevotaie
V' - 1.05+.00
V{*’ =103+ 00
= y}"' « 100+ 00
(Use MVA-100

luruii. | =i»«9uiri4110 calcul ,le ,he reat,lv-power Q, al bn* 2. Ahicli sa P-V or voltage
~led b

B»0" .tan'l

«m., I|Vj]rt cosfi, =(1.03X1 o. =1.0?

e.lew, « V ,* sinSV'* » (1.03X0.0) =0 00

Qjl-j(tin*.,YB2 +(ej,*.,YB?,] +

Z F:i*»tiOn eekB,J-(c,l<dokC4 -c B4)

s“ Mtitiaingthilues
< me03)87<f())i7sj,0d(OV( IIS,,O( i79

- 1.0J|(OX-1.25)-(1 05X-3.75)|
+N(IX-1.6667) +(0X-5.0)]

m-03((0X-1.6667)-(IX 5)]
B0.0772S

«Crated a| bl s 2

A~ T arinjection into bus 2 * load Mvar
H®7?25 +0.2 - 027725 p.u

| * -ns Mvar
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fliis is within the limits specified
The voltage at bus i is

+1 pi ~JQi y Vv vic*d_ y v
v RaylVk A yr 1

I pPi-jo: aL
jfl*

(2.9167- j8.75)

-0.3-0.07725

' ~(-1.25 +j3.75KI.05 -#0 0) +(-1.6667 +j5.(iyi
1.03-j00
vi® * 1.01915—j0.032491

=1.0196673.1-1.826°
An acceleration factor of 1.4 is used for both real and imaginary parts.

The accelerated voltages is obtained using

Vj «1.03 4 1.4(1.01915- 1.03)-1.01481
vj =0.0 +1.4(-0.032491- 0.0) =-0.0454874

V}*’(accck-rated) =1.01481 - jC.0454874

-1.01583"-2 56648°
The voltage at bus 3 is given by

v B P00 vy Cyjvi)
Yij YW
1
66667 - j20

- >I6ViK25|  5fj, 505 +jo) - (- 16667 +j5)(I 01481 - jO{
S

:1.02093 - j0.0351381
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r**n"

accelerated value of Vj” obtained using

vV, . 10el 4102093 - 10) =I 029302
«0*1.'4(-0.0351384 - 0) =-004971933

v;'»* 1029302 -jO.049933
=1.03048" -2.73624°
| w  voluges at «e end of the first iteration aie
V , - 1.0S+j0.0
V{" -1.01411-AM54874
[ Vj" *=1029302 -j0.0491933
(keck /ett»"vergeH ce : An accuracy of 0.001 is taken for convergence

r =MI" "'l =101481-1 * « 0l

(avjf*' =[v',j" - [V:}°* =-0.0-154874-0 0 = 00454874
@ i® t=(v,I"-[vjp «1.029302 10* 0.029302

=M " ~[Av>r 00491933 - 0.0 - -0.0491933

Thtegnitudes of all the voltage changes are greater than 0.001
Itfratiom 2 : The reactive power Qj at bus 2 it calculated as before to give

-0.0454174
* -2.56648°
01481

k J" *IVXt| cose'," -1.03cos(-2 56648*) «1.02837

N T =j,* |min8" =1103sin(-2.56648°) - -0.046122

> 102897-j0.046122

O'," m(1.02897)" (8.7S| #(-0.046122)! (8.75)

mL1-0.04612251051-1.25» 4 (OH-3.75)!
-<1/12897)|<0)(-1.25) - 0 .OS*-3.75)1 +
- (1.02897)((- 0.0491933K | 6667) - (I 0:19302* 53|

- -0.0202933
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Mvar to be generated at bus 2
=Net Mvar injection into bus 2 f load Mvar
- - 0.0202933 +0.2 - 0.1747067 p.u. » 17.97C
This is within the specified limits. The voltages are. therefore, the same as beforj
V, - 105 *§OO
Vj1 «102897 - j0.0,46122
V j"* 1.029302-j0.0491933"
The New volume at bus 2 is obtained a*

y3e [ [ -0.3+j0.0202933 1
] " 2.9167-j8.7]L1.02827 +j0.046122)

-(-1"5 #J3.7SKI-05 #jO)
~(-1.6667 #j5) (1/129302 - J0.0491933))
-1.024*6- 0O M M

The accelerated value of V{2) is obtained from
Vj -1.02*97 + 14(1.02486 - 102897) * 1023216
Vj * -0.046122 & M -0.056*268) - (-0.046122 = -0.0611 >

-1.023216- j0.06l 1087
The new voltage at bus 3 is calculated as

Vo« - | [ -66+j025 1
6.6667-j20[ 1029302+j0.0491933]

-(-5 +15X105 -H0.0)
- (-1.6667 #j5.0) (17123216 - 10.0611)]
« 1.0226-j0.036*715

The accelerated value 0 f V}1* obtained front
v, - 1029302 ¢14(1.0226 -1.029302) - 102
V', - (-0.0491933) +1,4(-0.0368715)+
(0.0491033) « -0.031*4278
Vj>«1.02-)0.03194278

The voltages at the end of the second iteration are
V, - 105 f jOO
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Vi¥=1j023216-j0,06li0e7

VjM* 1j02 - j0.03194278

— "«=durc is repealed "I* comergence is obtained ,it tlie end bl the suth iteration
TtKola.edinT.WeE5.IU)

ThereW** .
lablc ES.I (=) Bui Voltage
Ouno™ Bui 1 Bin) M il
0 1.0J+jO 103 +j0 1.0 +J0
1 105 «jO 1.01481 -jO 0454# 1029)02'10 049193
2~ «O8 *jo 1021216 |0061 1087 102-jO 031942*
r 105 =/1 1031476 ,1104*11X3 1027441 (00150*
4 1«5 * P 10227564 (00*1.*» 1012442* jll 0141 FO4
* \05 *fi 1027726-j0 04.19°41 1028174* 10 0363*43
6 103 *fi 1024%42 - |01**2 1020101 -jO 0)38074
7 105 */0 102*47»-jO 0510 117 102412 jO0)4802

Line flow from bus 1 to bus 2

S|I2eV.fa -Vj*K,, 0.22*975 «jO.0I7396
Line flow from bus 2 to bus |

SN V2(V* -V,'fc, = 0.22518 JO 0059178

*Uxmox *ex O heT 11" can N computed and ire tabulated in Table E5 1(b) the
ac bgs power obtained by adding the flows in the lines terminating at the slack bus. is

P, #iQ, =0.::5475 «(00173% 4 0684006 * |0.225
* <0.91298 U jO.242396)

Table F.5.1(h) Uae Nwnn

Liu P Power Flow Q

2 * 022775 00173%
L -=2251*3 0.00)9178
r 13 06*346 0224

31 —0*74565 0 19584»
o -*074124 0.0554

L. R *07461 2054
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K SJ Consider the but syrtea show* in ft*. E 52.

H 3 Q ,.
P-©
E .2 A»x bun powar system
The following it the data :
urn Impadaacc (p.a.l AmB Imaginary
14 05701» B-1 0.M5 Fl
13 11)0U0 B-2 J 600 E-2
-] JINN E-2 i 7j* E-I
w 17)000 t-2 oita E-l
JIOK) M 1«M F-l
45 19406B) M 06ls E-I
Scheduled generation and bus voltage™ :
Bus Cade P m\d bin vollan* Gaacratlaa Load

MW |W. Mvarpa MWpa Mvar

1 05%j00
<ipccifted |
12 005
7 005
I 4
on
.7

Taking but - | as slack bus and using an accelerating fact» of 1 4 In -
flow by Gauss - Seidel method, Take precision index at 0 00|

Solve the problem also using Newton-Itaphson polar coordn»1' 111
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adaiinancc matrix i* obttined as :

Bat Co* Adarittaact
P-0 Baal laiagiaary
I-1 14516310 -32 57515
1-4 -1*h44- * 13442
1-S -9029*7U 2444174
2-2 7.329113 -2*24106
2-S -10)1091 5529494
2-S -5035970 16.301400
2-» -1 22051 6410257
3-2 -1ill 1091 5 5204*4
3-3 101109 -5.529404
4-1 -54*M4Hf. 1133420
4-4 1001*390 -22 717120
4-3 -4 52994* 14 59590
3-1 -9029*7(1 24 441740
3-2 -5.03*970 16 301400
3-4 -452994K 14 593900
3-3 IK 595790 _55 337050
6-2 -1 221151 6410257
6-6 12*2»5I -6 41(1254

"ISKEMaTA**A* V.o MC *ss,Imc'llo ** 1 me* cvcer* the \peufied volley ai bin
1°5 *jO The vohage equations f<* the fist Gause-Seidel iteration are

\4-". L ~IQ v, viF

vul VJ'r

Vj"«l 4 jol vv v v
v,
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yii» AN “HO* VoY
V- ‘ol
Substituting the values. the equation for solution are

Vi « fome l——— [2%.24100) * [ 12
© 17320113 A ) Lot

~(-1.011041 #jS529404)*( #(0)-(-5.03597* j16.3014X1
—(I -2*2051 +j16.3014KI* jO)
«1.016716+ j0il557924

V5" « (=== 1-———|5.52424)»[--2~ Y - 5]
* 11011071 [ 1-jo 1

~(-1.011091 +}5.529404) x(.OI<7*6 #j0.0557924)
«1 0*9511+P-3M5233

v 10.01639 ) [ 1-jo
- (-5.4%6 «46+]*. 133342)*(1.06+)0.)
~(-4.5299a +jl4.5*39XI| +j0)

«0.992801 -jD-0651069

-0» +j*03
1-jO
- (-*.02*17 +j24.44174)x(1 05 4jO)
-(-5.035*7 ¢116.3014X1.01*7*6 +j0D557929)
-(-4.529*4* +j14.5939X0.992*0* - jO 065*069)
1.02*669-j0.01*79179

Vricf L -*10257~A~1n
* V1272051 ) [ 1-0

~(-1.2%2051 - j6.410257) *(1 0167*6 +j0.0557924)
« 0.9*9904 - j0j0669962

The results of these Iteration* ia given in IW t 5.3 (m)
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In the polar form, all the voltages at the ead of the 14n iteration are gl,
in Table ES.3(b).

Table E5J(b)

my Votta(c ««nllad* (p»-) Pbaun unfit (*)

1 10? 0
2 0 04562a 53326

1 10713)4 1605051
4 1014964 -2543515
3 1033765 247392
ft 1.016911 -3 00192»

(b)  Newton - Raphton polar coordinatet method

The bus admittance matrix is written in polar form as

19.7642" —71j6* 3.952iS”M-1084* 1))1147-108.4*
‘gus 3952157 -1084e 9-2231U -71.6° 527046Y 10*4®
I15.t114Z -108.4° 5.27046/r-108.4/i 21.0819"-71.6*
Note that
i£Y.,» -71A®
and Yt* -[tO* -71j6° * 1084*
The initial bus voltages are
V,- 105
V™ -1.03"0*

Vj* « LO/TO*
The real and reactive powers at bus 2 are calculated as follows :

Pj - |VjV,Yi, |cod46'B)-B, -e},)*|v/ Ya |«*(-»ab

|VjV,Y, |cos(s)“ -6 -Ba)
« (103)<I 05)(3 95285) cM (10B*.4) (| }'I3)2(9.22331)cos*‘l)K;q
* (W 9 (9/12331) cos (71*4) M1.03X 10* 5.27046) c *
' 0.02575
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Qj- |VijV.Yjl |I»16™ -®| -B3)®jVj Ya |**(-BH )+

WjV.Yu liii»(jf"C - B ,)
» (103) (I 05)(3 95285) sin (-108* 4) #(1.03A (9.22331) sir (71 6")
+(1.03) (1.0) (5.27046) sin (10* 4~
- 007725
Generation of p.u Mv«r«tbo»2
- 0.2 ¢0.07725
- 0.27725 - 27.725 Mvar
This NewM»"11be lifni’s specified rhe real and reactive povseis at bus | arc calculated
mi similar wy.
| P,-]vrVIY,(|Jc«(6T -ftl-e,l)+|v;s=V, Y,,| cos(8f

(Vi#1Yjj les*(-8,,)
“ (1.0) (1.05) (15| 14) cos (108.4°) +
(1.0) (1.0.3) (5.27046) cos (-1014¢)
M1.0)2 (21.0il9) cos (71.6°)
4 --03

O,-|VvjoVvIY))|pn(sr -6, —ej.|v«°'v. Y,jJsin(6,A-8, -ej*

[V)"s
| *(1.0) 105 (IV8114)sin (- 108.4°9) * (10) (1 03) (5 27046)
»in (-108.4%)
I MLO)* (21.0191) sin (71.6°)
'-09
Hp*between scheduled and calculated powers arc

r* =-0.3-0.02575« -0.32575
[ --0.6—-0.3)- -0J
A Jet - -025-(-0,9) - -0.65
ey

"N Fx* AL # e keen compiled since bus 2 is voltage controlled but.

*'UbIT|«n]|*0ol>»|
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me greater ttuw the specified limit of 0/1 1 the next iteration is computed

tom | : Elements ofthe lacobiw are calcul*ed as follows. N ;' - -Iv{*v, Ym[so4dsl -« -0.,)
» (1.0) ( 1.03) (5.27046) co* (- 10848
n
' - 17166724
- (103) (10) (5.27046) sin (-108.4") - -5.15 6
v, _-C.-0O* ;O m\i*V, Yc |cos@E'e -8, -B,,)*
(virYajen”~r-er-en)
--(1.03)(1.05)(3.*5255)sin (108.48) &
(L03) (L.0) (5.27046) sii (-108.49 " (1.0)0.05) (15.8114) cos(-108.4°) - 1.7166724
- -6.9667
- 9.2056266
i . I*, Y,|cos(6?-ef-e,) 77 -alviynlry, Yosine™ -8, -e,)*
-(1.03) (5.27044) CO* (108.4°) IV, Y, 4«6 ~87*—eil)
-- 17166724 _ )
- 2(1.0) (21 0819) sin (71.6s) « (1.05) ( 15.8114) sin (-108.4°%) +
ab-Ivfy (1.03)(5.27046) sin (-108.4°)
\ ' - 191
- (0.0) (1.03) (J27046) sin (-108.49) Fromegn. (5.70)
«5.15 -032575 920563 -515 -171667 H |
-0.3 -
a VpV, Y, li f f 2 -© ,Klvrv, Y,jlsin(e’,0>-6-" »« 515 209 66660 R,
0.65 171667 -699%67  19.| alv |
- - (1.0)(1.05)<15.8114) sin (-108 4) - 5.15 *he method of triangulation and back $ub«ations
- 209 -0.35386' 1 -055944 -018648 [p+ 1
) 03 = -515 209 636660 AS,
py, T 2N Y1000, S VY, eSS -2 e -0085386  &171667 -69667 11 |
[Vi Yulco.e'* - *2 -e,) -0.35386 1 -055944 -011648 Agj
- 2(1.0) (21.0814) a » (71.6°) & (1/15)(15/114) cos (" -0.482237 * o 1802 540423  nn.
*
(1.03) (5.27044) co* (-108.4%) 0710746 0 -6006336 1443812 A|V|

- 6.366604
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' -0.353*6 ' 1 -055944 -018648 [6,’

-0.0267613 = O 1 as 4B,
055 0 0 2122202 4
Thus, A)V,| - (0.55) /(21.22202) - 0025917
06, - -0.0267613 - (0.3) (0.0259"\7)
* -0.0345364 rad
--1.91*
062 - -0N35256- (-0.55944) (/1034536) - (-0.1/1648) (0.025417)
- 0049174 rad
- - 24575"
At Ae end of the firs iteration the bus voltages arc
V,- 1.05"0°

Vj- 1.O/T2)57570
Vj- 1025917/~-1 978*"
The real and reactive powers at bus 2 are computed :

Pj"  (1.03X1.05X3 952*5XC0*-24575)-0(-10».4%)

+(1 N3)r(1.025917X5.27046)cox((-2.8575) - (-1.97*1) - 1084*
-0.30009

OV* * (1.08X1 .15X3.952*5rtfin(-21575) - O(-10*4*)
+(1,03)>9.2233l)sin[(-215757) - (- 197*8) -108.4°)]
+0.043*53

Generation of reactive power at bus 2
- 02 +0.043*53 - 0.243*56 p.u Mvnr
- 24.3*56 Mvar

This is within the specified limits.
The real and reactive powers at bus 3 are computed as

Pj" - (1.025917X105X15» 117)cos|H 097**) - 0-10M )]
+(1.025917X1i)3X5.27046)cot)(-I09M)-(-2.8575) - IOM]

*(1.025917)1(2 1. /1 19)coa(71*)
- -0.60407
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aV =(1.02M>17)T| 05K15.8114)s*0« | <sT7)- 108 4°)|
+(1.025417)11 03X5.27046)uT|(- 19?2Mj) -(-2 *575) - 108 4(,)|

+(1.025917r<210819)sin(71.60)
--0.224

(jiffefrnce”™ between ictieduled powen and calculated power* wc

APJ" - -0,]-(-~0.30009) =0.00009
AP{" = -0.6-(-0.60407). 0.00407
AOT' ’ -0.25 -(-0.2224) =-0.0276

Even though Ifsc fir*t two difTerences are within the limits the lasi one Q r, greater

#3n the specified limit 0.01. The next iteration is carried out in a similar manner At the end of
*e second iteration even AO, also is found to be within the specified tolerance. The results are
ribulatad mtable E5.4(«) and KlJ.4(b)

Table ESM (a) Bus vaMages

titration But 1 But 2 Bat 3
| 0 10/0»1 103/0¢ 1/0»
i1 105/0» 103/-2I5T57 102591771 978*
- 2 1.0Jz0" 1.03/-2.1517 1.02476/-1 947

Table E5.4 (b) Line Flow»

Um r Po»tr Flaw Q

12 02297 - 0.016533

21 -6 22332 00049313
= 13 06839* 0224

H -0 *74545 -0 0195145
i 23 -0.07412* 00554

-2 0074*1 ~00%4
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For tbc glvea ii*ple pawer lyitin (M

Operative and Control b Power

load flaw lolatioa ming

coerdlaatc* methad. decoapled method aad fait decoupled Mctkod.

Bin Cad* Lin* liapadaacr Ipq
—TIr" — mST7rn—
M " ——— oftTToin—
q -« —  rrIrrpnii—
14 |'l — rn5rT$5—
—Tr - — Oonrrrnin—
nm " —— WT]302—

(b) Line-data

But Cad* (Stack) G«n*rtio- "
M»  Mw MW Mvar

1 A 1 0 0]

1 - 7! r o1 to

T - n 0 45 00

4 ) (0] 0 7 if

] o WO 50 ii

(c) Generation and load data
| 2 3 4 *

1 11724-j24.27 -»*j20 o+ ft O+jo -1.724* j4 3L
2 -10* j20 10962-j24.76l 0*j0 0*jo
) 0*jo -O9M » [4808 671>-j21444 -J*jl) -0«22 * |2 12
4 0~*jo 0+JD =i jb» 15-jM.W -10e [20
5 -1.724+jO | -¢jO -4(«J-|1H2 -l«*||0 1154/

(d) But admittance matrix
FIf.1S)
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_ K *match vector for iteration no:| ia

jojj]"- 003*60"
g»]f*04*2»
~[4,-~003703
»q,,]- 0058334
IteNtwtoltafe vector after iteration | is:
Hus no | E : 1.000000 F : 0.000000
Busno2E: 1984591 F 0.008285
Bus N0 3E : 0JS2096 F :»0.14222*
Busno4E : 0JI6991F:-0 153423
Busnol E : 0/175810 F >0.142707
The residual or mismatch vector for iteration no : 2 is
dpf2] - M02406
dp’ " -0-001177
Jp[4] “ -01)04219
<W) - -/1000953
~[2] m-0.001087
oA-~norr6!
~4) m'=joooso:
* 4)002SS8
*  Ne* vector after iteration 2 is :
N*«11:1.000000 F : 0.000000
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dp(2] - 0000005

dp(3] ~ -0000001

dp(4] - -0.000013

<M5] - -0.000001

<*J(2) - -0.000002

JQ(3] - -0.000005

JQ(4] - -0.000003 v

JQ(5] - -0.000007

The final load flow toiation (for akawaMe error.0001):

busno | Slack P” 1189093 Q * 0.556063 E m 1.000000

bus no 2 pq P - 0.349995 =0.150002 E- 0.9*4357
bus no 3 pg P = -0.449999 m-0199995 E m0.800951
bus no 4 pq P = -0.399987 »-0.150003 E - 0.86*709
bus no 5pq P - -0.500001 m-0.249993 E - 0.874651

Decoupled load How aolutloa (polar coordlaate method)
The residual or mismatch vector lor iteration no : O is
<p2 - 0.350000

dp(3] - -0450000

dp(4] - -0.400000

dp(5] « -0.500000

JCM2] - -0.190000

4Q(3] --0.145000

dQ(4] - -0.130000

dQ(S] - -0.195000

The new voltage vector after itentioa O :

Bus no | E : 1.000000 F : 0.000000

Bus no 2 E :0.997385 F :»0.014700

Bus no 3E : 0947017 F 0.148655

Busno4E :0.941403F 0.161282

Bus no 5E :0.943803 F >0.150753

The residual or mismatch vector for iteratioa no:| is
dp (2]x 0.005323



_0i)0*207
ot -OiKWI39
) 019702
dp(*l
AT 21— 067715
do(, . ~.12987

dpPlI

dQ@]'-*m 15,696
40,5)-- M 10557
The pew voltage vector after iteration | :
Busno | E : 1.000000 F : 0.000000
sus NO2E: MC20S2 F >0.01)556
Bus no 3E : 0.182750 F >0.14)760
Bus no4 E : 0/170666 F >0.154900
Bus NOSE : 0*76161 F >0.1434*4
The ncMlual or mismatch vector for iteration no:2 i*
dp(21-0149)14
dp(3) - -0/117905
dp{4) - -0.002305
dp(5) - -0/106964
dQ[2]--0/109525
<K%3) - -6/109927
dQM4]--#jO12938
dQls) - 0ID07721
The new vokage vector after iteration 2 :
Bus no 1E: 1.000000 F: 0.000000
b>no 2 E : 0.9819*5 F >0.007091

"0 3E : «J80269 F >0.142767
Bus no4 E : 0.868132 F >0.14172
fcu no5E : 0.874339 F >0.143109

or mismatch «cu» for iteration no:3 is

dPj2] - 0.000138
dP () * 0.001304
(I~4 « 0.004522
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dpis] - -0.006313

dO(2]-0.066286

dO(31- 0.006182

<i0]4] m -0.001652

dQ(SI- -0.002233

The new voltage vector after iteration 3 :
Bits N0 | E : 1.000000 F : 0.000000

Bus no 2 E : 0.98486* F :«000707$
B3z no3 E :0.88LMI F 0.142710

Bto no4 E :0.868841 F >=. 154159
Btrs no 5E : 0.874862 F m0.143429
The residual or mismatch vector for iteration no:4 is
dp«2] - -0.031844

dpi 3] - 0.002894

dp(4] - -0.000570

dp(S] - 0.001807

dQ(2)- -0.000046

dO(3]- 0.000463

dQ(4) - 0.002409

dO(5)* -0-003361

The new voltage vector after iteration 4 :
Bus no | E : 1.000000 F : 0.000000

Bus no 2 E :0.984866 F :»0.008460
Busno3E :0.881121 F 8.142985
Bus no4 E :0.868849 F >0.1546330
Bosno5E :0.874717 F :=0.143484
The residual or mismatch vector for iteration no:5 is
<Jp(2] - 0.006789

<tf3) - -0 000528

dpi4] - -0.000217

dpfSl = 0 0000561

dof2|* -0000059

Po*fr Sy



N01- -0-000059
(Qj4] * -0.000635

JQ14 “ -0000721
—t neW volume vector after iteration 5 :

Bus no | E : 1000000 F : 0.000000
sus NO2E :0.9%4246 F 0.00*1»
sus NO3E :0.M0907 F 0.142947
Bus no4E :0l68671 F 0.154323
Buino5E :0)74633 F 0143431
The residual or mismatch vector for iteration no : 6 is

dp{2] - 0.000056
4p(3] * 0.000010
dp(4] - 0.000305

4p(5] - -0.000320
aoi:|* 0003032
40(31* -0.0001*6
6Q(4]- -0000160
60(5] - -0.000267
TTwnew voltage vector after iteration 6 :
Busno | E : 1.000000 F : 0.000000
Busno2E :0.9*4379 F 0.00*165
Busno3E :QIM 954 F 0142941
B no4E :0.*68710F :=0.154314
Bus no5E :0.174655 F 0143441
‘«sidual or mismatch vector for VrLLoo no 7 is
2i 0.001466
*3] “ 0.000106
cH4) - -0.000073
~*4 m0.000156
= 0.000033
“m0.000005
0.000152
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<tO(51“ -0000166

The new voltage vector after iteration 7 :
Bus no | E : 1.000000 F : 0.000000
Busno 2 E : 0954311 F :=0.008230
B«s noJ E :0.880951 F *0.142957
Bits no4 E : 0.868714 F >0.1S432S
Busno5E :0.874651 F 0.143442
The residual or mismatch vector for iteration no: B is
dp(2] - -0.000022

dp(3] - 0.000001

drf4] - -0.000072

dp(S] - -0.000074

dQ[2] = -0.000656

dOI3) - 0.000037

<KX4] - -0 000048

dot5) * -0 000074

The new voltage vector after iteration 8 :
Bas no | E: |1 000000 F :0.000000

Bas no 2 E :0.984352 F :-0.008231
Bas no 3E :0.880947 F :=0.142958
Bus no4 E :0.868706 F >0.154327
Bas no 5E : 0.874647 F >0.143440
The residual or mismatch vector for iteration no:9 is
dp(21 - 0.000318

dp(31 - -0.000022

dgsf4) - 0.000023

drfS] - -0 000041

dO(2|- -0 000012

dO(3] - -0 000000

dQ|4| - 0.000036

dQ(5) - -0000038

The new voltage vector after iteration 9 :
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I, E;1.000000 F : 0.000000
e,no2E: 0984352 F 0008217
Besrw3E:0.880946F -0 142954
gusno4 E :0.868705 F 0.154324
eueno 5E: 0.874648 F 0 143440
fte «skfual or raismatch vector for iteration no 10 is
jpf2] 9 0.000001
~ 3] . -0.000001
4p(4] -0.000017
4*5] - -0 000017
jq(2J« 0.000143
40Q{3] - —«.000001
4Q(4] ' 0000014
4Q{J] - -0.000020
The new volume vector after iteration 10:
Bus no | E : 1.000000 F : 0.000000
Bus n02 E :0.984658 F >0.008216
Bus NO3 E :0JI0949 F  0.142954
Bus 04 E : 0.16K707 F :=0.1S4324
Bus NOSE : 0.874648 F >0.143440
Tbe residual ar mismatch vector for iteration no: 1lis
«W2! " -0.0000*9
‘W 3I' I 0.000005
d’<l 1-0.000006
“nS -0.0000L,
<* 2| F 0.000004
~"-0.000000

* 0.000008
dQ,S=e -0000009
BPjN fto*v solution after | iterations

-"e‘eMcanon¥*,,
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Tto final load Mo» foluttoa (for allowable error.OOO0IK :

Bus no 1 Slack P - 1.089043 Q » 0.5560M E - 1.000000
Bus no 2 pqgP “ 0.350069 Q-0.150002 E m09*4*58
Busno3 pgP“ -0450005 0--0.199995 E - 08*0944
Busno4 pgP m-0399494 O - -0.150003 E “ 0-86*707
Busno5 pgP*“ -0500011 O

Fast decoupled loed flow Mlutioa (polar coordinate «ctbad)
The residual or mismatch vector for iteration no:0 is

dp(2] - 0350000

dp(3] - -0450000

dp(4] v 0.400000

dp|5] * 0.500000

dQJ2] - 0.190000

dQ[3L- -0.145000

dOHI - 0.130000

dQ{5J- -0.195000

The new voltage vector after iteration O :

Bus no | E : 1.000000 F : 0.000000

Busno 2 E :0.997563 F  0.015222

Bus no 3E :0.947912F 0.151220

Bus no4 E : 0942331 F 0.163946

Bus no 5 E : 0.944696F -0.153327

The residual or mismatch vector for iteration no:| is

dp(2) - 0004466

dp(31 - -0.000751

dp(4] ' 0007299

dpf5] - 0.012407

dQJ2] 0.072541

dQo1 =-0.l 11299

do() - 0162227

dQ(5) = -0.21*309

The new voltage vector after iMrutloa | :

Bus no | E : 1 10000V . 0 000000

0.0t

* -0.249991

E - 0874



2E :0911909 P 0A13636

. 0.882397 F>0 «43602
Qijl 00 *r

n p4E :0.869896 | -0 154684

ry ~}le 1m 75752P>01433.2

nr mismatch vector for iteration no: 2is

dpll *.153661
LW T <-o0o0roo63
¥ t] -*.005460
o5 -k009505
~21-*.011198
dQ@3|" -0°1472
dO|41-H.000732
doJ5| «<M.002874
The new voltage vector after aeration 2 :
Rutao | . 1.000000 F : 0.000000
BuiBo 2K :0.982004 F  0.007026
Busno3E :0.880515F 0.142597
Buino 4E 0.861400 F 0.153834
Busao 5E :0.874588 F  0.143038
Th* resiAal or mismatch vector for iteration no 3is
<wW1l -0O/100850
<W1 me«/102043
<A< m*.*00155
<WH *-«1*03219
m i 067612
«01--M07004
«*1 ~0-003236
**51*B4«2%
vahai e vector after Jention 3:
“? 1e : <0O00000 P -0.0e0000
Bu, ** ** :0,]4<»26 P >0*07086
| 0 *e 1246 P >o0. 142740
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Bm no4E :0.169014 F >0.154193

Bus no 5E : 0 87492* F >0.143458
The residual or mismatch vecter for iteration no: 4 is
0,0] - -0.0323*4

dp(3] - 0003011

df>(4] - -0001336 \Y
drfS] - -0.002671

dQ[2] - -0 000966

(JO13I1 - -0.000430

doj4| - -0.000232

dOISH -0001698

The ncvr voltage vector after iteration 4 :
Bus no | E : 1000000 F : 0.000000

Bus no 2 E :0.984162 F >0.00848*
Bus no 3E 0 **111»F >«.143053

Bus no 4E : 0 *68*47 F >0.154405
Bus no SE :0.174717 F >0.143501
The residual or mismatch vector for iteration no: 5 is
dp(2] - 0.000433

«K4Y31 - 0.000006

dp(4] - 0 000288

dp(5) - 0.000450

dQ(2]--0014315

dQ{3] - -0 000936

dQ(4] - -0 000909

dO(5| w -0001265

The new voltage vector after iteration 6 :
Busno | E : 1000000 F : 0.000000

Bus no 2 E : 0.9*4230 F >0.008463
Bus no 3 E : 0.1*1246 F >0.14300*
Bus no4 E :0*69014 F >«.154337



., flew Analysis

B*N0o5E:0.*74607F:-0.143433

The residual or mismatch vector for iteration no: 6 is

4p(2] mO0.006"81

4*3] - -0 000521

4p(4] - 0.000314

dp(5] - -0.000792

4Q[2] " 0.000331

ja[3)- 0.000039

dQ[4]» -0.000155

4Q(5] - 0.000247

The residual or mismatch vector for iteration no: 7 is

442] - -0.000144

4(3] - -0.000050

dp(4] - 0.000080

4451 - -0.000061

4012]- 0.003107

<*a3] - -0.000I62

d0[4] - -0.000255

<K2(5] - -0.000375

The new voltage vector after iteration 7 :

Bus no | E : 1 000000 F : 0.000000

Busno2E :0.954386 F 0.008166

Busno3E :0OM0963 F  0.142943

Busno4 E :0*68718 F 0.154316

8usno 5E :0J74656F 0.143442
residual or mismatch vector for iteration no: 8 is

<W2] - -0.001523

Ou3] = -0.000105

*1*1 *-0.00011$

*HS| * -0.000215

*n21% 0.00009*
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dQ[3] - -0.000024

<=>H] * -0.0000J7

dQ|5] * -0.000031

The new voltage vector after iteration 8 :
Bus no | E : 1.000000 F : 0.000000
Busno2 E :0.984380F 0.008233
Bus no 3E :0.880957 F 0.142961
Bus no4 E :0.868714 F = 0.154329
Bus no5 F.: 0.874651 F  0.143442
The residual or mismatch vector for iteration no: 9 is
dp{2] - -0.000045

dp(3] - 0000015

dp(4) - -0.000017

dp(5] - 0.000008

dQ[2] * 0.000679

4Q13| - 0.000031

dQ[4] - -0.000072

dQ[5] - -0.000105

The new voltage vector after iteration 9:
Bus no | E : 1.000000 F : 0.000000
Bus no 2 E : 0.984350 F :-0.008230
Bus no 3E : 0.880945 F 0.142958
Bus no4E :0.868704 F 0.154326
Bus no 5 E : 0.874646 F :=0.143440
The residual or mismatch vector for iteration no: 10 is
dpi:l - 0.000334

dp|3] = -0.000022

dpl4] - 0.000033

dp(S| “ 0.000056

<KX2| =0.000028

«HALL  0.000007

dQ(4| - -0.0000*7



. new A*ab'fis_

'"A0(5]-0.000005
w voltage vector after iteration 10 :
g~ nolE: 1000000 FOrtoo00O
eu,no02F.: 04*4152 F m0. 008216
"No3E~BO NI -0142453
Btt,n04E:0«98705 F 0.154323
BI* nos E :0.17464*F 0.143440
- j ridual or mismatch vector for iteration no: 11 it
dp(2] - -0000013
Jp|31 - -0.000004
4ty4] * 0.000003
¢ (5] - -0.000000
dQJ2|- 0000144
40(31- -0.000007
<0(41 - 0.000020
40(5) - -0.000027
The new voltape vector after iteration 11 :
Bus no | E : 1.000000 F : 0.000000
Bus no 2 E : 0.95435S F m0.008216
Bus no3 E :0JS0949 F  0.142454
Busno4 E : 0-168707 F 0.154324
Bus no5E :0J7464* F  0.«43440
The residual or mismatch vector for iteration no: 12 Is
*421 -0.000074
W | - 0.000005
*(4| - -0.000004
*W5| - -0.000014
*>121  0.000008
- -0.000002
**4 |» -0.000001
*# sl 0.000000
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The load flow xlaliea
Busno| Slack P - 1 089040 Q - 0.556076 E 1000000 F« gooooo0’
Bus no 2 pqg P - 0.350074 Q -0.150008 E m0.9%435* g+ 00%2(i |
Bus no 3 pg P - -0.450005 0 - -0.199995 E- 0*80949 F * -0.1429541
Busno4 pgP’ -0399991 O ' -0150001 E' 0%68707 -« _g1543041
Busno5 pgP* -0500014 O0- -0250000 E - 0.17464* F - -0.1434*1

ESI4 Obtain th« load flow solution to the system given in example E5.I using 2-ftus ]
Gawas - Seidel method. Take accuracy for convergence as 0.0001

Solution

The bus impedance matrix is formed as indicated in section $.15. The slack
taken as the reference bus. In this example, as in example $1 bus | is chosen
slack bus.

(i)  Add element 1-2 This is addition of a new bus to tie reference bus

2 2
€US (2) 1005»j0.24

(i)  Add element 1-3 fhis is also addition of a new bus to the reference bus
) Q)
(2) 0084024 QO+IOO
3) 00+j0O 0.02+jO.06
(Hi) Add element 2-3. This is the addition of a link between two existing blHe |
and 3.
2***_r*N-2»-2|.-B*0Hb24
Zj*** mZtaH “ Za - Z,, - 40.02-i0.06)

Zort>" 475 _2Zjj +Z,, u
- (0.08»j0.24)+(0.02j0.06K0.06 +jO .11)

" 016 +0.48
(2) 3) w 3
(2) 00* +j0.024 0+ifi 0.0* +/0.247

Z™ “ (3) 0.0 +jOO 0.02 +j0.06 -(0.02 ¢
3 0.08+J0.24 -(6.02+jO00M) 0.16+j» "

The loop is now eliminated
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.jw ju .j.M 1K L
0.16 +j0.48

-0.044 jO.12

Z,-Z, W\r,-rlp r*'
| 0.
0.16 +j0 48
*0.01+j0.08
Similarly Z,,- 00175 + j«.0526

p,e2 . Bus matrix is thus

004+j012 001+jo 03

25 001* j0.03 0.017+10.0525

0.1265/71.565* 0031623/71.565°
0.031623/71.565 0.05534/71.565°

The voltages at bus 2 and 3 are assumed to be
\<0) - | 03+j0.0
V,10 -1.0 +l0.0

Assuming that the reactive power injected into by* 2 is zero.
0j-0.0

The bus currents |KO) and |jf> are computed as

k. ~;31Y:°. -0.29126-j0.0- 0.29126/1S0*
1.03- 30

= -~ -25=-06-j0.25=0.65/157 38°
"erion | =The voltage at bus 2 is computed as
V{* “ V,+2, I,* +2MI141

- 1.05/0* +(0.1265/71.565®(0.29126/U0" +

(0.03«623/71565* X0.65/157 3g°
- 102415 -J0.05045
- 1026M/-2.1It2
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The new bus current *** it now calculated.

VV»
Al?1 bl I*

V ¥n j
1.02609/-2/1182
0.1265/71565°

0" «In»|vI'Ali#*l

=1Imjl .02404/ - 2.81829"°0.0309084/74.383"
=0.03

Oj" = Q-® #AO0* =0/1 +0.03 - 0.03

[ J— =0,29383/182*918°
1.02609/-2.8182°

Voltage at but 3 is now calculated
vin-vi+zelf*z , k>
- 1.05/0.0° +(0.031623/71565*)(0.29383/182832
(0.05534/71565* X0.65/157.3**)

- (1.02319 - J0.036077) >1.0243/ - 2.018"

[0) ¢ )64 A7 J** - 0634437/155.36°

10245/21)18
The voltage* at the end of the first iteration art:
V,-1.05/0°

V™ -1.02609/-2-8182*
V,m -1.0245/-2.018*
The difference* in voltages ara
AVj’> - 0 -02415 - J0.05045) - (Ll #jO0)
- -000515 - J8j05045

AV<" -(1.02319- *036077)-(1.0* j<U»
- (0.0231* - #.036077)



A* Ir*h
and imaginary

Vj:r -

[O1*-

Oj>* 0j" * AQj"

I1S*
parts art greater than the specified limit 0.001.

VvV, ezalj" +2Z,r,"

1.02 /0" - (0.1265/71.565CX0.29383 /182.892°) «=
(0031623/71.565") (0.63447/155.36°)

1.02634 - jO.050465

1.02758 /-2.81495°

1.02758/ - 2.81495“ I' i.03
1.1265/-71.565* 11.02758

0.01923/- 74 38"
tajvfVv j'f]

Im(1.02758/ - 2 81495X0 01913/74.38°)
0.0186417

» B.O3 +0.0186487 « 0.0486487
. -0.3 - )0.0486487
'3 1.02758/2.81495

- 0.295763/186.393"

Vj;' -1.05/0° #(0.31623/71565°(0.295763/186.4* +

0.05534/71565° X0.634437/155.3«1>

I'» » =0 Y ™ 157-38"

=06343567/155.434"

1.02466/1.9459°

AV;“ =(1 02634 -jo

.050465) -(1.02485 -jo 05041) =0 00144 jO.0000 IS

AVIJ" » (1.024 - j0.034793) - (1.02389 - jO.036077) - 0.00011+ /) O0I28

As the accuracy is still not enough, another iteration is required

Veio* j .

Vj" - 1.05/0° «(0.1265/71.565° X0.295763/1864 °) +

(0.031623/71.565, X0.63487/15]).434<%)
- 1.02*5187-)0051262

- 1.9298/-2.153*
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lbw _J*»*£:jj~ rjuj3 _ _1=0.00|$||/74.41S°
0.1265/71.565° 1,1.02*

AQ'/1-0.00154456

Q' -0.04*6487 +0.001544 =0.0502

[(9) B jO.3 -0-0502 Kk 02*s37/Nn*6.647*
0.029*"2.853 =

Vjll- 1 MZO* #(0.031623/71.565*) +(0.29537/116.647°) +

(0.05534/71565°*0.634357/155.434*)

- 1024152 - J0.034117-112474/ - 1.9471*

I,> 5 -0.65 - 5 TI»« 51 0634 Z155 43j«
1.02474/1.9471°

AVjl> (1.02*51*7 - j0.051262) - (1.02634 - j0.050465)
-0.00217*7 - 0.0007*7

AVj1 - (1.024152 - j0.034*I7) - (1.024 - J0.034793)
-0.000152-j0.00002

Iteration 4:

Vj4 -1.02996/-2452®

41® =0.0003159/ - 74.417*

4Q(>-0.0000%67

Q<9 - 0.0505

LK - 0.29537/1%6.7*

VA" - 1.02416 - JO-OM* 16-1.02474/ - 1947°
AVjT %0.00010* +j0.000016

AVj’1-0.0005* JO.000CA
The final voltages are

V,- 1.05 0>

Va - 1.02996/ 2.852*

V,- 1.02475/-1.947*
The line flowi may be calculated furtfcer if required



Problem

p) | obtain «load flow solution for ihe system shown in Fig P5 | use
Gauss Seidel method

(i) N-R polar coordinates method

B ti code pq Imptdaact bm 1 in» Charge! V pq i
1-2 0.02*j0 2 00
2-] 0.01 0023 0.0
3-4 0024j0.4 00
J-8 0.02 ¢0Cs «0
4-5 0.01] ¢j«04 00
o) 0015 1/004 00

Valu«« ire given m p.u on a base of IOOMv*.
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The scheduled powers are as follows

ttn Code (P) Ctntratlon Uad
M»  Mvar MW Mvar
1(Slack bus) 0 (0] 0 (6]
2 to IS 25 IS
) 0 0 0
4 45 IS
S 0 0 55 20

Take voltage at bus | as 1/0° p.u.
PS.2 Repeat problem P5.1 with line charging capacitance Y”/2 * j0.025 for each line

PSJ Obtain the decoupled and fast decouple load flow solution for the system in PS  Inj
compare the results with the exact solution.

PS.4 For the 51 bus system shown in Fig. PS.I. the system data is given as follows inpu
Perform load flow analysis for the system

Lm* data Rtalataac* Raactaacc Capacltancc

002(7 0.0747 00)22

oou 0.00)6 0.0015

3-6 0.0614 0 1400 00558
3-7 00247 00560 00)97
7-» 00091 00224 00091
8-9 00190 004)1 0.0174
0.0182 0041) 00167

10-11 oX1206 0.0468 0.0190
- 12 00660 0010 00060
12-13 0.0455 00642 00058
13- 14 01182 02)60 0.021)
14- 1S 00214 0274) 00267
IS - I« 0.1 0.0s25 00059

16-17 00580 035)2 00)67



fwer F>'w /ina,Y*1

UN d>la Rnnim i IU*ri*iwc CapacltuM*
17- 11 01550 0.1532 0016*
11-19 01550 03639 00150
19-20 01640 03(15 00171
20-21 0.1136 03060 00300
20-21 007*1 02000 00210
23-24 01011 02606 002*2
12-25 00*66 0247 002*3
25-26 00I1S9 0 050* 0 0060
26-27 00*72 02*70 00296
27-2» 00116 00436 00045
2*-29 0.0116 00436 0.0045
29-10 00125 00400 00041
10-11 00136 00436 00045
27-11 00116 00436 0/IM5
10-12 00511 0 166 00712
12-11 00111 0.1000 00420
12-14 00471 0 1511 006S0
10-SlI 00667 0 1766 0.0734
SI-11 00230 0.0622 0.0256
IS-SO 0.0240 0 136 01194
1S-16 00266 oM il 0ll <6
19-49 0016» 00*99 00726
16-1» 00252 01316 0 107

l« =1 00200 01107 00794
»-47 0.0202 0 1076 00*69
47-41 0.0250 01316 0 107»
42-41 0029* A 154 0 121

40-41 0.0254 0.1400 0.100*



Line dau Rm Mm m IncUici CifacHnn

41 4) 00326 0.1807 01197
45-45 00236 01252 oKl
43-44 00129 00715 0.0513
45 46 000)4 00292 00236
44-1 00330 01818 0 1)06
46-1 00343 02087 0 IM6
1 49 00110 00597 01752
49-50 00071 00400 00272
37-38 00014 00077 0.0246
47-39 0Q23 0 108 00879
ot 00426 01100 0.0460
39-35 000*0 00500 0.0000
7 B 0100 00450 Q0000
I -*7 00000 00500 (60800
14-47 0.00*0 0.0100 Qo000
16-39 000*0 0.0900 00000
18-40 00000 00400 00000
20-42 000*0 .0 0800 00000
24-43 00000 00900 00000
27-45 00000 00900 00000
26-44 00000 00500 0.0000
30-46 00000 00450 0.0000
1-34 000*0 00630 [esss o]
21-2 00*00 02500 00000
4-5 00000 02085 00000

19-41 0.0000 00800 00000



Fig. P5.4 51 But Power System

Inr-Q TAP
3-35 10450
7-36 10450
I -17 10500
14-47 im
16-39 10600
11-40 10900
19-41 10750
20-42 10600
24-43 10750
30-46 10750

1-34 10*75
21-22 10600

-4 10*00
2*-45 X

26-44 j.offt
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21
24

Bus Data - Voltage and Scheduled Power*

VolUft magnitude

M-)

10800
) 0000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
1loooo
10000
10000
10000

| oooo

Vattafe pkam anfle

00000
*MM

00000
0.0000
00000
00000
00000
00000
00000
00000
00000
000(10
00000
00000
00000
0.0000
00000
0.0000
00000
00000
00000
0.0000
00000
00000
0.0000
00000
00000

00000

Heal power
<m»

00000

-0 5000

'- 0 9000

00000
-0.1190
-0 1900
-0 3300
-0 4400
-0 2200
-0.2100
-0 3400
-0.2400
-0 1900
-0 1900

02400
-05400
-0 4600
-0 3700
-0.3100
-0 3400

-0 1700
-0.4200
- 00800
-0.1100
-0 200
-0.7600

08000

Power System Anc«]v.

R**c,'v4=>0»77"

00000

-0 3000
00000
00000

-0 1000

-0 1800

-0 2400

-0 1200

-01200

- 0.0500

-0.1360

-0.1100

-00400

-0.3000
-0 2100
-0.2200
-0 0200
-0.1600

-=MOO
-0 2300
-0 0200
-0.0600
-0 1400
-0 2500
-03600 J



rsz*

1
ri
17
3*
9
40
41

| 2
43
24
43
46

[ @

L 4
X

E-

L =

Voludf = U ,k *d*

(0>
10000
1oouo
10000
10000
1.0000
10000
10001
'0000
10000
1000
10000
10000
1.0000
10000
1.0000
1.0000
10000
10000
10000
10000
10011
10000
10000

Voltage phaae >41*

0.0000
00000
00000
00000
00000
00000
00000
0.0000
00000

0.0000
00000
0.0000
0.0000
00000
04000

0.0000
0.0000
00000
00000
0.0000
0.0000

R til power
(P-a)

-0 2300
-0.4700
-0.4200
-0 3000
05000
-0 5100
00000
00000
00000
17000
00000
0.0000
00000
00000
00000
17300
00000
0.0000
00000
05500
35000
12000
-0 5000

1*7

Reactive power
(M>)

-0.1300
00000
-0.1too
-01700
00000
-0 2600
00000
00000
00000
00000
0.0000
00000
00000
00000
00000
00000
0.0000
00000
0.0000
00000
00000
00000

-0.3000



Power Syitem n>>|

Bui N.. Voltage at VCB RaactK* power limit
1) 10300 01800
10 10000 00400
3 10000 04800
n 10600 0.9000
4 10500 04500
48 10600 02000
49 10700 05600
JO 10700 1500

P5.4 The data for a 13 machine, 71 bus. 94 line system is given. Obtain the load na»

solution.
Data:

No. of buses 7

No oflnc* L 23

Bam powar (MVA) 200

No. of machines 13

No. of skum loads 23

BIL.'S NO GENERATION U1AD POWER

1 - . 0.0 00
2 00 0.0 0.0 0.0
3 506.0 1500 00 00
4 00 00 00 00
5 00 0.0 00 0.0
6 1000 320 00 00
7 00 no 129 H1
8 300.0 1250 -0 0.0
9 0.0 0.0 1830 1300
10 00 0.0 800 500
1 0.0 00 1550 96.0
12 00 00 00 0.0



Flow Analytii

N B W

98BV RE8YNRN

8 2

B oA

_____ GENERATION
00 00
00 00
1100 | 1100
00 ! oo
00 00
[o]¢] 00
u ] 00
oo ] M
oo 1 00
00 0.0
00 0.0
00 00
0.0 00
00 0.0
3001 1 750
00 00
2600 |' g
00 0.0
00 00
00 00
00 00
0 | eo
00 00
00 00
(o]0} 00
00 0.0
250 300
00 00
00 00
00 00

00

0.0

]

LOAD

1000
0.0
00
730
360
160
320
270
321
0.0
750

1470
B5
0.0
00
2250
00
00

TOWER
620

16S
191
00
46.6
00
125
00
00
200
00
00
745
994
00
695
00
320
920
tto
00
00
1210
00
0.0
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BUS NO

NIB8B3A3BRBRBRB LB IFBIBBABBEEIS &R

GENERATION
1800 550
00 00
00 00
00 00
300 2500
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
00 00
3000 75%
00 00
%60 250
00 00
900 230
00 00
00 00
00 o

LOAD
00
00

780
2340
0.0
2950
400
2270
00
00
1080
255
00
%6
420
370
00
00

32
00
00
00
140
00
00
14
00

Power Syitem

POWER

1420

00
680

356
270
2ra
00
00
270

00
00
00
65
00
00
70
00



f,0W A*ulys's
[ from Bn
9
r 7
- 0 ¢
\_r~ r *
6
- 2
1 .
—
9
10 13
n 17
12 7
1) 7
1 4
< 4 I
16 4
17 12
1 17
19 2
D 4
2 2
_ 2 3
L » 26
[~24 5
CI
p | 2
g
2
NS
20

To Bui
1

~

EBRRIRNBEBBB-Br»ERERww »mEBB=8=8"

LINE DATA

1Tl

LU* lapcdaac* | IN\ charfe  Torill Rail»

00000
03200
0 0660
00320
00660
02700

00600

09700

0.0160
001*0

0.0190
00000
0.0340

02400
00000 j
00000
00410
00100
00366
0.7200 ]

0 1460

00570 |
00710 1
0.1600 j
01ro

0 1610 j
00700 1
00530 1
01410)
00*00
02301
00920 1
02220 |
00.00
00330 |
01600
00790 j
0071 j
00%00 1
00620j
00950 j
00340
0.1670
00*00 |
05200 1
00*00 1
00*40 )
02500" j
0.1020 j
01412
01*60
113740

Qoo
00090
00047
00140
001*0
00070
[€111))
00300

00270

00710
00710

0193»
00000
0 1500
Qo000
01300
00000
00000
00503
03353
00140
00050
001(10

103
100
100
100
100
100
095
100
100
100
103
108
100
105
100
100
100
095
100

106
100
093
100
093
095
-1.00
100
100
100
100

CoMd






From Be» ToBui Uae mpidiiKt 12V rkirfc Tyrni Rati* |

_____ _—y V. 00160 01*50 00170 100

56 57 00000 01*00 0.0000 1.00

o - 57 5 00280 | 00720 0.0070 100

- I': - 51 004(0 0.1240 a»i20 100
9l 60 59 00000 0.0800 0.0000 100

A g 5) 60 -0360 01840 (13700 100
o 45 44 00000 0 1200 00000 106

n 45 46 « (0370 0.0900 aoioo 100

» 46 Pl -0*30 01540 0.0170 100

7 46 5] -1070 01970 0.0210 100

n 60 1 0160 00830 0.0160 100
1o -t 62 0001 00800 0.0000 095
T 51 (] 00420 01080 - 0020 100
77 62 & 00350 00890 - 0090 100

S 69 68 00000 0.2220 0000 105

o 69 al -0230 0160 0.1040 100

10 67 66 00000 0 1830 0000 106
65 64 0ouooo 00630 0.0000 106

2 65 % 002(0 0 1440 «0290 100

1) 65 6l -0230 01140 - (0240 100

M 65 67 00240  0.0600 0.0950 100

13 67 63 00390 “ 00990 « 0100 100
16 61 Vo) -0230 02293 - 06%5 100

w 67 0550 02910 -0070 100

u 45 70 140 04680 -0120 100

m 70 38 - 1650 04220 «0110 100
E- ! <0570 02960  =0590 100

71 )7 00000 00800 =00 0.95

_y 45 4 -150 0380 «1000 100
I gl B 43 -0131 01306 - 4293 100
52 2 00164 01632 95360 100

—————————————— 3 _ -]



z
*

B BB O~~~ 0 wbhwnNEp

R

BRRBB

B« So

2

RBB

S5 ARYEBREARR

N8 g RRRS

Sk«H
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

-0 4275
0.1300
OO0K00

-0 2700

-0 3373
02000

-0*700
02230

-0.3220
0 1000
0 3300
02000
02000

-0 2170
0 1000
0 MOO
0.1000
0.1730

-0.2700
0.1300
0.1000
0.0730
00300



5]
i3
5.4

55

56
5.7

58

59
5.10
511
512
513
514

S15

Question*
E»Plain the 'mponance of load flow studies
Discuss breifly the bus classification,
What is the need for a slack bus or reference bus ? Explain.
Explain Gauss-Seidel method of load flow solution.

Discuss the method of NeviVion-Raphson method in general and explain its applicability
for power flow solution.

Explain the Polar-Coordinates method of Newton-Raphson load flow solution.

Give the Cartesian coordinates method or rectangular coordinates method of Newton-
Raphson load flow solution

Give the flow chan for O No. 6.

Give the flow chart for Q.No. 7.

Explain sparsity and its application in power flow studies.

How are generator buses are P, V buses treated in load flow studies 7

Give the algorithm for decoupled load flow studies.

Explain the fast decouped load flow method.

Compare the Gauss-Seidel and Newton-Raphson method for power flow solution.

Compare the Newton-Raphson method, decoupled load flow method and fast
decouped load flow method.



6 SHORT CIRCUIT ANALYSIS

Electrical networks and machines are subject to various types of faults while in operation, ;
During the fault period, the current flowing is determined by the intermal e.m.fsofthe machine
in the network, and by the impedances of the network and machine*. However, the impedance!
ofmachines may change their values from those that exist immediately after the fault occurrcm=*
to different values during the fault till the fault is cleared. The network impedance nay j's*
change, if the fault is cleared by switching operations. It is. therefore, necessary u>calculate
the short-circuit current at different instants when faults occur. For such fault analysis studi*
and in general for power system analysis it if very convenient to use per unit system and
percentage values. In the following this system is explained.

6.1 PerUnit Quantities

The per unit value ofany quantity is the ratio of the actual value in any units to the chosen has*
quantify of the same dimensions expressed as a decimal.

Actual value in any units
Per unit quantity " reference value in the same units

In power systems the basic quantities of importance are voltage, current. impeJ«rc
and power. For all per unit calculations a base KVA or MVA and a base KV are to he cho”n
Once the base values or reference values are chosen, the other quantities can be obtained »
follows:

Selecting tile total or 3-phase K , for « 3—-phase system



Base current in amperes - M . ————— — ———————
V3 fbase KV (line-to- Ilne)J
base KV (line-to-line)* x 1000

Base impedance in ohns
V3((baseKVAV3]

Hence. Base impedance in ohm --———---- bweKVA ~A-=-——

where base KVA and base MVA are the total or three phase v tines

If phase values are used

B ti base KVA
ase current in amperes e — - [LFT

Base impedance in ohm » volI*Pf.
base current

_ (bMcKV~XxI0OQO
base KVA per phase

(base KV)J

Base imRedance inohm e —— s M UA A pert pF\ase

In all the above relations the power factor is assumed unity, so that
base power KW - base KVA
(actual |mpedanoe in ohm)« KVA

w
Now, Per unit impedance m =—-=---Z-2_
(base KV) * 1000

Some times, it may be required to use the relation

f (actual impedance in ohm) - (N . »"itim p ~ 1,0 ) (b~ KV)jjO 000
base KVA

often the values are in different base values. In order to convert the per unit
Ier*danoe from given base to another base, the following relation can be derived easily

P*f unit impedance 0n new base

( new KVA bate \ given KV base\2
1 11
P PU Lgiven KVA beee| | new kv bese |
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6.2 Advantagea ofPer Unit Syitem

1 While performing calculations, referring quantities from one side of the tr;,

6

to the other side serious errors may be committed. This can be avoided b>u*
unit system.

. Voltages, currents and impedances expressed in per unit do not change *h LU

are referred from one side of transformer to the other side. Thisisagreatadv 4

. Per unit impedances ofelectrical equipment of similar type usually lie withina

range, when the equipment ratings are used as base values.
Transformer connections do not affect the per unit values.

Manufacturers isually specify the impedances of machines and transformers |

unit or percent of name plate ratings. Par

J Tkrte Phase ShortCiraHs

In the analysis of symmetrical three-phase short circuits the following assumpnoilu,
generally made.

1 Transformers are represented by their leakage reactances. The maptetizing “uneel

4.
5.

and core losses are neglected. Resistances, shunt admittances are not cnnmiin/l
Star-delta phase shifts are also neglected.

Transmission lines are represented by series reactances. Resistances and 4
admittances are neglected.

. Synchronous machines are represented by constant voltage sources bl

subtransient reactances. Armature resistances, saliency and saturation are negk
All non-rotating impedancc loads are neglected.

Induction motors are represented just as synchronous machines with constant voMpj
source behind a reactance. Smaller motor loads are generally neglected

Per unit Impedancet o ftrtnsformers: Consider a single-phase transformer with primary*d
secondary voltages and currents denoted by V,, V, and I,, 12 respectively.

we have.

Vv, |

Base impedance for primary » —

Base impedance for secondary

Z, I, Z
Per unit impedance referred to primary - 777771 m

(’1"'m) Vi



ftf unit impedance referred to secondary - Vj

Again, actual impedance referred to secondary =Z,

Per unit impedance referred to secondary

“ Per unit impedance referred to primary

Thus, the per unit impedance referred remains the same for a transformer on either
tide
44 Reactance Diagram!
In power system analysis it is necessary to draw an equivalent circuit for the system. This is
an impedance diagrams. However, in several studies, including short-circuit analysis it it
sufficient to consider only reactances neglecting resistances. Hence, we draw reactaace
diagrams For 3-phase balanced systers, it is simpler to represent the system by a single line
diagramwithout losing the identify of the 3-phase system. Thus, single line reactance diagrams
can be drawn for calculation.

This is illustrated by the system shown in Fig 6.1 (a) & (b) and by its single line
reactance diagram

Qcoc traniformo Line*

(a) A power aystem (b) Equivalent aingle-Im* reactance
diagram
Fl«. *1

n Percentage Value*

®*«eactances of generators, transformers and reactors are generally expressed in pcrte«i»a*e
**|ue* lo permit quick short circuit calculation.

Percentage reactance Is defined as ;
IX



1f? Power SymtniAn.,

where, 1 * full load current
V - phase voltage
X “ reactance in ohm* per phase
Short circuit current IK in a circuit then can be expressed as,
s YVl xi69 j

_—K —

'sc X V . (%X)

1.100
%X
Percentage reactance can expressed in terms of KVA and KV as following

\Y \Y
(Y. X).v _(4X)V) (,/,X)000 =ioo0* 1000

from equation X

- 1000
- (*"X)(KV)210
KVA
KVA
- . _
Alternatively */.X) - X 10(KV)2

As has been slated already in short circuit analysis since the reactance X is generally
greater than three times the resistance, resistances are neglected.

But, in case percentage resistance and therefore, percentage impedance values are required
then, in a similar manner we can define

% R -7 *100

1Z
and % Zm —*100  with usual notation.

The percentage values of R and Z also do not change with the side of the transformer or
either side of the transformer they remain constant. The ohmic values of R, X and | change j
from one side to the other side of the transformer.

when a fault occurs the potential falls to a value determined by the fault Imp«i@ne
Shoo circuit current is expressed in term of short circuit KVA based on the normal system 1
voltage at the point of fault

6.6 ShortCimiH KVA

It it defined as the product of normal system voltage and short circuit current at the point of |
fault expressed in KVA.



IS1

A0 y *normal phase voltage in volts
| » fall load current in amperes at base KVA
% X " percentage reactance of the system expressed on base KVA.
f  The short circuit current.
100

"o gy
The three phase or total short circuit KVA

3V« . 3y 1>0 3YI| loo
1000 “ (UX)MOO 1000 %X

\ Therefore short circuit KVA “ Base KVA *

In a power system or even in a single power station different equipment may have
different ratings. Calculation are required to be performed where different components or
units are rated differently The percentage values specified on the name plates will be with
respect to their name plate ratings. Hence, it it necessary to select acommon base KVA or MVA
and also a base KV. The following are some of the guide lines for selection of base values.

1 Rating of the largest plant or unit for base MVA or KVA.
2. The total capacity of a plant or system for base MVA or KVA.
3. Any arbitrary value.

If a transformer has | S reactance on SO KVA basg, its value at 100 KVA base will be

Similarly the reactance values change with voltage base as per the relation

where X, = reactance at voltage V,
*«d Xj“ reactance at voltage Vj

For short circuit analysis, Il is often convenient to draw the reactance diagraats
"Wealing the values In per unit.
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6.7 Importance ofShort Circuit Current*
Knowledge of short circuit current value* is necessary for the following reasons

1 Fault current* which are several time* larger than the normal operating currdij
produce large electro magnetic force* and torques which may adversely affec) §* |
stator end winding». The forces on the end windings depend on both the d.c (in<
a.c. components of stator current*.

2. The electro dynamic forces on the ttator end windings may result in displacement of
the coils against one another. This may result in loosening of the support or damae
to the insulation of the windings.

3. Following a short circuit, it is always recommended that the mechanical bracing
the end windings to checked for any possible loosening.

4. The clectrical and mechanical forces that develop due to a sudden three phase shon
circuit are generally severe when the machine is operating under loaded conditioil

5. As the fault is cleared with in 3cycles generally the heating efforts are not considcrabll

Short circuits may occur in power systems due to system over voltages caused by
lightning or switching surges or due to equipment insulation failure or even due to insulate
contamination Some times even mechanical causes may create short circuits. Other wed
known reasons include line-to-line, line-to-ground, or line-to-line faults on over head lines IM*
resultant short circuit has to the interrupted within few cycles by the circuit breaker

It is absolutely necessary to select a circuit breaker thtt is capable of operaiing
successfully when maximum fault current flows at the circuit voltage that prevails at iM
instant. An insight can be gained when we consider an R-L circuit connected to an altemating
voltage source, the circuit being switched on through a switch.

6.8 Analysis ofR-L Circuit
Consider the circuit in the Fig. 6.2.

Fifl.C.2

Lete“ E  Sin (tot * a) when the switch S is closed M t - 0*
di
** Em«SIUwt +a)» R +L ~



Arircuit Anatyilf

F it Jeiermined by the magnitude of voltage when the circuit is closed.

The general solution is

Sin (o>t<-a-0)-e L Sin (a-0)

121
where H Vrj+ol2
ad 0 - Ton-’ mL

The current contains two components :
E_,
a.c. component = Sin (art ¢a - 0)

-m
and d.c. component = -jjj t L Sin(a -0)

If the switch is closed whena - 0* a orwhena -0 =0
the d.c. component vanishes.

A
the dx. component is a maximum when a - 0 * + ~

49 Three Phase Short Circuit on Unloaded Synchronous Generator

mk'wiained

183

Ifafree phase ihort circuit occurs at the terminals 0f a salient pole synchronous we obtain
typical oscillograms as shown in Fig. 6.3 for the short circuit currents the three phases
fig 6.4 shows the alternating component of the short circuit current when the d.c. component
“ eliminated The fast changing sub-transient component and the slowly changing transient

QAf*«ents are shown at A and C. Figure 6.5 shows the electrical torque. The changing field
mfiemis shown in Fig. 6.6.

From the oscillogram of a.c. component the quantities xj. x ', X and can he
» V it the line to neutral prefault voltage then the a.c. component.
4c“ — =1", the r.m s subtransient short circuit Its duration is determined by TJ. the

S

direct axis time constant. The value of i>t decreases to whent>T]J

TJ as the direct axis transient time constant whent > TJ
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The maximum d.c. off-set component that occur* in »ny phase it a » O is

where TAis the armature time constant.

Fig. 6.3 Oscillograms of the armature currants after a short circuit

F% .M Alternating component of the short circuit armature current



o 010 00 oM 040 O»
Fig. 6.5 Electrical torque on three-phase terminal short circuit

Field current after

Fig. 6.6 Oscilogram of the field current after a short circuit

Effect of IX)*d CurTMit or Prcfault Current

» 3-phasc synchronous generator supplying * balanced 3-phese load l.et a three
J™** fruit occur at the load terminals. Before the fault occurs, a load current |, is flowing into
"Md from the generator Let the voltage at the fault be v, and the terminal voltage of the

*t*tutor be v,. Under fault conditions, the generator reactance it X j.
circuit In Fig. 6.7 indicates the simulation of fault at the load terminals by t parallel

E;- v, + j*;'iL -V ex(X<Mt 1*;)IL

"**re EJ || the subtransient internal voltage.
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Fig. 1.7

For (he transient ftate
Ej“V,+ IL

-Vr+(Z,,*iKi)IL

EJ or Ej are used only when there it a prefault current IL. Otherwise the itfady
date voltage in series with the direct axis synchronous reactance is to be used for all calculations
E( remains the same for all |, values, and depends only on the field current. Ever> time, of

course, a new E' is required to be computed.

6.11 Reactors

Whenever faults occur in power system large currents flow. Especially, if the fault is s deed
short circuit at the terminals or bus ban enormous currents flow damaging the equipment ad
its components. To limit the flow of large currents under there circumstances current limiting
reactors are used. These reactors are large coils covered for high self-inductance

They are also so located that the effect of the fault does not affect other parts of ti*
system and is thus localized. From time to time new generating units are added to an existing
system to augment the capacity. When this happens, the fault current level increases and |
may become necessary to change the switch gear. With proper use of reactors addition af
generating units does not necessitate changes in existing switch gear.

6.12 Construction ofReacton

These reactors are built with non magnetic core to that saturation of core with consequefd
reduction in inductance and increased short circuit currents it avoided. Alternatively. " m
possible to use iron core with tir-gaps included in the magnetic core to that saturation is avoid»
6.13 Classification of Reactors

(i) Generator reactors. (1) Feeder reactors. (iii) But-bar reactors



* M~

n

(1)

Generator reactor*
-pie reactors are located in series with each of the generators at shown in
Fig 6.8 so that current flowing into a Ault F from the generator is limited.

Generator*

Fig. 1|
Disadvantages

(@) In the event of a fault occuring on a feeder, the voltage at the remaining
healthy feeders also may loose synchronism requiring resynchronization later

(b) There is a constant voltage drop in the reactors and also power loss, even
during normal operation. Since modem generators are designed to with stand
dead short circuit at their terminals, generator reactors are now-a-days not
used except for old units in operation.

Fetder reactors : In this method of protection each feeder is equipped with a

series reactor as shown in Fig. 6.9,

In the event of a fault on any feeder the fault current drawn is restricted by the
reactor.

Gemmon
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Disadvantages : |. Voltage drop and power lost still occurs in the reiclot /1
feeder fault. However, the voltage drop occurs only in that particular feederf -~ »
2. Feeder reactors do not offer any protection for bis bar faults Ny
bus-bar faults occur very rarely.
As series reactors inhererbly create voltage drop, system voltage regulallo| J
be impaired. Hence they are to be used only in special case such a» for ~
feeders of large cross-section.
Bustar reactors: In both the above method* the reactors carry full load i_
under normal operation. The consequent disadvantage of constant voltage
and power loss can be avoided by dividing Ihe bus bars into sections and”"H
conned the sections through protective reactors. There are two ways 0: 4™ |
this
(» King system :
In this method each feeder is fed by one generator. Very linle power A04
across the reactors during normal operation. Hence, the voltage drop»*
power loss are negligible. If a fault occurs on any feeder, only th .lew d
to which the feeder is connected will feed the fault and other generate*!*
required to feed the fault through the reactor.
(b) Tle-barsystem : This is an improvement over the ring system This is 1
in Fig. 6.11. Current fed into a faull has to pass through two rea
series between sections.

BVS
Ban

Fig. 6.10 Fig. t11

Another advantage is that additional generation may be connected |
system without requiring changes in die existing reactors

The only disadvantage it that this systems requires an addition*1
system, the tie-bar.

cult Analysis™ w

Worked Example*

-ro ««aerators rated al 1t MVA, Il KV aad IS MVA, Il KV respectively art
L,,*ct»d I" parallel to a but. The but ban feed two motors rated 7.5 MVA aad
% MVA respectively. The rated voltage of the motors is 9 KV. The reactance of
' hgenerator it 12% and that of each motor it 15% on their own ratings.
Asaume 5# MVA, 10 KV bate and draw the reactance diagram.

SohdH"
fhe reactance* of the generators and motors are calculated on 50 MVA, 10KV base values.

Uj

*eactan« of generator | - Xo, - 12. (jjj]l .(jjj - 72.64
Reactancc of generator 2 - XCJ - 12 (jj) . [yjil - 48.4%
Reactance of motor | * X,*, « 15. j (75) “

Reactance of motor 2 =X 60.754

The reactance diagram is drawn and shown in Fig. E.6.1.

_ MVA, 138 KV. J-phate generator has a reactance of 10%. The generator It
W tt*ad toaiphase trantformer T, rated 100 MVA 125 KW II0 KV with 10%
-?****e Th* h.v. tide of the trantformer It tonaected to a trammitsioa line of

100ohm. The far end of the line it connected lo a ttrp down transformer
«ShT** “f |hre* «h 8%*Pbase trantfermert each rated 30 MVA. 60 KV / 10 KV
actanee the generator supplies two molort connected on the Lv. tide
I*kV FIr U L Th* 10,01 a« rated at 25 MVA aad 50 MVA both at
15% reactance. Draw the reactance diagram thowlag all the valeae ia

*e abfc# generator raliag aa base.



Solution
Base MVA” 100
Base KV - 131

110
Base KV for the line - 131 « - «21.44

V3«66KV 11431

Line-to-line voltage ratio of T2* — " 10

121.44x10

- 1062 KV
Base voltage for motors m 11431
Y X for generator* - 20 % - 0.2 p.u.
(125v 100

9 “ * 1.2%
% X for transformer T, “ 10 li3.gj 100

S X for transformer T, on & * 66 : 10KV and 3 * 30 MVA base - 10V.
Y X for T2on 100 MVA. and 12144 KV:10.62KVi»

4 x T* ot *x (7T & 1) “"(w ) ' 9 *54 " 009,5 p

Base reactance

Reactance of line * = 0.679 puU.

100
14747
Reactance®fmowM .-10- (jjg ) (J) -31.92%

- 0.3192 p.u

Reactance of motor Mj - 10 « (jo) *
The reactance diagram is shown in Fig. E.6.2.

joJ jOOO jO67L jO.Wts
—(g)-—nSW'— "WM"—w — T9ar—
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. Qbdiin Cre per unit rgpreterititiva for the three-phase power system shows la
A r*F M-

o
- ©

Fig. E.6N
Geaeraior | : St MVA, 105KV; X -1.8ohm
Generator ! : 25 MVA, 6.* KV; X - 1.2 ohm
CwmeTtator 3: 35 MVA, 6.6 KV; X - *.6 ohm

Transformer T ,; 30 MVA, 11/6* KV, X - 15 ohm/phase
Traaiformer T, : 25 MVA, 66/6.2 KV, ai h.v. tide X - 12 ohm»
IVaaamiulon liae : XL - 20 ohm/phaie
Solution :
Let bese MVA m 50
bate KV m66 (L - L)
Bate voluge on transmission u line | p.u. (66 KV)
Base voltage for generator | : 11 KV
Base voltage for generators 2and 3: 6.1 KV

20x
p.u. reactance of transmission line - 66 - 0.229 p.u.
15x50
p u. reactance of transformer T, - , "0.172 p.u.
Pu. reactance of transformer T2 - » 0.1377 p.u.
r 1.8X50
P u- reactance of generator | “ —(~ f - 0.7438 p.u.
10
1.2x50
P4 reactance of generator 2“ ~ 2jj - 1.56 p.u.
06x50

P «- reactance of generator ) “ “071Pu
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F, 6.4 Asingle phase two winding tranaformer Is rated 20 KVA<4M/1W V al so
equivalent leakage impedance of the transformer referred to Lv. tide U (/,'J"
78.13* ohm using transformer ratings as base valnas, determine the p*r™ 4
leakage impedance referred to the h.v. side and l.v. side.

Solution
Let base KVA “ 20
Base voltage on h.v. side = 480 V
Base voltage on l.v. side * 120V
The leakage impedance on the l.v. side of the transformer
v A (120)J
,Z» 1 VA base" 20.000 "
p.u. leakage impedance referred to the l.v. of the transformer

0/1525 78.13*
"S | e b7 00729 7,-,3°

Equivalent impedance referred to h.v. side is

IEI [(0.052J 70.134 - 014 71.13»

(410)2
The base impedance on the h.v. side of the transformer is * qqq " 11.52 ohm

p.u. leakage impedance referred to h.v. side
0*4 71.13e
11.52

EN.5 A single phase transformer ia rated at 110/440 V, 3 KVA. Its leakage reac
measured on 110 V side is 1. ohm. Determine the leakage Impedance refi

-0.0729 78.13* p.u.

to 440 V side.
Solution
. . (0.11)2 x 1000
Base impedance on 110V side - —m—j " " * °hm
Per uni 110 V sid 095 501239 pu
er unit reactance on side 4 a3 . p.u.
Leakage reactance referred to 440 V side - (0.05) w 0.8 ohm

0.8
Base impedancc referred to 440 V side - - 0.01239 p.u
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Coetlatr «he system shown in Fig. E.6.4. Selecting 10.000 KVA and 110 KV as

° If %*Im<*s n"d the M * imP«d*nce of the 200 ohm load referred to 110 KV side
»d 1l KV aide.
IHHKV/IIOKV IIOKV/55 KV
Fig. EC4
SohHoa

Base voltage at p - 11 KV

110
Bate voltage at R - 55 Kv

55J x 1000

Bate impedancc at R * = - - 302.5 ohm
200 ohm

p.u. impedance at R - ohm = 0661 ohnl
1102 x 1000

Bam impedance at * ----- ------------- 1210 ohm

load impedance referred to 4 j 200 » 2J - HOO ohm

800
P-U. Impedance of load referred to ¢ - x0661

n : . 112* 1000
Marly base impedance at P- ~ [Q* «121.1 ohm

NP«d«nce of load referred to P - 200 « 22 »0.12- 8 ohm

»**e NdP«lence of load at P- yj-j - 0.661 ohm
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Ci.7 Three traasformert each rated 30 MVA at 3B.1/3.81 KV are connect'd J
itar-delta with a balanced load ol three0.5 ohm. Mar coanected resistors. Sel*cIII'*
a base 0f 900 MVA 66 KV for the h.v. tide of the transformer find the bate
for the Iv. tide.

Soli/lion

0JO

Fig. E.15
Base impedance on lL.v. side’ (S'lY bii.aef. Joto
p.u. load resistance on l.v. side “ e 3.099 p.u.

66)J
Base impedance on h.v. side c ( 90) 48.4 ohm

Load resistance referred to h.v. side * 0.5 * W ISO ohm

150
p.u. load resistance referred to h.v. side m m 3.099 p.u.

The per unit load resistance remains the same.

E.6.1 Two generators are connected In parallel to the Iv. side of a 3-phase delta-»t»r
transformer as shown la Fig. E.6.6. Generator 1 li rated 60,000 KVA, Il Kw
Generator 2 la rated 30,000 KVA, Il KV. Each generator has a subtran»!»»1

reactaace of xj m 25%. The transformer is rated 90,000 KVA at II KV J1/ 6*

y with a reactaace of 10%. Before a fault occurred the voltage on the h.t. sid< cf
(he traasformer la 63 KV. The transformer in ualoaded and there is no clrculatl"*
carrent betweea the geaeratort. Find the sabtransient current in each geaerat«r
when a 3-phate short circuit occurrs on the h.t side of (he transformer
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60.000 KVA
11 KV

I KV
Fig. E.6.6

Jobno" :
Let the line voltage on the h.v. side be the b«e KV - 66 KV.
Let the base KVA - 90.000 KVA

. or 90,000
| Oeneraior | : xj - 0.25 « ~ A~ * 0.375 p.u.

1 . 90.000
For generator 2 : Xj - - 0.75 p.u
The Internal voltage for generator 1

0.63
E« " 066 “ 0955 Pu
The Internal voltage for generator 2
0.63
BEi * W - 0.955 p.u.

The reactance diagram is shown in Fig. E.6.7 when switch S is closed, the fault condition
issimulated As there is no circulating current between the generators, the equivalent reactance

parallel circuit it - 0.25 pu.
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The subtratjsient current [* me 0.955 -J 2.7215 p.u.

(JO.25:Kj0.10)

The voltage as the delta side of the transformer ia (-J 2.72X5) 0 0.10) - 0.2720s
I* m the subtranjient current flowing into fault from generator

0.955- 0.2785
| 0075 1.119 p.u.
- 0.955 - 0.27285
Similarly. i -j 1.819 pu.
* JO.75
The actual fault currents supplied in amperes are
1.819x90.000

* N»~un 8592 78 A

0.909 x 90.000
|* «294.37 A

>/5xIl
E.6.9 R station with two generators feeds through traatformers a traasaiiulon sw«a
operaHag at 132 KV. The far ead of the transmission system coaslatiag «f 200 lea
long doable circuit liae is ceanected to load from bus B. If a 3-pbmr faslt <>ccaf|
at has B, determine the total fault carreat aad bait current supplied by rack
geaerator.

Select 79 MVA and Il KV on LV side aad 132 KV oa h.v. side as baae values.

IH/112Kv

7?MVA a
75 MVA

«mo6

155 200 Km

104
25 MVA
r

jor1 |2 T

25MVA S S

1% g%
11/132 KV

FIfl. E.8.8
Solution ;

p.u. x of generator | - j 0.15 p.u.
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) 75
» Of generator 2- j- 0.10 "

. jo0)pu
pu of transformer T, - j 0.1

75
b,u. * & transformer Tj - j 0.08 * — - j 0.24

) j 0.180*200*75
pu. x ofeach line * *— 0 - J0.1549

The equivalent reactance diagram is shown in Fig E.6.9 (a), (b) & 4c).

jO.17 €J0.0774S-J 0.24*3

r-o0o —uU S

Fig. W
Fig E.6.9 (a). (b) & (c) can be reduced further into
“j 0.17 &) 0.07745 - j 0248336

Total fcult current — — =-j 4.0268 p.u.
J0.24*336 1

~_ 75*1000
Base current for 132 KV circuit - 'Jig" * ®J2*A
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Hence actual fault current » - j 4.026* * 328 “ 1321 A /-90*“

75*1000
Base current for 11 KV side of the transformer - “ 3936.6 A

Actual fault current supplied from 11 KV side m 3936.6 * 4.0248 - 158519 A
1585139 /.- 90° * | 0.54

Fault current supplied by generator | —-------- j054+j025 " ,0%¥35 476 \
15851.9kj 0.25
Fault current supplied by generator 2 - 30.79 - 5016.424 A /-90°

E.6.10 A 33 KV liae has a resistance of 4 ohm and reactance of 16 ohm r*specti>t|.
The Nm is connected lo a generating statioa bui bars through a 6000 KVa step!
up traasformer which has a reactance of 6. The station has two generator
rated 10,0*0 KVA with 10% reactance and SOOOKVAwith 5% reactance. Calculat*
the fault current and short circuit KVA when a 3-phase fault occurs at the hv, |
terminals of the transformer* aad at the load end of the line.

Solution :
10.000 KVA
104

60.000 KVA

W 54
5.000 KVA
Fig. E.6.10 (a)

Let 10.000 KVA be the base KVA
Reactance of generator | X0) " 10%

Reactance of generator 2 Xqg, =

«x 10,000
Reactance of transformer XTe — A" - 10%

The line impedance it converted into percentage impedance
KVA X 10.000x16
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y- " AT r - W TrH
) For « 3-phase fault at the h.v. side terminal* of the transformer fault ii

(10*10>

Fig. «.lO (b)

Short circuit KVA fed into the Ault« *99 VA

-66666.67 KVA
- 66.67 MVA
For a fault at F} the load end of the line the total reactance to the fault
- IS & 14.69
- 29.69 4
Tottl resistance to fault - 3.672 %
Total impedance to fault - V3.672J + 29.69*

- 29.916 4
Short circuit KVA into fault - * 10.000

* 33433.63 KVA
* 33.433 MVA

m*e4 Figure E.6.1l (a) show* a power syitem » here load at but 5 |i fed by generator*
« bin | and bu. 4. The generators are rated at 100 MVA( 11 KV with labtraesket
rtaetanc* of 25%. The traasforaier* art rated each at 1«0 MVA, 11/112 KV aad
tave a leakage reactance of % . The line* have an Inductance of | mH / phase
'km. Um L, is 100 km long wllle line* L, and L, are each of SOkm In length.

Med the fault current and MVA for a 3-phate fault at bu* S.
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Fig. EJ.11 (w)

Solution
Letbase MV A- 100 MVA
Base voltage for Lv. tide - 11 KV and
Base voltage for h.v. side - 112 KV
Base impedance for h.v. side of transformer

112x112
100
Base impedance for Lv. side of transformer

- 125.44 ohm

11x11
100
Reactance ofline L, * 2 x px 50 x | x JO'1x 100 - 31.4 ohm

121 ohm

Per unit reactance of line L ,1—@.4—4 10.25 p.u.

2nxS0x|xI0 Jx50
125.44
p.u. impedance of lint L, - 0.125 p.u.

p.u. impedance of line L, - 0.125 p.u.

The reactance diagram is shown in Fig. 6.11 (b).
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By performing convmion of delta into star atJ1, B and C. the star impedances an

j 0.2Skj 0.125
Z'" ] 0254 0.1254- 0.125 "J®-06*5

i0.J5xj 0.125
Kok JR o e— " j 0.0625

j 0.125kj 0.125
and % ON3125

The following reactance diagram is obtained

Fig. E.1.11 (c)
Th» can be further teduced into Fig. E.6.1 1 (d).
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Fault MVA .. 50375 * 490797 pu

- 100 MVA * 4,.90797-490.797 MVA

Fault current * jA2M 75 - 4.90797 p.u.

100x10*
Beecure', e T ~ Kk555Amp

Fault current - 4.90797 >515.5
* 2530 Amp

E.6.12 Two motoo having transient reactance* 0J p.u. and subtranslent ttacta
0.2 p.u. bated on their own ratings of6 MVA, 6.1 KV are supplied by a transfo
rated 13 MVA, 112 KY / 6.6 KV and lts reactance Is 0.1# p.u. A 3-phast,
circuit occurs at the terminals of one of the motors. Calculate (a) the sabtrsn
fault current (b) subtranslent current in circuit breaker A (c) the momtn
circuit rating of the breahar aad (d) If the circuit breaker has a breaking t
of 4 cycles calculate the current to be interrupted by the circuit breaker n.

Infinite
X-O.l pu

Fig. E.6.12 (a)

Solution :
Let base MV A- IS
Base KV for v side - 6.6 KV
Base KV for h-v side - 112 KV

For each motor xj - 0.2 * "9 m 0.5 pu.

For each motor xj m0.3* y - 0.75 p.u.

The reactance diagram is shown in Fig. E.6.12 (b).
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Q — Naran---------- © —
PO--W
(RRR--© —
Fig. E.6.12 (b)

Under fault condition the reactance diagram can be further simplified into Fig. E.6.12 (c).

- AT e -nuar-
10) HDI
P nr-
0)
Fig. E.6.12 (e)
|
Impedance to fault m 1 L L
QIT oS 3
, 1/00
Subtransient fault current - ;| Q - -3 9.55 p.u.
15x10*

n.m .1 ~'"1312-"*
Subtransient fault current « 1312.19 * (-j 9.55)

m 12531.99 Amps (lagging)
(b)  Total fault current ftom the infinite bus.

-1/O

an J.S5 p.u.
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1A f

Fault current from each motor - " -J P o«

Fault cwrelll into breaken A it sum of the two currents from the in infinite ~
and from motor |

- -j555e(-j2)- -j7.55p.u.

Total fault cimnt into breaken - -j 7.55 » 1312.19
. 9907 Amps

Manentary fault current takiag iato the d.c.

of T-set component is approximately
16 - 9907- 15151.25 A

For the transient condition, that ia. after 4 cycles the motor reactance change!
0.3 p.u.

The reactance diagram for the transient state is shown in Fig. E.6.12 (d)
i0.1t

Ft*14.12(d)

The fauh impedance is —j------- -}------j- "J 0.M25 p.u.
jcTTS* J06+j06

/0"
The fault current - - J8.89 p.u.

Transient fault current « -j 1.89 * 1312.19
-1 1665.37 A

If the d.c. offset current ia to be considered it may be increased by a
say 1.1.

So that the transient fault current - 11665.37 * 11
e 12831.9 Amp.
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Consider (be power tyttem shown In Fig. E.6.13 (a).

ei.l3
M1 100 MVA
XL - 20 ohm HOKV/IlI KV
100 MVA 100 MVA ICOMVA
1KV IKVIIOKV mokv/ii kv
Ddl4t« Sijrdclu
FIO. E.8.13(e)

The tynchronous generator is operating it its rated MVA at 0 91 lagging power factor
tni u rated voltage A 3-pha»e short circuit occur* at bus A calculate the per unit value of (i)
mbmuient fault current (il) tubtransient generator and motor current» Neglect prefau» current.
Alacoompurtc (iii) the subtramient generator and motor currents including the effect of prefault

cumau

Bate 1me I|mpedance- (’I’SL?)J - 121 ohm

20
Line reactance in per unit* — —0.1652 p.u

The reactance diagram including the effect of the fault by twitch S is shown in
A*16.13(b).

Ffc.EJ.19 (to)

king into the network from the fault wing Tbevenin'i theorem X,

0.1115
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(i) The subtransient (huh current

i 0.365+0.15 f 0.7125 J
00 The motor subtransient current
015 ~ _ 015
100MVA
(ii)  Generator base current - jEy " KA

Generator prefault current * j 1001*10 95]

- 5.248 Z-18".19I1CA

5.246 -18*.19
L 5.248

- (0.93-j 0.311) p.u.

The subtransient generator and motor currents Including the prefhult currents u«

-1/-17r19

i; -j6.668 0.95-J0.311 "-]6.981+0.95
- (0.95 -] 6.981) p.u. - 7.045 -82.250 p.u.
i; - _j 177 - 0.95+J0.31l - -0.95 4 1.459

- 174 /-56.93*

E.6.14 Conilder the system shown In rig. E.6.14 (a). The percentage rtsctw tt of bi/]
alternator Is expressed on lla own capacity determine the sfcort circuit currerf
that will flow Into a dead three phase short clrcalt at F.

10.000KVA 13,000 KVA
40% 604
, 0 0,0
1 1.00QV | -BVS
Ban
Fig. E.6.14 (a)

I:ircuitAnaIysis 367

cMlton !
n base KVA-25.000 and base K V -1
25 000
H X Of generator | - * 40-100%
” 0
H X ofgenerator 2 - * 60 - 1004

Line current at 25,000 KVA and L KV - ~ 5 * j~ - 1312.19 Amperes

The reactance diagram is shown in Fig. E.6.14 (b).

X0 -1004] X0, -1004
Fig. 14.14 (b)
A 100*100
The net percentage reactance upto the fault - — — " - 50%
. . 1*100 1312.19* 100
Short circuit current = e = 2624.30 A

*m*e* A-3-phe.f, 25 MVA. Il KV alternator has Internal reactance of 6%. Find the
, external reactance per phaie to be connected In series with the alienator so

»hat steady state short circuit current does aot esceed six times the full load
ceireni.

S*ton W

25* 10*

*
Full 'load current - - 13129A

HMO3
"6351.039 volts.

Full-load current |

- 16.6TY
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External reactance needed - 16.67 - 6" 10.67 %
Let X be the per phase external reactance required in ohms.

IX
4X- — *100
1312.19X. 100
10.67 -
6351.0393

6351.0393x|0.<7

x“TM3lWl 9N arl -056428 "
E.6.16 A 3-phase liae operating at Il KV and haviag a resistance of 1.3 oh, J
reactance of 6 ohm is connected lo a generating station bus ban thru«
5 MVA step-up transformer having reactance of 34. Th* bus ban are yu
by a 12 MVA gcatrator haviag 234 reactance. Calculate the short circuit KV*
fed into a symmetric fault (O al the load ead of th* traaaformer aad () n
h.v. terminals of the transformer.

Solution

FIfl. E.6.15

Let the base KVA - 12,000 KVA
4 X ofalternator as base KVA m254

12,000
4 X oftransformer as 12,000 KVA baaa" 1_° d’ *3m 124
5,000
12,000
4X ofline - — * 6 »59.54
12,000

4R ofline- ~ 72 * <5- UB8764

0 4 X Teele 25 ¢ 12 ¢ 59.5 m 96.34

sre— " |<*76*

4 N - Y(*6 5)1 4(14.876)* - 97.63984
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Short circuit KVA m the fir end or load end Fj - - 12290

If the fault occurs on the h.v. side of the transformer at F,
4 X upto fault F,m% X0+% Xy- 25 12

-37 4
Short circuit KVA fed into the fault

12.000» 100

37 32432.43

E.6.17 AJ-p»»« geaerallng station has (wo 15,900 KVA generators connected in |
each with 15% reactance *nd a third generator of 10,00* KVA with 20% reactaik*
h alto added later ia parillel with them. Load is Ukcn as shown from the stario*
bus-bars through 6000 KVA, 6% reactance transformers. Determine the
mMiiaium fault MVA which the circuit breakers have to interrupt on (i) U. side
and (ID as h.v. side of the system for a symmetrical feult.

13.000 KVA 15.000 KVA 10.000 KVA

0 0 0 .(2) 204
6000 KVA |
fioookvay VW W 64 vVW W W W W 6000 kva
64 -WAVVV WArWS, 64
FIfl. E4.17 («l
15x15.000

**15%
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Flg.E417(i>, v

The total % C upto fault s _ —j-—-j

—
IS IS 30
-6%
15.000 «100
Fault MVA - —----- P * 250.000 KVA
» 250 MVA

<m) It the fault occurs ai F,. the reactance diagram will be as in Fig. E.6.17 (c)

15% 13%l J0%

F If. E.6-17 ()

The total %X upto fault64 + 156- 214

15.000x100
Fault MVA- 21%100 -71.43

F_6.I1 There art two generators at baa bar A each rated at 1110) KVA, 12% react*gv»

or another bui B, two more generators rated at 10,00* KVA with 10%

are connected. The two but bar# are coaaected throagh a reactor rat*
5000 KVA with 10% reactance. If a dead ahort circuit occur» between -1
phases an baa bar B, what la the ahort circuit MVA fed Into the fault f

ghifl Circuit Anatytis

12.000 KVA 12.000 KVA 10.000 KVA 10.000 KVA
12% ( 12% 1040) 10% @
0, 0j 04
-W -
5000 MVA I
10%
Fig. E4.18 (a)
Solution
Let 12.000 KVA be the base KVA
H X ofgenerator C, “ 12 %
% X of generator Gj - 124
10x12000
0 .
% X of generator O , 10,000 12%
% X of generator G« - 12%
10x12000
% X of bus bar reactor - ~ j * 24%
The reactance diagram is shown in Fig. 56.18 (b).
Jo4
------- naap-
o 12% £12%
------ TAAM4-
24% I 6%
& ©
Fig. EJ.18
% X up to fault 306
up to fau 9
0 p 30%6 50%
12.000x100
Fault KVA - - - 600.000 KVA

-600 MVA

211



212 Power Syatea An»|
*ee]

E.4.19 A power plant hat two generating uatti rated 3500 KVA and 5000 KVa *ith
percentage reactaacei 8% and 9% respectively. The circuit breakers h*v
breakiag capacity of 175 MVA. It it planned to extend the tyttem by coanecti,
It to the grid through a transformer rated at 7500 KVA and 7% react«nc*
Calculate the reactance needed for a reactor to be connected la the bu,-i,v
tection to prevent the circuit breaker from being over loaded if a thorl clrc**
occur* on aay outgoing feeder connected to ii The bus bar vohngr it 3.3 Kv.

3500 KVA 5000 KVA
Solution
Let 7.500 KVA be the base KVA
*« X of generitor A 877500 17.1428%
3500
Y X of generator B - 9x7500 , 13.54

% X of transformer - 74 (as its own base)
Ilie reactance diagram is shown in Fig. E.6.19 (b).

T n
S
17142%% 154 [
09 ¥LJ. *m 755244 g x N
-NArr-
X T
S ©

Fig. EJ.1t
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Note: | i* 7.5524

T~T
li7 .u2**ij.5]

The short circuit KVA should not exceed 175 MVA
TW.I reactance to fault - / [ * *" ]

_ (X +7)(7.5524) (X +7) (7.5524)
X +7+75524  * X* 145524

X(X + 14.5524)

hort circuit KVA = 7500 * 1
Short circui 500 * 100 (X +7X7.5524)

This should not exceed 175 MVA

7500xIQ0(X +14.5524)

175 « 104
« (X +7X7.5524)

Solving X - 7.024

KVA .(X) 7500x(X)
I0(KV)J  10%3.3)3

Apun Y X

7.02«10«3.3:
7500

m«.102 ohm

In Mch share of the bus bar s reactance of 0.102 ohm is required to be inserted

213

Th* short circuit MVA at thr brs bars for a power plant A h 1200 MVA and for
-mother plant B Is TMO MVA at 33 KV. I thr»» two art to be Interconnected by
» tte-Itar with rcactance 1.2 ohm. Determine the possible short circuit MVA al

both th* plants.

Kimhn :

Let base MV A- 100

100
1200 € 100-1.334
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100
YX ofplan 2« jjjTjj * 100- 104
Y X of interconnecting tie line on base MVA

I00xI03

* 1.2- 11,0194
10x(3.3)

For fault at bus bare for generator A

X le.33 +21019]
- 5.9657 %

o base MVA x 100
Short circuit MVA =

yx
100 * 100
5.96576 1676.2)
For a fault at the bus bars for plant B
K
8.33% 10%
3
Fal — , QQQ /— ———*F ,
11.019%%
Fig. EJ.tO

%x" [I9T « +ii]" 65%%

100x100

Short circuit MVA< 6.59 1917.4%

E.6/11 A power plant haa three generating uaits each rated at 7500 KVA wlifc I*
reactance. The plant Is protected by a lle-har system. With reactances rat**
75M MVA and 6%, determine the faoll KVA when a short circuit occurs on on* ]
of the section! of bus bars. If the reactors were aot present what would b* ,hf

fault KVA.



s, riCr<ui’ *m,l" us 215

equivalent reactance diagram is shown in Fig. E.6.21 (a) which reduces to Fig. (b) * (c).
7500 7500 7500

<b) ) (d)

(*)
Pig. KJ 21
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15x16.5
The total % X up to fault F* j “ 77 %

The short circuit KVA « —7157— " 95456.28 KVA ° 95.46 MVA

Without reacton the reactance diagram will be as shown.
l *

5
Thetotal % X upto fault F- ]y~ 5 *

7500*100
Short circuit MVAR —  —————-

- 150.000 KVA
- 150 MVA

Problenu

K6.1 There are two generating stations each which an estimated short circuit KVa of
500.000 KVA and 600,000 KVA. Power is generated at 11 KV. If these two muons
are interconnected through a reactor with a reactance of 0.4 ohm, what will be the
short circuit KVA at each station 7

P.6.2 Two generators Pand O each 0 f6000 KVA capacity and reactance 8.54 arc connected
to abus bar at A. A third generator Rof capacity 12.000 KVA with 11% reactance is
connected to another bus bar B. A rcactor X of capacity 5000 KVA and 54 reactance
is connected between A and B. Calculate the short circuit KVA supplied by each
generator when a fault occurs (a) at A and (b) at B.

P6.3 The bus bars in a generating station are divided into three section. Each section is|
connccted to atie-h»r by a similar reactor. Each section is supplied by a25.000 KVA.
11 KV. 50 Hz. three phase generator. Each generator has a short circuit reactance of
18%. When a short circuit occurs between the phases of one of the sect»"
bus-bars, the voltage on the remaining section falls to 65% of the normal value-
Determine the reactance of each reactor in ohms.

Questions

6.1 Explain the importance of per-unit system.
6.2  What do you understand by short-circuit KVA 7 Explain.
6.) Explain the construction and operation of protective reactors.

6.4  How are reactor* classified 7 Explain the merits and demerit* of different typ* ({
system protection usinp reactors.



7 UNBALANCED FAULT ANALYSIS

IMuec phase systems are accepted at the standard system for generation, transmission and

utilization of (bl bulk of electric power generated world over. The above holds good even

when tome of the transmission lines are replaced by d-c links. When the three phase system

becomes unbalanced while in operation, analysis becomesdifficult Dr. C.L. Fortesque proposed
n 191* at a meeting of the American Institute of Electncal Engineers through a paper titled
Method of Symmetrical Coordinate» applied to the solution of polyphase Networks", a very
*ful method for analyzing unbalanced 3-phase networks.

] Faults of various types such as line-to-ground, line-to-line, three-phase short
WIA different fault impedances etc create unbalances Breaking down of line conductors
LI also another source for unbalances in Power System» Operation. The symmetrical
ANP Uaa proposed by Fortesque »re known more commonly as symmetrical components
*Anence components.

®  Anunbalanced system of n phtsors can be resolved into n systems of balanced phasors
j*P|Ub»yMeins of balanced phasors are called symmetncal components. With reference to
ANea w»y*temk the following balanced set of three components are Identified and defined.

W) Set ofthree phasors equal in magnitude, displaced from each other by 120° in phase
and hiving the same phase sequence at the original phasors constitute potitive
*ePyerce components. They are denoted by the suffix I.
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(b) Setofthree phasorsequal in magnitude, displaced from each «her by 1200in
and having a phase sequence opposite to tbat of the original phasors consiiti*"H
negative sequence components. They are denoted by the sufllx 2.

Fault Anaiyils

a-1/120" - -0.5+J0.166

te

(c) Set of three phasors equal in magnitude »nd all in phase (with no mutual gj a* - 1/360° -UjO

displacement) constitute zero sequence component». They are denoted by the L
0. Denoting the phases as R.Y and B V,, V¥ and V, are the unbalanced 3
voltage». These voltages are expressed In term* of the sequence component, v

V,.VBLV,.V,.V,andV*, Vw V~*as follows >

v.-Vm+vr v*

soihai 1+ a-*-a, "O"*-J0

(D

a2» 1/240“ «-0.5-j0.866

U~ eperator is represented graphically as follows

» l.al

219

«" wriH the »equence phasors with

(7.4)

(7.2)
e -1/120° « 1 *A7
a
Positive Sequence Component» al-1/240» -u 'T
in
*J-1/360" -u T
*1 Components of Unsymmctrical Phase*
m N |~ K 10'011 @ *« operator -a- It is possible to redefine the relationship between
s °f voltage» and currents in terms of the symmetrical components or
c«PownX LU AN *“ NeY** knOWn othcrw**c
T+ R
vai *vrj
Vi BV »
~ao * vao
, V, s VR
-a'v, LI
7.1 TbeOperator“a" V\)g Vat
maV;
In view of the phase displacement of 120®, »n operator ia used to indicate th*J ">

displacement, just asj operator is used to denote 900 phase displacement.
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The voltage and current phasor* for a 3-phase unbalanced system ,r(

represented by 1y
v«-vat+vlll +vM
V,-«a&VM+iVu *VM
VB* aVe, #alVej VM
)a* Uid4,ai4,M
ly “ ollai +**aj ¢Wo at)

The above equations can be put in matrix form considering zero sequence relation tit)»
first for convenience.

va 11 v,
vY @ 1 al a Va, 77)
V. > m o v ki
u+ 1  Jao*

and w3lal + m (71)

I, 1 a a

Egs. (7.7) and (7.8) relate the sequence components to the phase component*\bKLLl,
the transformation matrix.

C- .09)
} * *
consider the inverse of the transformation matrix C
[11 r
N1
C 1* | o *
> o* o

Then the sequence components can be obtained from the phaK values as

vV, 1II r v.
V. 3 laa \f
yVl. Ial « _V
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Uo i i T pal
Ui _;I m al «(7.12)
-~ lal a 44

p««rer in Sequence Component!
complex power flowiag into * three - plwe circuit through the lines R, Y, B is
s»r+jQ»vi’ e (71)
- WiV + v il

Written in matrix notation

t
la
S-K vy VJ p
me]
V*
Vy ,-(7.15)
L\A
'no
Also -C i (7 .1)
lv.J LVAj
l. mo
v C* o L(7.17)
»] *aj.
v, C .(7.11)

T «d.

equal von (7.14)
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Note that C C9- 3U

u.
S»3 Vro V., V.,] >»

Power in phase components it three times the power in sequence components
The disadvantage with these symmetrical components is that the transformation i
C it not power invariant or is not orthogonal or unitary.

7A  Unitary Transformation for Power Invariance

It it more convenient lo define ®*C’ at a unitary matrix to that the transformation bee
power invariant.

That it power In phase components ¢ Power in sequence components D efiri*X
transformation matrix T which is unitary, tuch that.

i r

ri11
—~ 1+ a 7.21)
EV§ I a al
1 1 V..
.M I ad V«, (7.22)
1 a V«,
11 r
Y, ri1 lao 05
and ly .[\7/5 lal a m
L»a. 1 a al jai

so that
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Ue rﬂl Ill r \.{V

Ui a W | m(026)
«a*. L J1a’ a LJ
S-PHQ- VK (7.27)
v. w V] (7.21)
l.
(v (7.2»)
[.J
" ao
r v, »(7.JO)
-]
[ I
al . e (7.31)
b Jaj)
' N
“ [ )K 1 a5 a .(7.32)
L3 I a al
b Lol o
*"lvac v« v*i)|ry 1 al a | a 1*i «(7.33)
I a al | a* i,
toro bl Ino
Vao HI Vmllt | al a | a a g ..(734)
Il a al | a >
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*no
Vio at r1 (7

Uo
S-Kf v, v, u.

Au.

Thus with the unitary transformation matrix

1 [ 1"
o 1oaloa '30) |
Vi a a

we obtain power invariant transformation with sequence components.

7.5 Sequence Impedances

Electrical equipment or components offer impedance to flow of current when potenttf u
applied The impedance offered to the flow of positive sequence currents is called
sequence impedance Zr The Impedance offered to the flow of negative sequence cura*»
called negative sequence impedance Z,. When zero sequence currents flow through compow*
of power system the impedance offered is cslled zero sequence impedance Zg.

7.4 Balanced StarConnected Lead

Consider the circuit In the Fig. 7.3.

l.
>IM/W—~-"OOPV' n
JYW—m /TKIMP-
W 4-
A

Fig. 7.3
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A three phase bulancec load with selfand rr utual i-npedances Z, and Zn drawn currents
i | and Icas shown. Znis the impedance in the neutral circuit which is grounded draws and
current in the circuit is |,.

The line-to-ground voltages are given by
v.-Z,l, +Z Jb+Zmlc+Zr In
vb=zmll+r,1k+r4 ictz, i, ..(7.38)
VE* Zml,+ Zmlb+ Z, IE+ Zt In

Since. « .4 4 I

Eliminating Infrom egn. (7.3S)

V. Z+Zr Z,+Z, zm+z.' |

4 s Z&+z, Z,*Z, Z.+Z. |p .(7.39)
V&, tz, z,+z. 4 +z, 1
Put in compact matrix notation
[VJ-W IU -(7.40)
(7.41)
and L [A] I*-» (7.42)
Premultiplying ogn. (7.40) by (AJ~' and us ng eqrs. (7.41) and (7.42)
wc obtai.i, V,3'-*- [A1L(Z,") [A] @012 (7.43)
Defining [21° 13- [A-7tZ7~] [A] (7.44)

I z*zn zZm+zn Zm+zn | 1 |

I a a Z2mtz, z,+z, zmtz, a"
Il a3 | Zm+Zn +7Z, Z,+7Z, a
(2.-32.+22,,) 0 0
2.z, 0 (7.45)
0 z -z,

If there is no mutual coupling

zZ.+3Z, O
[z017 » 0 Z ..(7.46)
0 0

BAFrom the above, it car be concluded that lor a balanced load the three sequences rre
P*Pedent, which means tha' currents of one sequence f owing will produce voltage drops of
e same phase sequence only.
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7.7 Transmission Lines

Transmission lines «re static conponerts in a power system. Phase sequence has thus,
effect on the impedance. The geometry of the lines is fixed whatever may be the pha.se sequi;
Hence, for transmission lines

Z,-Z,

we can procced in :he sane way as for the balanced 3-phase load for 3-phase transmit
lines also

Fig. 7TA

V» -4 -zni+z,ib+tv c -.C.47
- V,-“Zml.+Zmb+2Z y

VN frx 2. Z. \Y
Vb-4* wizZm z. 2, v . (-.48)
Vg Z. Z. zZ.p.
..... (7.49,
zeJ1-[A1[z.3 1A (7.!
Z, +2Zm 0 0
0 Z,-ZB 0 .(* 50
0 0 Z.-ZB

The zero sequence current; are in phase »nd flow through the line conductors only if*
return conductor is provided. The zero sequence im|«danc<: is different from positive an
negative sequence impedances.
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Sequence Impedances of Transformer
XX nr»nsi>s's' ma8ne,'zing branch is neglected and the transformer is represented by en
E quivalent series leakage impedance.
Sirce, the transformer is a static device, phise sequence has no effect on the windir.g
nces-
Hence Z,-2, -2,

where Z, is the leakage impedance
If zero sequence currents flow then
ZNZ .-2j-2,
In star-delta or delta-stir transformers the positive sequcncc line voluge on one side

leads the correspondint' line voltage on the other side by 30°. It can be proved that tie phase
shift for the line voltag:s to be -30° for negative sequence voltages

The zero sequence impedanc * and ihc equivalent circuit for z:ro sequence currents
depends upon the neutral point and i>s ground connection The circuit connection for some of

thtcomrron transformer connection for zero sequence currents arc indicated in Fig. 7.5.

na

Fig. 7.5 Zero sequence equivalent circuits.
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7.9 Sequence Reactances if Synchronous Machine

The positive sequence reactance of a synchronous machine may be \ °* X, cr x
depending upon the condition at which the reactance is calculated with positive seqJcnf
voltagesapplied.

When negst ve sequence cements are mpresied on the stator winding, the nei Ll
rotates at twice the synchronous speed relative to the rotor. The negative sequence reau
is approximately given by

... B2

The zero sequence currents, when they flow, ars ident.cal and the spatial distribution of

the mmfs is sinusoidal The resultant ait gap flux due to zerc sequence cuiTents is zero ih*
the zero sequence reactance is approximately, the same as the leakage flux

X0-X, ...(75))

7.10 Sequence Networks of Synchronous Machinei

Consider an unloaded synchronous generato- shown in Fig. 7.6 with a neutr.il to g ouJ
connection through an impedance Z,. Let a fault occur at its terminals which causes currenf
I,. Iband Icto flow through its phass a. b, and c respectively. The generated phase voltages ire
E,. E, andCEe Current I, flows through the neutral impedance Z,,.

Fig. 7.6

7.10.1 Positive Sequence Network

Since the generator phase windings arc ident cal by desigr and construction the

voltages are perfectly balanced. They are equal in magnitude with a mutual phase shiftot '/[
Hence, the generated vol'ages are of positive sequence. Under these conditions a FO-1 |
sequence cuTeT flaws in the generator that can be represented as in Fig 7.7.
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Fig 7.7

Z, i* the positive sequence impeJance i)f the tnachin: and 1,, is th: posit ve sequence
current in phase «. The positive sequence network cm be represerted foi phase a as shown
mFAn- 7.8.

Ret bus

v A .z .(7.54)
Negative Sequence Network

Aironouigeneritor do;s not product any negative sequence volt iges It negative segiences
A0"* through the stator windings then Ihe mmf produced will rotate at synchronous
™hut in a direction opposite to the -otation of the machine rotcr This causes the negative
*ox to move past th< direci and quadrature axes alter lately Then, the negative
m nfsets up a vatving aimature reactic n cffec: Hence, the negative sequence rea. tance

41n a* the average of direct axis ard quadrature axis subtransient reactances.

X, »(X; +Xx;y2 ..(7.55)

4 75*1* negative sequence current paths and the negative sequ;ne ne work we shown in
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Reference bus

(b)
Fig. 7.9

V.j “ 'Z\* I*l (7 6)

7.10.3 Zero Sequence Network

Zero sequence cunents flowing in the stator winding;, produce mmfs which are ii time ihase®
Sinusoidal space mmf produced by each of the three stator windings at a-iy instint at e point
on the axis of the stator would be zero, when the rotor is not present. However, in the acturf
machine lerkage flux will contribute to zero sequence impedance. Consider the circuit in
Fig. 7.10(a).

Fig. 7.10 (a)

Since l.o “lop
The current flowing through Z,, is 3 In

The zero sequence voltag: drop

« 571
Z(*) - zero sequence impedance 3er phase of the generator
Hence, Z'-3z,+Z" 7 58)1
7 |

so that
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The zero sequence network is shown in Fig 7.10 <b).

Reference bus

JzZ.

Fig. 7.10 (b)

MHu, it is possible to represett the s:qucnc: networks for a power system ditfcrently
as different sequence currents flow as summarized in Fig. 7.11.

—'0C("V—eatt
LS
yA [.2

—TRRP—e-'-*
20 Ta I3

Fig. 7.11

711 ~asymmetrical Faults

HIMnsynmetrii al faults generally consideted are

* Line to ground fault
* Line to line fault
* Lin: to line to ground fault

m  .Single line to ground fault is the most common type of fault that occurs in practice.
_ *g's *or system voltages and calculation of fault current urder the above conditions of
*on is discussded now.
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7.12 Assumptions for System Representation

1

oo~ w

7.

Power system operates urder balanced steady Mate conditions before the fault occj
Thetefore, the positive, negative and ;«ro seq. networks are uncoupled before thj
occurrence ofthe ault. When an unsynimetrical fault occurs they get inteiconnet i
at the point of fault.

. Prefault lotd current at the point of fault is generally neglccted. Positive sequence

voltages of all the three phases are equal tothe pit fault voltage Vr Piefault bu»
voltage in the positive sequence network is VFE

Tranformer winding resistances and shunt admittances are neglected.
Transmission line series resistances and shunt admittances are neglected

. Synchronous machine armature resistance, saliency and saturation are mglectel

All non-routing impedance loads are neglected.
Induction motors are either neglected or represented as synchronous machines

It is conceptual ly easier to understand faults at the terminals ofan unloaded synchronous
genrator and obtain results. The same can be extended to a power system and results obtained
for faults occurring at any point within the system.

7.13 Unsymmetrical Faults on an Unloaded Generator

Single Line to Ground Fault:

Consider Fig. 7.12. Let a line to ground fault occur on phase a

Fig. 7.12
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c"»

It is assumed that thore is ro fault impedance.

Now I,b“\0.e +»U~"
2= 3 (I*+fV 4 >
N3 (. bt )

Substitute cqtt. (7.61) into sgns. (7.60)

b” l«* ©

3 '*
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.(7.61)

(7.62)

(7.63)

Hence .he three sequence networks carry t le samr current and hence all can bo connected

series as shown in Fig. 7.13 satisfying the relation.

Fig. 7.13

v." E.-LiZ1-~Z J-1<{Z0-1..Z1

SinceV =0

.(7.63))
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e.-4.3.+" +Un+3'., z,
E.Y., (Z +

Hence. ) *>
. Z, +2)+4,+32,)

The line voltages are now calculated.
Vt«o
Vb"VM+eJdV., fIVi,
-H L 29)* 1(E .-l Z>+»H ,Z*>
“ *3Et- It] (Z0+alZ, + aZj)
Substituting the value of g

v>"  B»- (z, iz L

a2 Z0+alzZl+aZzl F ‘a2” +a3, . alZj- Zp- al, - aZ,
2d+27Z, +2Zj _ z«+2,+2,

(n-a)z?+(a: -)z,
Zo+ZI+ Z,

VeV Vg i8N
CHAZO+.(Ei-1t]Z)+ar(-1Z])

Since Iéi - Lka - I*o

Vb"E.

E. )
- n(Zo +*Z, W27
v - aE, z)+zJ+2z0 ( )
(Zj T azZ, +aaz2)
- E Z, +2Zj+20

[(a-1)Z,+(a-»2)Z,]
c~E 20427| +22

The phasor diagram for single line to ground fault is shown in Fig. 7.14

>64)

r a)

(m 6«
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FiS. 7.14

7.14 Line-to-Linc Fault

Consider a line to line fault across phases b and ¢ as shown in Fig. 7.15.

FlI* 7.15

Fron the Fig. 7.15 it is clear that

(7.67)
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Utilizing these relations

N5 («.+X+unm -5 0O+,b-,0)"°

Since vk-v.

(¢J-a)VX- (aJ- a)

Vii " V*J
The sequence network connection is shown in Fig. 7.16.

»L « l.j
Fig. 7.16

From the diagram we obtain

“
E.-1.(Z, +2J)

. --b
o Z,+22

Power System Aiuu

ne("68, |

-C 69) |

.C -0)

«C 71)1
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U-(e»-o) Lt- - 1K
i,m(»-m*)1 -1 i,
Also V,(- 5(V,eavbe«VJ]- 3 [V. e<e* ») V]
ViJ-5 (v, +idvb+ .v 2 -i[vt+(*1+«)vi
Sinc< Il+a+al- 0 at+ta2- -J
Heixe w s (Vv>)
Again
Z,*Z,
(a -a)E,
L-- L 5 420
V.- V.| +VA-E ,-111Z1+(-1.22))
- * _x _x .-bré& |
A < > 2.4% .3
Z+Z -4 +Z, g J*L_
z1+z2 " Z,+22
laJV. +aV.
mAE L ZI+.(-1tiZ))
"*JEt- I,|[a* Z, - aZ]j]
., No -*>) a'z, +a,Z1l-alz, +az2
E. - B«
Z.+Z, Z.+Z,
E.Z*a+a') E.(-Z,)
Z| ¢Zj Z,* Zj

Ve vb (Z, mzj) :

237

(7.73)
(7.74)

(7.75)

(7.76)

(7.77)

(7.78)

(7.79)
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The phaso- diagram for a double line fault is showr in Fig. 7.17.

4-v«
F»jj. 7.17

7.15 Double Line to Ground Fault

Consider line to line fault on phases b and c also grounded as shown in Fig. 7.18
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*\Nv., (7.82)
Further \' “5(v.-vb+vj-3 V.
Hence V*i“V«“V*“* 3V« <7'83>
B-
wu L Zj
«"» vd - N v N
o- «*«.+*tMy — 14 (Zo) L. (7.84)
In may be noted th;t
F(eNE2> (N F2>IN + 214
-Ne Y "1 -l *N +34
The sequent; network connections are shown in Fig. 7.19.
Fig. 7.19
I, ..(7.85)
oz, —?2&_
z1+z;
E.(Z]|>4)

i ..(7.86
Y Z,22+ZjZi+z"z, ( )
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VisViq

Z-E-1,z
V-m

E.(z, +zi)z.

2,22+ 2jZj, +2(Z|

-e. 4
Z|1Z}+Z22Z" + ZjZ,

Similarly - 1~ z» * - I, Z,

» Z, Z,2j+ZjZj +ZjZ,
V. -V, +v_+v,
“E'L"D -\ zj-14(Z20+3Zb
e M Zi+Zq) e.z,z, e.-MZqg+sz.)
VZA 2| " TzZiz, YZ,z,

_ r Mvwsm-)
E. 22,7, %Z,Z,+ZJZ0+2021)

vk \ +eldv.,+* \
- N (Zo+3Z)J*alE.- I)Z,]+a[-1rZJ

i 89

(7.90)

E.(Z,)(z, +3Z.) (e.z2+z,)1 a EoZoz,

EZ.Z, (Zo+3z,)+a2 1z.2,

E.foZ, ¢?2,Z. 1»a2E.[Z2,Z, ¢Z,Z, ¢2.2,- 227, - Z.Z|]

EZ,Z] +aE,ZeZ|

E.[2,Z1+i1ZtZ] »«Z.Z,»3Z>Z.]
Vb* 1Z2.Z,

E.[Z,Z|(l +a+a*)¢3Z,Z.] 3.E.Z,Z.

Z|z2+2229 +2jz, Z.Z, » Z}Zg > 20Z|

If Z,m0; V,-0
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The phasar diagram for this fault is shown in Fig. 7.20.
E.

Fig. 7.20

7.16 Single-Line to Ground Faultwith Fault Impedance

f in (7.13) the fault is not r dead short circuit but has an impedance Z, then the fault in
(presented in Fig. 7.21. Eqgn. (7.63a) wil Ibe modified into

Fig. 7.21

V.-E .-V .-JA-IAV |.Z .-17 (7.92)
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Substituting V, « 0 and solving for 1,
3E,
‘e* 7 .,+7j fZo +3(Zn+zZF) L. <\

7.17 Linc~to-Line Faultwith Fault Impcdencf

Consider the circuit in Fig. (7.22) when the fault across the phases b and ¢ has an impcdc-
Zr

1-0

Vb-Vt-ZFIb
(Vo'a'V, +aVj)-(V0*aV, +alv2)
- ZK(10 + afdl, + a2
Subst tuting egn. (7.95) and (7.96) in egn.
@-aV,- (a2- a)y,*/"(a2- a)l,
ie. V.-Vj-Zpl, (71
The sequence nehosh connection in thi; case will be as shown in Fig. (7.23).

Fig. 7.23
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7 |g Doublel.ine-to-Ground Faultwith Fault Impeden<e
«,,5 can is lllustrated in Fig. 7.24.
Zy Jib
Fig. 7.24
The representative equations are
1,-0
V-vt
vb-Ch+V (*r*23 (79%)
But. 0+ +1j" 0
and also. Ve+aV, t alV}- \tta:V, +av,
So that (a -aV,«(@-aVv,
or V- Vi o (7.99)
Further. (V,*a Vv, +aV,) - (I0- aJl, - alJel0+ aJ, + a2lj) Z, + Z,)
Since alrfa = -1
(V2-V,)-(Z, +ZH)[2In- 11 -1j)\
But since 0--1,-2
VO- V, - (Z,+Zj)@21,*1,)- 3(ZFe Z,).10 ....(7.100)
Hence, the fault conditions are given by
[0+1, +1j-0
V, " Vj
« VO -V, M3(Zj: +Z,). 1,
E,
B — and so on as in case (7.1%) ....(7.101)
z,* 4Anzi

Zi+Z2
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In that case

-0+0-0

The neutral cement |, - |, - Iv & IB- 0. Hence, neutral cements will flow only jn,
of zero sequence components ol currents exist in the. network.

E.7J Given the negative sequence cements

0. oo Ll
i- b 1IDAXP
n ey

Obtain their sequence components
Solution

*0- [I. ®«*+'.)
HO00/0° + 100/120° + 100/-120“- O A
H. + alb+ arl
[I00{(£ + 100/120°+ 120e+ 100/-120* + 24C°1

[lonft»® + 100/240° + 100/1204

A

Il. eallb+al,]

[I00{<£ + 100/120° + 240e + 100/-120* + 240°!

[100/01+iCD<EF ic00y

00 A

Note: Balanced urrents ofany sequence, positive or negative do not contiiff cur
of the other sequences.
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pj,d the symmetrical component? lor the given three phase currents.
I, - Uifoi
1,- 10/- 90e
le- 15/135°
SoluTon
Vv 11 1T10 iaf

LSyl a a2j10/-90°
Ij 1 al allo /135°

10" 3 [10 0%+ 10-90»+ 15 1357

- A [10(1 +jO.0) + 10(0-j 1.0)+ 15(-0.707 +j 0.70V

[
- (10-j10 - 10.605 +j 10.605]

j [ 0.605 +j 0.605] « A fO.«SS5I/35°

-0.2*5/125!1 A

1,-5 PO(E +10-/9Y- 2Y+ 15w »n ~ 1
-] 1101 +j0.0)+ IQRFf + 15/Ii!
- A [10 + 10 (0.866 +j 0.5) + 15 (0.9659 +j0.25S8]

- 7 [33.1485 +j 8.849] - " £34.3092981/15°

- 11.436/15°A
«i" 5 I»Pt2f 4+ 10/240°- 90» + 15/135’ + 120°]

m A (10(1 +j0)+ 10(-0.866 +j0.5) + 15(-0.2588 - 0.9659)

- A [-2.542 - j 9.4808}

-3.2744/105° A

247
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E.75 In a fault study problem the following currents are measured

ur-0

Y- 10A

IB--10A
Find the symmetrical components
Solution

«,-5 Pu+.l4 +7Y

- 3 [0 - a(10) +al(-10)1 * A

1,
- - (aJ10 +a(-10) »

'«o" 3('* +i, + ,b)
- ~(10- 109" 0

F.76 Draw the zero sequence network for the tystem shown ia Fig. (F..".6).

x7j JI

O4L'V& B

a Xxn

Solution

The zero sequence network is shown Fig. (E.7.6)

Zero ie*uence network for the (iven »y tcm



pr;iw the sequence networks for the system shown in Fig. (E. 7.7).

t-1-1
o
.V4 N
Fig. E. 7.7
Xt r-ndanp--, Xt
Rcfercocc
Potitive sequence network
X M
40 Y
r-~w 4-) ™
»
X0,,i "lo

Zero sequence network

249
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E.7.8 Consider the system shown in Fig. E. 7.8. PhjMt- b is open due to conductor i
break. Calculate the sequence currents anti the neutral current.

l,- 100LEN
lb- 100/120° *

Solution

" 100 (41
u It B 0
I ioo W 2

(100(01+ 0 + 10Q(120°I
[100(1 +jO) + 0+ 100 (-0.5 +j 0.866)
(0.5 +j 0.866] - 3JJgO" A
[100BC + 0 + 100/120° + 240»]
200
[100|(£+ 10d(C]* — *=66.66 A
|2¢ [1002! + O + 100/ 120° + 120°]
(100 [I +j0- 0.5-.i 0.866]

00 . 3
—-[_05-j0866] - 33.33,760° A
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| Nuetr»l current I, - 1 + 1, +12

- 10010° + O +100/120°
- 100(1 +jO- 0.5 4j0.866]
- 100&0° A

Alio. LL* 310" 3(33.33 (60°) - 100(60° A

fu CekuUte ihe subtransient fault current ir each phase for a dead short c rcuit
on one phtise to «round at but 'q" for the system shown in Fi*. E.7.9.

E- IAF

jo | Line 1 »d*j02
I T "0 M*PR
*.10 16 xfI»jOI5
i t; JTT/A
i *» X206 X,«Xx} »O10 *exj**o“ 1010

All the reactances are given in p.u on the generator base
Soblion

— — KW '— '7rary—
jo.l j0.33 jo.i

JooP>

jo.is

(c) zero sequence network
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The three sequence networks are shown in Fig. (a,b and c). For a line-to-ground fau|,
an phase a, the sequence networks are connected as in Fig E. 7.9 (d) at bus 'g'.

j 0.1402-»

- n m -
Patifivc «<qurnce

0.15085

NegaUve sequence

jo.I3
NAAr-

E.7.9(d)

The equivalent positive sequence network reactance Xpis given form Fig. (a)

Xp=047+0.2

Xp- 0.14029
The equivalent negative sequence reactance XBis given from Fig (b)

X7~048 +022 orX»“ 001508

The zero-sequence network impedence isj 0.15 the connection of the three sequence j
networks is shown in Fig. E. 7.9(d).

tfll

,0=,i " 12= jO. 14029 +jO. 1508.57 + jO 15
(01 .
- —— — - - [2.2668 B.u
j0.44147 J

E.7.10 In the system given in txamplc (E.7.9) if a line tc line f«ult occur* c»kul»'f lhe
sequence components cf the t'ault current

Solution :
The sequence network connection for t line-to-line fault is shown in Fig. (E.7 01
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nT A~
j 0.14029

1j 0.150*57

From the Igurt

= j0.1409 + JO.150857  jO.291147

- -j 3.43469 p.u
If Ih« Bm-to-line huh in example E.7.9 takes place involving ground with no
fault impedance determine tile sequence component of thi fault current and
the neutr.il fault current.

F7.t

Solution
The sequence ne'work connection is shown in Fig.

T fflp

j 0.14029

mE< 4 {jo 185 Ej'J0.15
l - -1t
j0.150857-t-j0.15
JJo1_ JoL

j0.14029+j0.i)752134  j0.2155034
“ -] 464 pu

| LU" X4W) (jojSis?) — A3M39P.»

[ T “H2)r* 0,pu

The neutral fault current « 3j0« 3(- 2 326608) * -j6.9798 p.u
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F..7.12

E.7.13

Power Syiu

A dead earth fault occurs on oae conductor cf a 3-|>hase cable !uppij(d
5000 KV\, thrte-pha? egenerator with earthed r eutral. The sequent e irnpt <,
of the alternator are given by

Z,- (0.4 j4)N. Zj- (0.3 +j0.6) Il and
Zg- (0 j 0.45) A per phase
The sequence inpedance of tlie line up to tie poirt of fault are (0.2 +j0.3) n, (o
j 0.3)W, (0.2 +j 0.3) O and (3 +jl) M. Find tlie faull current and the scqutd |

components of the fault current. Aslo find the linc-lo-earth voltages on the ir faultS
lines. The generator line voltage is 6.6 KV.

Solution
Total positive sequence impedance is Z, = (0.4 ¢j 4) + (0.2 j 0.3) * (0.6 4j 43)q

Total negative sequence impedence to fault is Zq” (0.3 +j 0.6) + (0.2 « joj,
- (0.5 +j0.9) tl
Total zero-sequecne irrpedence to fault is Z0 « (0 +j 0.45»+ ( 3 fjl.O - (}m
j 145027, +Zj+Z,m(0.6+)43)+(0.5+] 0.9) +(3.0+] 145)
-(4.1 +j 6.65)0
_ 66*0CO | 3810.62A
‘ee"'m0’ 0 A (4.| +i6.65)* 7.81231

- 487.77 -58°.344 A

= (255.98 - | 415.198) A
I, «3*487.77/-58° 344

- 146331 A /- 58°.344

A 20 MVA, 6.h KV star connect!d generator has positive nega ive ard /ero
sequence reactances of 30%, 25% and 7% respectively. 4 reactor with 5%
reactance base4 on the rating of the generator is placed in the neitral to «road
connection. A line-to-line fault occurs at the terminal) of the generator 'then it
is operating at rated voltage. Find the initial symmetrical ine-to-groun Jr TN
fault current. Find also th« line-to-line voltage.

Solution
Z,-j03;Zj-j 0.25
Z,<j 00?+3*J0.05-j 0.22

) 20x1030 )
- -j 1818 * —VH31-;-é--6- -—- - ] 3180 Amperes
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I i * 0astiereis no ground path
V.-E.-1.~-1~7
- -j 1.818(j 0.0.3 jO 25)
* 0.9091 «3180 - 2890.9 V
Vet *2E- (t24 Z, eal Zj)
- (-0.5-] 0.866).1+] VJ H 1818)0 0.3)

- (-j0.866 - 05 +j C.94463)

-(-0.5 +j 0.078 6321) * 3180

« (- 1590 +j 250) - 1921.63
V-V, - 192163 V

£7.14 A balanced three phase load with an impedcnce of (6-j8) ohm p<r phase, connected
in star is laving in pa-allel u delta connected capacitor bank with each phase
reactance of27 ohm. The star pointi‘connixted to ground through an impeience
of 0 + J5 ohm. Calculate the lequerce impedencf of the load

I Solution

The load is shown in Fig. (E.7.14).
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Converting the deltt connected capacitor tank into star

CAphase - 27 olmm

CY'phase - ~ 27 * aohm

The positive sequence network is shown in Fig. E. 7.14(a)

K
»60

—j-—n—jgn

.ejen

The negative sequence network is also the same as the positive sequtncc

Z, N -r»! f delta

(6*i»)(-j9) _ Z L J*
6+j8-j9 6-jl 6.082/9°46_

- 14.7977 tTi9A\ ohm

The zero sequence network is shown in Fig.
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7.1
I 72

m 75

Problent

p 7.1 Determine the symmetrical component* for the three phase currents

I - 15/0°. 1" 10230°and I. - I5/|30°A

P 7.2 The voltage* at the terminals of a balanced load consisting of three 12 ohm

resistor* connected in star are
V,Y« 120/0» V
VYB=96.96 Z-121.440V
VM - ioel/i3o»v

Assuming that their is no connection to the neutral of the load determine
symmetrical component* ofthe line current* and also from them the line currents.

P7.3 A SO Hz turbo generator is rated at 500 MVA 25 KV |t i* star connected and

solidly grounded. It i* operating at rated voltaage and is on no-load B reactances
areXt * x, - x, - 0.17and” - 0.06 per unit. Find the sub-transient line current
for a single line to ground fault when it is di*connccted from the system

P7.4 Find the subtransient line current for a line-to-line fault on two phases for «k

generator in problem (7.3)

P75 A 125 MVA, 22 KV turbo generator having s/ mx, - X, - 22%and x, - 6% has

a current limiting reactor of 0.16 ohm In tie neutral, while it is operating on no-
load at rated voltage a double line-to ground fault occurs on two phases Find (k
initial symmetrical rm.s fault current to the ground.

Question*

What are symmetric*! components ? Explain.
W at isthe utility of symmetrical components.

Derive an expression for power in a 3-phase circuit in terms of symmetrical
components

What are sequence impedaaces ? Obtain expression for sequence impedances ia a
balanced static 3-phase circuit.

What is the influence of transformer connections in single-phase transformers
connected for 3-phase operation.

Explain the sequence networks for an jynchronous generator

Derive an expression tor the fault current for a single line-to groufid fault as an
unloaded generator

Derive an expression for the fault' current for a double-line fault as an unloaded



7.9

7.10

7.12
7.13

Power Syatem Aaaly.j,

Derive an expression for Ihe fault current for a double-liae-io ground fault as, n
unloaded generator.

Draw ihe sequence network connections for single-line-to pound fruit, double line
fault and double Ime to ground fault conditions.

Draw the phasor diagrams for

0] Single-line-to ground fault

(m) Double-line fault and \Y
(ia) Double-liae to pound fault

Conditions as on lailoaded generator.

Explain the effect o f prefault currents,

What is the effect o f fault impedance 7 Explain.



8 POWER SYSTEM STABILITY

81 Elementary Concepts

Maintaining synchronism between the various elesnents of a power system has become aa
importaat task in power system operation as systems expanded with increasit* inter oonaectioa
ofgenerating stations and load cemes The electromechanical dynamic behaviouro fthe prime
mover-generator-excitation systems, various type» o f motors and other types of loads wit*
widely varying dynamic characteristics can be analyzed through some what oversimplified
methods tor understanding the processes involved. There are three modes o f behaviour generally
identified for tie power system uader dynamic condition. They are
(*) Steady state stability
(b) Traasient stability
(c) Dynamic stability
Stability is the ability of a dynamic system to remain in the same operating state evea
*fter a disturhaace that occurs in tie system.
Stability when used with reference to a power system is that attribute of the system cr

P*n ofthe system, which enables it to develop restoring forces between the elements thereof.
®4™| to or greater than the disturtwg force so a* to restore a state of equilibrium between tbr



A power system it Aid lo be steody toae stable for m specific steady state g " J
condition, if * retun»» to the sane steady state operating condition following a disturb»,*?
Such disturbances are generally m all in nature.

A «ability limit id lIhe maximum power flow passible through some particular poin, ~
the lystera. when the entire system or pert of (be system to which the stability limit refer* J
operating with stability.

Larger disturbances may change the opening «ale significantly, hut till into an acceptably
steady suae. Such < suie is called a transient «ate.

The third aspect o f«ability viz. Dynamic «ability ii generally associated with w cititia
system response and supplemeatary control lifm is involving excitation system. This win fe
dealt with hter.

Instability refers to a conditions involviag lorn of'synchronism'’ ttfiicfc in also the
as ‘falhag out o f the «eplwith respect to th* rest of the system.

12 Ilustration of Steady State Stability Caecept

Consider the synchronous generator-motor system shown in Fig. B.I. The generator i*d
motor have reactances X(and X ,, respectively. They are connected through a line of reactanc»
X,. The various voltages me indicated.

K

From the Fig. 8 1
B,* E**j «L

. where X » X * X. ¢ X,
X
Power delivered to motor by the generator is
P -lte lE !v)
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Co*W Co* (90 # 8)

E E.
P- 15 sine )

P is a maximum when 6-90*

The graph of P versus 6 is called power angle curve and is shown in Fig 8 2. The
HP
systemw ill be stable so long - is positive. Theoretically, if the load power is increased ia

very «mail increments from i = 0to * - *I1. the system will be stable. At5 * K/2 . The steady
mtt stability limit will be reached Pio Is dependent on Er E, and X. Thus, we obtain the
blowing possibilities for increasing the value ofp  indicated in the next section

FIO.M

**«<hods for Impract-salng Steady Stale Stability Lim it
1 U*e of higher excitation vohagas. thereby increasing tie value o f Eg.

K t. Reducing the reactance between the generator and the motor The reactance X - Xf
* X, k csited the transfer reactance lietween the two machines and this has to
he brought J10T» to the possible exttat
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8.4 Synchrontzing Power Coefficieat

We have P - Sin 8
The quantity
* xh!  (ess
6 x ® (D

i* called Synchronizing power coefficient or stiffness.

For stable operation ao , the synchronizing coefficient must be positive.

8.5 Truuieat Stability

Steady «ate stability studies often involve a single machine or the equivalent to a few machines n
connected to an infinite but. Undergoing small disturbances The study includes the behavioj
of the machine under small incremental changes m operating conditions about an operating
point oa small variation in |

When the disturbances are relatively larger or baits occur on Hie system, the s>sue
enters transient state. Transient stability of the system mvolves non-Uaear models Trans**

internal voltage E( and transient reactances xj * *  m calculations.

The first swing o f the machine (or machines) that occur in a shorter lime generally doe
not include the effect o ff excitation system and load-frequency control system. The fir*
swing transient stability is t simple study involving a time space not exceeding one seen*
If the machine remains stable in the first second, it if presumed that it is transient subx LU
that disturbances. However, where disturbances are larger and require study over a long*
period beyond one second, enihewong studies are performed taking in*o effect the excitati*
and turbtne-generalor controls. The inclusion ofW> control system or supplementary
depends upon the nature o fthe disturbances and the objective o f the study.

8.6 Stability o fi Single Machine Connected to Infinite Bus

Consider a synchronous motor connected to an infinite bus Initially the motor is supply'll |
mechanical load P,,., while operating at a power angle V' The speed it #>e synchronous 'i4**
a,. Neglecting losses power in pat is equal to the mechanic?.! load supplied. If the load on* 4
motor Is suddenly increased to pe|, this sudden load demand will be me* by the Tok*
giving ap Ks stored kinetic energy and the motor, therefore, stows down. The torque *"*
increases from «, to B, when *e electrical power supplied equals the Mechanical 1 *
demand at b as shown in Pig *J. Since, the motor is decelerating fce speed. how«v*f j
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lussthan N, at b. Hence, the torque ‘aagte 6' increases further to 5j where the etectrical power
p isgreaterthan Re |. but N » Ns at pout c. At thi* point ¢ farther increase o f» is «nested u

> pe|and N - Ns. The torque angle starts decreeing tilt 6, is reached it b tut due to the
ne chat tiH pomt b is reached P, is still greater than Psa|. speed is more than N,. Hence, A
grease fwther dll point a is reacted where N - N, but Pml > Pf. The cycle of oscillation
continues But. due to the damping ia the system that «eludes friction and losses, the rotor is
bright to the new operating point b with speed N * N(.

in Fig- *-3 area abd' represents deceleration and area bee acceleration The motor will
~adi the stable operating point b only if the accelerating energy A, represented by bee equals
,)E decelerating energy A, represented by area abd.

Fig. (.3 Stability of synchronous motor connected to infinite bus

*7 The Swing Equation

*e* |nterconnection between electrical and mechanical side of the synchronous machine is
*®vided by the dynamic equation for the acceleration or deceleration of the combined-pnme
mover (turbine) - synchronous machine roter. This is usually called swing equation

The net torque acting on the rotor of a synchronous machine
T- —
8
where T * algebraic sum of «ll torques ia Kg-m

« m Mechaacal angular scceterMion

WR*" Moment of Insrtia m kg-rw:
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Electrical angle 9Ny «4*5)
Where 8 m is mechanical angle tnd P is the number of pole»

PN
The frequency froyjr 4%6)
Where N is the rp«i.
5 4%T)
The electrical angular position d In radians of the rotor with respect to a synchronously

rotating reference axu is St 8, - md -4* X)
Where we - rated synchronous *p«ed in radJ*ec
Aad t" tine in seconds (Note : &+<{l m 8,)

The angular acceleration taking the «eeoad derivative ofeqgn. (I1) is given by

d:S_d;S,
4r " dr

From eqgn. (1.7) differentiating twice
d3B, _f60fd}8,

dtd ' LipmJ dt1
TEpe L
From egn. (M)

4 *e>
--r g al-?2 1" . I» f)?
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ae (e bmc torque M defined as

Base KVA

45)

WR2|
S dtd baseKVA

WRArpmV 2t I d;8
c

g 160] f taseKVA dt *ATM)
I WR i
Kinetic energy K.E. T2~7~"" -012)
Where 2»® !
n 60
Defining H - ltineticenergy N1 rated speed
LLI baseKVA
i
base KVA
bl
, H d26
mrf <e 'z

~m T b e torque acting on the rotor of a generator includes ilk mechanical input torque from
J J*e mover, torque due to rotaliona losses [(ie friction. windage and core lots)], electrical
ioe”ue and damping torques due to prime move» generator and power system.

~HIW etectnca! anti mechanical torques acting on the rotor of a motor are of oppojne sign
nesrit of the electrical input and mechanical load We may neglect the damping and
n m>that the accelerating torque

vVT.T,
W r~** T. Mthe air-gap etectncal torque and Tsa the mechanical shaft torque
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(i.e.0

.t

*14)

«alS)

Torque in per unit is equal to power in per unit if speed deviations are neglected The*

The egn. (t.I1S) and (8.16) »re called swing equations.

It may be noted, that, since M- * -« V

Since the rated synchronous speed in rad/sec is 2nf
ds _d6
— m= +
dt dl

ex)

we may put the equation in another way.

i 2
Kinetic Energy « - uw» joules

The momentofinertia | may beexpressed in Joule - (Second)2 sinceu isi"nM N
The stored energy o fan electrical machine is more usually expressed in mega joules andM M
in degrees. Angular momentum M is thus described by megajoule -sec. peretectr.cal4*

M - Lti)

Where 0 is the synchronous speed 0f the machine and M is called inertia ¢
In practice m is not synchronous speed while the machine swiags and hence M i' not
a constant.

The quantity H defined earlier as « e tia constant has the units mega joules

Vi .n-d energy in mega >xdes
H  machinerating in mega vo*an»pen(G)

but stored energy - " 1* 1»-M »

(11n
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* %

In electric»! degree* » - 3«O0f(- 2ttfl

GH - iM(360f) « =~M2nf - Mitf

. GH .
M ' — megajoule - seclelec degree

In the per uni* sy*ems M - —

ds*  *f/* .4
Sothat iz’ ~ (e )

which may be written alio a*

Thi» to «nether form o f swing equation

EV
Further Ptm — Sin6
X

S0 Hut MKy - m BV suif

with u»ual notatior

Eqaal Area Criterion aad Swiaig Equation

(132)

~mewee criterion it applicable to single machine connected to infinite bus h is no< directly
*0 mutti machine system However, the criterion helps in understanding the fidors

*J1*nce transient stability.

The swing equation connected to infinite bus is given by



n
Now ast increases to » maximum value 8max where — m 0, Multilying egn (B. 11)g

ds
both sides by 2— we obtain

dt M dt
Integrating both sides

a\* e .
ds

Ftf.8.4 Equal area cnlanon

8. is the initial rotor angle from where the rotor starts swiilling due to the dist

Foe Stability ~ m 0
v dt
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u.

The system > stable. if we could locate a point c on the power an™e curve such thjl
A and A, are equal Iqual area criterion nates that whenever, a disturbance occurs, the
—_ling and decelerating energies involved in swinging ol the rotor of the synchronous
lie must equal so that a stable operating point (such as b) could be located

A, A, 0 meansthat.

K)*-fft- p.)"*o
Bui P, - tin b

Sin6)d6 -J*2(Pn« «n6- Pl,)d 6=0

*«, <€l - *0> ¢ P«« <«°* 6i “ co*
p«.. <« 8i - co* &j) & Pl 6,) »0

ie.. p«, I*i ™ «ol “ p™, l«°* *p * *j)

P.,
cos 6, - cos Sj - 6, - n,

i Iwo
P>y RM
(cos &. - cos 6j) - sin 6, |6j - 6] ..(1.27)

The above is atranscendental equation and hence cannot be solved using normal algebraic

M Transient Stabtlil> Lim it
ider that the change in Pmis larger than the change shown in Fig. 8.S. This is
din Fig 8V
Inthe case A, > A, That is. we fail to I<*ate an area /1 lhat is equal to area A liten. a»
machine will loose its stability since the speed cannot be restored to N,

ANMB® **"cen these t»i> cases of stable and unstable operating cases, there must be a limiting
A, isjustequal to A, as shown in Fig. 86 Any further increase in P_, will cause
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A, lo belessthan A,. Pwl - P.*in Fig. « 6 is the maximum load change that the math,,
sustain synchronism and is thus the transient stability limit.

Fig. ».S Unstable system (A, >A))

Fig. 8.6 Transient stability limit

8.10 Frequcacy ofOsdllalioBs
Consider a «nail change in the operating angle *# due to a transient disturb»!*
Corresponding to this we can write
4 - ft* & Aft
and P,-f, NP,
where /1P, is the change in power and P*. the initial power at 6°
< ¢ APt) - P N sin ft* ¢ P N cos 6») Aft
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Also. P.-P°" P.., binft0

Hence (P.- P*eJIP)
“ P, » "% |pr, *NBB- [P A cos ft*).\ft]
«(PAUNIA D

P.
is the synchronizing coefficient S.

The swing equation is

2H dJft°
7 *

2Hd (*e* M)
i wm— " Aj CP. <P.-*1P.>

2H dJ(AfY)
I Hence oo ay—* - P (costf) Aft- s* n*
»

[ when- S"is the synchronizing coefficient at P,0.

& mhmfb WY ) At
B mhmfbre. EE %;—le -0

I which is alinear second-order differential equation |he solution depends upon the sign
efl* Ifft" Is positive, the equation represents simple harmonic motion

The frequency o fthe undamped oscillation in

III <aft
J?n 2,)

| The frequency f is given by

I )N?_£ *
2kVVn (*-29)
f clearance time consider the electrical power system shown is
N I f a3-phase fault occurs near the generator bus on the radial line connected to it.

o'er the line to the infinite bus will become zero instantaneously lhe

input power Pm remains constant. Let the fault be cleared at ft = ft, All the

input energy represented by areaabcd - A,, will be utilized in accelerating the

to ft,. Fault clearance at ft, angle or point ¢ will shift the operating point from

ANANBAM ously onthe P-ftcurve At point f. an area A2- d e f g is obtained which is
A o ** Tht T[QO ton,Ci back ,rom 1*nd Hn.lly settles down at a where

**»in» 1 1" Cl¥ed ,hc c,carng angle and the corresponding lime t is called the critical
tt for the fault from the inception of it at fto.
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— *©
Inf bus
< Radial Nat

Fig. 8.7

8.11 Critical ( Tearing Time and Critical O aring Angle

If in the previous case, the clearing time i* increased from t, to t4such that S is 5t n ,
in Fig. 8.4 Where A, is just equal to Ar Then. any funer increase in the fault cleting »n ¢

bevond L would not be able to enclosed an .res A, equal to A,. This is shown in FfcW |
Bevond . A2 suns decreasing Fault clearance cannot be delayed bevond y

fault clearance angle 6 is called critical clearing angle and the corresponding time

fault is called critical clearing time t,.

P.
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From Fig S.9

Al “ Ajgives

Fig. .10

P- » ' " 6.

A,- f(Pm -0)d6 fm |6t -6.)
A - f*(P«,«n« PJd*
Pm.. <c* -CM*».) P,(»,«, - et)
P
cos 6Bt - cos6, - j*- [J -8]

pm

n+*-on - 6.1 co.(n - sj
Fax ) sco.n-s

ca* A.

~ ((«- 260)| - [cos 6J
mii

*t-c0S' jA*-(*-25b)-(C.« A3

the period of fault the swing equation is given by

dré  nl
— - -jt <P«- P* But.since P, - 0

273

(«30)
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During the fault period

pd'8dt rinf n
Integrating both side* J, "

« *f i
- w— |
dt H P

and integrating once again

Att* 0:8- 8,. Hence K - 8#

Hence p-,,+6.

. i HG»_M
Hence the critical cleaning time tt D . o,
8.12 Faulton aDouble-Circit Line

Consider a single generator of generating station suplying power to a load or an infinite bus
through a double circuit line as shown in Fig. S.11.

\Y

-0 - Inftmte

Fig. «11 Double-circuit hne and fault

EV . | *
The eletrical power transmitted is given by P LT sin 8 where * 1 n

and *4 is the transient reactance o fthe generator. Now. if a fault occurs on line 2 for ew»"
then the two circuit breakers on either side will open and disconnect the line 2. Since. *, ’
(two lines in parallel), the P - 8 curve for one line in operation it given by
EV .
sin8
*4 + *I
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~ill M below the P - 6 curve Pf| as shwon in Fig. 8.12. The operating point shifts from ato b
N f-bcurve PN and the rotor accelerates to poin o «here 6 - 8,. Since the rotor speed is not
rJ*jrooouv tlte rotor decelerates till pointd is reched at 6 6, so that area A, (* areaib c)
Kem@uall0*rea Aj (" *rracd  Thero*or will finally settle down at point ¢ due to damping
At|»inl c

P_* P

M3 Transient Stability When Powerm Transmitted During the Fault

Consider the case where during the fault period some load power is supplied to the load or to
infinite bus If the P-A curve during the fault is represented b> curve 3 in Fig. 8.13.
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Upon the occurrence of fauh, the operating point moves from ato b on the during®
fault curve 3 When the fault is cleared at B - B,, the operating point moves from b 1o ¢, _
the curve P” and then shifts to point e. If aread ef g ecould equal areaabcd (A, - 4
the system w ill be stable

If the fault clearance is delayed till *, - 6, as shown in Fig. 1.14 such that nn 4
(A)) isjust equal to and e d f(A :) then

£(*«« sin8- PM)d8« £ '(p.m sii6-P,)d6

Ftg. 1.14 Critical clearing angle-power transmitted dunng fault

It is clear from the Fig. .14 thate, ™ -8 -*- sin”
pm.«:

Integrating

(P«<.* 4 P«. «**) £ +(P«.J«»8- Pr/) * e

pe« (*. - *e> + 3(c°*s,- cos6”) ¢ p, (66 - 6«
+ P*eJ <o* -cos6e -0

P.(&__-8,)- P—3coa8. P , 2cos6, . 1833
cos 6.

Pabl2 ~Pan J

The angles are all in radians.
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,(4 F*«HClearanceand keclosure in D»ublc-( ircuHSystem

Jt-Arradouble circuit «stem as in section X 12 If a fault occurs 0o one ofthe lines while
jiiv..m ; apower of P~. as in the previous case then an area Aj = A, will he located and the
characteristic changes from pre-fault to during the fault If the faulted line is removed
Jpow ci transfer will he again shifted to post-fault characteristic where line | only is in
T Ljoii. Subsequently if the fault is cleared and line 2 is reclosed, the operation once agam
'hifU lack to pre-fault characteristic and normalo will he restored for stable operation are*
4 (+ area abed) should he equal to area A j(" area defghk) The maximum angle 'he rotor
«*er For *ubi,'t> Jt 'hould he lessthan . The illustration in Fig. *15 assumes fault
pence and instantaness reclosure.

«lion to Swing Kquation S*ep-b\-Step Method
*swing equation gives the change in 6 with time. Uninhibited increase in the value of
bility. Hence, it is desired to solve the swing equation to see that the value of
ng after an initial period of increase, so that at some later point in time, the
ithe stable state Gnerally 8. 5. 3or 2 cycles are the times suggested for circuit
tion after the fault occurs. A variety of numerical step-by-step methods are
solution to swing equation the plot of 6 versus t in seconds is called the swing
4 » *t*p-hy-siep method suggested here is suitable Tor hand calculation for a single
ted to system
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Since 6 is changing continuously, both the assumption are not true. When At j,
very, small, the calculated values become more accurate. 1

Let the time intervals be At

Consider, (n - 2), (n- 1) and n*lintervals. The accelerating power P, is computed atu, A
end of these intervals and plotted at circles in Fig. S.16 (a).

Fig. S.16 Plotting swing curve N 5
>
Note that these arc the beginnings for the next intervals viz.. <n 1> 1

P8is kept constant between the mid points of the intervals.

Likewise. w(. the difference betwen w and w, is kept consunt throughout
the value calculated at the mid point Die angular speed therefore is assumed t" ' han* B
(n - 3/2)and (n - 1/2) ordinates

de>
we know that Ace - ~ I. At
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1 Note that these are ihe beginnings lor the next intervals viz.. (n 1).nandin ¢ |>
i. K kepi constant between ihe mid points of the intervals

|k I'ikewise.  the difference betwen \* and is kept constant throughout the interval at
OK value calculated atthe mid point TV angular speed therefore is assumed to change between
,n 30 *»hl<n- ordinates

B i
we know that Am Tt Al
I»°f
**encc N-«,.-n,* '5*1BTT . (* 34)
Again change in i
[ dft
L 1*- | m* | j-", m il
for (n - |)th interval
i end B
j- from the lwo equations (8.16) and (8.15) we obtain
nson
H L L s Pre o L (#37)

[Thus, the plot of 6 with lime increasing after a transient disturbance has occured or
i place can be plotted as shown in Fig. 8.16 (c).

M | | acton Affecting Transient Stability

stability is very much affected by the type of Ihe fault A three phave dead short
the most severe lault. the lault severity decreasing with two phase fault and single
ground fault in Ihal order

1* |he fault i» farther from the generator the severity will he less than in lhe cam ofa
Ay, al the terminals of Ihe generator
transferred during fault alio plays amajor role When, part ofthe power generated

to the load. Ihe accelerating power is reduced lo that extent. This can easily be
* from the curves of Fig 8.16.



Theoretically an increase in the value of inertia constant M reduces the angle throuoJ
which the rotor iwm p farther during a fault. However, this is not a practical propos,,
since, increasing M mean?*, increasing the dimensions o f the machine, which is uneconomic»!
The dimensions of the machine are determined by the output desired from the machine , 4
stability cannot be the criterion. Also, increasing M may interfere with speed governing *\ yen"1
Thus looking at the swing equations

M %Y P<tp- prtp o &nid

the possible methods that may improve the transient stability are :

(i)  Increase of system voltages, and use of automatic voltage regulators

(i)  Us* ofquick response excitation systems

(W) Compensation for transfer reactance X,, so that Pt increases and Pm- P, - R
reduces.

(iv) Use of high speed circuit breakers which reduce the fault duration time and

hence the accleratmg power.

When faults occur, the system voltage drops. Support to the system vohages b>automM
voltage controllers and fast acting excitation systems w ill improve the power transfer durtag
the fault and reduce the rotor swing.

Reduction in transfer reactance is possible only when parallel lines are used in placed
single line or by use of bundle conductors. Other theoretical methods such as rcducirg the
spacing between the conductors and increasing the site of the conductors *re not practiciM
and are uneconomical

Quick opening ofcircuit breakers and single pole reclosing is helpful. Since Tapsa4 B
the faults are line-to-ground faults selective single pole opening and reclosing w ill ensure narsér
of power during the fault and improve stability.

8.17 Dynamic Stability
Consider a synchronous machine with terminal voltage V,. The voltage due to excitation N1LL

along the quadrature axis isE. and E' n the voltage along this axtv The direct axis rotor a™ A

with respect to a synchronously revolving axis is d. If a load change occurs and ih*
current if is not changed then the various quantities mentioned change with the real Fo®
delivered P as shown in Fig. S.17 (a).
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to case the field currew If if chinged such th*t the transient flu* linkages along the

El, proportional to the field flux linkages is maintained constant the power transfer

» J4 heincreased by 30-60% greater than case (a) and the quantities for this cate are plotted
JFfc «17(b).

Fig. 117 (to)

If the field current |, it changed akmgwith P simultaneous!) so that V, it t
than it it poasitaie to increase power delivery by 50-10% more than case (a) Tbu It
eoFig «.17(c).



2% irowerSyiiem »

kK on be concluded from the above, thjf excitation control has a great role to p i-."j
power system subilily and the speed with which this control it achieved is very import»"
this context.

EV

Note that ‘o~

and increase o f E matters in increasing P— .

In Russia and other countries, control sipials utilizing the derivatives ofoutput
and ntninal voltage deviation have been used for controlling the voltage in addition to proceg"3
control signals. Such a situation is termed 'forced excitation' orforced field control- Not aidy
the first derivatives 0f /Il and AV are used, but also higher derivatives have been used far

;control on load i

There controller have not much control an the fint swing stability, but have eflaaoa
the operation subsequent awiags.

This way of system control for satisfactory operation under changing load . < admens ]
using excitation control comes under the purview of dynamci «ability

h>wer System StubUbrr

An voltage regulator ia the forward path of the exciter-generator system will mtrodaaa ¢
damping torque and imder heavy load camions *iis damping torque may become mleg*hm |
Ibis is a situation where dynamic in stability may occur and came concern. It is alt» obeen*i |
that ihe several time consiaets in the forward path of excitatioa control loop introdael
phase lag at low frequencies just bace the natural frequency of the excitation system.

To overcome there effects and lot improve the damping, campersating network* an
introduced to produce torque in phase w tft the speed.

Such a network is called "Power System Stabilizer' (PSS).

8.18 Nnde Elimination Methods

la al stability studies, buses which are excited by internal voltage* of the machine* only 1
considered. Hence, toad buses are eliminated. As an example consider the systemm m m
Fig. «.IS.

*>>

Fig. aw
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The transfer reactance between the iwo bines (1) and (3) « give* by

X" %) +

Where
Vi N *3
If a fault occur* an all the phases on one of the two parallel line». sa>. line 2, then the
mKtance diagram will become at *o w i in Fig. 1.11(b).

ng«.l«(b)

|[*S *nce. no source is connected to bus (2). it can be eliminated. The three reactances
buses (1), (2). (3) and (g) become a star network, which can be converted into
memetwork using the standard formulas The network willbe modified into Fig | 11 (c).
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X), is the transfer reactance between buies (1) and (3).
Consider Ihe same example with delta network reproduced as in Fig- 8.1S (d).

Fig. 8.18(d)
For a three bus syitem. the nod»l equation! are

V Y j |
fe S vz s )Zy \4/:
1. Yi. YM  Y») lz
Since no source is conaecied to bus (2), it can be eliminated.
\jt, Ij has to be mode equal lo zero
Y*iYt+ Vj4YHV,“ 0
Hence Vo bV oy

Thii value of Vacan be instituted In the other two equation 0 ff ) 10 that V, is
eliminated

[,-V MV14Y 1LVI 4Y 1>V

mv'v,*v» [N 'V3*Fy fe V]*V'V
»“Yj,V,4Y},VjdY ,V,

-V« V'+V« [:A LV," M VI +V«V>

Thus Y *,, changei .
%k Vj

where VY, -Y, | Y- Yi, - Yu
Yi, Ya

Yi-Yn- ~
\2
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Worked Kiample*

111 A 4-pok. 90 Hz, Il KV tarbo generator it rated 75 MW aad M 6 power factor
IIMIBR The machine rotor luh a moment of «Xerti» of 9000 Kg-m*. Pled the
maertla coosiaat in MJ / MVA mA M constant or anaiaU a LW MJa/dcc degree

Solution :
to- 2nf- 100* rad/sec

Kinetic energy = » kel m~ * WOO+ (100*)J

-443.6*2 « 10*J
«443.6*2 MH

MVA rating of the machine- ~ ~ - 87.2093

MJ  443.682
H™ MVA * *7.2093 " 801755

GH , *7.2093«k 5.0*755
M« ® - * u
I*Of 1*0x50
- 0.049297» MJS/0 dc
112 Two geaeratore rated at 4-pole, SOHz, 50 Mw t.*5 p.f(lag) with moment of Inertia
2*.000 kg-a1aad 2-pole, MHz. 75 MW 0 *1 p.f (lag) with moment of laertia
15,000 kg-m1 arc connected by a trammitsioa line. Ftaid the inertia coaitaat of
each machiae aad the laertia coaKant of tingle equivalent machiae connected to
infliiitf but. Take 10* MVA teae.

Solution

For machine |

K.E - | «21.000 x (100 «* - 13*0 344 x |0*J

50
MVA - — « 51.8235

13*0.344
511335 * 23 46516 MJ/MVA

5**235x23.465*6 1 13*0.344
1*0x50 ' 1*0x50
*0.15337 MJS/degrea elect
tot the Kcoad machine
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- 739.470 MJ

75
_ >01.4434
MVA- 012

730470 .
91.4434
91.46341.0MS 0.082163 MJ&TEI
180.50 e c
A1
M M, M,
MjMA O 082163 x0.15337

M, M, J 0.0*2163 +0.15337

0.0126
0.235533 m ° ~ 35MJS/E*Citer"

OH- 180* 50* M - 180 k 50 » 0.0535
m 4815 M|
on 100 MVA base. inertia constant.

4815
100
E 8.3 A ToHr pok .yaebroeau. |« < n tir rated 110 MVA 115 KV.50 HZ. h.. M * * *
coastant of 5J MJ/MVA
(i) Determine the stored energy in the rotor at synchronous speed
(i) When ** generator is supplying a load of 75 MW. the input is ino
10 MW. Determine the rotor acceleration, neglecting leases
(Hi) 1f the rotor acceleration in (li) is maintained for Scycle*, find the chaa*
torque angle aad the rotor speed ia rpm at the and o f S cycles

'4.815 MilMVA

Sohtkm
QO Stored energy ®#GH m 110 * J.J “ 605 MJ where 0 “ Machine rating

(i) P.* The accletating power - 10 MW

d¥%6 GH d'8
‘OMW -M fw



60S d'6
180* 50 dr
0.0672 s 8% 10 14881
' dtJ  0.0672 '

t4 S .1l dec degrees/sec:
(i) 8 ey«e*" 0.16 *ec.

Changein  6- "* 14181 «(0.16)

Rotor speed at the end of 8 cydes

120f . 120x50
- — *B)*l«——--— « 1904766 * 0.16

- 457.144 r.p.Bi

i 84 Power H«applied by a generator lo a motar over a traamissina line at shown ia

Fig. E8.4<a). To the motor but a capacitor of 0.8 p« reactance per phase i* connected

Jthroagh a awHck. Determine the «lead) Mate power lim it with AT/1 nitbout the
capacitor ia the drcait

-0 2pu
£ -< ™ ) MotorV" Ifa
u0 Ip.u Al *1 -O'p»
x, -0.5pu
Fig. EJ.4 (a)

Steady stale power lim it without the capacitor

12*1 12
0.a+0.uo02+o0.e*0.i * 20 “ 06 pu

With the capacitor in the circuit, the following circuit is obtained
0J 01 oJ ai 08

10

M*-b8.4(L
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Simplifying

Converting the IUr to delu network, the transfer reactance between the two no d e tl

-NAA4L-

Hfl.te.4UU

(jl 1Xj0.9) #<jQOXIO>) #(-J0* 1)
Ao -J0.8

-0.99¢0.72¢0J8 -0.99e16 JOj6!

Steady state power lim it - ¢ 15731 pu

E |i A generator rated 7S MVA |* deltveriag 0.8 pa power ta a motor
transmission lint of raactaace J 0.2 p*a. The ttrmiaal voltage of the 1e *y A
V1p.u and that afthe motor b abo t.*(ka. Determine the generator t
traaaieut reactaace. Flad abo the masimam power that caa he transl

Solution
When the power transferred if 0.1 p.u

[.0»li)iint

0J* (01402 "0 j" 0

Sto0-0J «0J «0.24
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0 - 13"8865

jo.l

| |y,
Fig. E4.6
Current supplied to motor
1213 °8865-1/0° (0.9708¢ j0.24) - 1
1 j0.3 “ jo.3
-0.0292 ¢ 1024 .
- mmmm——— J U?JO 0973 +0* “ 0»571/T«n 10 1216
1-0.1571 /6.°934
Voltage behind transient reactance
- U0° +j 12(0.8 0.0973)
- | +j 0.96 - 0.11676
- 0.88324 +j 0.96

- 1.0496 47°8
EV  10496*1
P »— 2" »0.8747 P.U
Tk X 12

K 8.6 Determine the power angle characteristic for the system shown In Fig. E.8.*(a).
The generator is operating at a terminal voltage of 1.05 p.u and the Infinite bns to
at 1.0 p.u. voltage. The generator is supplying 0.8 p.u power to the infinite bns.

jO0lpu i0.4 pu
-a— &= - — CH
—0)
<4-j02)pu J04pu " ©
Fig. E/U1 (a)

~lon

Nesesctance diagram is drawn in Fig. K 8 6(b)
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jO.«pu

The tnnsfer reactanc* stweeV,and V is- j 0.1+ *j 03 pu

W ., (L05X10) ,
we have TMl — 03— sin*” @®

Solving for 6. sin 6 “U2I57 ind 6 “ 13°.21
The terminal voltage * -05/13*.21
UB2I6+J 0.24
The current supplied » foce generator to the infinite bus
IXI2216m%0.24(1e>m jO)
'm Jo3

(0022216 + J0.24), _
o - *- 0.8-j0.074

*1-01977/S.°284t2 p.u
The transient interna ullage in the generator
E *(0*-j 0.074)j 025 ¢ 1.22216 +j 0.24
mj 02+0.0115 + 1.02216 ¢j 0.24
" 1040+j 0.44
» 11299 <22°.932
The total transfer reaance between Eland V

#25+j01+ Qr -j055pp
The power angle chaneristic is given by

E'Vj., (1.1299)00) .
. tin A
X — jo.55
»m 2.05436 *1» 8
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E».7 Consider the syattm I» E 8.1 thowia la Fig. E.8.7. A three pha»e fault ocean at
point P at showa at the mid poiat oa liae 2. Determine the power eagle
characteristic for the system with the fault persisting.

-0
Infinite
Fig. EN.7
Solution
The reactance diagram is shown in Fig. E.8.7(a).
jo4
0 1
M > \
Jo.
j02 j02
j0.251
©
Fig. E1.7 (&)
The admittance diagram is shown in Fig. E.l.7(b).
-j2s
SWT-
-j 28571
-j 50 -)in

Fig. EJ.7 (b)
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The buses are numbered and the bus admittance matrix is obtained

© © ©

0 -j 185271 0.0 j 2.85271
© 0.0 J7.5 j25 K
© j 28271 J25 -j 103571

Node 3 or bus J has no connection to any source directly, it can be eliminated.
YmY,,
Yli(mod.f»»=Y ll«*dt" YH
(2J527X2.8527I)
--j 28571 - (—20.3571)

--2.07137
(2JS271X2.5)
YU|modiw»*0_  (-10.3571) *“ 06896

Y»VA
Y tt (modified)B Y 23 <oM) y

(2.5X2.5)
“~75" (403571) “ ~ 6#96549
The modified bus admittance matrix between the two sources is

© ©

-2.07137 006896
© "

0.6896 -6.89655
©

The transfer admittance between lhe two sources is 0.6(96 and the transfer reactance
- 145

- 1.05%1 .
Pj- -J31J- sinBpu

or P#- 0.7241 sin 6 p.u
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E8.8 For the system considered in f .8.6 if the H constant is Riven by 6 MJ/MVA obtain
Che swing equation

Solution :

H d"6
The swing equation is — - Pm- P, - P, the acclerating power
I1f 8is in electrical radians
A ;*fiifre-« « 2 p ..Isoep
&r H * * o
E8.» In EB8.7 |f the 3-pbase fault it cleared on line 2 by operating the circuit bre«ten
on both tides of the line, determine the post fault power aagle characteristic.
i Solution The net transfer reactance between Eland V, with only line | operating is
J02S +j 0.14j 04 *j0.75 pu

(1.09X1-0)
Pe=  jjp ] Sin5m 14Sin8
E 8.1l Determine the swing equation for the condition In E 8.9 wheu 0* p.u power it
delivered.
I owve" M T K
. 180f 180«50
Solution: —— -

“ 0.8-1.4 sin 8 is the swing equation

where 8 in electrical-degrees.
E8.ll Consider example E 8.6 with the swing equation
P,- 2.05tin 8

If the machine is operating at 28° and is subjected to a small transient disturbance,
determine the frequency o f oscillation and also its period.

Given H -5.5 MJMVA

P .-2.05 tin 28° >0.9624167
Solution :

A -2.05 cos 21»- 1.7659
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»Wi
A, * areaabc Pjd8= J(1.25- 1923sin8)d8
Qv
0.7072 40®.5416
125 | ¢ 1923 Cos 6
0.4665 26"7437

- 0.300625 ¢ (-0.255759) - 0.0450

Maximum area available - areacd fgc-A j»,,

J(Pj-P)d»- | (1923 Sin8-1.25)d8

4 on
139°46

-1.923 Co.8 | - 125(24328 -0.7072)
40°5416

-0.7599- 125 * 1.7256
-0.7599 - 2.157--1.3971 » A,
The system is stable
[Note : area A, is below P2- 125 line and
area A} it above P2- 1.25 line ; hence the negative sign]
F.8.14 Determine the maximum value of the rotor twing la the example F.8.13.

Solution :
Maximum value o fthe rotor swing is given by condition
A, -A,
A, - 0.044866
N —j(-125+ 1923 Sin6)d6
oi
- (-1.25 8, + 1.25 * 0.7072) - 1.923 (Coe 8, - 0.76)
ie.. - *1.923 Cos 8, 1258, - 2.34541 - 0.0450
u. - 1923 Co* 8, ¢ 125 8} = 2.30041

By trial and error A, - S9*S
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0g9.15 Tli* M constant for a power system la 3 * 10"* S*elee. degree

The prefault, during the fault and post fault power angle characteristics are given by

P-’I -2.45 Sin 8
P, “0.1Sin8
V]
and P - 200 Sin8 respectively

choosing atime interval of 0,05 second obtain the swing curve for a sustained fault on
the system. The prefault power transfer is 0.9 p.u.

Solwiion
P -09- 245 Sin 8,

The initial power angle 80- Siﬁ'\l m

" 21.55e

Att*“ 0 just before the occurrence offault.

pm« 9 245

Sin 8, - Sin 21°.55 - 0.3673

P.- PTYy Sin 8 * 0.3673 1 245 - 0.9

P.-O
Att- 0., just after the occurrence of fault

pm., " O-* Sin 8, - 0.6373 and hence

P.- 03673 * 0.8 - 0.2938

P,. the acclerating power - 0.9 - Pt

- 0.9 - 0.2938 * 0.606
Hence, the average acclerating powr att * 0>>f

0708% 303

(A1, (0.05*0.05)
~M~ *" "' 10-4 " 133 P** 133 M0303 “ V524

08 - 2* J24 and 8° - 2[*.55.

The calculations are tabulated Mptot - 0.4 sec.
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Tlbto 11
*No t(»«) Sin « . (41 Ai 8
M
(P~> St«* O»-F.

I 0 245 03673 09 0 . 21 s
0. at 0167) 0293* 0606 21.55°

0 »6'1 0303 2524 2524 oax075

2 005 01 04079  0)261 05737 47716 3 om07s
1 010 ai 05207 04166 04134 4027 M327* 3 3765
4 019 01 06712 05426 0.3574 2977 14*304 42+ 7016
5. 020 01 01357 06709 02290 19011 16212 57+00
6. 020 ai 0974 07659 01341 11170 17129 7392121
7 030 01 09999 07999 01000 01330  IS* 1621 905411
1035 01 09472  0.7J7I 01422 1147 1*347 10170
9 040 ot 07175 06300 02700 22500  21*59* 121047

149*097

Table o f results for E8.1J.

From the table it can be seen that the angle Sincreases continuously indicating instability.
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£9.16 If the fault in the previous «umpk E.l.U It claared at Ib« cad of 2.5 cyclaa
determine the swlag curve and examine (be (lability of the system.

Solution :
A* before M/I P,- 1.3J P,
25 cyclessecond
Tieie to clear the fault - " cycles
- 0.05 sec.

In this the calculations performed in the previous example E8.14 hold good for O .
However, since the fault in cleared at 0.05 sec., there will two values for P. one for
'3;3 - 0.8 sin 8 and another for P. » 2.00 sin 8.
Attm0.5 - (just before the fault is cleared)

P~-0.S; Sin8- 04079, and

p,“ p™, Sind 8 =0.3263, so that P, - 0.9 - P,- 0.57367
giving as before 8 - 24»075

But, att* 0.5+ Ousl aftcr ,tle fault is cleared) Pa< becomes 2.0 p.u at the same 8 and
P.- P~ Sin 8- 0815*. This gives a value for P,- 0.9 - 0815 8- 0.0842 Then for
t » 0.05 are the average accelerating power at the instant of fault clearance becomes

0.57367 +0.0842
P~ e j e *0,2,9

At)l
A9 .P,- *33 *032*9 - 2®74

and [8 - 5264
8 - 5264 # 24075 - 29*339

These calculated results and further calculated results are tabulated in Table 8.2.
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Table S.2
SNo t P,. 8la 8 AS a
M
SiaB 0.9-P, P.-«JJ.P.
1 0- 243  0.3673 09 0 2155*
0. 01 03673 o:un 0606 - 21 55*
0.. 0.3673 - 0303 2324 2524 24075
2 005. 01 04079 0 3263 0.5737
0.05. 21 04079 0151 00142
ooy 0 4(174 03219 2740 5.264 29 339
1 0.10 20 0.49 09* -008 -0.6664 45976  33.9367
4 013 10 0.531 1.1165 -0.2165 -1 8031 2.7937 36.730
J. 0.20 20 0 591 1.1 196 -0.296 -24664 0.3273 37/15
6. 023 10 06028 12056 -0.3056 -2.545 —221S2 34*A3
7. 0.30 It 05711 1.1423 -0.2423 -2018 -4 2366  30°5933

Table of results for ED.IS.
The fact that the increase o fangle 5, started decreasing indicate* stability o f the system

FJ.17 A synchronous generator represented by a voltage toarce of 1.1 p.u In icriei with
a traniient reactance of JO.IS p.u aad aa inertia coastant H" 4 lec ts connected
to aa infinite baa through a traasmiiaioa line. The line has a series reactance of
J0.40 p.u while the infinite bus h represented by a voltage source of 1.0 p.u.

The generator is transmitting an active power of 1.0 p.u when a 3-phase fault occurs a
its terminals. Determine the critical clearing time and critical clearing angle. Plot the
swing curve for a sustained fault

Solution :
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6, - CM™*[(sn - 280)Sin*, - CoaB.]
- CoTI[(180*-2 x30#sin JO*-0*30*1

. C0.-"-0.166|«C«|-[lN107]

- 74°.59
Critical clearing angle - 79°.5*
Critical clearing tme m
. . 49.59x3.14
BC- B, - 790.59-J0° - 49.59° —--ro-impommer rad
- 0.86507 rad
|2x 4x0.86507
m0.2099 sec
Vo 1x3.14x50
Calculation for the swing curve
Let At m 0.05 sec
180f _ 180x50 w2250
H * 4
H |

M " 180f* 2250 ' 444 “ 1(™*

(An iO "x0O ~
M * (444x1c4) * *
Accelerating power before the occurrence ofthe fault " P, " 2 Stn 6#- 1.0“ 0

Accelerating power immediately after the occrrenc* of the fault

¢« 2Sin8 -0-1pu

Avenge accenting powres ~ - 0.5 p.u. Change In the angle during 0.05 Sfc aftar

fault occurrence.
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fa, - 563 <05 - 2°.»l
8, - 30%+2°J1 - 32°8l
The results are plotted in Pig. Et.17.

One-machine syMem w m | curve. Fault cleared n Inf»

Fig. E.8.17 (a)

Pig. EN.17(b)
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Bbl™* In etaatple Bo. E*.17, if the fault b cleared in 100 Tu c, obtain the swlag aura.
Solution :
The swing curve is obtained using MATLAB and plotted In Fig E J .It.

P tl

Pt.2

PIr3

Pt-4

One-machine«yttennwinpcurve F«ulldared«0.1»

0 0102 03 04 as 06 07 08 09 1
t«ce
Fig. E8.1B
The system is stable.

Problems

A 2 pole, $0 Hz, 11 KV synchronous generator with a rating of 120 Mw and 0J7
lagging power factor has a moment of inertia of 12.000 kg-mJ. Calculate the constants
H and M.

A 4-pole synchronous generator supplies over ashort line aload 0 f60 Mw to a load bus.
If the maximum steady stae capacity ofthe transmission line is 110 Mw, determine the
maximum sudden increase in the load that can be tolerated by the system without loosing
stability.

The prefault power angle chracteristic for a generator infinite bus system is given by

P, - 162 Sin 6
andthe initial load supplied is 1@41. During the fault powerangle characteristic is grim by
P_-09Sin6

Determine the cjri'ticaﬂ'lean'ng angle and the clearing time
Consider the system operating at 50 Hz.

H -U sm
If « 3-phase fault occurs across the generator terminals plot the swing curve.
Plot also the swiag curve. Ifthe fkult is cleared In 0.05 sec.



10.

Objective Question»

Per unit impedance on new KVA and KV base is ( ]

( puimpedanceon V given KVA baseV new KV base V
U) (given KVA and KV baseﬂ| New KVA base,q given KV base )

( puimpedanceon V given KVA baseV given KV baseV
( (given KVA and KV basej( Ne* KVA base [| new KV base |

( puimpedanceon 'V newKVA base V given KV base
© |given KVA andKV baseJ(given KVA base,ﬂ| new KV base |

Which o fthe following is false? | ]
(@) An elementof* graph is called an edge.

(b) Each line segment is called an element.

(c) Each current source is replaced by a short circuit in a graph.

The rank of a graph is [ ]
@ n (b) n-l (c) n+l

where n is the number of nodes in the graph.

In a graph if there are 4 nodes and 7 elements the number o f links is | ]
(@ 3 (b) 4 () 5

Which ofthe following statements is true ? [ )

(&) n basic cutsets are linearly independent where n is the number o f nodes.
(b) The cut set is a minimal set of branches of the graph.

(c) The removal of k branches does not reduce the rank of a graph provided that no
proper subset of this set reduces the rank ofthe graph by one when it is removed
from the graph.

The dimension of the bus incidence matrix is [
(@ e*n (b) e*(n-l) (c) e*e

If Aband A, are the »ub matrices ofbut Incidence matrix A containing branches and lin *
only and k is the branch path incidence matrix then { 1

(@) Abk'" N (e)A,A>'«k"
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12.

13.

14.

Objects Question»

Which of the following statements is true ? | 1
(a) There is a orve-to-on* correspondence between links and basic cut sets

(b) A, As*- B where B is the basic cut set incidence matrix.

(c) B, - A, k'where B, is the basic cut set incidence matrix containing links only.

Identify the correct relation ( )
(*) veus m[») bl 1B]
(b) Y~-ICIM ICJ
(0 *» “ fBf[y] [B)
Identify the current relations ( |
() [ATIylIAI-Y 2
(b) BT (Y][B]- Z.,
() (Cl[z]|c3- 2"

With the addition of « branch to a partial network with usual notation, the mutual
impedance is given by | |

(a) Y.b-b
£.-27%*)
(b) ZhmZe +— 7
Y*o*
() t

. The self impedance Z,* of a branch ab added to an existing partial network is given

by | 1
@ Z2*«zZ*
y* *
() Z* -Z * +-oeer 2 B)
\ Msn

€ ZA-Z** e -
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16. Ifin g.no IS there is no mutual coupling [ j
17. If in g. no 18 there is no mutual coupling and if “a” is the reference node [ j
<) A 0> Zbk" Zrt () Z*«Z* +

IS. Modified impedances are computed when the fictitious node introduced for the addition
ofalink is eliminated. Then Zy (modified) ( j

N
(a) Z, (before eliminationl)-

Z.
(b) Z (before elimination) - []

zii it
- (2d-Zj
(c) Zif (before elimination) - — ~—*-
~
19. Identify the correct relation [ ]
(@) a2m- 0.5 | 0.866 (b) a-l.e'#1 (c) I +aea2- 0*jo
20. Which of the following is correct [ ]

(@) V,» VM ea VR +a5VM

(b) The sequence compoenets are related to the phase components through the

transformaton matrix C' | a al
I a* a

o J (*+n ly+alf)
21. For stationery bi lateral unbalanced network elements [ ]
() Zr-ZrandZijr-Zr

(b) Ziv—12 aedzi* -z ?

() zy *12



22.

23-

24.

25.

26.

27.

21.

29.

Objeetlv Questions 399

For balanced rotating 3-phas* network dementi [ )
@ zi¥-Z«

(b) z*Y#zI*

(c) The admittances are symmetric

A balanced three phase element with balanced excitation can be considered as a single
phase element [ ]

(a) true
(b) false
(c) some times it is true

For a stationary 3-phase network element ab, zero sequence impedance is given
by [ ]

(@) z*+223 (b) z* -2Z; () Zi-Z3
For a 3-phase stationary network element the positive impedance is given by [ ]
(@ z,+2zj (b) z i-2z; (o zi-z;

For a 3-phase stationary network element the negative sequence impedance is given
by I ]

(@) Zjj, +2233, b) zi-2 z; (c) zi-z;
The inertia constant H is o fthe order of [ )
(@ He 4 (b) H-1 () H- 1

When a synchronous machine ii working with 11 p.u excitation and is connected to an
infinite bis ofvoltage 10 p.u. delivering power at a load angle o f 30° the power delivered
with x 4" 0.8 p.u. and x 4m06 p.u. [ )

(@) P- 0675 -(b) P- 0.6875 ) P- 1375

Neglect reluctance power

Unit Inertia constant H I» defined as [ )
(@) Ws/Pr (b) Priws () WsPr/rad
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30.

3L

32.

33.

35.

36.

37.

O bfictlv» QuestionB

At a slack-bus the quantities specified are I

(a)Pand 0 (b) Pand|V| (c) IVliand 8 (d) Panda
At aload bus the quantities specified art . [
(@) Pand |V| (b) Qand|V| (c) PandO (d) |Vland 8
At a Generator bus the quantities specified are |
(@) Ivland8 (b)Qand|V| () PandQ v(d) PandWV|
In load flow studies, the state variables are I
() PandQ (b) IVand 8 (c) Pand|V| (d) Pand8
Which one ofthe following is not correct ? [

() p-w -v; 1Y)V,

(b) V,«VJ(Cos8, *j Sin&)
n N N
(c) Real power loss» iIi P-1 P -1 P,

«l

(Total generation) - (Total load)

<d) 0,* | (IV,V,V,Co. (5, -5,-0,)

Which of the following is true ? [ ]
(@) Gauss-Seidel method is a direct solution method for power flow
(b) All iterative methods ensure convergence
(c) A generator bus is also called a swing bus
(d) If the reactive generation exceeds the lim it then the P. |V| bus will become a P,

Q bus
The number of iteration required for an n-bus system in Gauss-Seidel method are
approximately [ ]
» n (b) n1 (c) 3 d — »

The number of iteration required for an n-bus system in Newton-Raphson method art
approximately [ |

») n (b) n3 () 3 (d)
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39.

40.

41.

42.
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With usual notation which ofthe following if true for a decoupled model [
(*) AEwrH]Af (b) AOm[L]AI
Al V|
(c) APm[M]AV @ NP-M]

The tpeed of fast decoupled load flow method when compared to Newton-Raphson
method if [ 1

(@) Veruslow
(b) almost the same
(c) double the N-R method speed per iteration
(d) Five times the N-R method speed per iteration
Which o fthe following is true ? [

Bore KVA (%X)

(@) Short circuit KVA1 100

100
W ‘thoildrcuit” UrflloU * (%X)

(€) %Z- - «100

Which ofthe following is not true [ J
(@) In a feeder reactor protection, there if no protection for bus-bar fautls.
(b) In atie-bar system currcnt fed into a fault has to pass through two reactors

in series.
(c) Inring system of reactor connection the voltage drop and power loss sre
considerable.
The operator ‘a' is given by f |
{a)e«m™" (b) e""° (c) (d €
(a: - a)if given by | 1
<-) J fl (b) -] S Il> 17 ' (O n k
Phase voltages Et.  and E( are related to symmetrical components Vr V, and V3 then
which of the following is true ? ( )
(*) Vu >-J (E,+aE”aJEg (b) VA~A-E.+E"E,

(c) V,“" (Es + aEc) <d) +
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45.

46.

47.

48.

49.

50.

Objective Questions

For the solution of 3-phase star connected unbalanced load problem which method is

more suitable [ ]
(@) Symmetrical components (b) Directanalysis
(c)  Thevenin* theorem (d) Millman'i theorem

Ifl,. Ic and I,,, are star connected network sequence current components and I-(. 11
and In are delta connected network sequence currents for the same unbalnced network,

then | ]
(¢) Ktm~l N1 = <b> 'c'iV j'c
() 1,0-0 (d 1" lji

In case of star-delta connected transformers | ]

(@) There Is only a phase shift o f 90° between the sequence components on
either side

(b)  There is only a change in the magnitude
(c) There is change bo* in phase and magnitude
(d)  There is no change
The positive sequence impedance component o fthree unequal impedances Zv 7*and zc¢

is [ 1
@ A(Z.+azra'z) o) \(z, +a) +azg
(c) (Z,+az>+alzt) (d) (Z,+ alzi *azt)

For a single line-to-ground fault, the terminal conditions are ( ]
» V.-O; V««'0 <b)
() V ,-~y~;L4 -1¢c-0 (d) 1.-0;Vk-V,

For adouble line fault on phase b and ¢ ( )

3E.



51.

52.

53.

54.

55.

56.
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For «n ungrounded neutral, in case ofa double-line to ground fault on phases b

and c I )
t0 zT?v ) w °
(@) 0) only * correct (b)  (ii) only is correct

(c) 0)*ml (0 both correct (d)  both (0 and (U) are false

A 15MVA, 6.9 KV generator, star connected has positive, negative and zero
sequence reactances 0 f504,504 and 10%respectively. A line-to-Ime fault occurs
atthe terminals o fthe generator operating on no-load. What is the positive sequence

component of the fault current In per unit. ( 1
@ ~-jp.u (b) - 2jpu. (c) -05Jpu. (d) 05jpu.
What is the negative sequence component of fault current in Q.No. (I1)

( 1
(@ (-j 05-0.866) (b) (j 0.5-j 0.866)
(C) +jpu (d) (j 0.5 +0866)
In Q.No. (52) if the fault is a line-to-ground fault on phase a then, the positive
sequence component of the fault current in p.u. is [ ]
(@ +j09pu (b) -jO09pu (c) +jlOpu. (d) -j 0.866p.u.
The most common type of fault to occur is [ ]
(@) Symmetrical 3-phase fault (b)  Single line-to-ground fault
(c) Double line fault (d)  Double lino-to-ground fault
The zero sequence network for the transformer connection delta-star with star
point earthed is given by [ ]

) (b)

(©) (d)
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57.

59.

60.

61.

62.

Objective Questionwu

The negative sequence reactance o f a synchronous machine is given by
|

f*¢ +*1' Z"_:S_Q_’;]_\
) Iyv-ri, b I, 2 /

*Z_" *y . * \
© v 2 > @ i 1 2

A star connected synchoronous machine with neutral point grounded through a
reactance x, and winding zero sequence reactance x,, experiences asinglr line-to
ground fault through an impedance X The total zero sequence impedance is

( ]
() \>+S +*f (M *o+3x. +xf
(c) Xo+3x.+ 3x, (d S ™ +iM+x)
In case o f a turbo generator the potitvie sequence reactnce ( ]

(&)  Under subtransient state i« more than transient state but less than steady
state synchronous reacinace

(b)  Under subtransient state is less than transient state and morethan
synchronous reactance

(c) The transient state reactance is more than subtransient state reactance but
less than synchronous reactance

(d) The transient state reactane is less than subtransient state, but more than
synchronous reactance.

A synchronous machine having E m 12 p.u is supplying power to an infinite bus
with voltage 1.0 p.u. If the transfer reactace is 0.6 p.u, the steady stae power
limitis

(a) 0.6 pu (b) 10p.u (c) 2pu

A synchronous generator is feeding as infinite but through | transmission line. If
the middle of the line a shunt reactor gets connected, the steadystaie stability
limitwill ( |

(a) increase (b) decrease (c) remain unaltered

A synchronous generator is supplying power to an Infinite bus through a
transmission line. If a shunt capacitor is added near the middle ofthe line, the
steady state stability limit will [ J

(a) increase (b) decrease (c) remain mattered
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63. If lhe ihunt capacitor in g.no. (3) it shifted to the infinite but, the (lability limit

Wik (1
(a) increase (b) decrease (c) remain unchanged
64.  Which of the following is correct ( ]

(a) In steady stale stability excitation response it important
(b) In transient liability studies, excitation response it important

(c) Dynamic stability is independent of excitation system response

6$. Coefficient of stiffness is definet as [ ]
FV EV EV
@ — Cot* (b) («) -jf
66. For a step load disturbance, the frequency of oscillationa it given by ( )
I to6° I XJe* 1 I"6°
<e>"*757 (c)f- £ fe
67. Critical clearing angle for a step load change is [ ]

@bt* Carl[ (~ * “88) Co0,8*)]

(b) 5C* Cot'1" “-(«-JO -Cose.j

) 8{* Cot1{(~-(-2 8.)-a ,6 .|

68. If power is transmitted during the fault period on a double-line circuit with fault
as one ofthe lines the critical clearing angle 8Cit given by [ ]

P.(8— * »0)- iCoae. #PH .JCoa8M
(c)Co.B,- mVm P~ T p - —-
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69. In step by step method of solution to swing equation

(«)AB. -1 At
(D)A6, -G-8 i+ m«. - ir*
©ABe = o -J] -i" e
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