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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 
UHV 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.

1Л The Electrical Power System
ТЫ electrical power system is a complex network consi sting of generators, loads, transmission 
lines, transformers, buses, circuit breakers erc. For the analysis of a 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 К 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 of time 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. 1.3цяо the load tcrainab neglecting the rfaiat capacitances of 
the transmission line and magnetizing reactances of the transformers
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While the reactances of transformers and lines which are static do not change under 
уяtying conditions of operation, the machine reactances may change and assume different 
values for different situations. Also, composite loads containing )-phase motors. I-phase 
■solars, d-c motor*, rectifiers, lighting loads, beaters, welding transformers etc.. may have 
vety different models depending upon the composition of its constituents.

The control of a turbo generator set to suit to the varying load requirement requires a 
пкмкН 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 governor, 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 ол using Ohm’s law and KirchofTs laws.
Either e - Z . i
<* i « Y e

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 w ill be quite convenient.

U  Faults aad Analyse
o{ ,he notwoA performance under банк conditions requires analysis of a generally 

"“ ■■eed network aa an unbalanced network. Under balanced operation, all tlie three-phase 
are equal in magnitude and displaced from each other mutually by I20“ (elec ). It may 

be naaed that unbalanced transmission line ctmAgmtfion is balanced in operation by transposition, 
"■lancing the electrical characteristics



4 Pewer System A i i ly ib

Iindex 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.

1.4 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.

a and h are the terminals of a network element a-b. Vt and Vk ate voltage* at a and b. 
Vab is the voltage across the network element a-b. 
eab is the source voltage in series with the network element a-b 
Zy, is the self impedance of network clement a-b. 
j,b is the current through the network element a - b.

From the Fig.(l.4| we have the relation

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

c m — *
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l a tr*dMC<iQ"_________________________________________________________________ *
y>k if tike self admittance of (be network element »-t>

it the sowce current in pm lW  with the network element a-b
From Fig.( 1.5) »"* hnve the relation

* * *  ....<»• 2)
The series voltf«e “•,he impedance form and the parallel source current in the admittance 

(arm are related by the equation.
й 'У * * *  .... «-1»

A set of unconnected elements that s»e depicted in Fig.( 1.4) or( 1.5) constitute a primitive 
network. The performance equations for the primitive networks may be either in the form

l + J ' W i  .... (M )
or in the form

i * j - l y l x  .... ( I . J )
In eqs.(1.4) and (1.5) the matrices (z] or [y] contain the self impedances or self 

admittances denoted by z^ ̂  or у1ЬлЬ. The off-diagonal elements may in a similar way contain 
the mutual impedances or mutual admittances denoted by z  ̂— or ул  — 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,

1.5 Pew erSy itea  Stab ility
Power system stability is a word used In conaection with alternating current power systems 
deaoting a condition where ia, the various alternators 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 reswitchlng etc, occuring In the system continuously some 
«te ie or other may create blackouts.

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

At a first level, study o f these topics it very important for electrical power engineering
■ia

t
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2.1 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 of the network in analysis. However, far smaller networks node 
or mesh analysis is more convenient than the uae of graph theory. H may be mentioned that 
Kirchoff was the first to develop theory of trees for applications to electrical network. The 
advent of ĥ 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 J Definitions
Fitment о / 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
Уо4е ar Vertex : The terminal of an element is called a node or a vertex 
f  ilge : An element of a graph is called an edge
Degree : The number of edges connected to a vertex or node is called its degree



, A(J e|emeW is said to be incident on a node, 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 «he elements gives a graph. 
Kank : The rank o f a graph is n - I where n is the number of nodes in the graph 
Sub Grip*: Any subset of element* of the 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 ■ A graph is said ю be planar, if  it can be drawn without-out cross over of 
edges Otherwise it is called non-ptanar (Fig. 2. H.

C raph Theory_______________ ________________________________________________

Closed Palк or Loop: The set of elements traversed starting from one node and returning 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 of a 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.

(•) (b)

Fig. 2.1 (a) Planar Graph (b) Non-Planar Graph

<•) (b)
Г'Ч *•>(■) Po«**r system •mpe-hne degram (b) Powbve sequence network diagram
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Hg. 2.3 Onented connected graph.
2.3 Tree and Co-Tree
Tret: A tree is an oriented connected subgraph of an 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 t«odes of graph G. The branches of a 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

b we - I .... (2.1)
lie  is die total number of elements then the number of links I of a connected graph with 

hnuichcs b is given by
t- e - b  .... (2.2)

Hence, from cq. (2 .1). it can be written that
l- e - e + l  (2.3)

A tree and foe corresponding со - tree of the 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 tor tie  syatem in Fig. 2.3.

2.4 Basic Loop*
A loop is obtained whenever a link is added to a lice, which ii a closed 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(2 J). Fig. 2.S shows the basic loops for the tree in Fig. 2.4(a).

2-5 Cat-Set

A Cut set is a minimal set of branches К of a connec ted graph G. such that the removal of all 
Jt^eiiehes divides the graph into two parts It is also true that the removal of 1C branches 
reduces die rank of О by one. provided no proper subset of this set reduces the rank of G by 
one when it is removed from G.

Consider the graph in Fig. 2.6(a).

6

ф

Fig. 2.S Bade loops for the tree in Fig 2 4(a)
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The rank of die graph • (no. of nodes a - 1) ■ 4 - I “  3. If  branches I and 3 we 
removed two tub graphs a*e obtained u  in Tig. 2.6(b). Thus I and 3 may be a cut-set. Also, 
if breaches I, 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 be a cut-set In both the above cases the raak both of 
the sub graphs is 1 ♦ I ■ 2. 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 of the graph, removal of which cuts the graph into two parts 
h separates nodes of fee 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. Consider a twig of the Me. If  the 
twig is removed the tree is separated into two parts. A ll 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 of the 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 -I basic cut-sets of a tree are linearly independent

Now consider the tree in Fig. 2.4(1).
Consider node ( I )  and branch or twig I. Cut-set A contains the branch I and links 

5 and 6 and is oriented in the same way si brsnch 1. In a similar way С cut-set cut»#* bench
3 and links 4 and 5 and is oriented in the tame Erection as breach 3. Finally cut-set В  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-Mt for 9m tree in Fig 24<a)
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W orked Euuapka

} . l  Гог tfte artwork shown hi figure below, draw die graph aad nark a tree. 
How амшу trow wtt tbto graph have? M art the bask cutset! and baric 
loops.

Solatton :
Assume that bus ( I)  is the reference bus

R e. ЕЛЛ
Number o f nodes n - J  
Number of dements e - 6 
The graph can be redrawn as.

FIS- Е 2.Э
*>»* t A coanected subgraph coatoining all nodes Ы a graph, but no closed path is 

called a M e.
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e<>

© * ®  a
Fig. R 2 A

Number of branches И  - 5-1 - 4
Number of links - e-b “  6-4 - 2
(Sou: Number of links -Number of co-trees).

G>

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

U  Show the basic loops a ad basic cetacts far the graph shown M ow  and verify 
aay relations that e ib t between than. 
fThlte I -2-3-4 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 - I  -5 -1  -4
I - e -b - « - 4 - 4  

The four loops are shown in Fig.

The number of basic cuts (4) - auaiber of branchea b(4).
I J  Гаг 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 м  schedule (Aindamemai or basic)
A : 1,2 
В : 2,7,3, 6 
С : 6,3,5 
D : 3,4

2Л  Гог the power systems shown la flgare draw the frapb, a tree aad to 
co-tree.

Flfl.E2 .t1
Solution :

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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P 23 Dniw the graph for the network shown.

Marie basic cutset», basic loops and opea loops.

Queatians

2.1 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:
(I) Tree
(ii) Branches
(iii) Links
(iv ) Co-Tree
(v ) Basic loop

2.4 Write down the relations between the number of nodes, number of branches, number 
of links and number of elements.

2.5 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 netvwrtcs 
matrices nidi as bus impedance matrix, branch admittance matrix etc., using singular or non 
singular tractsforviatier)

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

The following incidence matrices are a f interest In power 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 —
Of these, the bus Incidence matrices is the most important one :

A R M
REESTR+fc С/. 9-

a
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3-1 Elem ent Node lacidence M atrix

Flemeni node incidence matrix A show» the incidence of elements to nodes in the connected 
graph The incidence or connectivity it indicated by the operator as follows :

"  I if the p“  element is incident to and directed «way from the q the node.
<**, “  - I if the p* element is incident to and directed towards the q the node.
оя  * 0 if the p^ element is not incident to the q* node.
The element-node incidence matrix will have the dimension exn where V  is the number 

of elements 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. 2.3 is shown in Fig. 3.1.

X .  « 
e

<0» 0) O)

1
2

1
1

-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
^ “ pq - 0; p - I. 2. _...Л .....(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.

J J  Bus Incidence M atrix

Ihe network in Fig. 2.2(b) contains a reference reflected in Fig. 2.3 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 Ли» im tdtnct matrix A. Thus, the dimension of this matrix is 
ет (n - I)  and the raak therefore be. a - I * b. where b is the amber of branches a  the 
graph. Deleting the column corresponding to aede (0) from Fig. 3.1 the bus-incidence matrix 
for the system in Fig 2 Д а) »  obtained This *  shown in Fig. 1.2.



incidence M atrices I »

buT <l> (2) (3)

1 -1
2 -1
3 И -I
4 -1
5 -1 +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 jubma trices Ah of the dimension bx <n - I ) and A, of dimension U (n  - I ). The rows 
of A„ corre^ond to branches and the rows of A , correspond to links. This ts shown in 
(Fig. 3.3) for the matrix in (Fig. 3.2).

"4\ ^ ^ b u s ^ (I) (2) (3)

1 -1
2 -1
3 1 -I
4 -1
S -1 1
6 1 -1

(1) (2) <3)

1
2 Ab
3
4
5 At
6

It
fII

Fig. 3.3 Partitioning of matrix A.

3.3 Branch • Path I ncidence Matrix К

Branch path incidence matrix, ns the name itself suggests, shows the incidence of branches to 
paths in a tree. The elements of this matrix are indicated by the operators as follows :

К и « I If  the pth branch is in the path from qth bus to reference and oriented in the 
i direction.

*-1 If  the pth branch is in the path from qth bus ю reference and oriented in the 
opposite direction

K ^ -0  If  the pth branch is not in the path from tbe qth bus to reference
* <>f the * у item »  Fig. 2.4(a), the branch-path Incidence matrix К ia shown m Fig. 3.4. 
Node (0) it assumed as reference.
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Fig. 3 A  Bfanch-Peth Incidence Matrix for network 
While the branch path incidence matrix relates branches »  paths, the sub matrix Ab of 

fig. 3..1 gives the connectivity between branches and buses. Thus, the paths and buses can be 
related by Аь К1 II *heie U is a unit matrix.

Hence K* = Ab 1 ___C3 J2)

3.4 Basic Cut-Set Incidence M atrix
rhis matrix depicts the connectivity of eleraents to basic cut-sels of die connected graph. The 
elcnicnis of the matrix are indicated by the operator as follows:

P,N I if the plh element is incident to and oriented in the same direction as the qth 
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 qth 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 В is obtained as in Fig.

,-tL e
Basic Cut-set»
A В С

1
2

1
1

) 1
4 1 1
5 1 -1 -1
6 -1 1

Fig. 3.5 BaacCut-aet incidence matox for the graph In 3 5(a) drawn and ahown
It is possible to partition the basic cut-set incidence matrix В  into two submatrices II,  

and (̂ corresponding to branches and link» respectively. For the example on hand, the petitioned
matrix is slmwn in (Fig. U )
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4 b
e ^ 4

Basic Cut-sets
A В С

1 1
2 1
3 1
4 1 1
5 1 -1 -1
6 -1 1 0

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 of branches 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 * Ab°
Substituting this result in equation (3 .1)

В ,я A, 1C’ .... (3.5)
This is illustrated in Fig. (3.6k

0 I I
1 -I -I
-I I 0

Fig. 3.8 Illustration of equation A, № = 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 
■WWiDti are shown Basic Loop incidence matrix С «hows the incidence of the elements of 

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

I if Ле pth clement « iacident to and oriented in the same direction as the qth 
basic loop.

Bask Cut-ten

B,
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Ущ ”  -• if the pth element is incident to sad orieated in the opposite direction as the 
qth basic loop. 

ym - 0 if the pth element is not incident to the qth loop.
The basic loop incidence matrix has the dimension с « I and the matrix is shown ki

Fig. 3.1.

D Б 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. ЗЛ 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
e n .

Basic loops

1 1
2 -1 -1
3 И 1
4 1
5 1
6 1

X Basic loops

1 Cs

I 4

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 Perform ance 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 . ____ma> be thej, Klual configuration, network analysis it performed either by

method. In ca* of power system, generally. .*ch node *  also a bos Thus, 
./frame of reference the performance of the power network is described by (H )

1,1 Г *  . -  м ы  equations, where n ■* the total number of nodes In the .mpedancc form the 
«Г-non, following Ohm's law will be

V =17.*^) luus ....<3 6)
, V Vector of bus voltages measured with respect to a reference buswhere* » bus

Г BUS “ Vee*or of imPressed bu» curTenU 
[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

\1иж\ “ p) 
(3)

( I )  (2 )  0 )
z i i  *u  * i i

zn *a *»
Zj, Zj j z ,,

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

ieus * ( Y * J  V BUS _.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

m u b- VM - [Z m IJm  - .(3 .9 )
detenbe network performance, la the admittance form

I*  -C Y elV », .... (3.10)

I м  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 driviî  

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 I independent loop equations where I It the number of links or basic loops. In the 
impedance from

Vi<«» -|ZLQ(lp1.liaar

and ia the admittance form

lu x »- [Y loupJ.V loo»

V u x » * Vector of basic loop voltages

a
Inn# Vector of basic loop currents

IZuw rl - Loop impedance matrix

I Yu<)f] - Loop admittance matrix

..(3.11)

..(3.12)

3.7 Network Matrices
It is indicated in Chapter • I 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

l-Y .e
can be used depending upon the situation or the type of problem encountered. 

In network analysis students of electrical 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



S fcg u to rW fo n ^ tio n s
______ ujed commonly in power syttem analysis that can be obtained

ф  Bus admittance matrix 
(D  Bus impedance matrix
Я ) Branch admittance matrix 
(lv ) Brandi impedance matrix
(v ) Loop impedance matrix
(vi) Loop admittance matrix

3.8 Bus AJm ittaece M atrix and Bus Impedance M atrix
The bus admittance matrix Y K !| can be obtained by determining the relation between the 
variables and parameters of the primitive network described im tection (7 I) to bus quantities 
of the network using bus incidence matrix. Consider eqa. (13).

Matrix A shows the connections of elements to buses. [A1] i thus is a vector, wherein, 
each element is the algebraic sum of the currents that terminate at any of the buses. Following 
KircholT* сипел law. the algebraic sum of currents at any node or bus must be zero. Hence

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,

i+j-[yb>
Pin multiplying by [A*l. the transpose of the bus Incidence matrix 

[A 1] i ♦ IA'1 j - А '[у]й (313)

[a t  i - о .....(3.14)

iaua-lA ’ f i  
Substituting eqa. (3.14) and (3 .IS) into (3.13)

laus- lA ’ llylo 
In the bus frame, power in the network is given by

[iaw’j'VwH-P*,
Power in the primitive network is given by

(3.16)

(3 .IT )
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Power must be invariant, for transformation of variables 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 .....<3 »9>

Conjugate transpose of eqn. (3.15) gives

I'laus'r - U 'fA *  ..... (3 J0 )
However, as A is real matrix A » A*

[ W f  -U*)1A ] ..... (3-21)

Substituting (3-21) into (3.19)

0*)'[А]. Укя-О*)^ ....
Le- lA ]Vuus=o ..... (3-23)
Substituting eqn. (3.22) into (3.16)

lM  * [AT M [AJ VM  .... (3-24)
From eqn. 3.7

jM  “ lYeusl V «u  ......t3-25*
■ ■----I КПСС

C^eL*! “  CAT ty| [A J ..... (3 26)
О ке  IYbus] is evaluated from the above transformation, (2 ^ ) can be determined 

from the relation

J W Y ^ - l l A ' l l y l A J  Г  .... (3-*7>

3.9 Branch Admittance a ad 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 В1
щ ч + т з - д о м  о — (3.2*)



l h  clear that Ае т лях  [В ] «how» Л* incidence of elements to baste cut-tets.
E a c h  element of the vector (B'J i it Ac algebraic turn of the currents through the 

^  c0(V)ected to i  basic симс* Every cut-tet divide* the network into two
' W ^ L  wb networks Thus each element of the vector (ВТ i represents the algebraic sum 
rfii.« « re n ts  entering » „«work wt~h -«si be zero by KirchofTs law.

Hence. [ В Ц - 0  „...(3.30)

V I j it a vector in which each element is the algebraic sum of the source currents of
»e ______- incident ю the basic cut-set and represents the toul source current in parallel with
a branch.

[ B l ' j «  j M (331)

*erefore, 1*а «= [B* ][y|u — 43.32)

For power invariance.

r.'-v».]'*» ...<*-»>
conjugate transpose of eqn. (3.31) gives j* ‘ [B ) * - i Substituting this in the 

previous eqn. (3.32)

(j)** [В]* V ва -СГУй 
As (В ) is a real raatrix [BJ* • [В ] .....(ЗЛ)

Hence. (Г Г [В ] У ш “  ( j ‘ )'«  ....<3.35)

0-e) v> [B ]V M ...43.36)
Substituting eqs. (335) into (3.32)

(■a - [B ]'(y j(B lV *  .... (3.37)
However, the branch voltages and currents are related by

\m  -[Ym .I.Vp, .... (3.38)
comparing ( J J7 )  and (3J8)

Г^ж ]- [В Г М 1 в ) ....(3.39)
^ ^ • ■ ce . the baaic cutset matrix [B) is a singular matrix the transformation [YM) is a 
^P*f*nw form atioti of [yj. The branch impedance matrix, then, it given by

И * , - [ Y „ ]  '

fZIi a - ' ( Y ] i= ( lB , Iy H B ]} '' (3.4M



3.10 Loop Impedance aad Loop Admittance Matrices
The loop impedance matrix is designated by fZ, n|[11. The basic loop incidence matrix [C] t* 
used to obtain [Z ,^ ) in terns of the elements of the primitive network

The performance eqaation of the primitive network is

o + c - [Z ]i .... (3.41)

Premultiplying by fC*] v

fC ]'M + [C ri- [C f[2 li .... (3.42)

As the matrix [C ] shows the incidence of elements to basic loops, [С ] й 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, [С*] и ”  0. Also [С*] ё gives the algebraic sam of source voltages around each basic 
loop; ao that.

V u *r «[C 1]» .... (3.43)

From power invariance condition for bo* the loop and primitive networks.

(lioor * ) '.  Vuaof - (Г ) 'i  .... (3.44)

for all values of «.

Sabatituting Vux» ftom e4n (3.43)

(iu x » * )' [С')ё-П‘Г« .....(3.45)
Therefore,

i« [C *]'iu x »  ..... (3.46)

However, as [C ] is a real matrix [C] • [C*]

Hence, 1” [Срцхх> ..... (3.47)

From eqns. (3.43). (3.45) A. (3.47)

V u » - lC * ][2 ][C liu » . .... (3.41)

However, for the loop fam e o f reference the performance equation from eqn. (3.11) •* 

V u »  m(^uK»Vuxr .... (3.49)

J>____________________________________________________ Power System A nalyst»
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comparing (3.48) &  (3-49) equation
[W  “ Iе ! W lc> -ХЭ.К»L ,  singular matrix the transformation eqn. (3.50) is a singular transformation

of [*)
The loop admittance matrix is obuined from

[Ytoorl “  l^ u » ] “  UCr 1*1 [CD- ... (3.51)
Summary of Singular Transform/atoms

W"1 - M
[A‘] (y| [A ] - (Yguj):

I W  ■ Ы
(ВТ [у] [B J«  [Y M ); 

i v * r ' "  IZ *  1
[CT [Z] [C] - [ZujoJ ;

I W ' - l Y u J

3.11 Bus Admittance M atrix by Direct Inspection
Bus admittance matrix can be obtained for any network, if there are no mutual impedances 
between elements, by direct inspection of the 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 
_ шх* in Mriee with the impedance The three transmission lines are replaced by theirêquivalents"
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Wg. J.11
The equivalent circuit ii further simplified as in the following figure combining tto 

shunt admittance wherever feasible.

Pig. 1.1*
The three nodes are M voltage V,,V} and V3 respectively above the ground. The Kirchofl'i 

nodal current equations are written as follows :
At Node I :

At Node 2:
....(3.52) 

.... (3.53)



* „ work Matrices 

At Node J :

“ (V, - V ,)Y ,+ (V j- V j)  Y , - Vj Yt 
Re -„„g ing  the terms the equation* will become

ц . - У | У , ^ , ( У , * У , . У , ) - У 1 Y ,
Ij ”  V, Y j + V j Y#- Vj (Yg ♦ Yf + Yj) 

The last of the above equation! w y  be rewritten u
- lj “ ~V, Y, - v j Y9+ V ,(Y 6+ Y, +■ Y ,) 

Thu* w e get the matrix relatiomhlp from the above

W ^ + Y t+ Y ,) _ Y » “ Y*
- Y , (Y ,4 Y ,^ Y ,)  -Y,
-Y , -Y , (Y4 + Y, + Y ,)J

r

1.
ж

V,'
• Vj

r

J l

....43.54)

...43.55(a))

....(J5S<b))

.... (3.55(c))

.... (3.56)

.....(3 J7 )

It may be recognized that the diagonal terms in the admittance matrix at each of the 
nodes are the sum of 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 в  the negative sum of the off - diagonal elements The matrix can be written 
easily by direct inspection of the network.

The diagonal elements are denoted by

Y „ - Y 4+Y ,^ Y ,
YM » Y ,* Y T+Y,
y » « y 4* y ,+ y ,

and ..(3.58)

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

using 
«lied  mutual
rewritten i

y ,2- - y ?
Y » — Y, 
Y „ — Y, 
Y j,— Y, 
Y j r - Y ,  
Yj j  - -Y,

denoting die 
or transfer

.(3.59)

across which the admittances exist. They are 
Thus the relation in eqn. 3.91 can be



32 Power S y i f a  Ao«u.

1. ■ Yu V» V.» v,-
h 3 Y1( Ya Ya • V,

- ь . YM v « «Ч V ,.

I i ■[*«*]• v«

■—-(3.6

(3.61)
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

■ О Ь2)
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Worked Example*

__ ,w* In flgurt form th<
K b d M  m atrli К  *nd loop Incidence matrix C.

r  » , P .r  the network .bow. In figure form the bu. Incidence matrix. A. braack 
| M  rOT1* *  w  __ . v  штл  Lnjui incidence matrix C.

Fig- ЕЛ.1
Solution :
F o r  th e  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
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(1) Bus incidence matrix
Number of buses • number of nodes

A-

e (J) (J) («) <»>

I -1 0 0 0
2 1 -1 0 0
3 0 1 -I k 0
4 1 0 -1 0
5 0 0 1 -1
6 0 0 0 -1

Flg. EЛА

00 Branch path incidence matrix (K ) :

®9---------------T

*
Ф

/7j>©

/
/ / /

Fig. B M  Branchea and th* path*



N ttwork М м П сг'

<S)

-I

Fig. E.3.7 Branches and the paths

(»i) Basic loop incidence matrix С :

Fig. E 3.1 Branches and the paths

I U  Form the VBW by usisg singular transformation for the network shown 
ia Fig. iaduding the generator buses.

a
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Solution :
ТЫ given network it represented la admittance form

[-JJO
--- nnramfwr-

K-j4 U

'ШГ'-ШГ--j«o

Fig. E.3.10 
The oriented paph is tow n in Fig. below

l - J J O

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



Network MetrUet _

^  element node incidence matrix is given by

i l

e\n 0 1 2 ) 4

a + 1 -1 0 0 0
b 0 4-1 0 >1 0

■ с 0 0 -1 ♦ 1 0
d >1 0 -1 0 0
e 0 0 ♦1 0 -1
f 0 -1 0 0 +1

Bus incidence matrix is obtained by deleting the column corresponding to I 
reference bu*

eVbJ 1 2 J 4

a -1 0 0 o '
b 4-1 0 -1 0

A- с 0 -1 ♦1 0
d 0 -1 0 0
e 0 4-1 0 -1
f -1 0 0 4-1

b\«J a b с d с f

1 -1 1 0 0 0 - f

1< 0 0 -1 -1 1 0
3 0 -1 1 0 0 0
4 0 0 0 0 — 1 1

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

a b с d e f (1) (2) (3) (4)
aГу. 0 0 0 0 0 -1 0 0 0
b 0 У» 0 0 0 0 1 0 -1 0

M  [A] - с 0 0 У. 0 0 0 0 -1 1 0
d 0 0 0 У* 0 0 0 -1 0 0
e 0 0 0 0 У. 0 0 1 0 -1
f 0 0 0 0 0 y* -1 0 0 1

t
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ly lfA l -

5 0 0 
-2.5 0 2.5 

0 4 - 4  
0 5 0 
0 - 4  0 

2.5 0 0

0
0
0
0
4

-2.5

(1)
Yeus-IA riy llA ] - (2 ) 0 0 - I - I I

(3)

- I I  0 0 0 - 1

- I I  0 0 0
(4 )[ 0 0 0 0 -1 1

2
-2.5

0
0
0

2.5

0 -

0 2.5
4 -4
5 0 

-4 0

0
0
0
0
4

0 -2.5

-10 0 2.5 2.5
0 -13 4 4

2.5 4 -«.5 0
2.5 4 0 -6.5

E 3J  Find the Y B,,S » in g  lingular traniform atioa for the lyitem  ikown in 
Fig. E J.S .



A tree and t  co-tree are identified »s shown below
7

Fig. E.3.15
The element mode incidence matrix A is given by

(0) (1) (2) (3) (4)
I -1 1 0 0 0
2 -1 0 1 0 0
3 -1 0 0 1 0
4 -1 0 0 0 1
5 0 0 0 1 -1
6 0 0 -1 1 0
7 0 1 -1 0 0
1 0 0 -1 0 1
9 0 -1 0 1 0
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The bus incidence matrix is obtained by deleting the first column taking (0) node 
reference.

0 I 0

Given ty)1

[Y g J  -A '[y ]A

M [A ]-

Ую 0 0 0 0 0 0 0 о' 1 0 0 о'
0 У» 0 0 0 0 0 0 0 0 1 0 0
0 0 Уи 0 0 0 0 0 0 0 0 1 0
0 0 0 У « 0 0 0 0 0 0 0 0 1
0 0 0 0 Ум 0 0 0 0 0 0 1 -1
0 0 0 0 0 У» 0 0 0 0 -1 1 0
0 0 0 0 0 0 Уи 0 0 1 -1 0 0
0 0 0 0 0 0 0 Уи 0 0 -1 0 1

. 0 0 0 0 0 0 0 0 уз - I 0 1 0.
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Ум 0 0 0
0 Ум 0 0
0 0 Ум 0
0 0 0 Ум
0 0 Ум -Ум
0 -у» Уа 0

Уп -Ун 0 0
0 -у» 0 Ум

-у» 0 Ун 0

1 2 3 4 5 6 7 S 9
0) 1 0 0 0 0 0 1 0 -Г
(2) 0 1 0 0 0 -1 -1 -1 0
(3) 0 0 1 0 1 1 0 0 1
(4) 0 0 0 1 -1 0 0 1 0

Ую 0 0 0
0 Ум 0 0
0 0 Ум 0
0 0 0 Ум
0 0 Ум -Ум
0 -у» У» 0

Ун -Ун 0 0
0 -Ум 0 Ум

.-У» 0 Ун 0

Ya,„-
(Ую + Уи^Уп) -Уц

"Уц (У» + Уи+Уп+Уи)
“ Ун -Уа

0 -у*

-у !3 О
-У» - у»

(Ум + Уи+Уа+Ум) -Ум
-Ум (Ум *Ум * 1»),

Е3.4 Dcrlvr ап expression for for lb* oriented graph ikown betew
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Solution :
Consider the tree and co-tree identified in the Fig. shown

Ф

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

e 1 A В С D E F a
1 1 0 1 i
2 1 1 1 i
3 1 1 0 0
4 1 0 0 -i
5 1
6 1
7 i

fUb 40 U.J

The basic loop incidence matrix

C -

« 1 E F 0
I 0 1 1
2 1 1 1
3 1 0 0
6 0 0 -1
4 1

f— ‘ i
7 1

-[Ct|[Z ][C J

-ь Ц Ь  Ж )
l * h j -  cLfZbbJĉ  +(z*)c> +cL(z«Mz.l



«1
, t r k __________
---  —  _____ Ю form the augmented loop incidence matrix for thb problem
s °“  ^jyloop incidence matrix suffioes].

. c , « h e  iy .t«*  *"°»n n*ure obU‘n V« *  ЬУ IBi',c t‘ion me" 'od Teke 
bo. О ** reference. H it Impedance marked .re in pa.

Sol»*»" •

Pig. EJ.18

(2)
Y « * -

(3)

j0.5 jO.l 
1

"jO.l

1
~ JO.» 

JO.I j0.4

, (2>
(3)

(2) (3)

T-JI2 ♦jlO] 
[ J O  -JI2.5J

E 3.6 C oaiider 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 #l , by singular transformation. 
Compute the Y i t I  also by inspection.
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Уп "  У» “  3 (2.94 - j 11.75) + 3 (j0.02) 
- $.82 - J 35.25+j 0.006 
У,, - y „- f* ^ 2 - J 35.19] 

the off diagonal elements are

У01 "  У|« "  ~Ув| “  “ 2.94 + j 11.75 

У » “ У «- (-У ю )- °
У«а “  У »  “  (~Уез) “  ~2-94 + J  1 1 7 5  
У »  "  У »  •  (“ Уд ) *(-в .® 4  + J  >1.75)

Уи " У » -(-**♦ J "  7«

5.88-j23.46 - 2.94+ jl 1.75 0 - 2.94+ jl 1.75
- 2.94+ jl 1.75 8.82-J35.19 - 2.94 + jl 1.75 - 2.94 * jl 1.75

0 - 2.94+ J11.75 5Л8-j23.46 - Z94 ♦ jl 1.75
- 2.94+ jl 1.75 - 2.94+ jl 1.75 - 2.94 t-Jl 1.75 8J2-j35.l9

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 I 
aad 3 reactances of which arc JO.2 and JO. I respectively. The traasmisslon 
lines are connected between buses 1-2,1-4,2-3 aad 3-4 aad have reactaaces 
J0.25, J0.5, J0.4 and j  0.1 respectively. Fiad the bus admittance matrix (0 by 
direct Inspection (Ц) using bus Incidence matrix and admittance matrix.

Solution :

Ф
Q -------
J0.2 L

j0.25

JOS

-1________i± L 0»

Ф
u r

— ©  
jo.i

Fig. E.3.20

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



Network

Fig. E.3.21

Only the network reactances are considered. Generator reactances are not considered. 
By direct inspection:

0 ) (2 ) (3)
(4?

J • t  Г 1 о i

/0 .2 5  / 0 .5 J O *  L /o .s

2
1 1 F 1

0
/ 0 .2 5 7 0 .4  / 0 .2 5 / 0 .4

Л f
J L * J _

1
J V

/ 0 .4 > 0 4  / 0 .1 yo. 1

g I A I » + i4
. 1 9 :?

U

7 9 1 yo .i yo.s

This reduces to

0 ) (2) (3) (4)
1 -J6.0 >4.0 0 /2.0
2 /4.0 -J6.5 /25 0
3 0 /2-5 -/12.5 /10
4 + /2 0 /10 -/12

Deleting the reference bus (1)

(2) (3) (4)
(2) -/6.5 /2.J 0
(3) /2.5 -/12.5 /10
(4) 0 /10 -/12.0
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By lingular transformation 
The primitive impedance matrix

И
1

>25
0
0
0

2
0

JO-5
0
0

0
0

j0.4
0

4
0
0
0

JO-1

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

(У И
3
4

I
- J4

J2
-J2.5

The bus incidence matrix is from the graph

-jlO

(2) (3) (4)
1 -1 0 0(N1< 0 0 -1
3 + 1 -1 0
4 0 -1 +1

and y.A-

J4 0 0
0 0 j2

-ja.5 J2.5 0
0 JIO -jio

A«yA-
- 1 0  1 0
0 0 - 1 - 1  
0 -I  0 I

/4 0 
0 0 

-/2-3 /2.5

0 
/2 
0 

/10 -/10

-/6.5 /2.5 0 
/2.5 -У125 /10 

0 /10 -/120



Г^шагк М<ЧПс“  -------------------------------

В J J  for the system ik » "  tn n* ur* for m v ns-

49

Fig. E.3.22

Solution
Solution is obtained using tingular transformation
The primitive admittance matrix is obtained by inverting the primitive impedance as

1 2  3 4 5
10 0 0 0 0
0 6.66 0 0 0

[y]»' 0 0 6.66 0 0
0 0 0 - 0.952 2.3S1
0 0 0 2.(31 -0.952

Fig. Е.Э.21
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From the graph shown In figure the element-node incidence matrix is given by
e\node 0 1 2  3

1
2

A * 3
4
5

-1 0 ♦ 1 0
0 ♦ 1 -1 0
0 4-1 -1 0
0 -1 0 >1
0 0 -1 + 1

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

(1) (2) (3)
1 0 >1 o '
2 +1 -1 0
3 +1 -1 0
4 -1 0 ♦1
$ 0 -1 +1

w -

10 0 0 0 0 ■ 0 1 o'

0 6.66 0 0 0 1 -1 0
0 0 6 66 0 0 • 1 -1 0
0 0 0 -0.952 2.381 -1 0 I
0 0 0 2.131 . -0.952

0 -1 1
m3

The bus adminance matrix is obuined from

■b u s ■A'у A

0 +1 +| -| 0 
+1 -I - I 0 -I 
0 0 0 +| +1

0 10 0 
- 6.66 0 6.66

0 -  6.66 6 66
1.42 -1.42 0
1.42 -1.42 0

9.5)8 -2.858 -6.66
в -2.8580 19.51 -6.66

-6.66 -6.66 13.32



Problem*

P3 j Determine for the following networt using basic loop incidence matrix

J 0l5

jO.J j O J

/ JO . J 4
Fig. P.3.1

Ф

P 32  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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Questions

3.1 Derive the bus admittance matrix by lingular transformation

3.2 Prove that - K1 ZBR К

3.3 Explain how do you form YWJS by direct inspection with a suitable example.

3.4 Derive the expression for bus admittance matrix in termsof primitive admittance 
matrix and bus incidence matrix.

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

3.6 Show that Z ^ ^  m О  [z] С

3.7 Show that YM - В1 (у) В where (y) ii the primitive admittance matrix and В is the 
basic cut set matrix

3.8 Prove that Zgg “  AB Z ^ j ABT wiih usual notation

3.9 Prove that Ygg - К 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. Л. В. С, К 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 sy stematically 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 governs the performance of a network is

V * *  •»(Z mr41.l»i>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 

^ Р ии I It considered. Further, this element having two terminals connected to two nodes
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tay ( I)  and (2) w ill have one of the terminal! as reference or ground. Thus if node ( I)  it the 
reference then the element will have its own self impedance at ZBU%. When wa connect any 
other element 2 to this element I , then it may be either a branch or a link. The branch is 
connected in aeries with the existing node either ( I)  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<

(a) Branch

<Z>

2

t o
I ®

(b) Branch and Link

Flfl. 4.1

In this case no new bus is formed. The element I with nodes ( I)  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 of the element added either as a branch or as a 
link. The terminals of the 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

I T
ф Ф

T
A ©9 ®

Brandi

6(E)
ADDITION OF A BRANCH

l Ref. BUS

Plfl. A2
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LgalH atEqn.(4.l) ^
V n * “ [Z^ j j I Isus

in the partial network [Z ^ J will be of [m « m) dimension while Vnw tn J 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 „  Z „  ... Z ^  
Z j, Z a  -  Ъы

hi ••• •••
•••• •••• '

•и ••• •••

V
I]

••••
V

....44.1)

.Z*i £ .]. ZM

4.2 Addition of a B ru ch
Consider an element a-b added to the node (a) existing in the partial network. An additional 
n°de (b) is created as in (Fig. 4.4)

PARTIAL NETWORK

Г П
Ф ®

Branch added 6 ®

< i® I 6 Rtf. BUS

Fig. 4.4 Addition of a Branch.
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The performance equation w ill be

V.

z „ z „ ... Z|, ... Z )a ] z * I . '
Z j, Z ]J ... Zu  ... ZJm j Zrt h
HI • •• • •• ••• 1И ••• | •••

^»i Z , j ... ZH ... Zm ] 
i

л ;  ZM ... *zh ... z'^ | zw Л .

•(4.2)

The last row and the last column in the Z-matrix are due to the added node b
.............. where i * 1,2..................m for all passive bilateral elements.

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

Calculation of Mutual Impedances
It is required to find the self and mutual impedance elements of the last row and last column of 
eq. (4.2). For this purpose a known current, say I * I p a  is injected into bus К 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
V *2Iklk

V. -z*ik

V-'■zT«k

v>-z*it

,(4 .3 )
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Since I» i* selected as I p.u. and all other bin currents are zero.

Z*can be known setting I*-10. from the measured value of Vv

V,
V,

1 Zfk 
1 Z2k

v . - z *
• • «N M fM ttH N I

V . - z *

v b - z *

(4 .J.)

We have that

Also,

Vk-V .-ert

р*1 [y*-* 1M  
L '« * J  1у ч - *  У-Г-ЧГ J L*»» J

....(44)

....(45)
yn-w Jle

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

partial network

У«ц*‘ «■»?«•• ®ГУ*н*
Уху»» "  primitive admittance of the partial network 

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

It is clear from the (Fig. 4.5) that

U - 0  ....<46>
But, ел  ii not icro, since it may be mutually coupled to some elements in the 

network.
Abo,

e «V  -V«> » Tr .(4.7)
'•here V t and Vy are the volmges at the buses x and у in the partial network. 
The current in a-b

'*- У .м ь« *+ У «к-» .(44>

t
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From equation (4.6)

У Фч

Уф ф

substituting equation (4.7)

(4.9)

..(4.10)
" W V .  - Vy)

*ф “ ------- -------------

From equation (4.4)

y *- .v (v .- v r ) vk-  v ,+-± a   ....44.11 >
Уф -ф

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

zM. z ^
Уф-ф

i *  Ц2,— ,m; i * b
.(4.12)

Calculation of self impedance of added branch Zrt.
In order to calculate the self impedance Zьь once again unit current lb * 1 p.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*lb
V, ■

«*>м«»инщ

V. -z*«>

V.
V,



F  ig 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)
д|®, i*  “  “ I* “ -I ....(4.14)
From equation (4 J)

But
Therefore

Hence

I*-

e«r ■ V, -V ,

“ У^ь е«ь + У - ^ (у . - у у)

-| + W V . - V > > .....(4. IS )

N o if  V » - V r - Z rtlb-Z^ I»

■ (Z - b - V 'b  
■(2,ь-V

substituting from equation (4.16) into (4.15)

-l« + w z , k-z*)]
e  -----------------------------------------------------------—

*  У*-*
From equation (4.4) Vk - V, - ел

Therefore у  -V  ♦ +
ь '  Уф-л

Уак- ф ia the K lf admittance of branch added a-b also

У*-п » the mutual admittance vector between a-b and x-y.

.....(4.16)

..(4.14a)
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V  2*1*.
V i- Z ^ L  
1* - 1 p.u.

Hence. 

Special Cases:

-Zy>)
У*-*

..(4.17)

If there is no mutual coupling from equation (4.12)

ZУф -ф

And since Ул-шу =®

with

1 ът2ш\. i ’  U ................m: \ * b

From equation (4.17)

IZbb*
If there is no mutual coupling and a is the reference bus equation (4.12) farther 

reduces to
with z* “ °  1*1Д................ m ; l*b

2ы“ 0
From eqn. (4.17)

z *- o
and 2ьь“ 2*ь-»к-

4 J  Addition of a Link
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Consider the P**'»1 «*twortl *hown in <F*  4 7>
Consider a link connected between a and b u  ihown.
The procedure for building up ZBUS for the addition of a branch is already developed 

the «ame method will be used to develop an algorithm for the addition of a link. Consider 
Nf,cilnous node I between a and b. Imagine an voltage source V, in series with it between I 
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 
V, ■ source voltage across l-b - e,b 

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

E bus"  12в « )-lew
once again the partial network with the link added

■•■(4.11)

I 2 i a ... m 1
V ,' 1 Zn Z ,i ... Z.I ••• Z,. ... zta z* 1,
V2 2 Z j i Za ... 4 ••• Zu ... Z „ Zn ll
... ... — .- ... ... ... M.
V, i Z„ Z,, ... z. Z „ ... Z . Z„ 1,s ... •
V. a Z „ z„ z,, ••• ZM M< Z - Z „ 1.
V . m Z-, z .a ... Z . ••I z „ ••• Z«.

...
Z „ L

. V / Lz„ Zn ... z„ z* ... z*. Z ,. ,'r

..(4.19)

Also, the last row and the last column in Z-matrix are due to the added fictitious node I.
vt “  V, - Vk ....(4.20)

( ak*btto* of Mumol Impedances

||»,*и!!!!ПеП| ^  'П *encrl1' ctn be determined by injecting a current at the ilh bus 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

V Z J ^ k -  Ы ..........................■«" ...44.21)
V/- ZA I, ...44.22)and
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Letting I, “  1.0 p.u. Zf, 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 î  - 0
Treating «-I as a branch, сигтет in this element in terms of primitive admittances 

the voltages across the elements ' 1

Where

У »/-»> *•* * *  "«Ли»1 «dmittances of any element x-y in the partial network with respij 
to al and is the voltage across the element x-y in the partial network.

BuC - 1л  - 0
Hence, equation (4.23) gives

Note that 

and

Therefore

Уы-ы 

Уу-*“ УгЬ+Ь 

Уч-Ж, • У+-Ч

У ф-шу*Чvr v.-\*  * —Уф-ф

0л.)

since

Also,

zj,- y+-yv«-vr
У*-*

I, - 1.0 р.и.
i- l ..........
1 *1

, т

C t, -  V , -  V ,

Z * - Z . - Z * *
* Уф л

Thus, using equation 4.20 and putting I, • 1.0 p.u.

i ■: 29)



g n llJ M
r , ^ ( z . - z r j

у ф .

4 i

....44.30)

l - U -  
I#/

, m

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

емс be calculated

C om p**™  o f M  in equal ion (4.30) Kma.ns 10 be computed For this
N o w .  #>e value of V  .  ^  ,  unit current is injected at bus I and the voltage with

22ГЛ55 «*H«d * bu* '■since “M оЛетbM cmtna ,rc "ra

Bu

Ref BUS

I, - 10 p u

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

V *k » fc  k “ ' -2................ m
*lm Zl, •/

. .. .4 4 .3 1 )  

.......(4 .32 )
I , - 1 p.u.--iw ....4 4 .3 3 )

Пк current 1̂  in terms of the primitive admittances and voltages across the elements

--1
Again, i

У*-«* “  У».., and

W  у*,*,
rT* ". fromeqn. (4.34)-|

....44.34)

....44.35)

....44.36)

V */ et/ + y^»v«»r

t
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-<•♦ У*-,.»«*)I — '

Substituting
« “ V -V"«» ’ * 'jr

Z«i "  Zyi • I
* ^  - Zy, (*inc* •, ”  10 P " )

* + У ~Zn)l„ “ zw - zb, +
y*-* n. »

Cue (i) : во mutual impedance
If there i* no mutual coupling between the added link and the other element! la J  
partial network

y»b-«v are *11 “ fo

I
У*-.ь

Hence we obtain

h  ’  Z* "  Z*.: • “ 1. 2.............. «"
i K l

“  Z* - Z,,, + гаЬ-»Ь

Сам (U) : no mutual impedance aad a ia reference aede
If there is no mutual coupling and a ia the reference node

....(4.Щ

....<4 40

...(4.41

Also

Thus all the elements introduced in the performance equation of the network 
link added and node I 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* I 

Prom eqn. (4.19)



вшЧ<и*£

*5

Vaut

* Z„l.

..(4.44)

- 0  (,ince the source is short circuited) 

Saving for I, from eq-tion (4.45)

Inn

Ш Ш
5ub*tituting In equation (4.44)

Z.,2 ,
V ^ - P k js I Ibos- — -l»Ub

..(4.45)

..(4.4*)

Zbui
Zw-Z, ..(4.47)

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

From equation (4.47) w« obtain

Zpm (modified) ■ Zeus(beforeadditionof link) -
/

1 for any element

Z„(rodified)-l Z l̂beforeaddition of link - z„z
‘] -

(4.41)

*‘”™ 9‘ CfEUmtnb »  Change* m Element

b> addfcJfc ' l̂ * lo f*e *,em*mfro,n 4nc<«ork The modified impedance tan be obtained

,m°ed «ea  to be removed!h* ,lemenl * link’ Wh°* *  ,mPed4nce ls C4U»; to 'he negative Ы the

^  ® sifnilgf manru-r if  .
^P^tnefmttrixobtame^L am mpi“ Ke of Лс cl«nicnt is changed, ihcn the modified

of the two eiernenu i s d  With thc c!emcnl that the i^uivtleni

t
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PARTIAL
OR

FULL NETWORK

©

©

pa r t ia l

OR
FULL NETWORK.

- _____

к

NETWORK

T

(?)

Fig. 4.9 Removal or Chang* m Impedance of an Element.

Z „ changed to 24

J ____L  + _ L
Z n 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 Removal or Change in Impedance of Elementt with 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* if lf l 
impedance of the element can be studied by contidering these changct in the bus cur

The basic bus voltage relation it

Vaus - ( г * * ] ! cut

with changct in the bus currentt denoted by the vactor Aiaui the modified * 

performance relation will become
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It is detired now to calculate the impedances
guiHU"* '

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

^  „ M l  method is to injec. a known current (say I p.u) a. the bus j and measure the

voltage at bus !• _ - ,nthe ne,work Let the element be coupled to another clement
C ^ T e n  I f  n o w  the element р-я is removed from the network or .is impedance is 

m the bus currents can be represented by

Д1,-Д1„ 
A l,- - A i„  
Д1, ■ Al „
Д1.--Д'п

.(4-50)

“<

- • Ф

© •

Fig. 4.10

Inject a current of I p.u. u  аду j*i bus
lj “  1.0

Then ‘k '  0 fr - I. J . .................. ..  к * j]

fro™ L r  '-2 
fr°" ' « %  4.J0).

Ё М 1 к +д|к)

Н н  M b  the index к introduced, equation may be understood
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Д1к =Aiw ;k = p 
Д1к * -Д1 pq ;к »q 
Д1к » A i„ ;k - r  
Д1к = -Д 1„;к-»

■■(4.50(e))

From equation
V? -  Z ;• I + Z , Ai„ -Z„A i„ + Z. Ai„ -Z.Ai,,

• Z ,+ ^ - Z „ )A lp,+ (z i l- Z ll)A»1I 

If a, p are used u  the subscripts for the elements of both p-q end r-s then

V j - Z , + ( Z * - Z ^ . » l - I . 2 . 3 .............. , n

From the performance equation of the primitive network.

Ai«, - ( [у—Ы у—] '1 ) vt*

..(4.31)

..(4.52)

.... (4.5))

Where [ y j  and ly^ J"1 are the square sub matrices of the original and modified primitive 
admittance matrices. Consider as an example, the sytern in Fig 4.11(a), у matrix la shown 
If y2 element is removed, the y1 matrix is shows in Fig 4.11(b).

0 ) (2) (3)
(1) >n 0 0 '
(2) 0 Уа Ум
(3) 0 У» Ум.

0 ) (2) (3)
О) Ун 0 0
(2) 0 Ум 0
(3) 0 0 0
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Якп. Y ^ - d Y J ®  given : У „ - [ ^  ^  Y „  - [^  J]
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 (|ye | - jy1̂  j ) are a0 and y6. We know that

.... (4.54)

substituting (torn eqn. (4.52) 

for v , andv*

v * ' - Z „ - 7.* + ([Z „  ] - |Z „ ) - [Z*. ] + [Z * ])Д1„ ..... (4.55)

Substituting from eqn.(4.55) for v1*  into eqn.(4.53)

Ai^ ” (|y«i|'ly'uB| ) ^ -Z* )+KiZw ]- lZ»e]''[ZT»]+[Z*i>]l Ai«» .... (4.56)

Solving eqn. (5.56) for д !^

AW  - {u - \y~  ] - [y L ) (z»  1- [Z* ] ■- [гы ] ♦ [z „ ] }■’ Kysrn - у'и  fc , - z„ ]}... (4.57)

Where U is unit matrix
Designating (Ду ш ) - (у ]- [ym ] giving the change* in the admittance matrix... (4.51)
and the term

Щ  { U - [ * y J ( | z J - [ z J - l z J - l z * J ) }

by F, the multiplying factor .... (4.5»)

.....(4.60)
•ubstituting equation (4.60) ia equation (4.52)

V) “  Z j + (z« - Zip) [F J-1 (Ду „  J [ z , - z j  ....(4.61)

® ,bove equation gives the bus voltage V,' at the bus i a i » result of ii\»ecting I pu 
cun*m «  but J and the approximate current change*.

Б The Ij the element of modified bus impedance matrix is then,

< - Z t+ ft .- Z * )(F l" [A yj f r , - Z , ]

^tle Process is to be repeated for each j - 1,2..........n to obtain all element of Z1**.
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Worked Examples

E. 4.1 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 0.1 p.a. Obtain by halldlng 
algorithm method the impedaace ef the twcxircaK system.

Solution :
\

Consider the system with one line

But I Bu> 2

0.4 p.w line 

Fie. B4.1

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

b̂us :
(1) (2)

(1) 0 0
(2) 0 0.4

(2)
(2) 0.4

S X У b

0.2 p.u

0.I p u
04 p.u

Fig. M l
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 I Introduced.

(2)
(/)

(2) </) 
0.4 « „ I

.*« ««J



71

1-2(1) 1-2(2) 
.1 -2 (2 ) Го.<

^ 1-2(1) [О

»-  ljx - l 
Ь - 2; у - 2

'.4 О.II
l.l 0.2J

1-2(1) 1-2(2) 
4286

7143

У*-*

. -*г«)
Уф-л

(-1.4286X0 - 0.2) 
г, , -10 = 0-0.4 + ---- ------------ 0.33

-0.35 + 0.2625 -0.6125

(2) О)
. (2)

(I)
Г 0.4 -0.351 
[-0.35 0.6125J

Now, eliminating the fictions bus I (modified) “  ж'ц » zu - i u l i l L

m 0.4 - - ~ ° ” ^ J5 ) - 0.4 - 0.2 .  0.2 
0.6125
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E. 4.2 The doable circuit Иве In the problem E 4.1 U further extended by the addition 
of ■ Iranians*ion line from bus(l> The new line by vlrtne of its proximity t0 
the eliding lines has a mutual impedance of 0.09 p.u. and a self - iiapadanc, 
оГ 0.3 p.u. obtain the bat impedance matrix by asiag the buildiag algorithm 

Solution : Consider the extended system

Now a “ I and b « 3 
Also a is the reference bus

+ У*-**2” - ** )
Уф-л

The primitive impedance matrix z[ti ^ ii jiven by

1-2(1) 1-2(2) 1-3
1-2(1) 0.4 a t 0.05

*-«» "  1 _ 2(2) a i 0.2 0
1- J 0.05 0 05

1“  l*«b-»)r)"

1.2(1) 1-2(2) 1.3
1-2(1) 2.9201 -1.4634 -04171
1-2(2) -I.4M4 5.7317 0.24)9
1-J - 0.4171 0.2439 3.4146



Seeing b * 3; i “  2; a j l
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*h -*n  ♦'

* » - * n
»u - »n ,

0 ♦ {(-0.4t7IX0.2439)] 0 - 0.2]
0 - 0.21

yivu 3.4146

0.04128 
’  3.4146

1+  b 'l-ii-X iiA 'i-ii -w n

-0.014286

z » - z „  + Ун-ii

1.0034844
3.4146

| I + [-0.4878 0.2439]
-L iiU fsJ .o * -------

-0.0142161 
-0.014286

3.4146

0.29388

(2) (3)
Z#u,- (2 ) Г 0.2 0Л14281

(3) [0.01428 0.29388J

E 4.3 I V  »y*tem E4.2 U further extended by adding another traaimUston Hae to
bue 3 w Uh a ll to padanca of 0 J  p u Obtain the 2 iLS

S o b it to »  :

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 of a branch. Bus (3) is not the reference bus. 

a-3
b - 4

There is no mutual coupling.

4 .- * *  I "

setting I ■ I, 2 and 3 respectively we can compute.
z4l - - 0 (ref. Node) - z,,

1. 2,.......... .m I * b
V

•0.01428
z,, - Ij ,  - 0.29288

~ h i  * 1u m  "  0 29288 + 0.3 - 0.59288

(2) (3) (4)
(2) ’ 0.2 0.1428 0.1428

Zeus *  (3) 0.01428 0.29288 0 29288
(4) 0.01428 0.29288 0.59288

» «

E. 4.4 The system in E  4 J 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 l w.r

The self impedance of elenent S is 0.1 p.u
Solution :

Ф Ф

4

< Э >  Ф

Fig. E.4.8
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u shown in figure now let» - 2 and b - 4 addition of the line 5 it addition of 
The r i e # , v * t e m .  Hence initially a fictitious node I is created. However, there is no 
« £ * *  f c £ £  bui (2) i. «-  a reference node.

Ц т1у ~ гм*
i- 2  ** mtu ~  *«з "  *n *0.2 -0.01428 ■= 0.18572
1-3 ^  - *u - 0.01428 - 0.29288 - - 0.27852
(- 4  *4( " * м “ *м ~*44"  0.1428 - 0.59288 - -0. 5786 

z (augmented) « г„ * г ^ -  а* * z ^
- * j|- z4i + 0-1 “  0.18572 + 0.5786 + 0.1 - 0 86432

(2) (3) (4) (I)
(2)
(3)
(4) 
(I)

0.2 0.01428 0.01428 0.I8S72
0.01428 0.29288 0.29288 - 0 27152
0.01428 0.29288 0.59288 - 0.5786
0.18572 - 0.27582 - 0.5786 0.86432

Now it remains to eliminate the fictitious node I.

^ ( m o d i f i e d ) 0.2- f f i g g r a i g a )  „  0 )6
/я I)  KA4 i »

Zj, (modified) - Zj, -

• 0.01428 - — ‘8^^2X~0-27852) _ 0 0U2g + a0J9467 .  0.0741267 
0.86432

z^ (modified) - Zj j  -

- 0.01428 - (-  '.>Ŝ ~ 5 ).S7>6) - 0.01428 + 0.1243261 - 0.1316
0.86432

z,, (modified) - z „ - ^

0.59288 - (-^ 27582^-0.37852) _ o f n u  _ o ot97so7 я 0.50313 
0.86432
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zM (modified) - z4, (modified)

■ 0.2928 - (- ° 27852)(^7>6) _ 0 Ж Ц  -  0 .186449 • 0.106431
0.16432

zM (modified) - zu  -

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

The ZKli for the entire ring system is obtained ss

(2)
’ (3)
(4)

ZBus-(3)

(2) (3) (4)
0.16 0.0741267 0.1386

0.0741267 0.50313 0.106431
0.1386 0.106431 0.2055

E 4.5 Compute the bus impedance matrix for the system shown in figure by adding 
element by element. Tike but (2) as reference but

Solution :

Ф
p i*  e.4.1

Step-1 Diking bus ( I ) as reference bus

(3)
z bu,  * (2) Q o F
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Step-2 А »  line joining buses (2) nd (3). This is Addition of ■ branch with mutuals 
a - (2); b - (3)

Ф
Flfl. E.4.7

^us *  (2) 
(3)

(2) (3)
>0.25 *JS
*n *11

y»-y(Zlu - * » ) 
У л -+

У ;.у|?Ц ?-гн )
* 3J  h i  *  vУ 2J-2J

The primitive impedance matrix.

t̂pnmtav*!

Hence

Г JO 5 - jO . i l

L- P I  JO-25 J
Г-)4Л47 j0.869 1 

М рю т* “  [  jo.869 -j2.l739j

*й Г  J0-2S ♦ ^ j 3°~ f 93 i) - JO-23♦ J0.099 .  jO.349 

*jj - JO.349 ♦ "  J°-349 * f i i  '  30946
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(2) (3)

' bus
(2)
(3)

jO.25 j0.349
j0.349 j0.946

Step-3: Add the live joining ( I )  and (3)buses. Thi* i* addition of a link to the existing 
system with out mutual impedance.

A fictitious bus I is created.

Ф

<J>
Fig. E.4.8

«H --S
t ,4 t u +  *,b-«b
*|J * - *jj“  ~i 0 349 

09464
* *I>-I3

-+j 0.9464 +j 0.25 
- J 1.196 

The augmented impedance matrix

(2) (3) (4)

7 (2>
j0.2S /0.349 - У 0.349

" * ( 3 ) /0.349 /0.946 - /0.9464

(/) - /0.349 - /0.9464 >1.196

The factious node (I) Is now «llminated.

Zj j  (modified) “  Zj2 - -Ц-*1*



7*

(ГУО̂ Х ^ О .349), 0|48[ 
J * /1.196

>)■>z,, (modified) “  Zj, (modified) - J j,  -

я ^ и ш в к в т т Ш Ж *
** /1.196

Z„Z

Hence

Zj} (modified) ■ Zjj -

У1.196

Г/0.И81 /0.0721 
2,1л ’ [/0Х)728 /01976

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

&*utам

Stap-i Stan with element ( 1) which it a branch a ■ 4 to b ”  I. The elementt of the 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) (I)

Z BUS “
(4)
(I)

0 0
0 0.3

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

0 )
Zbus '  (0 [55]

Step-2 Add element (2) which i$ a branch a - I to b ■ 2. This adds a new bus

z bu s :

z bu s  1

Fie.e.4 .1 1

(1) (2)
0.3 ii:

(2) *71
ij ,-zn -0 J
*.J + *UIJ "  

(1)
0.3+ < 
(2)

.  (1) аз аз
(2) аз as

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



щ .иАнй o f Network Matrices •  I

Rif Ф

Hence,

0) (2) (3)
(1)у _ 0.3 0.3

•u* (2) 0 J 0.1
(3) z>l

*i> mh i mh i m 0-3

«,, -Zj, + * , ,„ -  0.1 + 0.2- 1.0

■ , (3)
„  0 )  

•UI ” (2) 
(3)

0.3 0.3 0.3
0.3 0J o.e
0.3 0.1 1.0

Step-4 Add element (4) which U • link » - 4; b-3. The «ugmented impede** metrix 
with the fictitious node I will be.
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(1)
(2) 
( «  
(/)

4 mh i ~ h x m
* y - * a - * u - - l.0
Zy - -Ij, + *4,4, - - (-I) + O J - 1.3 

The augmented matrix is

0 )
(2)
(3)
(/)

To eliminate the /* row and column

z|, - -  0.3- Щ 3Х~°3 ) - 0.230769 
z „ 1.3

« ^ „ „ - Ы Ы . о л  . . W r t f i  -0.1153 
*ц 13 

*ji - *!j - 1ц - f al » 0 . 3 - . 0 . 0 6 9 2 3  
*ii 1-3 

*a * *и ~ - 0.8 - .  0.30769
* i i  U

A  - *и - *n  ~ . 0. 8- -0.18461
* ii 1-3

z‘„  .  z„  - k ll l fcli )  .  1.0 - ̂ ~I 0K ~ !^  « 0.230769 
*ii • J

(1) (2) (3) (/)
0.3 0.3 0.3 -0.3
0.3 0.8 0.8 - 0.8
0.3 O J 1.0 - 1.0

-0.3 >0.8 - 1.0 1.3

(1) (2) (3) (/)
0.3 0.3 0.) hi
0.3 0.8 0.1
0.3 0.8 1.0 *3/
*/. * „ *v



Ыяй ___

(1) (2) (3)
0) 0.230769 0.1153 0.06923

and. thu*. zam “  (2) 0.1153 0.30769 0.18461
(3) 0.06923 0.18461 0.230769

I )

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

0 ) (2) (3) (/)
(1) 0.230769 0.1153 0.06923
(2) 0.1153 0.30769 0.18461 *11
(3) 0.06923 0.18461 0.230769 *»l
<0 z'i *U . .h i *4

h i шгп “ *n ~*n *

■ zn ” *u ♦

*»/ “ */J ■ * !» “ * »  +

y»inC*n ~*>i) 
Умм

y>ia(zn ~ ди )
Умм

Уям (»ю -«м ) 
У >1)1
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ZU **»! ” *H * 1 + У ла(*« - *n ) 
У1111

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

к . , ! 4 =[y,

4
4

-10)
-KD 1 
0.3

-2(2) 2-3(3) 
0 0

4-3(4) 3-1(5) 
0 0 ]

L  1 1-ЭД) 0 0.5 0 0 0
PnnyJ** 2--3(3) 0 0 0.2 0 0.1

4--3(4) 0 0 0 0.3 0
3--1(5) 0 0 0.1 0 04j

4-КО
4-1(1) 

' 3.33
1-2(2)

0
2-3(3) 4- 

0
-3(4) 3-1(5) 

0 0
, 1-2(2) 0 0.2 0 0 0

*•>> 2-3(3) 0 0 5.714 0 -1.428
4-3(4) 0 0 0 3.33 0
3-1(5) 0 0 -1.428 0 2.8571

z , - . , - 0.06923 -0230769 ♦ a _o.,e<56

^  - *  - 0,1.46. - a. 153 + .  *00779

Zj| ■ Z|3 “  0.230769 - 0.06923 + Lt L f f lX 0- ̂ . Ь Я А 30769> .  0.1846

z, - 0,1846 - (-0.1845) ♦ .  c.,075 !
■ 2.8571

(1) (2) (3) j o ____
(1) 0.230769 0.1153 0.06923 -0.18456
(2) 0.1153 0.30769 0.18461 0.00779
(3) 0.06923 0.18461 0.230769 , 0.186
(1) -0.114 S6 0.00779 0.1146 0.8075



^ _________________ ”
ToBUmin»1'  Л row » d  column:

gj, ■«,, - f e A i i  » 0.230769 - ( ~ ° I<Û  ' ~ - “ 0.18858 
1̂1| ..... •*■»»

U S S S S S S S :  .010751 
0.8075

*ii * *'n 

*'n 

*t>

,i .  t  _ - 0.230769 - (~0 l^ 0<11—  - 0.18857
a„ 08075

„ I ,  „ л и ю

«nd 

E 4.7 <

7 (1> 
BUS “ (2)

(3)

0.I8858 0.11708 0.11142
йМ708 0.30752 0.18283
a i 1142 0.18283 0.1Ш8

к ikown in Fig. E.4.13.

Fig. E.4.16
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It» Spug la и  follow».

0)
Zbus- (2) 

(3)

0.230769 0.1153 0.0623
0.1153 0.30769 0.18461
0.06923 0.18461 0.230769

If  the line 4 b removed determine the z all| for the changed network.
Solution: Add an element parallel to the element 4 having ал impedance equal to impedance of 
element 4 with negative sign.

Z«pn ZtfM  ^««L.

This amount to addition of a link.

<X> Ф

a ) o j

(1) (2) (3) (/)
0) 0.230769 0.1 IS3 0.0623 *u

Z ,u s- (2 ) 0.11)3 0.30769 0.18461
(3) 0.06923 0.1M6I 0.230769 *v
0 ) . . .  z" */j *«

*n - * „- - « ,,- - 0  06923 
4/ -0.18461
l y  - ln ■ - -0.230769

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



The augmented 1^* '* Лсп

17

Z«us"

Eliminating the fictitious node I

It

(I) (2) (3) (/)
(1) 0.230769 0.1153 0X1623 - 0.06923
(2) 0.1153 0.30769 0.18461 -0.18461
(3) 0.06923 0.18461 0.230769 -0.2307*9
(/) -0.06923 -0.18461 -0.230769 -0.06923

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

*it “  *!з - *1»- (z* ^ -(0.1153)-(-0.18461) - 0.3 
* i i

*ii - * !j  - *ii - (0.06923)-(-0.230769) .  0.3
* i i

Ы Ы  .  (0.30769) - (•»■ '»*'»-«■ »«•) .
X„ -0.06923

- У Ы  ,  (0,230769) - (^>^0769X-4).230769) = Q 
zM —0.06923

The modified is

(1) (2) (3)

• 0) 0.3 0.3 0.3
Z.u.«(2) 0.3 O J 0.8

(3) 0.3 O J 1.0
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E 4.8 Coaslder Ии «y»tem la Fig. E.4.17.

Ф ф

Fig. ЕЛ17

Obtain by utla, building algorithm.
Й М и  :
But ( I)  is choton at reference. Consider element I (between bus ( I )  snd (2))

(2)
Z.US - (2) 0.08 ■«■/0.34 

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

Ф Ф

Ф
Fig. Е Л И

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

(2) ____0 )
-<2)

(3)
0.08 +/0.24 0.0 + J0.0
0.0 +JO. 0 0.02 + J0.06



Fig. Е.4.1»

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

(2) (3) (/)
0.08 + j0.24 O.O + jO.O 0.01 + j0.24
O.O + jO.O 0.02 + j0.06 - (0.02 + J0.06)

0.08 + j0.24 -(ao2 +jo.oo«) 0.16 + jO. 41

eliminating the fictitious node I 

Zj j  (modified) “  Zj3 - i i l i l l

- (0.0$ + j0.24) - (0 08't~ = 0.04 + jO. 12
1 0.49 + J0.4I

I,, (modified) - z,, (modified)

- L  - 4 * 1  - 0.0 +yo 0 +L ”  г, J У 0.16 + /0.48 

-0.01 +>0.03 
z,, (modified) - 0.0175 + i 0.0526 

^  4 w  matrix is thus

(2) (3)
ZM .(1 ) [" 0.04 + JO. 12 ao i + jo.o3 1

(1)

sя♦оо

0ЛП5+-J0.0526J
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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 ь, 
Impedance method nalng the method for compotatlo»» of Z ,,,, for chanXt| 
ia the network.

Fig. C.4.20

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

(2) (3) (4) i
(2) 0.16 0.0741267 0.1316 2.v

(3) 0.0741267 0.50313 0 106431 Zv
(4) 0.1386 0.106437 02055 z«
(/) z() . h i . z .

and z.- z M- V

У*-*

>»У*-<у(г » -Z ,,) 
Уф-ф

The primitive Impedance matrix la



• 1

1-2(2) 

H -  1 - 1

J- 4
2-4(1)
2-4(2)

1-2(1) 1.2(2 1-3 3-4 2.4(1) 2.4(2)
0.4 0.1 0.05 0 0 0
0.1 0.2 0 0 0 0

0.05 0 0.3 0 0 0
0 0 0 0 0 0
0 0 0 0.3 0.1 0.05
0 0 0 0 0.05 0.2

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

2-4(1) 2-4(2
Z ^ - 2-4(1) 0.1 0.05

2-4(2) 0.05 0.2

fl 1.4285 
y*-”  2 *57

-2.857'
5.7143

Zn • Z>) • I n  — 2
(-2.857XZ,

11.43

■ 0.16-0.086 •» ,  оло7о

Z , - 2<> -0.741М7-0.10643, й ! ^ 3) - -0.Ч14

“  z«t “  Zj«
y .» - „(Z ..- Z ,)

y*-«k

«0.1386 - 0.2055 + (-2 «>7MQ.I3»6-a2033) .  ^ л з,45 
5.7143

I, -  0.0107- (- щ щ ц .1 ♦ |-МП4>>. „  |TO7

■"••ugmemed matrix is then
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(2) (3) (4) (/)
(2) 0.1600 00741 0.1386 0.0107 '
(3) 0.0741 0.5031 0.1064 >0.01614
(O 0.1386 0.1064 0.2055 -0.0.3345
(/) 0.0107 -0.01614 -0.03345 0.19707

(0.0I07)1
Zj, (modified) - 0.16 - ^ 9 7 0 7  “  a  1594

Zj j  (modified) ■ Z,, (modified)

_____  0.01070и (-<.01614) _____- 0.0741 -----— ----1 - 0.74970.19707

Zy, (modified) - Z4] (modified)

■ 0.1386- OOI™ «fcg :9 3“ ?> .0,1404
0.19707

Z„(modified) - 0.50313 - ^ °-016U)>. > 0.5018 
019707

(modified) - Z^ (modified)

■0 106431 - ,0.10369
0.19707

Zu  (modified) - 0.2055 - - 0.19980.19707

Hence the ZM  b obtained by

(2) (3) (4)
(2) 0.1594 0.07497 0.1404'

M '(3 ) 0.07497 0.5018 0.10369
(4) 0.1404 0.10369 0.1998
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Co,.iiter the problem E.4.9. If the element * to now removed ebtaln die

2;-Z^(Zo-Z9)fPrM[^ ‘ f]
where a - 2; P “  4 1-1Д............. ...
end у *2; 5 » 4
the original primitive admittance matrix

2-4(1) 2-4(2) 
[y » ]* 2 - 4 (l) r iL 4?*5_j_:_2.*57

2-4(2) [-2.857"j~S.7l43 

The modified primitive admittance matrix

J_-2(l) 1-2(2) 

1-2(3)

1

Ы к | _ 0 H? 3
ж  :]•[-- »“;]-■
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Computing term by term

(2) (2)
Zw - Zta - Z j f  - Z|f ■ (2) ГО.1394 0.15941

(2) [0.1594 0.1594]

(2) (2)
Z»_ ■ Z 24 ■ Z i] «(4 )

■ (2) 
(2)

z*-<«>

ГО. 1404 0.14041 
[0.1404 0.l40*j

<«)
ГО. 1404 0.14041 
[0.1404 0.1404]

(4)

(4) (4)

£
(4) (4) 
1991 0.1998 
1991 0.1998(4)

z„ - Z f "Z#
Г0.1594 0.15941 Го. 

'[0.1394 0.I594J ~[o.
1404 0.1404 
1404 0.1404

1998 0.1998 
1998 0.199*

F "  U - (Z^ -Zta -Zj f  +ZH) *

ГО. 1404 014041 ГО.
[0.1404 0l404j [О.

_ Г0.0784 00784]
"  [0.0784 00784J

[ * y J l z „  - z „  - Z *  - г , ]

_  Г 14283 - 2.8571 Г0.0784 0784 1 Г-0.1120 -О.И201 

‘  [- 2.837 5.7143 J [0.0784 0.0784J = [ 0.2240 0.2240 J
0.112" 
7760.

Г| 01 Г-0.1120 -0.U201
[о  l]~ [ 0.2240 0.2240 J ’

Г 1.112 О
[-0.224 0.

(РГ-Г0,11 J [о.:
87387 - 0.12612 
25225 1.25225

и > -  •[;
[0.87387 -0.126121 Г 1.4285 -2.857Г . ’ 1.6086 -3.2173
[025225 1.25225 j [-2.8571 5.7143 . -3.2173 6.435 .



я *  • * * * • * " “  ° f m o d i f i e < J Z * J5  e r e  , h e n  g i v e n  b y

*5

Zl - 2 ^ (z - - Z ,)(F ^ lA y e ] ^ - Z * J

For i - 2; j “  2

Zn “ Zj j  + ((z n ZH ]- [z *  ZM] [м ]"{Д у „} ) [  [ j£ ]-  [ У )

-0.1594 +CO.!$94 0.1S94]-[0.1404 0.1404])

Г 1.6016 - 3.21731 ( 
[-3.2173 6.435 J [

(0.019 0.019]̂  l *

0.1594 0.1404 I 1
0.1594 0.1404 | J

0.1594 +

0.019
0.019

1.6086 - 3.21731 Г0.019 
2173 6.435 J [0.019

> 0.1594 + 0.00058026 - Л 15998 - 0.16- 0.1594 + [-0.03056 a061l]

1  ’ 4—w’* ‘П i - z : \

■ 0.0749/ ♦ [- 0.03056 0.06ll]f~  1461 - 0.07497 - 0.00096075 - 0.074040 
J [-  0.03146J

Let i - 2; j - 4

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

L« i - 3;j - 3

Z'M-0.5018+[-0.03146 -0.03,4б][-,ЛОв6 "3'3I731 Г~0.03146 1 J[-3.2173 6.435 J [-0.03146

-0.5018 + [0.0506 -0.101228] 

РОГ | - 3 ; j . 4

-0.031461
-0Л314б]'

0.5018 + 0.001592 - 0.503392
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Z '* -0.103691 ♦ (0.05060 - 0.101221] 

-0.103691 ♦ 0.003006 - 0.106696

-0.0594
0.0594

Similarly for I - j ■

Z‘«, ■0.199#+[-0.0594 - M S * l [ _ '~  

- 0 .1 « * * (Ш И « - Ы » |  1Э |Г
Г - 0.0594 

-0.0594
Hence the ZBUS with the eleraent 6 removed will be

___ (2) 
(2)

-0.205476

0.15998
a07404
a  13158

0.503392
0.106696

0.106696
0.20576

Г10. P 4.14
Form the bus impedance matrix for the lyitem ihovm in Fig. P 4.1 the 
given below.

Eleeteat Neiabere
1
2

Bat Cede
(2) • (1) 

0 )- (3 ) 
( I ) -(2)
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p4.3

tie»  odiliec if a lint 4 is ailded parallel to line I across the busses (2)

ж with * **lf imPedance of 0 5  pu-
lahe oioblein P 4-2 if the added line element 4 nas a rrulual impedance with respect 
M I,ne dement I of 0.1 p u. how will the Z„us matrix change- ?

Questions

Sttrt'"8 from Z „у., 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 l>e added to a bus in the 
existing network.

4 2 Startir g from Z BUS for a partial network describe step by step how you w II obtain 
•he z BlJS for a mod fied network .vhen a new line is tc be added between two bus.-s 
of the existing network.

4 3 What ire the advantages ofZ BUS building algorithm?
4.4 Descr be the Procecure for modification of Z gl,s when a lin„- is ad Jed or removed 

which has no mutual impedance.
4.5 Descr be the proced tre for modifications ofZ Bl s when a line vith mutual impedance 

is add:d or removed.
4.6 Derive the nccessar, expressions for the building up of Z nlJl 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.

4.7 Write short notes on
Removal of a 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.

•10 Explain the modifications necessary in the 7. B1JJ when i mutu ill\ coupled e ement is 
**m°ved or its impcdance is charged.

.& ̂ eve|,)P •he equatic.n for modifying the elements of a bus impedance mat'ix when 
•s coupled to oth;r elements in the network adding the elemen not с eating a 

new bus.

t
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5 POWER FLOW STUDIES
I'ower *low studies are performed to determine voltages, active and reactive power etc. at 
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 о 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 und я  a 
variety of conditions.

5.1 Necessity for Power Flow Studies
Power flow studies are undertaken for various reasons, some of which are the following

1. The line flows
2. The bus voltages and system voltage profile
3. The effect of change in configuration and incorporating new circuits on system 

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

loading and accompanied effects.
5. The effect of in-phase ard quae rati ve Soost voltage; on system leading
6. Economic system operation
7. System loss minimization
8. Transformer tap setting for economic operation
9. Possible improvements to an existing system by change of conductor sizes *nd 

system voltages.
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' И д 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 u»ed- sin^s weic simulated on network analyzers for load flow solutions. These analyzers 
si it. n«*w°  _  rype scaled down n-iniatuie models of power systems wit! resistances, 
are l>f *” * ^ . f iiances. autotrsnsfonrers, transformers. loitds and gener; tors I he generators 

sources Of «rating at a much hij;her frequency than 50 Hz to limit the size of the 
are justly  Mds arc represented by constant impedf nces. 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 Л large

'’pe*j)er 0f  algo rithm s an- 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 
omwtatioi 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 
lm«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 
at almost all the buses, the resulting mathematical equations become non-linear and are required 
to be 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

S J  Conditions for Successful Operation of a 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. General ors, transformers and transmission lines are not over loaded at any point of 

time or 'he load curve.

*•3 The Power Flow Equations
toniider ail n-bus system the bus voltages are giver, by

¥ -

V, *6,

V.

(5-1)

bus admittance matrx
[Y] * [G] + j [B] (5.2)
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when: O V /L a

■* 8,к * ) b.k
X - IV J  г ь , ' V , (Co. 5 ,+ j sin 6.) . ,
v k* - )Vbl - |V„i (Cos 6, * j sin \ )  .. (s

The curren1 injected into the network at bus 'i'
I, '  Y „ V, r  Y (, V; f .... + Y m Vr -► where n is the number of bu,

5 1

ll
'  - - is i

The complex power into the system at bus i
W J 9 . - V ,  i ;

' v- Д Y* V
* £  IV, V k Y J  exp (6, - в1к)

Equating the real and imaginary parts

P,= £  |V,VkY j C o a ( 6 , - \ - e j  (5 7)

and 0, - £ IV. Vk Y a| Sin (ft, - \  0lk) • (Я к1*1
where i « 1.2....... n
Excluding the slack bus, the above power flow equations are 2 (n - I ) and the veri ’l* 

are P. 0,. |V,i and /d,
Simultaneous solution to the 2 (n I ) equations

P.u Pn, £  |V, V b Yd:C o s (A ,-\  ел ) - 0  (.V«)

к * slack bus

Ос, <>D. - £  IV, V , Y J  Sin (8. - \ - вА) '  0 .... <*.«• 

к *  slack bus 
Constitutes the power flow or load flow solution.
The voltage magnitudes and the phase angles at all load buses are the quantities to J  

determined They are called state variables or dependent variables. The specified or scbeclur 
values at all buses are the independent variables.

Y matrix interactive methods are based on solution to power flow squations using 4 
current mismatch at a bus given by

I ' . l f

’2

:



------------------------------------------------------------ш
l i n g  the voltage form

Al,
4 V ,-  V х ....(Я 2 )

*11
^ K h e  end of the interactive so ulion lo power flow equation. Л1 or more usually AV 

negligibly smal so that they can be neglected.

s 4 (  |B*!»ifiCJition 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 Pd and Qd are drawn
■ from (I'M? supply The demand is generally estimated or iredict.-d as in load forecast 
I  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 
I  also called a P. О bus. Since the load demands ’d and Qd are known value- at this
■  bus. The other two unknown c|eiartities al .i loai bus aie voltage magnitude and its
■  phase ingle at the bcs. In a |Xiwer balance c-quati >n Pd a id (J, are treated as negative
■  quantities since generated lowers Pw anc Q are assumed positive.

I b) УоШще 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 

f  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 >r a re erencc
■  bus In other words, the p iasc angle of the rotor fi is directly related to the real
■  power generated b) the machine The voltage inagn hide rn the other hand, is 
Em ainh. influenced b\ the excitation cuirent in th; field vmdiru 1 lui' at a generator 
" bus the real power generation Pp and the /ollage magnitude V f 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 

B cae tu e  power Q, and fi, aie the values that arc tot km wn and aie to be computed 
<«) 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 “  0 ....(5 14)
Qe - 0d - ° ,  " 0 (5 15)

®*here P̂  and arc the to al real and reactive general ons. P and (,’j are the total 
B * l  and reactive power demands and P( anc! Q, are the power losses in the 

■transmission iCtWOr<. I he values of P .. Q ,. Pd and ()d arc cithe known or est mated

f Since ihe flow of cements in Ihe various lines in the transmission lines ire not 
P*®wn in advance. P, and Q, remains unknown before the analysis of the network

■ **• ,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 Qg are not specified. The v.)^ * J 
magnitude is specified at this bus. Further. the voltage phase an jle 6 is also fi ̂ cd4  
this bus Geneially it is specified as 0° so that all voltage phase angles are шегл,1гД  
with respect to voltage at this bus. For this ref son slack bus is also kno лп Д  
reference bus. All the system losses are supplied by the generation at thi, hl Д  
Further the system voltage p-ofile is also influenced by the voltage specified и у Я  
bus. The three types of buses are illustrated in F g. 5.1.

Stock bus |V11. S, 
“ 0“ specif ed P,, 

Q, to be 
determined at the 

end of the 
solution

0 ,.^ . 8j
Generator bus Pj, 
|Vj| spcifiee Q2. 
5j to be known

T  Pj.Qj, |V,|,t,
Load bus Pj. Oj 
specified |Vj|.53 
are not known

Fig 5.1
Bus classification ii summarized in Table 5.I.

Table 5.1

Bas Specified variables Computed variable'
Slack - bus Voltage magnitude aid its piase angle Real and reactive powers J
Generator bus Magnitudes cf bus voltages and real Voltage phase angle a id 1
(PV - bui or voltage 
controlled bus)

powers (limit on reactive powers) reactivc power

Load bus Real and reactive powers Magnitude and phase 
angle of bus voltages

5.5 Bus Admittance Formation
Consider the transmission system shown in Fig. 5.1.



, f lo w  Studies 103

^ B U n e  im p e d a n c e s  joining buses 1.: and 3 are den Med by г l2. z u  and respectivelv. 
T JJ^nd i ,g line admittances are y l2, y2J and y „

I Л е ю » ' capacitive susceptances at the bus;s are represented by y |0, y20 and yw. 
Applying KirchofTs current law at each bus

In matrix from

•l “  V l У|С + l V l ~ V 2> yi2 + (V l - V J^y|J

1,“ * , у к  + (У ,- У ,)у ,| + (У ,- У г)у ,2 J
(5.I5)

1. У|0+У|2+У» -Уи -Уи
>2 ss -Уи Уга + Ун+Ум -Ум
Ij. -Уи -У» ».ч> +Уи +Ум.

where

Ун У12 У и
= У 21 У 21 Ум •

.Ун Ум Ум.
V2

Ы
.(5.I6)

.(5.17)
Y n “ Ую *■ У.2 У.З'
YM ж Ум + Уи + Угз ■
Y jj * Узо + У.з + Угз. 

are the seif admittances forming the diagonal terms and

Y i j _ Y2t “ _ Уи'|
V „ - Y „ - - y lJ I  .....(5 .IS )

Y 23 - Y 3j »  y2j  J
are the mutual admittaKes farming the off-diagonal elements of the ->us 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

tl̂ lonal terms

°*f»nd diagonal terms 

lf the ,
Fo

’ may be used.

Y. =У,в + 1 У * k-l 
k«i

Y*--y*
П01 *Рр1\ПС ," orlc ele*nents have mutual admin.mce (impedance). the 
'^formation* * Syslcma,ic formation of the у-bus, linear graph tl

.. ..(5.19)

above formulae will 
theory with singular
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5.6 System Model for Load Flow Studies
er> associated with bus i I 
iws :
V! “  I V l I exp j 5, ■ V, (Cos 6, + j sin 8,)

The variable end parameters associated with bus i and J neighboring bus к ire represents J щ 
'.he usual notation as follows :

.... (5 20)

.... (5 21)

........ (5 2 2 )

Dus admittance,
Y* “  IY  л I exp j 0 л "  IY  lk | (Cbs q,k + j sin 8lk)

Complex power,
s.-p.-JO.-v. r,

Using the indices G and L for generation and load,

P, - PG, - Pu “ Re (Vi <*J
Q .- O c - Q u - ^ IY t l*J 

The bus current is given by

*eus - y bus • V BUS 
Hence, from eqn. (5 22) and (5.23) from an n-bus system

V, k-ik»l
and from cqn. (5.26)

V, = -- P.-jQ ,
v, k., 

k»l
X  Yii Vk

Further,

In the polar form

so that

and

•(5 23) 
•(5 24)

..(5 25) 

..(5 26)

..(5.27)

..(5 28)р.+jQ,- v . i y ; v ; 
k-i

p, + jQ (- Z lv . Vk YjexpXS, -6k -e4) ....(5 29)
k-l

P ,- i| V ,  vk Ylk|cos(6, -6k - O j
k-l

Q .= I| v ,  vk Y*|sin(o, -6k - e j  
k-l

i *  1, 2 ,.... n; i * slack bus

,.(5 30) 

..(5.31)



newer foweqns. (5.30) and (5.31) are nonlinear and it is required to solve 2<n-l) 
^ K je rtjijivo lv in g , V, . S,. P, and Q, at each bus i for tltc 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

A I ,- I ,  I Y* V ‘ .... (5.32)
Ш i-l
or using the voltage from

Al,Д V, ■* -  ' .... (5.33)
*11

I he convergence of the iterative methods depends от the diagonal dominance of the 
bus admiltnce matrix. The scl admittances of the buses, are usually large, relative to the 
m utual 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 г-nd column of Y. The salient features of the Y-matrix iterative methods are thit the 
elements in the summation terms in eqn. (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 eqn (5.25). one can select the imoedancc matiix and rewrite the 
equation as

V - V  I- 7 . . I  .... (5 34)
П»е ̂ -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.

(•auL-Seidel Iterative Method
'lcralivc n*ethod is very simple in concept but mav not yielc convagence to the 

s o l , H o w e v e r ,  when the in tial solution or starting point is verv close to the ictual 
^^■vergetve is generally ontained. The following e> ample illustrator the method. 
^**tder the equations:

----------------------------------------------- - ! ! i

2x + 3y - 22 
_  3x *■ 4y = 31

V *  solution to the above equations is \ 5 and у 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 J we obtain from the gjVer 
equations

22-2* , 34-4y 
"3

y ,  ...——  and s -

Iteration 1 : Let x - 4 8 ; у «4.13
with у - 4. 13; x - 6.2
Iteration 2 x “  6.2; у - 3.2

У - 3.2; х « 6.06
Iteration 3 . x “  6.06 у - 3.29

у » 3.29 х - 5 .94
Iteration 4 : x * 5.96 у - 3.37

у - 3.37 х “  5 .84
Iteration 5 : х “  .S.84 у «3.44

у * Л.44 х - 5.74
Iteration 6 : х “  5.74 у = 3.5

у * 3.5 х « 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 flow г  
studies are performed with per unit values assuming a flat voltage profile at all load buses of 
(I * jO) p.u. yields convergence in most of the cases with appriate accleration factors chosenJ

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-l) bus voltage relations

t a - Z v . v . 1 ....<5.3*1
iii
i«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 eqn. (5.35). Successively he 
voltage equation of the (m + 1)л iteration may then be written as

V j~ "
ki-i

... (J.36)l
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thod converges slowly because of the loose mathematical coupling between the 
*** 1  ol convetgcnce of the ;>roces> can b«- increased b> using accele ation factors 

| ш В ? п  obtained after tach iteration A fixed acceleration factor a (I s a  : 2) is 
•o for each voltage change

AV<u a 'vTv_  ....(5.37)
of the acceleration factor amounts to a linea- extrapolation of V hor a given 

jt is quite often found that л near-opti nal choice of u exis s as si ggesied in literature 
' ) 5le,n _ lMe of operating conditions. Fven though a complex value of n is Migge-ted in 
l iertwre it is more convsnieni to operate with real \alues given bv

(V.'-'IZ*,-|a||v,'”” j ^ .  ....(5.38)
AHemati'eK. difTercnt acceleration fac ors may be u;ed for real and imaginary parts of 

the voltage
ТгеагтеЖ o f a PV - bus
The method of handling a PV-bus requires rectangular :oordinate representation fo- the voltages. 
Letthg

V  v, * jvi .... (5.39)

Where v, »nd v," are the real and imaginary components of V ( the relationship.

v +viJ * iv .lL—  ....(5 40>
must be satisfied. ;o that he reactive bus power requ red ю establish ihe u'heduled bus

voltage can be computed. The estimates of voltege components. v ‘" ’ and v,lml 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 y i» i  arMj y  ' " ’ are

^ - H V . L ^ c o s  С  .... (5 42)

vl« i _lv/1IV| KhcdJK s*n®!"’> .... (5*43)«№1 Г I ■MM
values are used to articulate the reactive lower q 1" I s in g  nese reactive powers

th*,°j V-- , a ncu estimate v l " " 11 is calculated The (lowchan tor computing
P  of load 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. If the calculated value of the react ve power is beyond limits. Then its valUe 
is fixed at the limit that is violated and it is no onger Possible to hold the desired magnitude 0f 
the bus voltage, the bus is treated as a PQ bus or load bus.

| Form Y-Bns)

_________ ±_______ __ v
Assunc bus voltages V™1 
i- I. 2 .. n: i * slack bus

[ Ы я- 0 ~ |

Fig. 5.3 Flowchart for Gauss - Seidel iterat ve method for load *low solution using Y-Bus
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Newton-Kaph* >n Method
F  . f,jewton-Raphson me:hod is an imeraclivc algorithm for solving a set ol 

TW gen̂ ‘ „onlineaf equations in an oqual n imber of unknowns Consider the set of m nlineai
sinHi!**" ,s

NUi," 0n f,(x,. х2......... x„l - y,. • - 1. 2........ n .... (5.44)

wiih initial estimates for x,
..|0I vl®l J « lX| "X? ..... xi

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

(к{0Ч Л х , .х ‘0' +Ахг...... х ' ° Ч а х „ ) = У| ....<5-45)
where Д 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 (xj1” ) are obtained as

A Y - J A X  ....(5 46)
where A Y is a column vector determined by

y , - d * r ..... * ? )
ДХ s the column vector of correction temis \ x . a id 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.‘

xl" »х ;*Ч Д х , ....(5.47)
The square Jacobian matrix J is defined by

above method of obtaining a converging solution for a set ol nonlinear cqjations 
n X  usee for solving the load flow p oblem It ma> be mi ntione i that since thr final .oltagt 

'olutionJ »re not much different frotn the nominal values. Nevrton Raphson me'hod is 
vuit SU',ed lo *** lotu* f'ow prt'blem. The matrix I is highly spar>e and is particularly
ub« l0,®le loi<* flow application and sparsi у programmed ordered trangul; tion ai d hack 

rrî ™ * t0rl methods result in q лек and effic ent convergence to the loai' flow solution This 
(*U!K*ri" ' c co,,vergence anc thus converges ver rapidly when the solution

The f i r ^ "  Sre tVV°  me1̂ °^s solution for the load flow using Newton - Raphson method, 
'he noi!' n'ct*xx* lise* reetangultr coordinates for the variables, while the second methinl uses 

coordinate formulation
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5.9.1 The Rectangular Coordinate Method
The power entering the bu> i is given by

S, “  P, * j Q,

- v i i ; - v , £ y ;  ....n
к-i

..(5.44)

Where
and

V,- v, ♦ jv,

f(v‘. ♦Jvi£ (°*  -JB*)(Vk " Vk)j VK“ j VK ...(5-5°)
Expanding the right side ot the above equation and separating out the real and imaginary

parts.

•*. - i t a K  vk - B * v'k)+vi ( ° * vi ~ a* VJ  
l ' l

o. ■ Z (v.(G * vk ■G* v»)_ v- (G* Vk * ° * **■ ̂

.... (5.51)

....(5.52)

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

AP, ‘

... 
-• 
<

—

AO,

AQ.-,.

iCt (V,

*• <*.-1 <4

5b=l a y , «Н

*'■ ‘b '- l P*, 5v‘ .,
ao. aj.-l dOA 0 0 ^

7
a 

•
<5

* ’i "  ‘V
dQ.-i

*1 * V .

Av,

Av

Av,

Av

..(5.53)

Matrix equation (5.53) can be solved for the unknowns Av, aid Av, (i - 1,2.... n )■
leaving the slack bus at the n"1 bus where the voltage is specified. Equation (2.33) miy be 
written compactly as

Гар ] Гн n T a v ' I  

[aO J = [m l J a v ' J
..(5.54)

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



№ -  ....................... .............-  -

<т
....(5 55)

к

. ^  = 2С,к^  - B * v k + B , v ; +v ( Gikvk -B,kv ; )  (5.56) 
<?V. к •!к 1.1

fl^ofl-diag0 lal and diagonal elcnents of N are :

i - J - « 0 * v L - B 4 v , k # i  .... (5.57)
* 4

-B„v, *2 G „ vk + B, v > i ( G Av; + B „ v k) (5.58) 
dvk k.|k»i

Phe ofl-diagoial and diagonal elements of sub-natrix M are obtained as.

^ ■  = G*v ;  B 4v , . k * i  .... (5.59)

^ l = g . v ; - g „ v ; - 2 b „ v ;-  i f c lkv ; , B Ikvk ) .... ( s.60)
C7V, k.l

k»l
inallv the of-diagonal and diagonal elements c f L are given by

~ ' - C * v - B ^ . k * !  .... (5 61)
' X

~ ^  = G „  v , - 2 B a v , - X ( G , v k »,kv J  (5.62)
, к • Iк 01

1 can he noticed that

n? N* ’ M,k"•  property of symmetry of the elemerts reduces computer time tnd stoagc 
' " «"■•■tcT G enerator Buses

10 *Ье*ии Г1*ВГ *>US*N oltler * >п the swin  ̂bu>. tl с voltage magnitude ■ arc 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 ДО, will have »  be replaced by

Hut. |AV,|' « _ H _ l iAV, + v t—  AV.
Л .

(5.6),=* 2 v,+Av, + 2vlAv, ц 

This is the only modification *equired to be introduced ir, eqn. (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 eqn. (5.30) and (5.31). Reproducing then 
here once again for convenience.

and

P, - Z  |V. Vk YA|cos(6,-5k - O j 
k- l

0 ,= Z  |V. Vk V* |sin(6, - A - 0 j

....(565 

... (5.65

The Jocobian is then formulated in terms of |V| and 6 instead of V, and V, in 'his сам 

Eon. (5.46) then takes the form
Гдр] r H N'T Л6 }
[ aq J [ m  L_:[a 'V|J . ...(5.61

The otT-d agonal and diagonal elements of the sub-matrices H, N. M and L arc determin 
by differentiating eqns (5.30) and (5.31) with respect to ft and |V. as before. The off diagor 
and diagonal elements of H matrix ate

5 - | V .  Vi V*|sin(8,-6»-e,l ).i^k . ...(5.6

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 
Eqn. (5.46) then takes the fonn

Г API Гн N'T Л6 1 
[до! [M  L [a|V;J
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¥  ff-diagonal and diagonal elements of the sub-matrices H. N. M and I arc determined 
tiating cqns (5.30) and 31) with respect to -S and Vi as tx fore The off diagoral

S d l K » 1 eicmen,s of H ma,rK are
5 - - |V , V, Yjsin(6, - A  -e* ) i i #k

'

—-“ L  14 4 VJ C0S(&. -A -0*) i’tk««к K.I
The off-diagonal and diagonal elements of N matrix are

(5.71)

(5.72)

_«3P,
5iVk|

■|V. Y* sin(6, -A -0*) ..(5.73)

i ? L  .  2 i V, Y„ iCos0„ + X  |4  Y* |Cos(5, - «4 - 5* ) ....(5.74)
«|V.| "к-I k«i

The off-diagonal and diagona elements of M matrix arc

a . - | V t Vk Y,k|Cos(S,-6k -9,k) (5.75)

■X 14 4  Y jC o s (5 ,- \ - 0 j
• к-Ikm

Finally, the off-diagonal and diagonal elements of L matrix are

(5.76)

J ^ - I V ,  Y* s i n ( 6 , -вА) .... (5.77)

Ц 2V, Y„ |CosO„ * £  |Vk Y,k |Sin(8, -6k -0lk) ....(5.78)
r | V, f l-l1*1

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 

•nd A |V| I |V| instead equation (5.70) will be in the form

ЛР" H N]
AOj M L j

Л6
A|V|
M

‘"«hiscase it will hesien that

(5.79)

and
H,k’ L,k
N,i “  - M*
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or. in other words, the symnetry is restored. The number of elements to be calculated fo r 4l) 
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 кк d flow
. solution
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lnient Of G enera to r Nodes
• re1 reactive power equstions are repliced ai the i'h genert tor bus by

|v,|j - v ? + v 7  .... (5.80)

The lleroerits of M аГе 8'УеП ^
(̂ v ) J

M * = — = 0. i *k  .... (5.81)
no

а|у,Г „
and M - = i» : -  = 0 ....<5 82^

Then e lw n ts  of L are t ivcn by

and k “ ^ p l v . M v ,i: .... (5 84

NewtoiH method converges in 2 to 5 iterations from г flat start ( | V [ = 1.0 p.u and ft = 0 
independent of system size. Previously stored soluti >n can be used as starting values for rapic
о ri /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 <>f Network Admittance Matrices
'паиТ*^ P° wer ne,vvor> s- 'he admittance matrix is relatively spatsc, where as the impedanci

- " « f "  ** •«•end, botf matrices are nonsii gular and symmetric In trie admittance 
P-urofb^** 1°fbMro °N  diagonal element t orresp >nds to a network b anch lonm-c.ing tin 
exhibit' ,М . ^ СакЧ' ^  ,ow an‘* c° l unn llf 1 >e element Most trjnsims.ion network' 
'Wtte 'ГГ \ ? ^ ' П tllc r tonn,t,|on arrangements, ind the r .uliru tame matrices ire re jtisels

*P*rse systems possess the following advantages:
Their noragc tequirements arc smi II. so mat larger sys ems can be silved 

^^^■•Olution, using tnangi.lari/at on techniques can be obtain.-d mm h taste unles> 
^ ^ ^ ^^ V Pen den t vector extremely sparse.
^ ^ ■ оГГerrors very much reduced.

^ ^ B to io n  of network sparsity inquires sophisticated propr; inminf; techniques
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i

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 Gii5$i 
elimination is more suited for load flow solutions. Generally, the decomposition is accompli 
by elements below the main diagonal in successive columns. Elimination by successive rcvv$ 
more advantageous from computer programming point of view.

Consider the system of equations
A * - b ....(- g J

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

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

a „

• i l l  b 2

■Jn
b,
b.

b"

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

.......

In the next stage a,, is eliminated from the second row using the relations

.... (*.85)

.....i *6)

i »1)
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f il in g  matrix then becomes
The

using the relation.'
kMl .

, (U42

*1.2

1,M■ll
.(21

■*J

1(,)
a,3)4

b.'j» c b, -a j,b |'

a5) *K  "2| • J
. I I I  .11) «12»“ Ji ' “ j: ■ >i •

b ^ - b '^ - a 'X '. J- ^

a '11«1
_l_ 
■ n

•V.'.j * 4"

ь!"
b?‘
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,...(5 901 

....(5.91) 

„..(5.92) 

...(5.93)

....(5.94^

h1,<ч _l̂
j - '

««bV (5.95)

rhe elements to the left of (he <1iagon.il in the third row агг eliminated < nd fur her tht 
d jmnal element in the third row is made unity.

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

B> back suhsi

-<l|

I
a!!» b!"
.H I U lJl

For

0 0 ....  I h "̂'
itution, the solution is obtained as

Ч *  b',"'

N .- I" Ь 'Л Г '- а ^ '.а .....■*„

....(5 96)

.... (5.97)

....(5.98)

'■if
inversion of ar n"' order matnx. the uimbci of aril imetical operations required

ЛЫ|еГ»1Ье,„Wangular decomposition it is approximately [ ---j.
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5.12 Optimal Ordering
When the A matrix in eqn. <5 84) 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. 5 5 A Five Bus system

The у-bus matrix of the network will have entries as follows 
1 2  3 4

к 0 0 *Y  
0 * 0
0 0 »

After triangular decomposition the matrix will be reduced to the form 
1 2  3 4

1 [7 >■ * *
2 0 1 * * “ Y
3 0 0 I -
4 0 0 0 1

By ordering the nodes as in Fig. 5.6 the bus fdmittance matrix will be ot I 
1 2 3 4 

I * 0 0 *
0 * 0 * >Y 
0 0 * ”

....(5Г

....(SJ
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©I"

F ig . 5.6 Renumbered five bus system

As a «suit oftriangula-decomposition, the Y-matiix will be reduced ti 
1 2  3 4
I 0
0 1
0 0

(5.102)

0 0 0 1
Thus,«Htiparin,; the matrices in eqn. (5.1 Ю) 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 г 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 тс elirrinated is 
the one having fewest ncn-zero terms I 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 r>e elm mated is 

one that will inl'oducc fewest ne* n >n-zerc> elements I us requires simulation 
° f  every feasible alternative at each step

•dv*iaj and fast However, for power flow solution ., schcine 2 l as pro.ed to l>c
*Ven ',s a Iditional computing time If the uimbei of iterations is large. 

|  t* t t P r°ve to be advantageous.

' [>' coupied MethodsAll
Systftn i

Л 1 bus voltip- * exhibit in the steady stats a strong interdependence “>etween active powers 
t,ween *n l̂e’ and l>etweei reactive pover ani voltage magnitude The coupling

^ ^ * e r  an:* bus voltage magnnude art! between reactive |кн\ег and bu. voltage
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phase angle are both relatively weak. This weal coupl ng is utilized in the development с f ,l I  
so called decoupled methoiis. Recalling equitation ($.79)

ДР H N T  Л8

AQ M l | | v |/a | v

by neglecting N and M sub matrices as r first step, de:oupling can be obtained so that 
| AP | - | H | . |A4

and | AO I - | L  | . | Л | V| / | V
...
.....(S .lo J

;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 Я  
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 о т I 
are required. A method developed for such an application is described in this section.

The elements of the sub-matrices H and L (eqn (5.79)) are given by
H* -KV , V„ Y|k) | sin (6, - »k - в,ь)

* I (V, Vk Y |k) | sin 8lk Cos 0* - cos Cos 9lk)
“  I v, v k I [Glk sin 6A - В lk cos 8(k] <5 05)

where 5( - ^  « 5lk

и * - - E l y  ^  * * !*• № - «»- «* )
* ♦ IV , I2 Y„ I sin вА - 1V, f* | V lk | sin 04 

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

- v,sB . - 0,

4 , “  2 V, Y „ sin e„ + I  v k Ya sin(5, A  - 0*)
With A |V| / |V| formulation on the right hand side.

l-к* - 2 i V* Y, | sin в„ ♦ V|V, Vk Y4|sin(<S, - 6k - 0*) l
...<$,||

(5 .M

iM °4

|v ,j |b „ +q ,
Assuming that

Cos 5  ̂s 1
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»nd

Sin 8,̂  = 0 
Gik sin 6lk £ BA

0, - B„ I V,J I
H.,*  -  - 1V. V b | Blk 

V- ■»

Rcwr tmg eqns. (5.103) end (5.104)
|AP| = [|V|B | V]A*

|ДО| -i V | В |V A! V|

or
Jap;
I v i

в [a s]

..(5.109)

..(5.110) 

..(5.111)

....(5.112)

..(5.113)^ U [ A  V|]
' V | 1 J

Matrices B ‘ and B" represent constant .ipprovu lations to the .lopes >f the t ingent hyper 
r Jnes of the functions ДР > -Vi and ,\Q V respectively. 1 he> arc ver> close to the Jaiohian 

'’latricc; II and L evaluated at system no-load.
Shinn reactance-. . nd off-nominal in-phase ttansformcr td ŝ whiwh afUct the Mvar
■ » to be omitted from [B ] and for the same teason phase shifting elements are to he 

“"’•tted from |B"|

*П̂  I arc r=al an<* spars e and iced be triangularis<d only once, at !hc
* *‘rce lt*ey contain network admittances only.

1 ne method nu.Cv*n for Ik m  $ #^ ™ 'ei8c$ vc7  reliably in 'wo to five iterations with furls good act uracy 
* 'Peed per itcrar1* u  KOO<1' ‘PP™4 ala,e solution is obtained after tht Iм or 2141 iteiation

* IS ** rou8hly five times that of the original Newton method

s i s i  ^ Fle* So,Mt' " n , , *in R £ B u s
Ab)‘ ‘ '- P « H * . Formation

rr network can I
1 A tin, _  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.

-4» i i  - Nev
System .  New

Syvem bus

j к bus r L

(a)
l.ine added to 
re erence bus

(b)
Line added to any bus other 

than reference line

Fig. 5.7 Building of I  - Bus

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

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

Л<1 “  Air*
i-  1.0

)q
Syitem

r

Fig. 5.6 Addition of the line to reference line

5.15J Addition of a Radial Line and New Bus
Injection of unit current into the system throjgh the new bus к 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 the f  rl 
injected instead at bus i as shown.

1*10

Sv*iem
r

© -
1

Fig. 5.9 Addition of s radial line ard new bus
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.... (5.116)
^ Н ^ п м о п  of the existing Z - Bus matrix is increased by one. The off diagonal 

^ o f  the new row and column are the same ?s the clemenb of thr row ?nd col imn ot

^sTof the sy5lcm
15.4 Arfdi**0-1 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 
w ill not increase in this rase However, the i-ddilior of the limp inlrodtK.es a nrw axis 

hlc'h can nasubsequen ly eliminated by Kron's reduction method

J
I Svstem$>SU*n к

o~^ — r

- i-l .n

ID (b)

Fig. 5.101a) Addition cf a loop (b) liquivaient represen'ation

The systems in Fig. 5.10(a) can be represented alternatively as in Kig. 5.10(b).
The link between i and к requires a loop voltage

W ' ° A , - A k * Z V k ^ / .... (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- = 7 .»-Z ^  

z 'm = Z „ -Zk„:m  * rThe acu |r\ -vp">p axis can be eliminated now Consider the matrix

Zr Z ,
2, Z,_



124 Power System A n , | J

It can be proved easily that

7„ znz:'z,■, -p ' v i a
usint cqn. (S. 118) all the additional elements introduced by the loop can be elim 

The method is illustrated in example F..5.4. ‘4

J5.15.5 G iu m - S eidel Method Using Z-bust for Load Flow Solution
An initial bus voltage vector is assumed as in the case of Y  - bus method. Using these \o 
the bus currents aie calculated using eqn. (5.25) or (5.26).

...<5 1**,
where y, is the total shunt admittance at the bus i and yM v, is the shunt current flc 

from bus i to ground.
A new bus voltage estiimite is obtained for an n-bus system from the relation.

V R ....(5,120)1
Where V R is the (n - I)  x I dimensional reference voltage vector containing h each 

clement the slack bus voltage. It may h: noted that since the slack bus is the reference 
dimension of the is(n - I » (n I).

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

1

<m)
k-l k«t 

к #S

121)

Then v;mi P|. iQw

l y F f
- v  VУк v k

1,2......... П
r site к bu5

5.16 Convergence Characteristics
The lumber of iterations required for convergence о solution depends considerably 
corrcction to voltage at each bus. If the correction DVi at 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 val ue of a that gl  ̂( , 
improves the convergence is greater than are. In general I < a < 2 and a typical val'1*” ^
1.5 or 1.6 the use of acceleration factor amounts to a linear extrapolation of bu« v >ltagl “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.



^ t e i ^ ‘'ncc °* 'tcra,'ve mctlieids depends upon the diagonal dominance of the bus 
j),c c«>p Thest|fadmittances э! the buses uliagonal terms) are ir.ualK I irue re ative 

,.„,1,4 (off-diagonal terms. For this reason convergence is obtained for

|-ldjonk of high and low series iinpcdfnccs a id large capacitances obtained in cable 
^ K g H V  l'nes- ,cnes ?nd shl" ’ Compensation aie detrimental to convergence as 

CirC end ■»weak,en lhC ‘)'a ôl,al dominancc 1,1 Y bus ma" 4 ,tlc choice ot swing bu> mas 
* * Ш ^^Еуедепсс consider; bl> In difficult case' it is passible to obtain convergence b> 

a the least 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 n equation ( ) or ( ) are on 

he . . . i ip  2 or 3 only even for well developej power systems. Tie spar- ity of he Y-matri\ 
|nj  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 
(ci n and II*  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 than any iterative method.
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Worked Examples

E5.1 A three bus power system is shown in FIr. F.5.I. The system parameter, 
given in Table E5 I and the load and generation data in Table F.5.2. The »n|.J 
bus 2 is maintained at l.03p.u. The maximum and minimum reacti\e 
limits of the generation at bus 2 are 35 and 0 Mvar respectively. Taking L  
slack bus obtain the load flow solution using C.auss - Seidel iterative n T  
using VB„

E 5.1 A three bus power system 

Table E 5.1 Impedance and Line charging Admittances

Bus t  od' l-k Impedance (p.u.) Line charging Admittance (p.u) t,
1-2 0.0* ► jO 24 0

1-3 0 02 -* jO ()6 0

2-3 0it6 + j0O IK 0

Table E 5.2 Scheduled Generation, Loads and Voltages

Bus Nn i Bus voltage V, Generation Laid
MW M»ar WV Mvai

1 1.05 1 jO.O 0 0
2 I.03+j0.0 20 — 30 20

3 0 0 60 25 u
Solution :

The line admittance are obtained as
y, j- I.25-J3.75 
y „  - 1.667 - jS.OO 
V|j - 5.00 j 15.00
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matrix * formed using the procedure indicated in section 2.1 as

’ 6.25 - jl 8.75 -1.25 + j3.75 -5.0 + jl5.0 
-1.25 +P-73 2.9167 -J8.75 -jl.6667 + j5.0 
-5.0 + jl5.0 -Гббб-7 + j5.0 6.6667 -j20.0

4„.ict licn litt Method using YB| s
I , j|Û ' "

, _  ai bus 3 is assumed as I + |0 I lie miiial voltages arc thereforei "he vo.ta#e
V '‘" - I.05 + .I0.0 
V{“’ = 1.03+ Ю.0

■  у }"' « 1.00+ Ю.0 

(Use MVA-IOO
luruii. и I  •• И i»«9 uiri4110 calcul ,le ,he reat,lv-' power Q, al bn* 2. Ahicli s a P-V or voltage 

--1 ed bu«

в»0’ .tan ' 1

«Им., I|V j| r t  cosfi, =(1.03X1 o. = 1.0? 

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

Q j1' - j (t in*., У B 22 + (e j,* . , У B ?, ]  +

Z  F : i * » te iO n  ♦ekB , J - ( c , 1I<>l,okC 4  - с B 4 )]

s“ ^titiaing t h i lu e s

'•>: ■ • 0 3 ) ‘ 8 7< f (,))' i 7sj , 0(1 ()V( I IS ,  , 0 ( i 7S)

- I.OJ|(OX-l.25)-(1 05X-3.75)|
+N (IX - I.6 6 6 7 ) + (0X-5.0)] 

■ • 0 3 ((O X - I.6 6 6 7 )- (IX  5)|
B o .0 7 7 2 S  

«Crated a| Ы s 2

^ Г аг injection into bus 2 * load Mvar 
H ® 7 ? 2 5  + 0.2 - 0 27725 p.u

I  * -ns Mvar

My
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f liis is within the limits specified 
The voltage at bus i is

+ 1 pi ~JQi у v v i«*d _ y v . v "
v<»>* £ y,lVk A y* 1V k-*l

l Pi - jO :
jfl*

'01

(2.9167- j8.75) 

-0.3-0.07725
1.03-jO.O

-(-1.25 + j3.75KI.05 +■ j0 0) +(-1.6667 + j5 .(iyi

v i ° * 1.01915 — j0.032491 

= 1.0196673.̂ -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 ч 1.4(1.01915- 1.03)-1.01481 

v j  = 0.0 + I .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<" 1 P, - iO ,
Y i j v w -Yj|V, -Y jjV iII)

1
6 6667 - j20

-_>I6_vj(K25 | 5 f j, 5^105 + jo) - (- 1.6667 + j5)(l 01481 - j0{
i. ' ~ J® /

:1.02093 - j0.0351381



ш
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accelerated value of Vj”  obtained using 

v , .  1.0 ♦ I 4(1 02093 - 1.0) = I 029302 
«г0*1.'4(-0.0351384 - 0) =-00491933

v ;'» *  1.029302 -jO.049933 
= 1.03048  ̂-2.73624°

I ш  voluges at «he end of the first iteration aie 
V ,- I.OS+jO.O 

V{" -1.01411-AM54874 

[ V j" *= 1.029302 -j0.0491933 
( keck / ett»" vergeH ce : An accuracy of 0.001 is taken for convergence

Г  = [VJ I "  '  к ’Г ’ = 1 01481 - 1 ‘  «  01«

(avjf*' = [v',j" - [v': } ° ’ = -0.0-154874-0 0 = 00454874

[a' i I*” t- (v , l"- [v jp  «1.029302 1.0 * 0.029302

=M "  ~ [Av >r 0.0491933 - 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 "  * lV2Kt.| cose'," -l.03cos(-2 56648*) «1.02837 

И  Г  = |v j,*  | ■ sin 8(," = I J03sin(-2.56648°) - -0.046122 

’  1.02897-jO.046122

O'," ■ (1.02897) ’ (8.7SI ♦ (-0.046122)! (8.75) 

■Ц-0.046122Я10Я-1.25» 4 (0Н-3.75)!
-<l Л2897)|<0)(-1 .25) - 0 .OS*-3.75)1 +
- (1.02897)((- 0.0491933K I 6667) - (I 0:t9302* -5>|
- -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. » l7.97067Mv»r 

This is within the specified limits. The voltages are. therefore, the same as beforj 
V, - 1.05 *-jO.O 
V j1' «= 1.02897 - j0.0,46122 

V j" *  1.029302-j0.049l933'
The New volume at bus 2 is obtained a*

У<3) e I Г -0.3+j0.0202933 1 
J "  2.9167-j8.7JL1.02827 + j0.046122J

-(-1^5 ♦ J3.7SKI-05 -и jO)
-(-1.6667 ♦ j5) (1Л29302 - J0.049I933))
-1.024*6- Д О М М

The accelerated value of V{2) is obtained from

Vj -1.02*97 +1.4(1.02486 - 1.02897) * 1.023216

vj *  -0.046122 ♦ IM -0.056*268) - (-0.046122 = -0.0611 >*7)

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

V « - I [  - 6.6 +j0.25 1 
'' 6.6667-j2o[ 1.029302+ j0.0491933 J

-(-5 + 15X105 + J0.0)
- (-1.6667 ♦ j5.0) ( IЛ23216 - J0.0611)]
« 1.0226-j0.036*7l5

The accelerated value o f  V}1* obtained front

v, - 1.029302 ♦ 1.4(1.0226 -1.029302) - 1.02 

v', - (-0.0491933) +1,4(-0.0368715)+
(0.0491933) « -0.031 *4278 

V j!> «1.02-)0.03194278 
The voltages at the end of the second iteration are 

V, - 105 f jO.O
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____________ V i1* = Ij0232I6-j0,06li0e7

V jM *  I j02 - j0.03l94278

— ^«•durc is repealed "I* comergence is obtained ,it tlie end Ы the suth iteration 
TtK o la .e d in T .W e E 5 .lU )

ThereW**
ГаЫс ES.I (•) Bui Voltage

П и п '" ’" Bui 1 Bin ) M i J

0 I.OJ+jO 1.03 +j0 I.0 + J0

1 1.05 «jO 1.01481 - jO 0454# 1 029)02'10 049193

" "  2 ~ « .OS * j0 1.021216 |0 061 1087 1 02-jO 031942*
г 1 05 • /1 1 031476 ,1104*11X3 1 027441 (0 0150*
4 1 «5 * P 10227564 (00*1.*» 1012442* jll 0141 ЮЧ
* \ 05 * fi 1 027726-jO 04.19*41 1 028174* ]0 0363*43
6 1.03 * fi 1 024*42 - |01**2 1 020101 -jO 0)38074
7 1.05 */0 1 02*47»-jO 05IO I17 1 02412 jO 0)4802

Line flow from bus 1 to bus 2

S |2 • V . f a  - Vj* K',', 0.22*975 • jO.OI7396 

Line flow from bus 2 to bus I

SJ l^  V?(V * - V , 'f c ,  ■ 0.22518 J0 0059I78

* " * ■ * .  *•* 0,heT 11"» can ^  computed and ire tabulated in Table E5 1(b) the 
ac bqs power obtained by adding the flows in the lines terminating at the slack bus. is

P, ♦ iQ, =0.::S475 ♦ (0 0173% ч О 684006 * |0.225

* <0.91298 U  jO. 242396)

Table F.5.1(h) Uae П и п

L iu P Power Flow Q
1-2 ♦ t» 22**75 0.017396

f  2-1 -•2251*3 0.00)9178
Г  1-3 06*346 0.224

t  3.1 -0*74565 -0 19584»Г  --i - *.074124 0.0554
L. .1-2 *07461 4)054
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К S J  Consider the but syrtea show* in ft*. E 5.2.

Н Э  Q , .
P - ©

Ъ 1
E f  .2 A »x bun powar system

The following it the data :

Urn Impadaacc (p.a.I Ямв Imaginary

14 0 5701» Б-1 0.M5 F.-I

1-3 1 1J0UO Б-2 J 600 E-2

J-J J  IN N E-2 i 7j* E-l

W 17)000 t-2 oita E-l

ДОКИ*) M 1 «М F.-I

4-5 1 940(B) M 06IS E-l

Scheduled generation and bus voltage* :

Bus Cade P ■ M d bin vollan* Gaacratlaa
MW |LU. Mvar p.a

Load

MW p.a. Mvar

I 05*j00 
< ipcciftcd I

1.2 0.05
1Л 005

I 4
0Л
•  7

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

Solve the problem also using Newton-ltaphson polar coordm»1" 111



111

adaiinancc matrix i* obttined as :

Bat C o * Adarittaact

P - 0 Baal laiagiaary
l- l 14 516310 -32 57515

1-4 -J *h44- * 13*42
l- S -9 029*7U 24.44174

2-2 7.329113 -2*24106

2-S -10)1091 5 529494
2-S -5035970 16.301400

2-» -1 2*2051 6 410257

3-2 -1 il l 1091 5 5294*4
3-3 1.01109' -5.529404
4-1 -54*M4f. 1 133420
4-4 1001*390 -22 7I7J20
4-3 -4 52994* 14 59>90f)
3-1 -9029*7(1 24 441740
3-2 -5.03*970 16 301400
3-4 -4 52994K 14 593900
3-3 IK 595790 -55 337050
6-2 -I 2*21151 6 410257
6-6 1 2*2»5I -6 41(1254

' IS к Е Й а Т ^ * * ^ ' V,° ' ' MC *ss,lm c' 1 lo ** 1 ■ •*’ cvccr* the \peufied vo lley  ai bin 
1 °5  * jO The vohage equations f<* the fist Gause-Seidel iteration are

vj" ■ _L ~.iQi 
V u [  vj"r v v 11*' I !  J

vj"« JL 
v „

4 jO | V V V V /Л1
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I
Y „ v .«>*

I I Iyii»  ̂ I ^  “■ jO * V  Y  
v- “  !

Substituting the values. the equation for solution are

V i" « f --- !---- j2*.24100 ) * [ 1-2
'  1,7.329113 ^  ) L *~f>

-(-1.011041 ♦ jS529404)*(l ♦ (0)-(-5.03597* j l6.3014X1
-(I -2*2051 + jl6.3014KI* j0)

«1.016716+ j0il557924

V5" « (--- !---- |5.52424)»[--2-~ У - 5]
* 1.10110*1 )  [  l- jo  J

-(-1.011091 + j5.529404) x(l.0l<7*6 ♦ j0.0557924)
«1 0*9511+P-3M5233

'  v 10.01639 ) [ 1-jO  J
- (-5.4*6 «46+ j*. 133342)* (1.06+ )0.)
-(-4.5299a + jl4.5*39XI + j0)

«0.992801 - jD-0651069

-0» +j*0 3 
1-jO

- (-*.02*17 + j24.44174) ж ( IД5 ♦ jO)
-(-5.035*7 ♦ 116.3014X1.01*7*6 + j0D557929) 
-(-4.529*4* + jl4.5939X0.992*0* - jO 065*069) 
1.02*669-j0.01 *79179

V r « f _ L _ - * , 1 0 2 5 7 ^ ^ 1 ^* V,1.2*2051 )  [  1-JO
-(-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 (■)
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In the polar form, all the voltages at the ead of the 14л iteration are gl, 
in Table ES.3(b).

Table E5 J(b )

■ и Votta(c ««n llad * (p.»-) РЬаи unfit (*)

1 1 0? 0

2 0 04562a 53326

1 10713)4 16 05051

4 1014964 -2.543515

3 1 033765 2 4739*2

ft 1.016911 -3 00192»

(b) Newton - Raphton polar coordinatet method
The bus admittance matrix is written in polar form as

19.7642  ̂— 71 j6* 3.952iS^-108.4* 1JJ114Z-108.4* 
3.95215Z - 108.4е 9-2231U -71.6° 5.27046У 10* 4® 
I5.tl I4Z -108.4° 5.27046/Г-108.4й 21.0819^-71.6*

' BUS

Note that

i£Y„» -71 A® 

and ^ Y t *  -ItO* -7Ij6° * 108.4* 

The initial bus voltages are
V ,-  1.05 

VJ°* -1.03^0*

Vj*' « I.O/TO*
The real and reactive powers at bus 2 are calculated as follows :

Pj - |VjV,Yi, |со4б'гв )-в, -e},)*|v/  Ya |«* (- »a b

|V jV ,Y „ |cos(s',"‘ - 6',*’ - в а )

• ( 1.03)<I 05)(3 95285) см (10в*.4) +• ( I ЛЗ)2 (9.22331)cos*'1 ’
/ \(ж*ч* (Ш Я  (9Л2331) сов (71*4) M l.03X 1.0* 5.27046) с *

'  0.02575

< И
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Q j-  |VjV,Yj| ||»1б'* -®| - в3, )♦ jVj Уа |*ж(-вн )+

JV jV .Y u  | i i i» ( j f  " С - в „ )

» ( 1.03) (I 05)(3 9S285) sin (-108*' 4) ♦ (1.03Я (9.22331) sir (71 6") 
+ (1.03) (1.0) (5.27046) sin (10* 4^
- 0.07725

Generation of p.u Mv«r«tbo»2
- 0.2 ♦ 0.07725
• 0.27725 - 27.725 Mvar 

This № wM»"1 1be lifni’s specified rhe real and reactive povseis at bus I arc calculated 
m i similar w»y.

| P , - | v r V lY ,( |c « (6 'J” - ftl - e , 1) +|v ;<»V , Y,,| cos(8f

(Vj#>1 Yjj |ев*(-в,,)
“  (1.0) (1.05) (15 J l  14) cos (108.4°) +

(1.0) (1.0.3) (5.27046) cos (-1014е')
M I.O )2 (2 1.Oil9) cos (71.6°)

. 4  --0.3

O,-|vj0)VlY))|pn(sr -6, - e j.|v « °'v . Y,j]sin(6',01 -8, - e j *  

|V )°'S
| *(1.0) 1.05 (IV8114) sin (- 108.4°) * ( 1.0) (1 03) (5 27046)

»in (-108.4*)
I MI.O)* (21.0191) sin (71.6°)

' - 0.9

' П|*У he

HP* between scheduled and calculated powers arc

t r* = -0.3 - 0.02575 « -0.32575 
_  Г  - -0.6—(-0.3) - -0 J  
^ J ° '  - -0.25 - (-0,9) - -0.65 

"И *  * *  A<̂ J **** ne* keen compiled since bus 2 is voltage controlled but.
“ 'Ц ы Г|«и |*оГ»|2
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m e greater ttuw the specified limit of 0Л 1. the next iteration is computed 
tom I : Elements of the lacobiw are calcul*ed as follow».

Л ,
- (1.03) ( 1.0) (5.27046) sin (-108.4“) - -5.15

V, - С - О *

--(l.03)(l.05)(3.*52S5)sin (108.4®) ♦
(1.03) (1.0) (5.27046) sin (-108.4°)

- 9.2056266

й . I* , Y „|co s (6 ?'- e f - e „ )

-(1.03) (5.27044) CO* (108.4°)
--  1.7166724

g b - lv f v ,
Cb\

- (0.0) (1.03) ( J27046) sin (-108.4°) 
«-5.15

VpV, Y„| j f f ? - © „ K l v r v ,  Y,j|sin(e',0>-6'-" »«a

- - (1.0)(1.05)<15.8114) sin (-108 4е) - 5.15
- 20.9

- 21V, Y,,jcot0„ - |V, Y „|co45,“’ - * ? ' - • « )♦
rV ,

|Vj Yu |co.(e',*' - * ?  - e „ )
- 2(1.0) (21.0814) a » (71.6°) ♦(1Л5)(15Л14) cos ( '  
(1.03) (5.27044) со* (-108.4*)

- 6.366604

154

g i  - -|v{*v, Ум|во4вГ - « Г  - 0 „ )
tv ;

» (1.0) ( 1.03) (5.27046) со* (- 10в.4,к) 
- 1.7166724

<*0 ,
Я ,

■|vj*'v, Yc |cos(6',e' -8, -в,,)*

( v J^ Y a je n ^ r - e r - e n )

From eqn. (5.70)

"  (1.0)0.05) (15.8114) cos(-108.4°) - 1.7166724
- -6.9667

7^ - a | v f  Y n|+|v, Y„jsin(e^‘ - 8, - e „ )+

|v, Y,4«(6'I°‘-8?*-eiJ)
- 2( 1.0) (21 0819) sin (71.6s) « (1.05) ( 15.8114) sin (-108.4°) + 
(1.03)(5.27046) sin (-108.4°)

- 19.1

- 0.32575 
-0.3 
0.65

920563 - 5.15 -1.71667 
-5.15 20.9 6J6660 

1.71667 - 6 9967 I9.|

H I
да,

a |v ,|

*he method of triangulation and back $ub«ations

-0.35386' 1 -0.55944 - 0.18648 Г A*. 1
-0.3 = -5.15 20.9 6.36660 AS,

.-0 035386 ♦ 1.71667 - 6.9667 19.1 A(V.|

-0.35386 1 -0.55944 - 0.11648 A8j
-0.482237 * 0 18.02 5.40423 лл.
* 0.710746 0 - 6 006336 14.43812 A|V,|
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' -0.353*6 ' 1 -0.55944 -018648 Д6, '
-0.0267613 = 0 1 аз дв,

0.55 0 0 2122202 м ч

Thus, A)V,| - (0.55) /(21.22202) - 0 025917 

Д6, - - 0.0267613 - (0.3) (0.0259^7)
* - 0.0345364 rad
- -1.91*

Д62 - -ОЛ352Я6- (-0.55944) ( Л034536) - (-0.1Л648) (0.025417)

- 0 049174 rad
- - 24575"

At Ae end of the firs iteration the bus voltages arc
V ,-  1.05^0°
V j-  I.OJ/T2J57570 
V j-  1.025917^-1 978*"

The real and reactive powers at bus 2 are computed :
P j" • (1.03X1.05X3 952*5Xco*-24575)-0(-10».4*)

♦ (I Л3)г(1.025917X5.27046) co»((-2.8575) - (-1.97*1) - 108 4* 

-0.30009

OV* * (1.03X1 .t5X3.952*5rtfin(-2 J575) - 0(-10*4*)

♦ (1,03)>(9.2233l)sin[(-2J57S7) - (- 1.97*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 °)]
♦ (1.025917X1 i)3X5.27046)cotJ(-IO9M)-(-2.8575) - lOM]
♦ (1.025917)1(21Л  19)соа(71Л*)
- -0.60407
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q V  =(I.02M>17)TI 05K15.8114)s*o« I <»T7)-  108 4° )|

+ (1.025417)11 03X5.27046)ч т |(- 1 9?Mj) - (-2 *575) - 108 4(,)| 

+ (l.02S9l7r<2l0819)sin(7l.60)
--0.224

(jiffefrnce  ̂ between ictieduled powen and calculated power* wc

APJ" - -0,J- (-0.30009) = 0.00009 
AP{" • -0.6-(-0.60407). 0.00407 
AO1," ’  -0.25 -(-0.2224) = -0.0276

Even though lf»c fir*t two difTerences are within the limits the Iasi one Q r, greater

#зп 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 m table E5.4(«) and KJ.4(b)

Table ESM (a) Bus vaMages

titration But 1 But 2 Bat 3

! 0 1 OJ/O»1 103/0“ 1/0»
! i 1 1 05/0» I03/-2I5T57 1 025917Z-I 978*
■  2̂ I.0JZ0" I.03/-2.I5I7 I.02476/-I 947

Table E5.4 (b) Line Flow»

U m r Po»tr Flaw Q
1-2 0 2297 • 0.016533
2-1 -6 22332 0 0049313

■  1-3 06839* 0 224
3-1 -0 *74545 -0 0195145

j .  2-3 -0.07412* 0.0554
_  V2 0074*1 -00*4



Bin Cad*
— Г Г "  

M  "  
Я  “  
14 П| 

— т г -
И "

Lin* liapadaacr Ipq
— гп5Т7гп—  
--- oftTToin—
— ггтггрпй—
— гп5гт$5—
— олгтгпй—
--- Ш Т]302—

E S J

O p e ra tive  and C o n tro l b  Po w er

Fo r tbc glvea ii* p le  pawer ly it in  ( M  load flaw  lo latioa m lng 
coerdlaatc* methad. decoapled method aad fa it decoupled Mctkod.

(b) Line-data

But Cad* (Stack) G«n*r*tio- иМ» M w MW Mvar
1 A 1 0 0
1 ■ r ? ' Г 1 to
T ------- Л 0 45 ■ 20
4 ) 0 40 ”  i f
J 0 ■ ’ 0 50 “ i i

(c) Generation and load data
I 2 3 4 *

1 11 724-j24.27 - » * j2 0  0+ ft O + jO -1.724 * j4 31
2 -10* j20 10 962-j24.76l 0 *j0  0*j0
)  0 *j0  -О 9M » |4 808 6 7I> - j2l 444 - J * j l J  -0«22 * |2 142
4 0 *j0  0+JD - Ji jl»  15-jM .W  -10♦ |20
5 -1.724 + jO I •♦jO -4(«J-|1H2 - l« * ||0  1154Л

(d) B u t admittance matrix 
F l f . I S J
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_  к * match vector for iteration no: I ia

jo jj]"- 0 03*60'
g » ] f * 0 4 * 2 »  
^[4,-^003703 
„q ,,]- -0058334
! t,e Ntwtoltafe vector after iteration I is :
Hus no I E : I .000000 F : 0.000000 
Bus no 2 E : I 984591 F 0.008285 
Bus no 3 E : 0JS2096 F :• 0.14222*
Bus no 4 E : 0Л6991 F :-0 153423
Bus no J  E : 0Л75810 F > 0.142707
The residual or mismatch vector for iteration no : 2 is
dp{2] - M02406
dp{3J "  -0-001177
Jp[4] “  -01)04 219
<W) - -Л000953
^ [2 ] ■ -0.001087
О Д - ^ л о ггб !
^И4) ■ '• joooso:

* 4J002SS8
*  Ne*  vector after iteration 2 is : 

^*•11:1.000000 F : 0.000000
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dp(2] - 0 000005 
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):
bus no I Slack P ”  1Л89093 Q * 0.556063 E ■ 1.000000
bus no 2 pq P - 0.349995 
bus no 3 pq P • -0.449999 
bus no 4 pq P • -0.399987 
bus no 5 pq P - -0.500001

• 0.150002 E -  0.9*4357
■-0.199995 E ■ 0.800951
»-0.150003 E - 0.86*709
■-0.249993 E - 0.874651

Decoupled load How aolutloa (polar coordlaate method)
The residual or mismatch vector Гог iteration no : 0 is
<*p(2] - 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 0 :
Bus no I E  : 1.000000 F : 0.000000
Bus no 2 E : 0.997385 F  :• 0.014700
Bus no 3 E  : 0.947017 F  0.148655
Bus no 4 E  : 0.941403 F  0.161282
Bus no 5 E : 0.943803 F >0.150753
The residual or mismatch vector for iteratioa no: I is
dp (2 ]ж 0.005323



dpPl
<lp(4)
dp(*l

_Oi)0*207
-OiKWI39
-0019702

^ 21- -ОЛ67715 
d0(„ .  ^.12987

dQ(4 ]'- *■ 15,696 
40,5)-- M 10557
The pew voltage vector after iteration I :
Bus no I E : 1.000000 F : 0.000000
B u s  no 2 E :  MC20S2 F >0.01)556
Bus no 3 E : 0.182750 F >0.14)760
Bus no4 E : 0Л70666 F >0.154900
Bus no 5 E : 0*76161 F >0.1434*4
The ncMlual or mismatch vector for iteration no:2 i*
dp(21-0149)14
dp(3) - -0Л17905
dp{4) - -0.002305
dp(5) - -0Л06964
dQ[2]--0Л09525
<K?(3) - -6Л09927
dQl4]--#jOI2938
dQl5) - 0JD07721
The new vokage vector after iteration 2 :
Bus no 1 E : 1.000000 F : 0.000000 
b>« no 2 E : 0.9819*5 F >0.007091 

"o 3 E : • J80269 F > 0.142767 
Bus no4 E : 0.868132 F >0.1Я172 
fcu no 5 E : 0.874339 F >0.143109

or mismatch «си» for iteration no:3 is
dPj2] - 0.000138 
dP(JJ * 0.001304 
(1I>(4J « 0.004522
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dpJSJ - -0.006313 
dO (2]-0.066286 
dO(31- 0.006182 
<Ю|4] m -0.001652 
dQ(Sl- -0.002233
The new voltage vector after iteration 3 :
B its no I E : 1.000000 F : 0.000000 
Bus no 2 E : 0.98486* F :• 000707$
Виз поЗ E : 0.881 Ml F 0.142710
Вю no 4 E : 0.868841 F > •. 154159
Btrs no 5 E : 0.874862 F :■ 0.143429
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 I E : 1.000000 F : 0.000000
Bus no 2 E : 0.984866 F :• 0.008460
Bus no 3 E : 0.881121 F 8.142985
Bus no 4 E : 0.868849 F >0.1546330
Bos no 5 E : 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
dpfSJ • 0 0000561
dOf 2| * -0 000059



Л 0 1 - -о-000059
(jQj4| * -0.000635 

JQ14 “  -O-000721
— t neW volume vector after iteration 5 :
Bus no I E : 1-000000 F : 0.000000 
B u s  no 2 E : 0.9*4246 F 0.00*1»
B u s  no 3 E : 0.M0907 F 0.142947
Bus no 4 E : 0J6867I F 0.154323
Bui no 5 E : 0J74633 F 0.143431
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: | ‘  0.003032 
40(31 * -0.0001*6 
6Q(4]- -0000160 
60(5] - -0.000267
TTw new voltage vector after iteration 6 :
Bus no I E : 1.000000 F : 0.000000 
Bus no 2 E : 0.9*4379 F 0.00*165 
Bus no 3 E : 0JM 954 F 0.142941 
Ви  no 4 E : 0.*68710 F :• 0.154314 
Bus no 5 E : 0.174655 F 0.143441

'«sidual or mismatch vector for ИгШюо no 7 is 
d»**2i 0.001466
* 3 ]  “  0.000106
dH4) - -0.000073 
^ *4  ■ 0.000156

■ 0.000033 
*■ 0.000005 

0.000152
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<Ю(51“  -0 000166
The new voltage vector after iteration 7 :
Bus no I E : 1.000000 F : 0.000000
Bus no 2 E : 0 954311 F :• 0.008230
B«s no J  E : 0.880951 F :* 0.142957
Bits no 4 E  : 0.868714 F > O.IS432S
Bus no 5 E : 0.874651 F 0.143442
The residual or mismatch vector for iteration no: в is
dp(2] - -0.000022
dp(3] - 0.000001
drf4] - -0.000072
dp(S] - -0.000074
dQ[2] = -0.000656
dOl3) - 0.000037
<KX4] - -0 000048
dOt 5) * -0 000074
The new voltage vector after iteration 8 :
Bas no I E :  I 000000 F : 0.000000
Bas no 2 E : 0.984352 F :- 0.008231
Bas no 3 E : 0.880947 F :• 0.142958
Bus no 4 E : 0.868706 F > 0.1S4327
Bas no 5 E : 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) - -0 000038
The new voltage vector after iteration 9 :



f ! , »  Л я* !?**

I  , E ;1 .000000 F : 0.000000

fte  «skfual or raismatch vector for iteration no 10 is 

jp f2 ] 9 0.000001 
^ 3 ]  .  -0.000001 

4p(4] -0.000017 
4*5 ] - -0 000017 

jq (2 J«  0.000143 

4Q{3] - -«.000001 
4Q(4] '  0 000014 
4Q{J] - -0.000020
The new volume vector after iteration 10:
Bus no I E : 1.000000 F : 0.000000 

Bus no 2 E : 0.984658 F > 0.008216 

Bus no 3 E : 0JI0949 F 0.142954 

Bus no 4 E : 0.16К707 F  :• 0.1S4324 

Bus no 5 E : 0.874648 F  > 0.143440

Tbe residual ar mismatc h vector for iteration no: 11 is 
«W2! "  -0.0000*9
‘W 3! I 0.000005 

d”<4l 1-0.000006 
‘‘И 5! -О.ООООЦ 
<* * 2I F 0.000004 
^"-O.OOOOOO

* 0.000008 
dQ,S>e -0000009
B P j N  fto*v solution after I iterations 

•"• ‘ • M c a n o n * , ,

e „ n o 2 E :  0.984352 F 0 008217
B esrw 3E:0.880946F - 0 142954

gus no 4 E : 0.868705 F 0.154324
eueno 5 E :  0.874648 F 0 143440
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Bus no 2 pq P “  0.350069 
Bus no 3 pq P “  -0.450005 
Bus no 4 pq P m -0.399494 
Bus no 5 pq P “  -0.500011

T to  final load По» foluttoa (fo r allowable error.OOOIk :
Bus no 1 Slack P - 1.089043 Q » 0.5560M E - 1.000000

Q-0.150002 E ■ 0 9*4*58 
0--0.199995 E - 08*0944
0 - -0.150003 E “  0-86*707
0 * -0.249991 E - 0874648 

Fast decoupled loed flow Mlutioa (polar coordinate «ctbad)
The residual or mismatch vector for iteration no:0 is
dp(2] - 0 350000
dp(3] - -0 450000
dp(4] v 0.400000
dp|5] * 0.500000
dQ|2| - 0.190000
dQ[ 31 - -0.145000
dOHl - 0.130000
dQ{5J- -0.195000
The new voltage vector after iteration 0 :
Bus no I E : 1.000000 F : 0.000000
Bus no 2 E : 0.997563 F 0.015222
Bus no 3 E : 0.947912 F 0.151220
Bus no 4 E : 0.942331 F 0.163946
Bus no 5 E : 0.944696F - 0.153327
The residual or mismatch vector for iteration no: I is
dp(2) - 0 004466
dp(31 - -0.000751
dp(4| '  0.007299
dpf5] - 0.012407
dQJ2| 0.072541
dQ01 = -O.l 11299
dO(4) - 0.162227
dQ(5) = -0.21*309
The new voltage vector after iMrutloa I :
Bus no I E : I ОПОООО V . 0 000000

O.Ot
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0.882397 F> 0 «43602
Qijl 0О * г'

^  р4 Е : 0.869896 I -0 154684
Г Ц ^ } е 1м 75752Р>01433.2

nr mismatch vector for iteration no: 2 is

dpl?l
. *.153661

Щ т  •> -о огообз
¥ t ]  -*.005460 
dpT5) -k009505 
^21-*.011198 

dQ(3|" - 0 °14792 
dO|41-H.000732 
d0|5| «М.002874
The new voltage vector after aeration 2 :
Rut ao I F. 1.000000 F : 0.000000
Bui во 2 К : 0.982004 F 0.007026
Bus no 3 E : 0.880515 F 0.142597
Bui no 4 E 0.861400 F 0.153884
Bus ao 5 E : 0.874588 F 0.143038
Th* resiAal or mismatch vector for iteration no 3 is
<W1 -ОЛ00850
<W1 ■•♦Л020ЧЗ
<*Р(«1 ■ *.*00155
<W*I *-«1*03219
m i  0*67612
«Ю1--М07004 
« *1  ~0-003236
* * 51 * в 4 « 2 %

vahai e vector after Jention 3 :
.  “°  1 e : < 000000 P -o.oeoooo 
Bu, ** * * : 0 ,|4<»26 P > 0*07086 

|  0 *• 1246 P > o. 142740
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Вм  no 4 E  : 0.169014 F >0.154193 
Bus no 5 E : 0 87492* F >0.143458 
The residual or mismatch vecter for iteration no: 4 is
Д О ] - -0.0323*4 
dp(3] - 0003011
df>(4] - -0 001336 V
drfS] - -0.002671
dQ[2] - -0 000966
(J013I - -0.000430
d0|4| - -0.000232
dOISH -0 001698
The ncvr voltage vector after iteration 4 :
Bus no I E  : 1.000000 F : 0.000000 
Bus no 2 E  : 0.984162 F > 0.00848*
Bus no 3 E 0 **111»F >«.143053
Bus no 4 E : 0 *68*47 F > 0.154405
Bus no S E : 0.174717 F >0.143501
The residual or mismatch vector for iteration no: 5 is
dp(2] - 0.000433
«КЧ31 - 0.000006
dp(4] - 0 000288
dp(5) - 0.000450
dQ (2|--0014315
dQ{3] - -0 000936
dQ(4] - -0 000909
dO(5| ■* -0001265
The new voltage vector after iteration 6 :
Bus no I E : 1.000000 F : 0.000000 
Bus no 2 E : 0.9*4230 F > 0.008463 
Bus no 3 E : 0.1*1246 F > 0.14300*
Bus no 4 E : 0 *69014 F >«.154337
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B*no5E:0 .*74607F:-0.143433 
The residual or mismatch vector for iteration no: 6 is 
4p(2] m 0.006̂ 81 
4*3] - -0 000521 
4p(4] - 0.000314 
dp(5] - -0.000792 
4Q[2] ”  0.000331 
jq [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 
<*ДЗ] - -O.OOOI62 
d0[4] - -0.000255 
<K?(5] - -0.000375
The new voltage vector after iteration 7 :
Bus no I E : I 000000 F : 0.000000 
Bus no 2 E : 0.9S4386 F 0.008166 
Bus no 3 E : 0 M0963 F 0.142943 
Bus no 4 E : 0*68718 F 0.154316 
8us no 5 E : 0J74656F 0.143442

residual or mismatch vector for iteration no: 8 is 
<W2] - -0.001523 
ОИЗ] • -0.000105 
*1*1 *-0.00011$
*HSI * -0.000215 
* ^ 21“  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 I E : 1.000000 F : 0.000000
Bus no 2 E : 0.984380 F 0.008233
Bus no 3 E : 0.880957 F 0.142961
Bus no 4 E : 0.868714 F :• 0.154329
Bus no 5 F.: 0.874651 F 0.143442
The residual or mismatch vector for iteration no: 9 is
dp{2] - -0.000045
dp(3] - 0 000015
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 I E : 1.000000 F : 0.000000
Bus no 2 E : 0.984350 F :- 0.008230
Bus no 3 E : 0.880945 F 0.142958
Bus no 4 E : 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:I - 0.000334
dp|3] • -0.000022
dpl4] - 0.000033
dp(S| “  0.000056
<KX2| = 0.000028
«НДЦ 0.000007
dQ(4| - -0.0000*7
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'^0 (5 ]-0 .000005
w  vo ltage  vector after iteration 10 : 

g ^ n o l E :  I 000000 FOrtOOOOO

eu,n o 2 F .: 04*4152 F
^ п о З Е ^ в О ^ Г
Btt,n o 4 E :0 «9 8 7 0 5  F 

Bl*  no S E  : 0.17464* F

■ 0. 008216
- 0.142453 
0.154323 
0.143440

- j  r^idual or mismatch vector for iteration no: 11 it
dp(2] - -0000013
Jp|31 - -0.000004
4ty4] * 0.000003
ф(5] - -0.000000
dQ|2|- 0 000144
40(31 - -0.000007
<0(41 - 0.000020
40(5) - -0.000027
The new voltape vector after iteration 11 :
Bus no I E : 1.000000 F : 0.000000 
Bus no 2 E : 0.9S435S F :■ 0.008216 
Bus no 3 E : 0JS0949 F 0.142454 
Bus no 4 E : 0-168707 F 0.154324 
Bus no 5 E : 0J7464* F 0. «43440 
The residual or mismatch vector for iteration no: 12 Is 
*421 -0.000074 
W l  - 0.000005 
*(4 | - -0.000004 
*W5| - -0.000014 
*>!21 0.000008

-  - 0.000002 
* * 4 |»  -0.000001 
* # sl ‘ 0.000000
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The load flow xla liea
Bus no I Slack P - I 089040 Q - 0.556076

ESl4
Gauss 

Solution

F “  0 000000 ' 
F "  «  00*2 (i |
F * -0.142954!  
F “  -0.1543241 

E - 0.17464* F - -0.1434*1

Obtain th« load flow solution to the system given in example E5.I using 2-ftus J  
r.anu - Seidel method. Take accuracy for convergence as 0.0001.

Bus no 2 pq P - 0.350074 
Bus no 3 pq P - -0.450005 
Bus no 4 pq P ’  -0.399991 
Bus no 5 pq P “  -0.500014

Q -0.150008 
0  - -0.199995 
0  '  -0.150001 
0 -  -0.250000

E
E ■ 
E- 
E '

1.000000 
0.9*435* 
0 *80949 
0 *68707

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 I is chosen 
slack bus.
(i) Add element 1-2. This is addition of a new bus to tie reference bus

(2)
(2) I 0.05 » j0.24~|Zeus

(ii) Add element 1-Э. f his is also addition of a new bus to the reference bus
(2) (J) 

(2)
(3)

0 08 ♦ J0 24 O.O + JO.O
O.O + jO.O 0.02 + jO.06

(Hi) Add element 2-3. This is the addition of a link between two existing Ыне I  
and 3.

2 * * * - г *И - 2 » - 2 |.- в *0 Н Ь 2 4  
Zj*** ■ ZtaH “  Za - Z „  - 40.02-i0.06)
Zfcx>Hoo(> ’ 4 Z>j  _ 2 Zj j  + Z,, u

- (0.08»j0.24)+(0.02»j0.06K0.06 + jO .II)
” 016 +j0.48

(2) (3) W  J
(2) 0 0* + j0.024 0+ jfi 0.0* + /0.24̂

Z ™  “  (3) 0.0 +jO.O 0.02 + j0.06 -(0.02 ♦
e 0.08 + J0.24 - (6.02 + jOjOM) 0.16 + j » ^

The loop is now eliminated
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. j w j u . j . M l K L
0.16 + j0.48

-0.04 ч jO.I2

z „- z „  ш\г„-г1р г* '
I too.

0.16 +j0 48
*0.01+j0.03 

Similarly Z,, -  0.0175 +  j«.0526
p,e 2 . Bus matrix is thus

Z b«
0.04 + jO 12 0.01 + jo 03
0.01 * j0.03 0.017+ J0.0525

0.1265/71.565* 0031623/71.565°
0.05534/71.565°0.031623/71.565 

The voltages at bus 2 and 3 are assumed to be

V<0) - I .03 + j0.0

V,10' -I.O + JO.O 
Assuming that the reactive power injected into by* 2 is zero.

Oj-O.0
The bus currents |<0) and |jf> are computed as

l«*> .  ^ ; 3Л У : ° .  -0.29126-jO.O - 0.29126/IS0*
1.03- f)J0

I1,01 = -^ -2S = -0.6 - j0.25 = 0.65/157 38°

"erion I • The voltage at bus 2 is computed as

V{'* “  V, + 2 „  I,*' + 2 M I4*1

- 1.05/0* + (0.1265/71.565®(0.29I26/U0" +

(0.03 «623/71.565* XO.65/157 3g°
- I 02415 -JO.05045
- l026M /-2.llt2
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The new bus current J*** it now calculated.

A l?1
vv»
I v

Ы  I*
¥ n  j

1.02609/-2Л182 
0.1265/71.565°

0 "” «ln»|vJ"A li#’*l
= Imjl .02404/ - 2.8182® ̂ 0.0309084/74.383°
= 0.03

O j" • Q-,®' ♦ AO',** = 0Л + 0.03 - 0.03

I',1' ------ =0.29383/182*918°
1.02609/-2.8182°

Voltage at but 3 is now calculated

v ;n - v l+ z e l f * z „  l«*>

- 1.05/0.0° + (0.031623/71.565* )(0.29383/l 82.832 

(0.05534/71.565* X0.65/I57.3**)

- (1.02319 - J0.036077) >1.0243/ - 2.018“

|0) c i )-64 J  ̂ 7 J** - 0 634437/155.36°
1.0245/21)18

The voltage* at the end of the first iteration a rt:
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) - (Ш  ♦ jOO)
- -000515 - J8j05045

AV<" -(1.02319- *036077)-(1.0* j<U»
- (0.0231* - #.036077)
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V j:’ - V, ♦za lj"  +Z,,r,"
- 1.02 /0 " - (0.1265/71.565CX0.29383 /182.892°) «• 

(0 031623/71.565") (0.63447/155.36°)
- 1.02634 - jO.050465
- 1.02758 /-2.81495°

1.0275в/ - 2.81495“ IГ i.03
1.1265/-71.565“ !I 1.02758

- 0.01923/- 74 38“

ДО1; * - t a j v f V j ’f ]

- Im(l.02758/ - 2 81495X0 01913/74.38°)
- 0.0186417

OjJ> “  O j" * AQ'j"
» В.ОЗ + 0.0186487 « 0.0486487 

-0.3 - J0.0486487I Hi » ----- -------—
' 3 1.02758/2.81495

- 0.295763/186.393“

Vj; ' -1.05/0° ♦ (0.31623/71.565°(0.295763/186.4* +

0.05534/71.565° XO.634437/155.3«л >

I'»  » --О У ^ 157-38" = 06343567/155.434"
1.02466/1.9459°

AV;“  = (I 02634 - jO  .050465) -(1.02485 - jO 05041) = 0 00144 jO. 0000 IS

A V J"  » (1.024 - j0.034793) - (1.02389 - jO.036077) - 0.00011 + /) OOI28 
As the accuracy is still not enough, another iteration is required 

V e io * j  .

V j" - 1.05/0° ♦ (0.1265/71.565° XO.295763/186 4 °) +

(0.031623/71.565, X0.63487/I5J.434<' )
- 1.02*5187-)0051262

- 1.9298/-2.153*

A*‘ lr* h

and imaginary parts art greater than the specified limit 0.001.
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| ,„  _  J * » * £ :j j ^ r j u j 3 _  _ Л = 0.00|$||/74.4IS° 
0.1265/71.565° 1,1.02* J

AQ'/1 -0.00154456
Q̂ 1’ -0.04*6487 + 0.001544 = 0.0502

|(J) в jO.3 -JO-0502 к 02*s37/n *6.647*
0.029*^2.853 •

V j11 - I MZO* ♦ (0.031623/71.565*) + (0.29537/116.647°) +

(0.05534/71.565° *0.634357/155.434* )

- 1.024152 - J0.034117 -1Л2474/ - 1.9471*

l„> я -0.65_- ^ 5 7J» «  я 0634jZ155 43j« 
1.02474/1.9471°

AVj J> - (1.02*51 *7 - j0.051262) - (1.02634 - j0.050465)
-0.00217*7 - 0.0007*7

AVj1' - (1.024152 - j0.034*l7) - (1.024 - J0.034793)
-0.000152-jO.00002

Iteration 4 :

Vj4’ -1.02996/-2452®
41® = 0.0003159/ - 74.417*
4Q(,}> -0.0000*67

Q<4) - 0.0505
Ц4* - 0.29537/1*6.7*
V^' - 1.02416 - JO-OJ4* 16-1.02474/ - 1.947°
AVj1' ж 0.00010* + j0.000016

AVj’1 -0.0005* JO.OOOOOl 
The final voltages are

V ,-  1.05 ♦ J0i>
Va - 1.02996/ 2.852*
V ,-  I.02475/-I.947*

The line flowi may be calculated furtfcer if required
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Problem

р) | obtain • load flow solution for ihe system shown in Fig P5 I use 
Gauss Seidel method 

(ii) N-R polar coordinates method

B ti code p-q Imptdaact bm I in» Charge! V pq i
1-2 0.02 *j0 2 0.0
2 - J 0.01 ♦ JO 023 0.0

3-4 0 02 4 j0.4 00
J- S 0.02 ♦ 0 OS «0
4-5 0.0IJ ♦ j«04 00
••J 0015 т/004 00

Valu«« ire given m p.u on a base of lOOMv*.



The scheduled powers are as follows

162____________________________________ _________  Power System л » ,к

ttn  Code (P) Ctntratlon Uad
М» Mvar MW Mvar

1 (Slack bus) 0 0 0 0
2 to IS 25 IS
) 0 0 0 0
4 0 0 45 IS

S 0 0 55 20

Take voltage at bus I as 1/0° p.u.
PS.2 Repeat problem P5.1 with line charging capacitance Y^/2 * j0.025 for each line 
P S J Obtain the decoupled and fast decouple load flow solution for the system in PS lnj 

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 in p.u 

Perform load flow analysis for the system

Lm * data Rtalataac* Raactaacc Capacltancc

002(7 0.0747 00)22

O.OU28 0.00)6 0.0015

3-6 0.0614 0 1400 00558

3-7 00247 00560 00)97

7-» 00091 0 0224 00091

8-9 00190 004)1 0.0174

0.0182 0041) 00167

10-11 0X1205 0.0468 0.0190

I I  - 12 00660 0.01 SO 0 0060

12-13 0.045S 00642 0 0058

13- 14 01182 0 2)60 0.021)

14- IS 00214 0274) 00267

IS  - l« 0.1Ш 0.0S25 00059

16-17 00580 035)2 00)67



f w e r F>°w Лпа,У*1'

U N  d>la R n n im i IU*ri*iwc CapacltuM*
17- I I 01550 0.1532 0016*
11-19 01550 0 3639 00150
19-20 01640 03(15 0.0171
20-21 0.1136 03060 00300

20-21 007*1 02000 00210
23-24 01011 02606 002*2
12-25 00*66 0 2(47 0 02*3
25-26 00IS9 0 050* 0 0060
26-27 00*72 02*70 00296

27-2» 00116 00436 00045

2*-29 0.0116 0 0436 0.0045
29-10 0.0125 0 0400 00041

10-11 00136 00436 00045
27-11 00116 00436 0ЛМ5
10-12 00511 0 1636 0.0712

12-11 00111 0.1000 00420

12-14 0.0471 0 1511 006S0

10-SI 00667 0 1765 0.0734

SI-11 00230 0.0622 0.0256

IS-SO 0.0240 0 1326 011954

1S-16 0 0266 0 M il 0 II «6

19-49 0016» 00*99 00726

16-1» 0 0252 01316 0 107*

l« - l 0 0200 0.1107 00794

l»-47 0.0202 0 1076 00*69

47-41 0.0250 0.1316 0 107»

42-41 0029* A 15*4 0 12(1

40-41 0.0254 0.1400 0.100*



Line daU Rm M m m In c U ic i C ifacH n n

41 4) 0 0326 0.1807 0.1197

45-45 0 0236 01252 0 K ll

43-44 0 0129 00715 0.0513

45 46 000)4 00292 0 0236

44-1 0 0330 01818 0 1)06

46-1 00343 0 2087 0 IM6

1 49 00110 00597 01752

49-50 0 0071 00400 00272

37-38 00014 00077 0.0246

47-39 OQ2«3 0 1093 0 0879

S 1 00426 01100 0.0460

Э-35 000*0 00500 0.0000

7 36 01Ю00 0 0450 OOOOO

I I  - *7 ooooo 0 0500 OOOOO

14-47 0.00*0 0.0100 OOOOO

16-39 000*0 0.0900 00000

18-40 ooooo 00400 ooooo

20-42 000*0 .0 0800 ooooo

24-43 ooooo 00900 ooooo
27-45 ooooo 00900 ooooo

26-44 ooooo 00500 0.0000

30-46 ooooo 00450 0.0000

1-34 000*0 0 0630 OOOOO

21-2 00*00 0 2500 ooooo

4-5 ooooo 0 2085 ooooo

19-41 0.0000 00800 ooooo



Fig. P5.4 51 But Power System

In r - Q TAP
3-35 1 0450
7-36 10450
II -17 10500
14-47 i m
16-39 10600
11-40 1 0900
19-41 1 0750
20-42 10600
24-43 1 0750
30-46 10750
1-34 1 0*75

'  21-22 10600
J- 4 10*00

2*-45 i ж
26-44 j. o fft



Bus Data - Voltage and Scheduled Power*

166___________________________________________________Power System An«|v.

B im no VolUft magnitude
(M -)

Vattafe ркам anfle Heal power
<*-■.»

R**c,'v4>o»77'

1 1 0800 ooooo ooooo ooooo
2 ) 0000 • м м -0 5000 -0 2000 '
3 1 0000 ooooo '- 0  9000 -0 3000
4 1 0000 0.0000 ooooo ooooo

5 10000 ooooo -0.1190 ooooo

6 1 0000 ooooo -0 1900 -0 1000

1 1 oooo ooooo -0 3300 -0 1800

8 1 0000 ooooo -0 4400 -0 2400

9 1 0000 ooooo -0 2200 -0 1200

10 1 0000 ooooo -0.2100 -01200

II 10000 ooooo -0 3400 - 0.0500

12 1 0000 000(10 -0.2400 -0.1360

1) 1 0000 ooooo -0 1900 -0.1100

14 1 0000 ooooo -0 1900 -00400

15 10000 ooooo 0 2400 OOOOO

16 1 0000 0.0000 -05400 -0.3000

17 1 0000 ooooo -0 4600 -0 2100

18 1 0000 0.0000 -0 3700 -0.2200

19 1 0000 ooooo -0.3100 -0 0200

1 0000 ooooo -0 3400 -0.1600

21 1 0000 ooooo OOOOO OOOOO
22 1 0000 0.0000 -0 1700 -•MOO _ _

2.1 1 0000 ooooo - 0.4200 -0 2300

24 1 oooo ooooo • 0 0800 -0 0200

25 1 0000 0.0000 -0.1100 -0.0600

26 10000 ooooo -0 2(00 -0 1400

r 1 oooo ooooo -0.7600 -0 2500

28 I oooo ooooo 0 8000 -0 3600 J



r * t

1*7

r s z *
VolUdf • U ,k *d*

(f-0->
Voltage phaae >41* R til power

(P-a.)
Reactive power

(M>)

yo 1 0000 0.0000 -0 2300 -0.1300

1 oouo 00000 -0.4700 ooooo

[ 31 1 0000 0 0000 -0.4200 - 0.1 too

Hr 1 0000 00000 -0 3000 -01700

н ь 1.0000 00000 0 5000 ooooo

1 34 1 0000 00000 -0 5100 -0 2600

1 000.1 00000 ooooo ooooo

Г 1  '0000 0.0000 00000 ooooo

17 1 0000 00000 ooooo ooooo

3* 1 00Л0 OfJOOO 1 7000 ooooo

J9 1 0000 0.0000 ooooo 0.0000

40 1 0000 00000 0.0000 ooooo

41 1.0000 0.0000 ooooo ooooo
42I 10000 I 0.0000 ooooo ooooo
43 1.0000 | 00000 ooooo ooooo
44 1.0000 0ЧЮ00 1 7300 ooooo
43 10000 00000 ooooo 0.0000
46 10000 0.0000 0.0000 ooooo

[ 47 1 0000 0.0000 ooooo 0.0000
L 48 1 0000 00000 05500 ooooo

EX 1 00(1(1 00000 35000 oooooL * 10000 0.0000 1 2000 ooooo
L  я 1 0000 0.0000 -0 5000 -0.3000



Power Syitem л>>|

Bui N.. Voltage at VCB RaactK* power limit

1) 10300 01800

10 1 0000 00400

33 1 0000 04800

n 1 0600 0.9000
44 10500 0 4500
48 10600 0 2000
49 10700 05600
JO 1 0700 1.500

P5.4 The data for a 13 machine, 71 bus. 94 line system is given. Obtain the load n<n» 
solution.

D ata:

No. of buses 71
No of Inc* ■*4
Вам powar (MVA) 200
No. of machines 13
No. of skum loads 23

BI.'S NO GENERATION U1AD POWER

1 • . 0.0 00

2 00 0.0 0.0 0.0

3 506.0 150.0 00 00
4 00 00 00 00

5 00 0.0 00 0.0
6 1000 320 00 00
7 00 no I2 J H 1

8 300.0 125.0 • 0 0.0
9 0.0 0.0 183.0 130.0
10 00 0.0 800 50.0

II 0.0 00 155 0 96.0

12 00 00 00 0.0



Flow Analytii

•US NO GENERATION--------- ------ ---- LOADL— - TOWER
13 0.0 00 1000 620
14 00 00 0.0 0.0
1) 1Ю0 I 1100 00 00
16 00 ! o.o 73.0 45.5
17 0.0 00 360 22.4
It oo 00 16.0 90
19 u 00J 320 19 Я
20 oo ] ,M, 270 I6S
21 oo 1 00 32Л 191
22 oo 0.0 0.0 00
23 00 0.0 750 46.6
24 00 00 00 0.0
25 0.0 00 133.0 125
26 00 0.0 00 00
27 300(1 1 75.0 1)0 00
21 oo 00 300 200
29 2600 г  *>° 0.0 00
30 00 0.0 120.0 0.0
31 00 00 1600 74.5
32 00 00 00 994
33 00 00 00 00
34 00 I eo 112 0 695
33 00 00 00 00
36 oo 00 500 320
37 oo 00 147 0 920
3t 00 0.0 93 5 tto
39 250 300 0.0 0.0
40 00 00 00 00
41 00 00 225 0 1210
42 00 00 00 00

•' i 00 0.0 00 0.0
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BUS NO GENERATION LOAD POWER
44 1800 55.0 00 00
45 0.0 0.0 00 00
46 0.0 0.0 78.0 38.6
47 0.0 0.0 234.0 149.0
48 340.0 250.0 0.0 00
49 0.0 0.0 295.0 1830
30 00 00 400 246
51 0.0 00 227 0 1420
S3 00 00 00 00
33 0.0 00 0.0 0.0
54 0.0 0.0 1080 68.0
S3 00 00 25.5 48.0
56 0.0 0.0 0.0 00
57 00 00 55 6 356
58 0.0 0.0 420 27.0
39 0.0 00 370 27.4
60 00 0.0 0.0 00
61 00 00 00 00
62 0.0 00 400 27.0
63 00 00 33.2 20.6
64 300 0 75* 0.0 0.0
63 00 00 00 00
66 96.0 25.0 00 00
67 0.0 0.0 14.0 6.5
68 900 23.0 0.0 0.0
69 0.0 00 0.0 00
70 00 0.0 11.4 7.0
71 0.0 0Д 00 00



f ,oW A*ulys ‘s

LINE DATA

1TI

Г from B n To Bui LU* lapcdaac* | in \ charf• Tor ill Rail»
—

1 ooooo 00570 | OOOOO 1.03

г 7
— Г ”\-r~

9 7 03200 00710 1 00090 100

~  o Г L . 0 0660 0.1600 j 00047 100

г  * 10 0 0320 01Г0 00140 1 00
II 0 0660 0 1610 j 0 01*0 1 00

6 10 02700 0 0700 1 00070 100

7 12 II ooooo [ 00530 1 OOOOO 0.95

1 13 00600 0 1410 ) 00300 1.00

9
i—

13 ooooo 0 0*00 j ooooo 1.00

10 13 16 09700 0 23*0 1 00270 1 00

11 17 IS ooooo 0.0920 1 OOOOO 1.03
12 7 6 ooooo 0 2220 I OOOOO 1.03
1) 7 4 ooooo 0 0.00 OOOOO 1.00
14 4 3 ooooo 0 0330 I OOOOO 105
•3 4 | 3 ooooo 01600 ooooo 1.00
16 4 12 0.0160 0 0790 j 00710 1 00
17 12 14 001*0 0 079(1 j 00710 1.00
II 17 16 ooooo 0 0*00 1 ooooo 095
19 2 4 ooooo 0 0620j ooooo 1 00
20 4 26 0.0190 00950 j 0 193» ООО
21 2 1 0 0000 0.0340 j ooooo 1.05

__ 22 31 26 0.0340 0.1670 j 0 1500 1.00
L  » 26 23 ooooo 00*00 | OOOOO 093
[^24 25 23 0 2400 J 0.5200 1 01300 1.00СГ j j 23 ooooo j 00*00 1 ooooo 093pi 24 22 ooooo 00*40 J ooooo 095
L  27 17 00410 02500" j 00503 -1.00

2 24 00100 0.1020 j 03353 100
^  2S 21 00366 01412 | 00140 100
^  10 21 20 0.7200 ] 01*60 1 0 0050 1.00

20 14 0 1460 I I3740 j 001(10 100

CoMd





From Be» To Bui Uae m pidiiKt 1/2 V rkirfc Tyrni Rati* |

----- * T “ V. 00160 01*50 0 0170 100

56 57 ooooo 01*00 0.0000 1.00
to __

57 59 0 0280 | 0.0720 0.0070 1.00
tp _____

■ t? 59 51 0 04(0 0.1240 a»i20 1 00

J l 60 59 ooooo 0.0800 0.0000 100

^ ”"*9 5) 60 • 0360 0 1840 (13700 1.00

70 45 44 ooooo 0 1200 ooooo 1 0$

71 45 46 • 0370 0.0900 aoioo 100

72 46 41 • 0*30 0.1540 0.0170 100

7) 46 59 •1070 01970 0.0210 100

74 60 *1 • 0160 00830 0.0160 IOO

1 ” •t 62 0 000(1 00800 0.0000 0.95

76 51 62 0 0420 01080 • 0020 100
77 62 63 0 0350 00890 • 0090 1 00

7» 69 68 ooooo 0.2220 • oooo 105
79

-
69 61 • 0230 0 1160 0.1040 1.00

10 67 66 ooooo 0 1880 • oooo 1.05
65 64 ouooo 00630 0.0000 1.05

12 65 56 0 02(0 0 1440 «0290 1 00
1) 65 61 • 0230 01140 • 0240 100
M 65 67 00240 0.0600 0.0950 1.00
13 67 63 0 0390 “ 00990 • 0100 100
16 61 42 • 0230 02293 • 0695 1 00
17

. 57 67 • 0550 02910 • 0070 1 00
U 45 70 • 1(40 0 4680 • 0120 1 00
m 70 38 • 1650 04220 «.0110 1.00
9f> 3}

—— 71 • 0570 02960 • 0590 1.00
71 )7 ooooo 0 0800 • OOOO 0.95

__у 45 41 • 1530 0 3880 «.1000 1 00

I j l I 35 43 • 0131 01306 • 4293 100
52 52 00164 0.1632 9.5360

--- ----------- J
1.00—--- - J



S.N* B «  So Sk«H

1 2 000 -0 4275

2 13 000 0.1300

3 20 000 ООЮО

4 24 0.00 -0 2700
3 21 000 -0 3373

6 31 000 02000

7 32 000 -0*700

t 34 000 0 2230
9 33 000 -0.3220

10 36 000 0 1000

11 37 000 0 3300
12 31 000 02000

13 41 000 02000
14 43 000 -0 2170
IS 46 000 0 1000

16 47 000 0 MOO

17 30 000 0.1000
IS 31 000 0.1730
19 32 000 -0.2700
20 34 000 0.1300
21 57 000 0.1000
22 39 000 0.0730
23 21 000 00300



Question*

I  j  | E»Plain the 'mponance of load flow studies 

5 j  Discuss breifly the bus classification, 

j  3 What is the need for a slack bus or reference bus ? Explain.

5.4 Explain Gauss-Seidel method of load flow solution.

5.5 Discuss the method of NevMon-Raphson method in general and explain its applicability 
for power flow solution.

5.6 Explain the Polar-Coordinates method of Newton-Raphson load flow solution.

5.7 Give the Cartesian coordinates method or rectangular coordinates method of Newton- 
Raphson load flow solution

5.8 Give the flow chan for 0 No. 6.

5.9 Give the flow chart for Q.No. 7.

5.10 Explain sparsity and its application in power flow studies.

5.11 How are generator buses are P, V buses treated in load flow studies 7 

5 12 Give the algorithm for decoupled load flow studies.

5.13 Explain the fast decouped load flow method.

5.14 Compare the Gauss-Seidel and Newton-Raphson method for power flow solution.

S 15 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 internal e.m.f s of the machine 
in the network, and by the impedances of the network and machine*. However, the impedance! 
of machines 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 may 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 Per Unit Quantities
The per unit value of any 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«nC* 
and power. For all per unit calculations a base KVA or MVA and a base К V 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 К , for « 3-phase system



KVABase current in amperes - m . -----— ------- -
V3 [base KV (line-to-line)J

Base impedance in ohms base KV (line-to-line)* x 1000 
V3((baseKVAV3]

„  . __ . . (base KV (line-to-line)3Base impedance in ohms = ------- ---------—
base MVA

_ , (base KV (line-to-line): x 1000 
Hence. Base impedance in ohm --------- bweKVA ̂ -----

where base KVA and base MVA are the total or three phase v tines 
If phase values are used

base KVA
Base current in amperes e —-- ггггbase KV

Base impedance in ohm » voll*Pf.
base current

_ (bMcKV^xlOQO 
base KVA per phase

- . . . . (base KV)JBase impedance in ohm • —— rrrr;---- r ~1 base MVA per phase

In all the above relations the power factor is assumed unity, so that 
base power KW - base KVA

w „  (actual impedance in ohm)« KVANow, Per unit impedance ■ -----------— 5-----------
(base KV) * 1000

Some times, it may be required to use the relation

f (actual impedance in ohm) - (^ . »"it i m p ^  I,  0^ )  (b ^  K V )jjO  000
base KVA

. often the values are in different base values. In order to convert the per unit
linP*dance from given base to another base, the following relation can be derived easily

P*f unit impedance on new base

(  new KVA bate V  given KV base \2 
"■* P’“ “ P'U 1 given KVA baae j l  new KV base J
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6.2 Advantagea of Per Unit Syitem
1. While performing calculations, referring quantities from one side of the tr;, 

to the other side serious errors may be committed. This can be avoided b> и* 
unit system.

2. Voltages, currents and impedances expressed in per unit do not change *h Ш  
are referred from one side of transformer to the other side. This is a great a d v 4

3. Per unit impedances of electrical equipment of similar type usually lie within a 
range, when the equipment ratings are used as base values.

4 Transformer connections do not affect the per unit values.
5 Manufacturers isually specify the impedances of machines and transformers 

unit or percent of name plate ratings. "Par

6 J  Tkrte Phase Short C iraH s
In the analysis of symmetrical three-phase short circuits the following assumpnoiJu, 
generally made.

1. Transformers are represented by their leakage reactances. The maptetizing  ̂uneel 
and core losses are neglected. Resistances, shunt admittances are not сппмйиЛ 
Star-delta phase shifts are also neglected.

2. Transmission lines are represented by series reactances. Resistances and 4 
admittances are neglected.

3. Synchronous machines are represented by constant voltage sources Ы 
subtransient reactances. Armature resistances, saliency and saturation are negk

4. All non-rotating impedancc loads are neglected.
5. Induction motors are represented just as synchronous machines with constant voMpj 

source behind a reactance. Smaller motor loads are generally neglected
Per unit Im pedancet o f  t r tn s fo rm er s : Consider a single-phase transformer with primary *nd 
secondary voltages and currents denoted by V,, V, and I,, l2 respectively.

V, I,
we have.

Base impedance for primary » —

Base impedance for secondary

Z, I, Z,
Per unit impedance referred to primary - 777771 ■

( ’ I ' m )  v i



f t f  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
4,4 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 systems, it is simpler to represent the system by a single line 
diagram without 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

Ococ traniformo Line*

(a) A power aystem (b) Equivalent aingle-lm* reactance
diagram

Fl«. * 1

^  Percentage Value*
®*«eactances of generators, transformers and reactors are generally expressed in pcrte«i»a*e 
**lue* lo permit quick short circuit calculation.

Percentage reactance Is defined as ;
IX



where, I * full load current 
V - phase voltage 
X “  reactance in ohm* per phase 

Short circuit current lK  in a circuit then can be expressed as,
v  V .l ino jI s  -— к --- --- X 100

'sc x v .  (% X )

1.100
%X

Percentage reactance can expressed in terms of KVA and KV as following

V V
.. (У .Х ). v  _ (4 X )V J (,/,Х)юоо • iooo* 1000 from equation X - — —  - ----

' 1000

- (^ X )(K V )210 
KVA

KVA

I f ? __________________________________________________ Power Sym tn iAn.,

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 - ^  * 100 

IZand % Z m — *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 I  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 lmp«i®nce 
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 Short C im iH  KVA
It it defined as the product of normal system voltage and short circuit current at the point of I 
fault expressed in KVA.



IS I

до у  * normal phase voltage in volts
I •  fall load current in amperes at base KVA 
% X ”  percentage reactance of the system expressed on base KVA.

f  The short circuit current.
100 

"  '• %x

. The three phase or total short circuit KVA

. 3 V ‘«c .  3 y  1 >0° ЗУ I loo
1000 “ (ЧХ)МОО 1000 % x  

100
\ 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 a common 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 I S  reactance on SO KVA base, its value at 100 KVA base will be

where X, ■ reactance at voltage V,
*«d Xj “  reactance at voltage Vj
For short circuit analysis, ll is often convenient to draw the reactance diagraats

Similarly the reactance values change with voltage base as per the relation

v i i v u i i  a n s i / s i

"Wealing the values In per unit.
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6.7 Importance of Short 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 currcij  
produce large electro magnetic force* and torques which may adversely affec) tj* | 
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 3 cycles generally the heating efforts are not considcrablJ
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 П* 
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 alternating 
voltage source, the circuit being switched on through a switch.

6.8 Analysis of R-L Circuit
Consider the circuit in the Fig. 6.2.

Fifl.C.2
Let e “  E Sin (tot * a) when the switch S is closed M t - 0*

di
* “  Em.« S*11 (wt + a )» R + L ^



^ r i r c u i t  Ana t y i l f__________________________ ___________ _____

F  i f  Jeiermined by the magnitude of voltage when the circuit is closed. 

The general solution is

t .

183

121
Sin (o > t< -a -0) - e  L Sin ( a - 0)

Vr j +cdj L2H
. mL 0 - T»n-’

where 

and
The current contains two components :

E _ ,
a.c. component = Sin (art ♦ a  - 0)

-m

t  L Sin (a - 0)and d.c. component • - j j j

If the switch is closed when a - 0 * я or when a - 0 = 0 
the d.c. component vanishes.

я
the dx. component is a maximum when a - 0 *» ± ~

4.9 Three Phase Short Circuit on Unloaded Synchronous Generator
If a free phase ihort circuit occurs at the terminals o f  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 
C04f*«ents are shown at A and C. Figure 6.5 shows the electrical torque. The changing field 
■frem is shown in Fig. 6.6.

From the oscillogram of a.c. component the quantities xj. x ', x̂  and can he 
■k'wiained

» V it the line to neutral prefault voltage then the a.c. component.
V

4 c “  —  = I ' , the r.m s subtransient short circuit Its duration is determined by T J . the
s

direct axis time constant. The value of i>t decreases to when t > TJ 

TJ as the direct axis transient time constant when t > TJ■
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The maximum d.c. off-set component that occur* in »ny phase it a  » 0 is

where TA is 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
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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 С urTMit or Prcfault Current
» 3-phasc synchronous generator supplying * balanced 3-phase load l.et a three 

J™** fruit occur at the load terminals. Before the fault occurs, a load current I, 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 -Vf •»(X<M+ J* ;)IL 

"**ге E J || the subtransient internal voltage.

a
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Fig. 1.7

For (he transient ftate
E j “  V, + j lL

-V r+(Z „ , * iK i ) lL

E J or E j are used only when there it a prefault current lL. 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 I, 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 dead 
short circuit at the terminals or bus ban enormous currents flow damaging the equipment and 
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 tl* 
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 I  
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 of Reacton
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. " ■ 
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. (II) Feeder reactors. (iii) But-bar reactors



* П~  (П  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.

Disadvantages
(a) 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 modern 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.

(Ii) F etd er rea cto rs : 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.

Generator*

Fig. I I

Gemmon
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Voltage drop and power lost still occurs in the reicIot Л  
er. the voltase drop occurs only in that particular feed,., J »

Disadvantages : I .
feeder fault. However, the voltage drop occurs only in that particular feeder r

evcrtH

<UD

2. Feeder reactors do not offer any protection for bis bar faults N 
bus-bar faults occur very rarely.
As series reactors inhererbly create voltage drop, system voltage regu|all0(| J 
be impaired. Hence they are to be used only in special case such a» for ^  
feeders of large cross-section.
Bus ta r  r e a c to r s : 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^  I
this
(»

(b)

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 . l e w d  
to which the feeder is connected will feed the fault and other generate*!* 
required to feed the fault through the reactor.
Tle-bar system  :  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. t.11

Another advantage is that additional generation may be connected I 
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^ Ш

_______  Worked Example*
-ro ««aerators rated al I t  MVA, I I  KV aad IS MVA, II 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 
' h generator 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, 10 KV base values.

*eactan« of generator I - Xo, - 12 . ( jjj] . ( j j j  - 72.64 

Reactancc of generator 2 - XCJ - 12 (jj) . [y jj] - 48.4% 

Reactance of motor I * X,*, « 15 . j  ( 75)  “

Reactance of motor 2 = X 60.754

The reactance diagram is drawn and shown in Fig. E.6.1.

U j
_ MVA, 13.8 KV. J-phate generator has a reactance of 10%. The generator It 

W tt*ad  to a iphase trantformer T, rated 100 MVA 12.5 K W II0  KV with 10% 
-?!****• Th* h.v. tide of the trantformer It tonaected to a trammitsioa line of 

100 ohm. The far end of the line it connected lo a ttrp down transformer 
•ShT** “ f ,hre* •h,8*e*Pbase trantfermert each rated 30 MVA. 60 KV / 10 KV 

acta nee the generator supplies two molort connected on the Lv. tide 
l*kV  F lr  U L  Th* т0,0Г1 a «  rated at 25 MVA aad 50 MVA both at

15% reactance. Draw the reactance diagram thowlag all the valeae ia 
*• abfc# generator raliag aa base.



Solution
Base MVA”  100 
Base KV - 13.1

110
Base KV for the line - 13.1 « - «21.44

V3«66KV 114.31 
Line-to-line voltage ratio of T2 “  — ”  10

Base voltage for motors ■
121.44x10

114.31
Ч  X for generator* - 20 %  - 0.2 p.u.

- 10.62 KV

% X for transformer T, “  10 *
( 12.5 V  100 
li3 .g j 100

1.2%

S X  for transformer T, on &  * 66 : 10 KV and 3 * 30 MVA base - 10V.
Ч  X for T2 on 100 MVA. and 121.44 KV:10.62KVi»

4  x  T * " °  *  ( т ё г )  " ( w )  ’  9  * 5  4  " 0 0 9 , 5  p

Base reactance

Reactance of line *

Reactance i

100
147.47 • 0.67g p.U.

.o fm o w M .- IO -  ( j j g )  ( J )  -31.92%
- 0.3192 p.u

Reactance of motor Mj - 10 « ( j o )  “

The reactance diagram is shown in Fig. E.6.2.
j o.J j 0.0Ю j 0.671 jO.Wts

—(g )--- nSW '— 'Ш Г '— W — ТЯЯГ—
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t n p ro w tt t lo a  for the three-j

Г ©

.  Qb4iin  Che per unit repretentatlon for the three-phase power system shows la
^  r *  M J -

Y| S H . f  f l
- ©

Fig. E.6Л

Geaeraior I : St MVA, 10.5 К V; X - 1.8 ohm
Generator !  : 25 MVA, 6.* KV; X -  1.2 ohm
С м ета  tor 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 ■ 50 
bate KV ■ 66 (L -  L)
Bate voluge on transmission u  line I p.u. (66 KV)
Base voltage for generator I : 11 KV 
Base voltage for generators 2 and 3 : 6.1 KV

20x50
p.u. reactance o f transmission line -  -  0.229 p.u.

66
15x50

p u. reactance o f transformer T, -  , "0.172 p.u.

I
Pu. reactance o f transformer T2 -  •  0.1377 p.u.

Г  1.8X50
P u- reactance of generator I “  — ~  f  -  0.7438 p.u.

(I О

1.2x50
P-Ч- reactance o f generator 2 “  ^  2j j  -  1.56 p.u.

06x50
P «- reactance o f generator )  “  “  0 71 P u
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F, 6.4 A single phase two winding tranaformer Is rated 20 KVA< 4М /1 И  V al so
equivalent leakage impedance o f the transformer referred to Lv. tide Ц ( / „ 'J ' 
78.13* ohm using transform er 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 *  120 V 
The leakage impedance on the l.v. side o f the transformer

V ^ , (I20)J 
, Z » 1 VA base "  20.000 ”  

p.u. leakage impedance referred to the l.v. o f the transformer

0Л525 78.13*
" S .  I --------- ^ --------- 00729 7 ,-,3°2 0.72

Equivalent impedance referred to h.v. side is 
\ 2

[(0.052J 70.134 -  0Л4 71.13»f-Tl l 2 0 j

(4I0)2
The base impedance on the h.v. side o f the transformer is ^  qqq "  11.52 ohm 

p.u. leakage impedance referred to h.v. side

0 *4 71.13е
11.52

-0.0729 78.13* p.u.

ЕЛ.5 A single phase transformer ia rated at 110/440 V, 3 KVA. Its leakage reac 
measured on 110 V side is 1 .И  ohm. Determine the leakage Impedance refi 
to 440 V side.

Solution
(0 .11)2 x 1000

Base impedance on 110 V side -  —■— j  " "  ** °hm

Per unit reactance on 110 V side
0.05
4.033

-  0.01239 p.u.

Leakage reactance referred to 440 V side -  (0.05) Ш -
0.8 ohm

0.8
Base impedancc referred to 440 V side -  -  0.01239 p.u
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' ' Coetl4tr  «he system shown in Fig. E.6.4. Selecting 10.000 KVA and 110 KV as 
• if  %*!■«*• n " d the M *  imP«d*nce of the 200 ohm load referred to 110 KV side 

,„d  I I  KV aide.

I IK V / I IO K V  IIOKV/55 KV

Fig. E.C.4

SohHoa
Base voltage at p -  11 KV

110
Bate voltage at R -  ** 55 К V

55J x 1000
Bate impedancc at R * ■ -  -  302.5 ohm 

200 ohm
p.u. impedance at R -  ohm = 0 661 ohn1

_ 1102 x 1000
Вам impedance at * ----- -------------1210 ohm

load impedance referred to 4 j 200 » 2J -  HOO ohm

800
P-U. Impedance o f load referred to ф -- >= 0 661

^"P«d«nce o f load referred to P -  200 « 22 » 0 .I2 -  8 ohm

и , . . 112 * IOOO
Marly base impedance at P -  |Q ^  «121.1 ohm

»**• ,№P«lence of load at P -  y j- j -  0.661 ohm
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C i.7  Three traasform ert each rated 30 MVA at 3B.I/3.8I KV are connect'd J 
itar-delta with a balanced load оГ three0.5 ohm. Mar coanected resistors. Sei*c lll*  
a base of 900 MVA 66 KV for the h.v. tide of the transformer find the bate 
for the Iv. tide.

Soli/lion

i*

3

O.JO

Fig. E.15

( s - i Y b i i . a e f .  Jo toBase impedance on l.v. side'

p.u. load resistance on l.v. side “  •  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 *
Ш -

ISO ohm

150
p.u. load resistance referred to h.v. side ■ ■ 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 o f a 3-phase delta-»t»r 
transformer as shown la Fig. E.6.6. Generator 1 I i  rated 60,000 KVA, I I  Kv> 
Generator 2 la rated 30,000 KVA, I I  KV. Each generator has a subtran»!»»1

reactaace o f x j  ■ 25%. The transformer is rated 90,000 KVA at I I  KV Л / 6* 
у with a reactaace o f 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 
I I  KV

II 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

r  90,000 ’
I Oeneraior I : x j  -  0.25 « ^  ^  “  0.375 p.u.

l .  90.000
For generator 2 : x j -  -  0.75 p.u

The Internal voltage for generator 1
0.63

E«‘ "  066 “  0 955 P u
The Internal voltage for generator 2

0.63
Ей * Ш  -  0.955 p.u.

The reactance diagram is shown in Fig. E.6.7 when switch S is closed, the fault condition 
is simulated As there is no circulating current between the generators, the equivalent reactance

parallel circuit i t  -  0.25 p.u.
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The subtratjsient current I* ■ • 0.955 -J  2.7215 p.u.
(JO.25-KjO.IO)

The voltage as the delta side o f the transformer ia (-J 2.72X5) 0 0.10) -  0.2720s 
I* ■ the subtranjient current flowing into fault from generator

0.955 -  0.2785

Similarly.

ir -

i ;

j  O.J75 

0.955 -  0.27285

1.119 p.u.

- j  1.819 pu.
'*  J0.75 

The actual fault currents supplied in amperes are 

1.819 x 90.000
*' Л »~и 8592 78 A

I*
0.909 x 90.000

>/5xll «294.37 A

E.6.9 R station with two generators feeds through traatformers a traasaiiulon sw«a 
opera Hag 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. I f  а З-рЬмг faslt <>ccaf| 
at has B, determine the total fault carreat aad b a it current supplied by rack 
geaerator.

Select 79 MVA and I I  KV on LV side aad 132 KV oa h.v. side as baae values.

75 MVA

«■6 
I5S

I I / I I2 K V  
7? MVA a

104 
25 MVA

°i©“!  I2*-

200 Km

0 119 ohnvptaase/Kra r
25 MVA S  S  

10% g%
11/132 KV

Flfl. E.8.8

Solution ;

p.u. x o f generator I -  j  0.15 p.u.
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75

p.u

„  of generator 2 - j -  0.10 ^

•  j  0.) p u. 

,  of transformer T, -  j  0.1

75
b ,u. * «>f  transformer Tj -  j  0.08 * —  -  j  0.24

j  0.180*200*75 
pu. x o f each line *  *— ------  -  J 0.1549

The equivalent reactance diagram is shown in Fig E.6.9 (a), (b) &  4c).

jO. 17 ♦ J0.0774S-J 0.24*3

r - 0 — U S

Fig. Ш

Fig E.6.9 (a). (Ь) & (c) can be reduced further into

“  j  0.17 ♦ j  0.07745 -  j  0 248336

Total fcult current — —  = - j  4.0268 p.u.
J 0.24*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 /-9 0 “
75*1000

Base current for 11 KV side o f the transformer -  “  3936.6 A

_________________________________________________ Power System л Пак

Actual fault current supplied from 11 KV side ■ 3936.6 * 4.0248 -  15851.9 A

1585139 /. -  90° *  j  0.54 
Fault current supplied by generator I --------- j  0 54 + j 0 25 "  ,0*35 4?6 \

E.6.10 A 33 KV  liae has a resistance of 4 ohm and reactance o f 16 ohm r*specti>t |. 
The И м  is connected lo a generating statioa bu i bars through a 6000 KVa step! 
up traasformer which has a reactance o f 6 И . The station has two generator 
rated 10,0*0 KVA w ith 10% reactance and SOOOKVAwith 5% reactance. Calculat* 
the fau lt current and short circuit KVA when a 3-phase fau lt occurs at the h.v, I 
terminals o f the transformer* aad at the load end o f the line.

Fault current supplied by generator 2 -
15851.9 k j  0.25 

J 0.79 -  5016.424 A /-9 0 °

Solution :
10.000 KVA

104

60.000 KVA

W  5 4
5.000 KVA

Fig. E.6.10 (a)

Let 10.000 KVA be the base KVA 
Reactance o f generator I X0) "  10%

Reactance o f generator 2 Xq,  ■

«x 10,000
Reactance o f transformer XT •  —^ ^  -  10%

The line impedance it  converted into percentage impedance
KVA X 10.000x16
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19000 *4

’ “ ч - " ^ г г - ш г н

(I) For •  3-phase fault at the h.v. side terminal* o f the transformer fault ii 

( I0 * l0 >

Fig. «.Ю (b)

Short circuit KVA fed into the A u lt« *99 j^VA

-66666.67 KVA 
-  66.67 MVA

For a fault at F} the load end o f 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

■ *•4  Figure E.6.II (a) show* a power syitem » here load at but 5 I i fed by generator* 
«  bin I and bu. 4. The generators are rated at 100 MVA( 11 KV with labtraesket 
rtaetanc* of 25%. The traasforaier* art rated each at l«0 MVA, 11/112 KV aad 
tave a leakage reactance of •% . The line* have an Inductance o f I mH / phase 
'k m . U m  L, is 100 km long w llle  line* L , and L , are each of SO km In length. 
Med the fault current and MVA for a 3-phate fault at bu* S.
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Fig. EJ.11 (■)

Solution
Let base M V A - 100 MVA 
Base voltage for l.v. tide -  11 KV and 
Base voltage for h.v. side -  112 KV 
Base impedance for h.v. side o f transformer 

112x112
100 -  125.44 ohm

1.21 ohm

Base impedance for l.v. side o f transformer

»  11x11 
100

Reactance o f line L, *  2 x p x 50 x l x JO"1 x 100 -  31.4 ohm 

Per unit reactance o f line L , 1— — —-125.44 10.25 p.u.

p.u. impedance o f line Ц  -
2 nxS 0x|x l0  Jx50

125.44
p.u. impedance o f lint L, -  0.125 p.u.

The reactance diagram is shown in Fig. 6.11 (b).

0.125 p.u.



s tpr , Circuit Analysis 2*1

By performing convmion o f delta into star at Л, В and C. the star impedances an 
j  0.2Sk j  0.125 

Z ' "  j  0.25 4- j  0.1254-j  0.125 "J®-06* 5

i0 .J 5 x j 0.125 
* * "  j  01------- "  j  0.0625

j  0.125k j  0.125 
and ------- *  j  0ЛЗ125

The following reactance diagram is obtained

Fig. E.1.11 (c)

Th»» can be further teduced into Fig. E.6.I I (d).
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Fault MVA ”  0.20375 "  4 90797 p u
-  100 MVA * 4.90797-490.797 MVA

Fault current “ j^2 M 7 5  -  4.90797 p.u.

100x10*
Be,ecurre",e ^ T ^ k5,55Amp
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 o f 6 MVA, 6.1 KV are supplied by a transfo 
rated 13 MVA, 112 КУ /  6.6 KV and Its reactance Is 0.1# p.u. A 3-phast, 
circuit occurs at the terminals of one o f 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) I f  the circuit breaker has a breaking t 
o f 4 cycles calculate the current to be interrupted by the circuit breaker л.

Solution :
Let base M V A - IS

Base KV for l.v side -  6.6 KV

Base KV for h-v side -  112 KV■ *

For each motor x j -  0.2 * ^  ■ 0.5 p.u.
9

Infinite
X-O.l pu

Fig. E.6.12 (a)

For each motor x j ■ 0.3 * у  -  0.75 p.u.

The reactance diagram is shown in Fig. E.6.I2 (b).
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-(TRRP-------© —

Fig. E.6.12 (b)

Under fault condition the reactance diagram can be further simplified into Fig. E.6.12 (c).

- И й г ---------

— й г -

- п и а г -  

10)

0 )

Fig. E.6.12 (e)

Impedance to fault ■
I

-1_._L._L
JO. I I  jO.S J0.3

I /O 0
Subtransient fault current -  j  Q -  - J  9.55 p.u. 

15x10*
Л . м . 1 ^ ' 1312- " *

Subtransient fault current •  1312.19 * (- j 9.55)
■ 12531.99 Amps (lagging)

(b) Total fault current ftom the infinite bus.

- I / O •
JO. I I -  -j  J.S5 p.u.

H D l
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I A f
Fault current from each motor -  "  -J *P «-

Fault сштеШ into breaken A it  sum o f the two currents from the in infinite ^  j 
and from motor I

-  - j  5.55 ♦ ( - j 2) -  - j  7.55 p.u.
Total fault c im n t into breaken -  - j  7.55 » 1312.19

•  9907 Amps 
Manentary fault current takiag iato the d.c. 
ofT-set component is approximately

1.6 - 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.lt
-------- '7ЯПР-

j 06 
— zt^RTv

j ° 6-----n m '— H U H

F t*  14.12(d)

The fauh impedance is — j------- -J------- j-  " J  0.П25 p.u.

jcTTs'*' J06 + j06

I / 0 “
The fault current -  -  J 8.89 p.u.

Transient fault current •  - j  1.89 * 1312.19
- 1 1665.37 A -

I f  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 * 1.1

•  12831.9 Amp.
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ei.13
Consider (be power tyttem shown In Fig. E.6.13 (a).

205

100 MVA 100 MVA 
IIKV IKVIIOKV

D d l4 t«

XL -  20 ohm
IOO MVA
m o k v / i i  k v
Sijrdclu

МЛ  100 MVA 
II0K V /II KV

Fl0. 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 o f (i) 
mbmuient fault current (il) tubtransient generator and motor current» Neglect prefau» current. 
Alaooomputc (iii) the subtramient generator and motor currents including the effect o f prefault 
cumau

„ I  ( ,,o)JBate Ime impedance -  p  -  121 ohm
IUU

20
Line reactance in per unit *  —  — 0.1652 p.u

The reactance diagram including the effect o f the fault by twitch S is shown in 
Я* 1 6 .13(b).

F fc.EJ.19 (to)

king into the network from the fault w ing Tbevenin'i theorem X,,

0.1115
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(i) The subtransient (huh current

i ;
i 0.365 + 0.15 f 0.7125 J

00

( ii)

The motor subtransient current

0.15 ^  _  0.15

100 MVA
Generator base current -  j£ y  "  KA

100
Generator prefault current *  j  I001*1 0 95]

-  5.248 Z-I8".I9 IC A  

5.246 ^ - I 8 * . I9
*км4 ' -  I / - 1 Г 1 9

5.248
-  (0.93- j  0.311) p.u.

The subtransient generator and motor currents Including the prefhult currents u«

i ;  -  j  6.668 0.95 -J 0.3 I I  " - j  6.981 +0.95

-  (0.95 - j  6.981) p.u. -  7.045 -82.250 p.u. 

i ;  -  _j 1.77 -  0.95 + J0.31I -  -0.95 4  1.459

-  1.74 /-56.93*

E.6.14 Conilder the system shown In rig . E.6.14 (a). The percentage r ts c tw tt of ыЛ 
alternator Is expressed on lla own capacity determine the sfcort circuit c u r re r f  

that w ill flow Into a dead three phase short clrcalt at F.

10.000 KVA 
40%

13,000 KVA 
604

, 0  0 , 0  

I II.OOQV I

✓

F ig. E.6.14 (a)

-BVS
B an
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cMlton !
^  b ase  KVA-25.000 and base K V - I I  

25 000
н  X Of  generator I - * 40-100%

„  25.000 
н  X of generator 2 -  * 60 -  1004

Line current at 25,000 KVA and 11 KV -  ^ 5 * j ^  -  1312.19 Amperes 

The reactance diagram is shown in Fig. E.6.14 (b).

X0 -1004 j X0, -1004

J
Fig. 14.14 (b)

^  100*100 
The net percentage reactance upto the fault -  — —  ̂  -  50%

, . 1*100 1312.19* 100 
Short circuit current = = -------—------- = 2624.30 A

*■*•* А-3-phe.f, 25 MVA. I I  KV alternator has Internal reactance of 6%. Find the 
, external reactance per phaie to be connected In series with the a lienator so 

»hat steady state short circuit current does aot esceed six times the full load
ceireni.

So'*ton ■

* . . .  ,  25* 10*Full load current -  -  1312.9 A

НПО3
"6351.039 volts.

Full-load current I

-  16.6ТЧ
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External reactance needed -  16.67 -  6 ”  10.67 %
Let X be the per phase external reactance required in ohms.

IX
4 X -  —  * 100

10.67 -
I3I2.19X. 100 

6351.0393

6351.0393x|0.<7
x “  П з Ш 9 Й а Г - 05,6428 ^

E.6.16 A 3-phase liae operating at I I  KV and haviag a resistance o f 1.3 oh„ J  
reactance o f 6 ohm is connected lo a generating station bus ban thru«
5 MVA step-up transformer having reactance o f 3 4 . Th* bus ban are ц и  
by a 12 MVA gcatrator haviag 234  reactance. Calculate the short circuit KV* 
fed into a symmetric fault (0  al the load ead o f th* traaaformer aad (II) и  
h.v. terminals o f the transformer.

Solution

Load

Flfl. E.6.15

Let the base KVA -  12,000 KVA 
4 X  o f alternator as base KVA m 254

12,000
4 X  o f transformer as 12,000 KVA baaa "  т ^ Г  * 3 ■ 1245,000

12,000
4 X  o f line -  — * 6 » 59.54

12,000
4R  o f line -  ^— ^2 * <5 -  U.876 4

(0 4 X Teel •  25 ♦ 12 ♦ 59.5 ■ 96.34 

s r t—  “  l< * 76*

4 ^  -  У(*6 5)1 ♦(14.876)* -  97.63984



C,rcui> А п ф u L

Short circuit KVA м the f ir  end or load end Fj -  -  12290

If the fault occurs on the h.v. side o f the transformer at F,
4  X upto fault F, ■ % X0 + % Xy -  25 ♦ 12 

-3 7  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 th ird  generator o f 10,00* KVA with 20% react a ik *  
h alto added later ia p a rille l w ith them. Load is Ukcn as shown from the stario* 
bus-bars through 6000 KVA, 6% reactance transfo rm ers. Determ ine the 
■M iiaium fault MVA which the circuit breakers have to in te rrup t on (i) U . side 
and (ID as h.v. side o f the system for a symmetrical feult.

13.000 KVA 

' * 0 , 0
15.000 KVA 10.000 KVA 

204

fiOOOKVA' 
6 4

* 0 , ( 2 )

6000 KVA I
y V W W  64 v V W W  W W W

-W^VVV W ^W S,
6000 KVA 
64

Flfl. E 4.17  («I

15x15.000
**15%
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Flg.E417(i>, v

I
The total % С upto fault • _ —j----- j"

— + — + —
IS IS 30 

-6 %

15.000 «100
Fault MVA -  -- -------------*  250.000 KVA

6
» 250 MVA

<m) It the fault occurs ai F,. the reactance diagram will be as in Fig. E.6.17 (c)

15% 13% I J0%

F lf . E.6-17 (c)

The total %X upto fault 6 4  + 15.6 -  214

Fault MVA-
15.000x100

-71.43

Sflv»

21*100

F_6.ll There a rt two generators at baa bar A each rated at 11ДО) KVA, 12% react* 
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. I f  a dead ahort circuit occur» between - 11 
phases an baa bar B, what la the ahort circuit MVA fed Into the fault f

V
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12.000 KVA 

I2%(

O,

12.000 KVA 

12%
10.000 KVA 

1 0 4 0 )

Oj
- W -
5000 MVA 

10%

Fig. E4.18 (a) 

Solution
Let 12.000 KVA be the base KVA 
H X o f generator C, “  12 %
% X o f generator Gj -  12 4

10x12000
% X o f generator O , ' 12%10,000
% X o f generator G« -  12%

10x12000
% X o f bus bar reactor -  ~  j  *  24%

The reactance diagram is shown in Fig. Б6.18 (b).

12%^ 12% £12%

24%

(Ь>

I

% X up to fault

Fig. EJ.18

30*6
30*6 50%

I

10.000 KVA 

I 0 % @

O4

J04
-------ПЯЛР-

------ 'ТЯЯГ4-
6%

(с)

12.000x100
Fault KVA -  ------- -  600.000 KVA

-600  MVA

i
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E.4.19 A power plant hat two generating uatti rated 3500 KVA and 5000 KVa * i th 
percentage reactaacei 8% and 9% respectively. The circuit breakers h*v 
breakiag capacity o f 175 MVA. I t  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 i f  a thorl clrc** 
occur* on aay outgoing feeder connected to i i  The bus bar vohngr it 3.3 Kv.

3500 KVA 5000 KVA

Solution
Let 7.500 KVA be the base KVA 

8*7500
*•« X o f generitor A 3500

17.1428%

9x7500
Ч  X o f generator В -  “  13.54

% X o f transformer -  7 4  (as its own base)
I l ie  reactance diagram is shown in Fig. E.6.19 (b).

Ts
I7 l4 2 *% g ► 1J.54 *m  7.55 244

Л
iооо

x Л

-П Я ГГ-
х т

<ь>
Fig. E J .1 t

(с)
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Note: Т ~ Г  I i*
I i 7 . u 2 * * i j . 5 j

7.5524

The short circuit KVA should not exceed 175 MVA

TW.I reactance to fault -  / [ ^  ♦ “ ]

_ (X + 7) (7.5524) (X + 7) (7.5524) 
X + 7 + 7.5524 “  X *  14.5524

Short circuit KVA = 7500 * 100 

This should not exceed 175 MVA

X(X + 14.5524) 
(X + 7X7.5524)

175 « 10* *
7500xlQ0(X +14.5524)

Solving

Адшп

(X + 7X7.5524) 
X -  7.024

KVA .(X ) 7500x(X )
Ч Х '

I0(KV)J 10*(З.Э)3

7.02«I0«3.3:
7500

■ «.102 ohm

In Mch share o f the bus bar s reactance o f 0.102 ohm is required to be inserted

Th* short circuit MVA at thr brs bars for a power plant A h  1200 MVA and for 
•■other plant В Is ПМЮ MVA at 33 KV. 1Г thr»» two art to be Interconnected by 
» tte-ltar with rcactance 1.2 ohm. Determine the possible short circuit MVA al 
both th* plants.

50Irnhn :

Let base M VA- 100

100
1200 « 100-1 .334

I
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100
Ч Х  of plan 2 •  jjjT jj * 100 -  104 

Ч  X o f interconnecting tie line on base MVA

lOOxlO3
10 x (3.3)

For fault at bus bare for generator A

Ч Х

-  5.9657 %

Short circuit MVA ■

100 * 100

у  * 1 .2 - 11.019 4

/[e .3 3  + 21.019]

base MVA x 100

5.96576

For a fault at the bus bars for plant В

ЧХ

1676.2J

8.33%
К

О
О

10%

Fa 1 — ,  QQQ / — ---------- * F ,

11.019%

Fig. EJ.tO

% x" /[l9T« + i i ] " 6's9%

Short circuit M VA<
100x100

6.59 1917.4$

Е.6Л1 A power plant haa three generating uaits each rated at 7500 KVA wllfc 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! o f bus bars. I f  the reactors were aot present what would b* ,hf 
fault KVA.



V
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ГИ*
equivalent reactance diagram is shown in Fig. E.6.21 (a) which reduces to Fig. (b) *  (c). 

7500 7500 7500

<b) (•) (d)

(•)
Pig. К J  21
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15x16.5
The total % X up to fault F “  j “  7 ®*7 %

The short circuit KVA •  — 7157— ”  95456.28 KVA °  95.46 MVA

Without reacton the reactance diagram will be as shown.
15*7.5

The total % X up to fault F -  ] y ^ 5  *

7500*100
Short circuit MVA ■ — ------

-  150.000 KVA
-  150 MVA

РгоЫепи

Кб. I 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. I f  these two muons 
are interconnected through a reactor with a reactance o f 0.4 ohm, what will be the 
short circuit KVA at each station 7

P.6.2 Two generators P and 0  each o f6000 KVA capacity and reactance 8.54 arc connected 
to a bus bar at A. A third generator R o f capacity 12.000 KVA with 11% reactance is 
connected to another bus bar B. A rcactor X o f 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 I 
connccted to a tie-h»r by a similar reactor. Each section is supplied by a 25.000 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 o f one o f the sect»'" 
bus-bars, the voltage on the remaining section falls to 65% o f the normal value- 
Determine the reactance of each reactor in ohms.

Questions

6.1 Explain the importance o f 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* o f different typ*’ ('{ 
system protection usinp reactors.



7 UNBALANCED FAULT ANALYSIS

Пиес phase systems are accepted at the standard system for generation, transmission and 
utilization of (Ы bulk o f 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 becomes difficult Dr. C.L. Fortesque proposed 
,n 191* at a meeting o f the American Institute of Electncal Engineers through a paper titled 
Method o f Symmetrical Coordinate» applied to the solution of polyphase Networks", a very
*ful method for analyzing unbalanced 3-phase networks.

■ Faults o f various types such as line-to-ground, line-to-line, three-phase short 
WlA different fault impedances etc create unbalances Breaking down of line conductors 

Ц also another source for unbalances in Power System» Operation. The symmetrical 
^ ^ P U a a  proposed by Fortesque »re known more commonly as symmetrical components 

*Яиепсе components.

■p. An unbalanced system o f 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 
^ ^ • a  »y*temk the following balanced set o f three components are Identified and defined.

W) Set o f three phasors equal in magnitude, displaced from each other by 120° in phase 
and hiving the same phase sequence at the original phasors constitute potitive
**Я*»епсе components. They are denoted by the suffix I.

a
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(b) Set o f three phasors equal in magnitude, displaced from each «her by 1200 in 
and having a phase sequence opposite to tbat of the original phasors consiiti^^H  
negative sequence components. They are denoted by the sufllx 2. ,t,e

(c) Set o f three phasors equal in magnitude »nd all in phase (with no mutual gj 
displacement) constitute zero sequence component». They are denoted by the L  
0. Denoting the phases as R.Y and В V„, V¥ and V„ are the unbalanced 3  
voltage». These voltages are expressed In term* o f the sequence component, v
V „. VBI. V „ .  V „ .  V „  and V * ,  Vw  V ^as  follows > 

v . - V m + v ^ v * (’ •I)
(7.2)

Positive Sequence Component»

7.1 Tbe O pera to r “ a "
In view o f the phase displacement o f 120®, »n operator ia used to indicate th*J 
displacement, just as j  operator is used to denote 900 phase displacement.

F au lt A n a iy ils

a -1 /1 2 0 " -  -0.5 + J0.I66

a2 » 1 /240“ « - 0 . 5 - j0.866

a* -  1/360° - U j O

so ihai 1 + a-*-a, "O'*-J0 
U^eperator is represented graphically as follows

219

»  I. a1

•  -1/120° « 1 * ^
«Щ

a1 -1/240» - u ' T
in

• J -1 /3 6 0 " -  u ’T  

*1 Components o f Unsymmctrical Phase*

■ ^ I ^ K 10" 011 ®f  * •  operator -a- It is possible to redefine the relationship between 
s ° f  voltage» and currents in terms o f the symmetrical components or 

• « Р о и Ж Ц Л  “  ЛвУ * *  kn0Wn othcrw‘*c « "  wriH the »equence phasors with

T*l •  Rl
v a i  *  v r j  

^ao *  v ao
V v .-a 'V ,•V) at

■ aV,*>

v »i ■ * v »i 
V „  • • , V,R2 (7.4)
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The voltage and current phasor* for a 3-phase unbalanced system , r
represented by

v « - v at + v lll + vM 
V , - « aVM + iV u * V M 

VB *  aVe, ♦ a1 Vej VM

•a *  U i 4' ,a i 4 , M  

ly “ • l Iai + **aj ♦Wo

( 1 У

a t )

The above equations can be put in matrix form considering zero sequence relation tit)»  
first for convenience.

(77)

and

Va I I  I v „
v Y a 1 a1 a Va,

V. .> ■ • ’ .v ki

U ' I I  1 lao‘
•v 3 1 a1 • ■a.
.1». 1 a a’

(71)

Eqs. (7.7) and (7.8) relate the sequence components to the phase component* \ЬкЩ 
the transformation matrix.

C -

I
.0-9)

} *  *

consider the inverse o f the transformation matrix С 

[ I I  Г

C 1* :  I •  * ’
L> • *  • .

Then the sequence components can be obtained from the phaK values as

. . . Л 1

v „ 1
3  —

I I  г v.'
V„ 1 a a* Vr

У и .
J l a 1 « . V
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Uo 1= — 
3

i i Г p a l
U i i ■ a1

■и. 1 a1 a <a
••(7.12)

, p««rer in Sequence Component!

_  ^  complex power flowiag into •  three -  р!ше circuit through the lines R, Y, В is

s » r  + jQ » v i  ’ .... (7 IJ)

- v»i«*+vxV + v .i/
Written in matrix notation

t

S - K  v y V.J
la
b
■•J

V*
Vy

LV»J
,.(7.15)

Also

l v .J

-C
’ no
Tai

L V ^ j
,.(7.l«)

I .
Iv

■•J
-C*

■no
'HI

.*aj.
..(7.17)

equal

v«,
’ «J.

C

•on (7.14)

..(7.11)
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Note that С  С9 -  3 U

S»3 (V,RO V „  v „ ]
U .
>». ,7«

Power in phase components it  three times the power in sequence components 
The disadvantage with these symmetrical components is that the transformation i 

С i t  not power invariant or is not orthogonal or unitary.

7A  U n ita ry  Transform ation fo r  Power Invariance

It i t  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 e fir i^X  
transformation matrix T which is unitary, tuch that.

7.21)
Г 1 1 l i  г

\~к\ 1 • ’  a
LV3J I a a1

■И
1 I 
I aJ 
1 a

V ..
V«,
V«,

(7.22)

V Г 1 1
I I  г lao

and Iy ■ Г7? 1 a1 a ■a.

L»a.
LV3J 1 a aJ Ja i.

so that

(7.23)

I I I

I a '

(lM
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and

Ue
U i

ГЛ1 I I  г V1 а ш *v
.«a*. L J l a ’  a L'.J

S -  P + jQ  -  V I*

[V . Vv V ,]

221

■026)

..(7.27)

..(7.21)

I .
(v

I.J
(7.2»)

г
’ ao
V „

-V*>J
■•(7. JO)

I I I 
I aJ .  
I .  *>

'a.
u«

J a j j

.(7.31)

1

I
I I  г

“ — 
r*—

a

Ж 1 a5 a 
I a a1

«J

..(7.32)

* " I v a« v «i v * i ) | ^ y
I I I 
I a1 a 
I a a1

I I 
I a
I a*

Г 1*0 
l* i  
* * j .

•(7.33)

[V,ao 'HI Vm I I t

t  I  I  

I a1 a 
I a a1

I I 
I
I a

a a
j

I no
I*»
a>.

...(7J4)

a
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[V,но 'a t
•no

1*1 (7.

S - K fi v „  v„2]
Uo
U.

Au.

3s>

Thus with the unitary transformation matrix

Г 1 1 i i 1 'j J i a1 a
Lv3j i a a \

’ 37) j

we obtain power invariant transformation with sequence components.

7.5 Sequence Impedances
Electrical equipment or components offer impedance to flow of current when potcnttf u 
applied The impedance offered to the flow o f positive sequence currents is called 
sequence impedance Zr The Impedance offered to the flow of negative sequence си га *»  
called negative sequence impedance Z,. When zero sequence currents flow through compow* 
o f power system the impedance offered is cslled zero sequence impedance Zg.

7.4 Balanced Star Connected Lead

Consider the circuit In the Fig. 7.3.

► I.
■ M /W —~ - ' ‘OOPV ' 11' 

^•1Г
Л/W—;■- /ТКПР-

■С *
- ' W 4-

A.

Fig. 7.3
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A three phase bulancec load with self and rr utual i-npedances Z, and Zn drawn currents 
i | and lc as shown. Zn is the impedance in the neutral circuit which is grounded draws and 
current in the circuit is l„.

The line-to-ground voltages are given by

v . - Z , l ,  + Z J b + Zm lc + Zr ln 
v b = z m 11 + г ,1 к + г я ic+ z „ i„
Vf “  Zm I , + Zm lb + Z, l£ + Zt ln

I.« . 4 4Since.
Eliminating In from eqn. (7.3S)

V. Z ,+ Z r Z „+ Z „ zm+ z . ‘ I.
4 s z« + Z , Z ,* Z „ Z .+ Z . lb
v«. + z, z „+z . z. + z„ .1.

Put in compact matrix notation

[ V J - W I U

and L [A] I* '-»

Premultiplying oqn. (7.40) by (AJ~' and us ng eqrs. (7.41) and (7.42) 
wc obtai.i, V ,3-'-* -  [ A l 1 (Z,^) [A] I,®1-2
Defining [Z]° I J -  [A -'] tZ ^J  [A]

I I I 

I a a ’ 

I a3 I

Z , * Z n Zm + Zn Zm + Zn
Zm + z, z, + z„ zm + z„
Zm + Zn + Z„ Z, + Z„

a"

a

..(7.38)

.(7.39)

..(7.40)

..(7.41)

..(7.42)

(7.43)
(7.44)

I I I

(Z .-3 Z .+ 2 Z ,,)  0

I f  there is no mutual coupling

[Z01-2] »
Z .+3Z,

0
0

Z . - Z ,
0

0

Z,
0

0
0

Z. -z „
(7.45)

..(7.46)

B ^ F r o m  the above, it car be concluded that lor a balanced load the three sequences г re 
P*Pedent, which means tha’ currents o f one sequence f  owing will produce voltage drops of
the 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 sequ; 
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. 7A

v » - 4 - z n i.+  z , ib + v c
r, -  V,- “ Zm l . + Zm 'b + Z, и

1>■1>■

f z* z. Z,. V
V b - 4 * ■i Zm Z. Z , u

1 „< 1 Z . z. Z .. Л .

..C.47

..... (-.48)

..... (7.49,

.....(7.![Z°',J] -  [ A 1] [Z .J  [A]

Z, + 2Zm 0 0
0 Z , - Z B 0
0 0 Z . - Z B

The zero sequence current; are in phase »nd flow through the line conductors only i f *  
return conductor is provided. The zero sequence im|«danc<: is different from positive an 
negative sequence impedances.

..(“ 50



V

| u Mig n c t d  Fau l t  Analys t s 227

Sequence Impedances o f Transformer

Ж nr »nsl>s's' ma8ne,'zing branch is neglected and the transformer is represented by ел 
E quivalent series leakage impedance.

Sirce, the transformer is a static device, phise sequence has no effect on the windir.g

r
nces-
Hence Z, -  Z, -  Z,

where Z, is the leakage impedance 

I f  zero sequence currents flow then

Z ^ Z . - Z j - Z ,
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 t ie  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 o f 
thtcomrron transformer connection for zero sequence currents arc indicated in Fig. 7.5.

Y

лд

g

1
— .

t

— W

Fig. 7.5 Zero sequence equivalent circuits.



7.9 Sequence Reactances i f  Synchronous M achine

The positive sequence reactance o f a synchronous machine may be \  °* X„ cr x 
depending upon the condition at which the reactance is calculated with positive seqJcn£  
voltages applied.

When negst ve sequence cements are mpresied on the stator winding, the nei Цщ 
rotates at twice the synchronous speed relative to the rotor. The negative sequence reau 
is approximately given by

.... Г  52)
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

X o -X , .... (75j)

7.10 Sequence Netw orks o f Synchronous M achine i

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,. lb and lc to flow through its phass a. b, and с respectively. The generated phase voltages ire 
Ё,. E,, andCEe. Current l„ flows through the neutral impedance Z„.

228 ________________________________ Power System ЛПа|уц Ш

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 shift ot ' / Д  
Hence, the generated vol’ages are o f positive sequence. Under these conditions a P0-1 j  
sequence ситет 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 I,, is th : posit ve sequence 
current in phase «. The positive sequence network cm  be represerted foi phase a' as shown 
m Fin- 7.8.

Ret bus

V ^ . Z , .(7.54)

Negative Sequence Network

^ironouigeneritor do;s not product any negative sequence volt iges It negative seqiences 
Я0'*  through the stator windings then Ihe mmf produced w ill rotate at synchronous 

™ but in a direction opposite to the -otation of the machine rotcr This causes the negative 
* *  to move past th< direci and quadrature axes alter lately Then, the negative 

m nf sets up a vatving aimature reactic n cffec: Hence, the negative sequence rea. tance 
4 ln  a* tf»e average o f direct axis ard quadrature axis subtransient reactances.

x , » (x ; + x ;y2 ..(7.55)

4  7.9I* 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

..(7 6̂)V “  - Z ,  I • j ^  *1
7.10.3 Zero Sequence Network

Zero sequence cunents flowing in the stator winding;, produce mmfs which are i i  time ihase  ̂
Sinusoidal space mmf produced by each o f the three stator windings at a-iy instint at e point 
on the axis o f the stator would be zero, when the rotor is not present. However, in the acturf 
machine lerkage flux w ill contribute to zero sequence impedance. Consider the circuit in
Fig. 7.10(a).

Fig. 7.10 (a)

Since l.o “  Iop

The current flowing through Z„ is 3 1л 
The zero sequence voltag: drop

Zф -  zero sequence impedance эег phase o f the generator 
Hencc, Z,,' -  3Z„ + Z^
so that

«7 5^1 

,7 58)1

17 I
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The zero sequence network is shown in Fig 7.10 <b).

Reference bus

JZ.

Fig. 7.10 (b)

Пни, it is possible to represet t the s:qucnc: networks for a power system ditfcrently 
as different sequence currents flow as summarized in Fig. 7.11.

—'0C(^V—«■* 
z' - [ *  ‘•2

—'TRRP—e-'-* 

20 T *  I..■•o J* 
--------- —0-4»

Fig. 7.11

7,11 ^asym m etrical Faults

HlMnsynmetrii al faults generally consideted are
* Line to ground fault
* Line to line fault
* L in: to line to ground fault

■  .S ingle line to ground fault is the most common type of fault that occurs in practice. 
_  * ^s's *or system voltages and calculation o f fault current urder the above conditions o f 

•on is discussded now.
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7.12 Assumptions fo r  System Representation

1. Power system operates urder balanced steady Mate conditions before the fault occ j 
Thetefore, the positive, negative and ;«ro seq. networks are uncoupled before thj 
occurrence o f the ault. When an unsynimetrical fault occurs they get inteiconnet iC(j 
at the point o f fault.

2. Prefault lotd current at the point o f fault is generally neglccted. Positive sequence 
voltages o f all the three phases are equal tothe pit fault voltage Vr  Piefault bu» 
voltage in the positive sequence network is VF.

3. Tran former winding resistances and shunt admittances are neglected.
4. Transmission line series resistances and shunt admittances are neglected
5. Synchronous machine armature resistance, saliency and saturation are mglectel
6. A ll non-routing impedance loads are neglected.
7. Induction motors are either neglected or represented as synchronous machines

It is conceptual ly easier to understand faults at the terminals o f an 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 Unsym m etrical Faults on an Unloaded Generator 

Single Line to Ground F au lt:
Consider Fig. 7.12. Let a line to ground fault occur on phase a.

b

Fig. 7.12
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'с " »
It is assumed that thore is ro  fault impedance.

Now I., “  \ 0 . ♦ + »r U  ^

i.2= 3 (l* + fc,V 4 >  

^ ' 3 (,.  + «ь+ '.)

Substitute cqtt. (7.61) into sqns. (7.60)

lb ”  I« “  ©

..(7.61)

(7.62)

3 '* (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.

Since V =0

Fig. 7.13

v . “ E . - l . i Z 1- ^ Z J- l < {Z0 - I . . Z ll ..(7.63.)
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Hence.

е . - Ч . з .  + ^  + Ц Л + з ' . ,  z„ 
Е .Ч . ,  (Z, +

, _______ '*>_____
• (Z, + Z j + Z,, + 3Z„) >64)

The line voltages are now calculated.
V

v t «o

Vb " VM + eJV., f  l V i,

- H , 2* ) * » 1 ( E . - l . ,  Z,> + » H ,Z * >
“  *3 Et -  l t| (Z0 + aJ Z, + a Z j) 

Substituting the value o f la|

v >" E» -  (~z , ;z .i  щ

a2 Z0 +al Z1+aZJ _ С ' a2/^  + a3Z, .  aJZ j -  Zp -  aJZ, -  aZ,
Zd + Z, + Z j _ fc* z« + z, + z ,

Vb "E .
( ^ - a ) Z ? +(a: - l )Z ,

Since

Zo+ Zl + Z,

' l +a' V*2
- H ^ Z 0) + . ( E i - l t| Z,) + ar ( - I^ Z j)  

E.

Г  6J)

V = V + s V + a 'V  * *o *1 *2

I. -  L -  I •i *j *o

v  -  aE '  z ) + z J + z0
■ (Zo + * Z, *■ a2 Zj)

-  E.

V = E
С

(Z j т aZ, +aaZ2) 

Z, + Zj + Z0

[ ( a - l)Z ,+ ( a -» 2)Z ,] 
z0 4- Z| + 2 2

(■ 6«

The phasor diagram for single line to ground fault is shown in Fig. 7.14
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FiS. 7.14

7.14 L ine-to-Linc Fault

Consider a line to line fault across phases b and с as shown in Fig. 7.15.

Fron the Fig.

and

F I*  7.15

7.15 it is clear that

v „ - v c ,

23*

(7.67)
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Utilizing these relations

Since
^ - 5 ( « .  + 1к + и - 5 (0 + ,ь - ,ь) “ °  
vk-v.

( •J -  a) V>( -  (aJ -  a)

V. ”  V•i *J
The sequence network connection is shown in Fig. 7.16.

►Ц « l. j 

Fig. 7.16

From the diagram we obtain

“ ' • Л
E . - I . , ( Z ,  + ZJ)

. - - Ь _
•I Z,+Z2

■•("68, j

-С 69) I 

.C -0)

•C  71)1
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Also

Sinc<‘

Heixe

Again

Ц - ( • » - • )  l . t -  -  I1(

i , ■ (» -■ *) 1 , , - j  Л  i.,

V ,( -  5 (V, ♦ aVb ♦ «2 V J  -  3 [V . ♦<• *  »J) VJ

v iJ - 5 ( v ,  + i Jv b+ . v ^ - i [ v t + (*1 + « )v kj

I + a + aJ -  0; a + a2 -  -J

W s (V v > )

Z ,* Z ,

L -  -  L
(a -a )E ,

- z ,+ z 2
v . - v . l + V ^ - E , - l l ! Z 1+ ( - I . 2ZJ)

. - b r & lA - < * - * ■ > - * z, + z ,J

Z, + Zj  ~ Z| + Z;
z1 + z 2 E. J * L _  

Z, + Z2

! aJV. +aV .

■ ^ [ E , - l , | Z|l  + . ( - l t i ZJ) 
' *J Et -  l, | [a* Z, -  a Z j]

E.

(7.73)

(7.74)

237

(7.75)

(7.76)

(7.77)

, ,  № - * > ) -  P a"Z, +a,Z1 - a l Z, +aZ2
Z .+ Z , b« Z .+ Z ,

E .Z^a + a’ ) E .(-Z ,)  
Z| ♦ Z j z ,*  Z j

Vc vb (Z, +■ Z j)

(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 .1 7

7.15 Double L ine  to Ground Fault
Consider line to line fault on phases b and с also grounded as shown in Fig. 7.18
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*  \ v . .....(7.82)

Further \ “ 5 ( v . - v b + v j - 3  V .

Hence V * i “ V«i “ V*o“ 3  V« .....<7'83>

В -
“  “  L  Z j

«"» v 4 - ^ v ^
• -  « * « .  + м у  —  l4 (Zo') .....(7.84)

In may be noted th;t

*  (• ^ *2> (» ^ *2> l^  + 2 l4  

- ^ ♦ Ч " Л - Ц * Л +3Ч

The sequent ; network connections are shown in Fig. 7.19.

Fig. 7.19

I,
• ' z , — ? & _  

z 1 + z ;

E . ( Z |> 4 )

“  Z,Z2 + Z jZ i + z^z,

..(7.85)

..(7.86)
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V - V  *2 *1
Z, -  E. -1., z,

v - m
E .(z , + z i ) z .

Z,Z2 + ZjZj, +Z(Z|

- e . 4
Z|Z} + Z 2Z^ + ZjZ,

Similarly -  1^ Z^ *  -  Ц  Z,

** Z„ Z,Zj + ZjZj + ZjZ,

г  ST) 

f  « ) 

i 89)

V - V .  + v _  + v, 
•  »1 ■ -

“ E.‘ L ' . 1̂ - \ zj - I 4 (Z0 + 3Zb) 

e M Z i +Zq) e . z, z ,  e . - M Z q + sz. )
•  V 1 1  ' T i l  V 7 7I Z Z j IZ .Z , rz ,z ,

_  Г M V M - )
E. Z Z,7.j % Z ,Z ,+ Z JZ0 + Z0Z1J (7.90)

v k“ \ + eJv . , + * \
-  Л  (Zo + 3ZJ * aJ [E. -  l t) Z,] + a [-1^ ZJ

E .(Z ,)(Z , + 3Z.)
EZ.Z, (Zo + 3Z„) + a2

(e .z 2+ z , ) 1 a EoZoZ, 
IZ .Z ,  J

E .fo Z ,  ♦ ?Z,Z. 1» a2E. [Z,Z, ♦ Z,Z, ♦ Z.Z, - Z2Z, - Z .Z ,] 
EZ,Z] + aE,ZeZ l

E .[z ,Z 1 + i l Zt Zl »«Z .Z ,»3Z>Z .]

Vb ‘  IZ .Z ,

E. [Z ,Z |( I + a + a*) ♦ 3Z,Z. ] _____ 3.E .Z ,Z .
Z|Z2 + Z2Zg + Z jZ , Z,Z, » Z}Zg > Z0Z|

I f  Z „■■ 0; V „ - 0

,7.90
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The phasar diagram for this fault is shown in Fig. 7.20.
E.

241

Fig. 7.20

7.16 Single-Line to G round Fault w ith  Fault Impedance

f  in (7.13) the fault is not г dead short circuit but has an impedance Z, then the fault in 
(presented in Fig. 7.21. Eqn. (7.63a) wil Ibe modified into

Fig. 7.21

V . - E . - V . - J ^ - I ^ V I . Z . - I ^ .(7.92)
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Substituting V, « 0 and solving for I,
_______ 3E,________

' • *  Z , + Z j  fZ o  + 3(Zn + ZF) .....<’ .!

7.17 Linc~to-Line Fault w ith  Fault Impcdencf

Consider the circuit in Fig. (7.22) when the fault across the phases b and с has an impcdc-
Z r

% i1*
1 - 0

and
Vb- V t - Z F lb
(Vo'a'V, + aV j ) - (V0*aV, + aJV2)

-  ZK(I0 + afJl, + aJ2)
Subst tuting eqn. (7.95) and (7.96) in eqn.

(aJ -  a) V, -  (a2 -  а) У , * / ^ ( а 2- a) I, 
i.e.. V . - V j - Z p l ,
The sequence nehosh connection in thi; case will be as shown in Fig. (7. 23).

.(7.1

Fig. 7.23
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«,,5 can is Illustrated in Fig. 7.24.

K j ^ * n c e i S  f a u l t  Analys i s  24 5

Zy Jib

Fig. 7.24

The representative equations are 

1,-0

V - v t

v b - C b + V ( * r * 2 J  .....(7-9*)
But. I0 + l| + l j  "  0

and also. Ve + aV, t  aJ V} -  \t t  a: V, + aV,
So that (a: - a)V, « (a: -  a) V,

or V, -  V j .....(7.99)

Further. ( V „ * a: V, + aV,) -  (l0 -  aJ I, -  alJ ♦ l0 + aJ, + a2 lj)  Z , + Z„)
Since aJrfa  = - l

( V ? - V , ) - ( Z ,  + Zf ) [2 ln - l l - l j ) \
But since l0 -  -  I, -  12

V0 -  V, -  (Z, + Z j) (2 l„  *  l„) -  3(ZF ♦ Z„).l0 .... (7.100)
Hence, the fault conditions are given by

l0 + I, + l j  -  0 
V , “ Vj

«  V0 - V, m 3(Zj: + Z„). I,,

E,
*•1 "  --------— and so on as in case (7.1$) ....(7.101)

z, *  4 n z i
Z i + Z 2
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In that case

- 0 + 0 - 0
The neutral cement I , -  l„  -  lv ♦ lB -  0. Hence, neutral cements will flow only jn „  
o f zero sequence components ol currents exist in the. network.

E.7J Given the negative sequence cements

i. loo LSI
i- lb s 100 /120°

Л. 10Э /-120°
Obtain their sequence components

Solution

•o -

Note: Balanced 
o f the other sequences.

[I. ♦«*+ ' . )

H00/0° + 100/120° + 100/-120“ -  О A

H. + alb + arlc]

[I00{(£ + 100/120°+ 120е + 100 /-120*' + 24C°1 

[lonft»® + 100/240° + 100/1204 

A

II. ♦ aJ lb + a I,]

[I00{<£ + 100/120° + 240е + I00/-I20* + 240°!

[100/01+ ioo/<£+ ioo/oy
00 A
urrents o f any sequence, positive or negative do not contiinin cur*



. c e i l  Faul t  Analys i s
I’tW'---- -----

pj„d the symmetrical component? Гог the given three phase currents.
I, -  U ifoi 
1„ -  10/-  90е 
le -  15/135°

SoluTon

V I 1 1  1 T 10 ia f

1.
1s — 1 1 a a2 j  10 /-90°

I j
J

1 a1 a | l 0  /135°

l0 ”  3 [10 0*+ 10-90»+ 15 135°]

-  ^  [10(1 + jO.O) + l 0 ( 0 - j  1.0)+ 15 (-0.707 + j  0.70V 

I
-  -  (10- j l O -  10.605 + j 10.605]

-  j  [ -  0.605 + j  0.605] •  ^  fO.«SS5l/l35°

-0.2*5/125! A

1 , - 5  Р 0(Е  + Ю- / 9 У -  12 У +  15/щ » л ^ 1

-  j  110(1 + j 0.0) +  IQ(2f f  + 1 5 /li!

-  ^  [10 + 10 (0.866 + j  0.5) + 15 (0.9659 + j0.25S8]

-  ^ [33.1485 + j  8.849] -  ^  f34.3092981/15°

-  11 .436/15° A

• i "  5 I»Pt2f +• 10/240°-  90» + 15/135’ + 120°]

■ ^  (10(1 + j 0 )+  10 (-0.866 + j0.5) + 15 (-0.2588 - j  0.9659)

-  ^  [-2.542 -  j  9.4808}

-3.2744/105° A

247
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E.7.5 In a fault study problem the following currents are measured

■ r- 0  
IY -  10 A 
lB - - 1 0 A  

Find the symmetrical components 
Solution

« , - 5  Ри + .Ц  + ^ У

-  3 [0 -  a (10) + aJ (-10)1 *  A

1 , 10
-  -  (aJ.10 + a ( - 10) »

' « о "  3 ( ' *  + i,  + ,b)

Line
X Tj J l

-  ~ ( 10-  10) ” 0

F..7.6 Draw the zero sequence network for the tystem shown ia Fig. (F..'.6). 

Xt,

0 4 | &
a x n J v

Solution
The zero sequence network is shown Fig. (E.7.6)

_ ©

Х м M

4

Zero ie^uence network for the ( iven »y tcm



V

t-1-1
p r;iw the sequence networks for the system shown in Fig. (E. 7.7).

Y  °«©~ A /^ ^ /Л
Fig. E. 7.7

X t' г-Л Я П Р --, X t'

Rcfcrcocc

Potitive sequence network

X Mj

x o , „ i

40 Y
r - ^ W 4- )  T*>

' 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.

I , -  100ЦЕЛ

lb-  100/120° *

Solution
о  o-

l2“

I," 100 (Д1
u l t в 0

I, ioo Ш 2‘

( 100(01+ 0 + I0Q( I 20°l

[100(1 + jO) + 0 + 100 (-0 .5  + j  0.866)

(0.5 + j  0.866] -  3JJgO' A

[100 BC + 0 + 100/120° + 240»]

200
[100|(£ + 10d(C]“  —  *=66.66 A 

[ 100(2 ! + 0 + 100/ 120° + 120°]

(100 [I  + j0 -  0 .5 -. i 0.866]

00 ,
— - [_ 0.5 -  j  0 866] -  33.33,-60 ° A
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| Nuetr»l current l„ -  1,  + I, + l2

-  10010° + 0 + 100/120°
-  100(1 + jO -  0.5 ♦ j0.866]
-  100&0° A

Alio. Ц “  3 lo ”  3 (33.33 (60°) -  100(60° A

f  и  CekuUte ihe subtransient fault current ir each phase for a dead short с rcuit 
on one phtise to «round at but 'q' for the system shown in Fi*. E.7.9.

E -  lAf- jo  j Line 1
r  1 К , - * ; »  jO.II Ц

»d* j0 2

*,-10  16

l \ i  t ;  JTT /^
i *» J006 x ,« x } »jO IO  * i “ * j  * * o “  Ю.Ю

All the reactances are given in p.u on the generator base

" O  *1* 1° 22
xf l»jOI5

Soblion

r—— — К И ' — '7ГЯГЧ—
jO .l j  0.33 j  o.i

J0 0f> jo .is

(c) zero sequence network
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The three sequence networks are shown in Fig. (a,b and c). For a Iine-to-ground fau|, 
an phase a, the sequence networks are connected as in Fig E. 7.9 (d) at bus 'q'.

Potiii

j  0.1402-»
- n m ' -

Potitivc «q u rn c e

0.15085
—

NegaUve sequence

jO.I3
-ЛЯЯГ-

E.7.9 (d)

The equivalent positive sequence network reactance Xp is given form Fig. (a)

Xp = 0 47 + 0.2 

Xp -  0.14029
The equivalent negative sequence reactance XB is given from Fig (b)

x 7~048 + 022 огХ» “ 0 01508

The zero-sequence network impedence is j  0.15 the connection o f the three sequence j 
networks is shown in Fig. E. 7.9(d).

__________ t f l l________
,o = , i " l2 = jO. 14029 + jO. 1508.S7 + jO 15

(01
-  — — —  -  -  i2.2668 p.u 

j0.44147 J P

E.7.10 In the system given in t xamplc (E.7.9) i f  a line tc line f«ult occur* c»kul»'f lhe 
sequence components c f 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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-п т ^ ~
j  0.14029

I j  0.150*57

From the Igurt

= j0 .1409 + JO.150857 jO.291147

- - j  3.43469 p.u

F„7.tl I f  lh« Bm-to-line huh in example E.7.9 takes place involving ground with no 
fault impedance determine tile sequence com ponent o f thi fault current and 
the neutr.il fault current.
Solution
The sequence ne'work connection is shown in Fig.

■£<

---------------T f f l p -------------
j  0.14029

Э  {!  j 0 1 SC85 Ej ' J 0.15

I, - - I t

j0.150857-t-j0.15

JJ01_ _ _ J 2L
j0 .14029 + j0.i)752134 j0.2155034 

“  -  j  4.64 p.u

I  Ц " Х 4 И )  ( j o jS is ? )  — Я ЗП 39Р .»

I  ^ - ^ * Ш ‘ Н 2 ) г “ 0 ,р и
The neutral fault current « 3 j0 « 3(- 2 326608) *  - j6.9798 p.u

t
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F..7.I2 A dead earth fault occurs on oae conductor c f a 3-|>hase cable ! uppij(d

Z, -  (0.4 ♦ j4) П. Z j -  (0.3 + j0.6) I I  and
Zq -  (0 ♦ j  0.45) Cl per phase

The sequence inpedance of tlie line up to tie  poirt o f fault are (0.2 + j0.3) n, (o 
j  0.3)W, (0.2 + j  0.3) О and (3 + j l )  П. Find tlie faull current and the scqUcJ l  
components o f 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 4 j  4 3) q

Total negative sequence impedence to fault is Zq”  (0.3 + j  0.6) + (0.2 • jo j,  
-  (0.5 + jO.9) t l

Total zero-sequecne irrpedence to fault is Z0 « (0 + j  0.45»+ ( 3 f j l .O - ( } ■  
j  1.45) О Z, + Z j + Z, ■ ( 0.6 + j  4.3) + (0.5 + j  0.9) + (3.0 + j  1.45)

-(4.1 + j  6.65)0
_ 6 6 *IOCO I 3810.62A

' • • " ' ■ o ’  о  ^  (4.| + j6.65)*  7.81231

-  487.77 -58°. 344 A
= (255.98 - j  415.198) A 

I, « 3 * 487.77/- 58° 344
-  1463.31 A /- 58°.344

E.7.13 A 20 MVA, 6.h KV star connect!d generator has positive nega ive ard /его 
sequence reactances o f 30%, 25% and 7% respectively. 4 reactor with 5% 
reactance base4 on the rating of the generator is placed in the neitra l to «road 
connection. A line-to-line fault occurs at the terminal) o f the generator 'then it 
is operating at rated voltage. Find the initial symmetrical ine-to- groun J г тл 
fault current. Find also tb« line-to-line voltage.
Solution

5000 K V \ ,  thrt e-pha? e generator with earthed r eutral. The sequent e irnpt <j, 
of the alternator are given by

Z, -  j  0.3; Z j - j  0.25 
Z „ « j  0 0 ? + 3 * J  0.05- j  0.22

20x1030
-  -  j  1.818 * —m------- --- -  j  3 180 Amperes

V3 * 6.6
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I  i  *  0 as tie  re is no ground path

V . - E . - 1 . ^ - 1 ^
I -  -  j  1.818 ( j  0.0.3 -jO 25)

*  0.9091 « 3180 -  2890.9 V 

Vt> “  *2 E - ( t2 Ц Z, ♦ аЦ Zj)

-  (-0 .5 - j  0.866). 1 + j VJ H  1818)0 0.3)

-  ( - j0.866 -  0 5 + j  C.94463)

- ( - 0 . 5  + j  0.078 632Я) * 3180 

« ( -  1590 + j  250) -  1921.63

Vc- V „ -  1921.63 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 of 27 ohm. The star point i'connixted to ground through an impeience 
o f 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 
CA phase - 27 olmm

CY'phase -  ^ 27 *  a ohm

The positive sequence network is shown in Fig. E. 7.14(a)

к
►60

.♦jen

Tl- j - - j 9 n

The negative sequence network is also the same as the positive sequtncc

Z, Л - г » !  f  delta 

.  (6 * i» ) ( - j9 )  _  Z L J *  .
6 + j 8 -  j9 6 - j l  6.082/9°46_

-  14.7977 tTi9A\ ohm 

The zero sequence network is shown in Fig.
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Problent
p 7.1 Determine the symmetrical component* for the three phase currents 

I -  15/0°.  I "  10230° and I .  -  I5/|30°A
P 7.2 The voltage* at the terminals o f a balanced load consisting of three 12 ohm 

resistor* connected in star are
V , Y« 120/0» V

V YB = 96.96 Z -I2 I.440 V
VM -  i o e / i 3 o » v

Assuming that their is no connection to the neutral of the load determine 
symmetrical component* o f the line current* and also from them the line currents.

P 7.3 A  SO Hz turbo generator is rated at 500 MVA 25 KV It i* star connected and 
solidly grounded. It i* operating at rated voltaage and is on no-load IB reactances 
are xt  *  x, -  x, -  0.17 and ^  -  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 « к  
generator in problem (7.3)

P 7.5 A  125 MVA, 22 KV turbo generator having я /  ■ x, -  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 ( к  
initial symmetrical rm.s fault current to the ground.

Question*

7.1 What are symmetric*! components ? Explain.

I  7.2 W at is the utility o f symmetrical components.

I  7.3 Derive an expression for power in a 3-phase circuit in terms o f symmetrical 
components

I  7 * What are sequence impedaaces ? Obtain expression for sequence impedances ia а 
balanced static 3-phase circuit.

■  7.5 What is the influence o f transformer connections in single-phase transformers 
connected for 3-phase operation.

Explain the sequence net works for an jynchronous generator

W '7 Derive an expression tor the fault current for a single line-to groufid fault as an 
unloaded generator

I  Derive an expression for the fault’ current for a double-line fault as an unloaded
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7.9 Derive an expression for Ihe fault current for a double-liae-io ground fault as , n 
unloaded generator.

7.10 Draw ihe sequence network connections for single-line-to pound fru it, double line 
fault and double Ime to ground fault conditions.

7.11 Draw the phasor diagrams for 

(I) Single-line-to ground fault

(■) Double-line fault and V

(ia) Double-liae to pound fault 

Conditions as on lailoaded generator.

7.12 Explain the effect o f prefault currents,

7 .13 What is the effect o f fault impedance 7 Explain.



8  POWER SYSTEM STABILITY

8.1 Elementary Concepts
| Maintaining synchronism between the various elesnents o f 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 behaviour o f the prime 
mo ver-generator-excitation systems, various type» o f motors and other types o f loads w it* 
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 o f 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 o f the system cr 
P*n o f the system, which enables it to develop restoring forces between the elements thereof. 
®4'*l to or greater than the disturtwg force so a* to restore a state o f equilibrium between tbr



I Ihe maximum power flow passible through some particular p o ln ,  ^  

the system or pert o f (be system to which the stability lim it refer* J

till into ап acceptably

A  power system it  A id  lo  be steody юае stable for ■ specific steady state g ^ J  
condition, i f  *  retun»» to the sane steady state operating condition following a disturb»,*? 
Such disturbances are generally m a ll in nature.

A «ability lim it is 
the lystera. when the entire 
operating with stability.

Larger disturbances may change the opening «ale significantly, hut 
steady suae. Such < suie is called a transient «ate.

The third aspect o f «ability viz. Dynamic «ability i i  generally associated with w c ititia  
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 «ер1 with respect to th* rest o f the system.

12 Illustration of Steady State Stability Caecept
Consider the synchronous generator-motor system shown in Fig. в .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.

К

From the Fig. 8 1

Б ,*  E* * j  « Ц

jX where X » Xt  * X . ♦ X „

Power delivered to motor by the generator is 

P - lte lE  !•)
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Co* W Co* (90 ♦ 8)

Ei  E .P - 1  - Sin 6

P is a maximum when 6 - 9 0 *

e ^
X

p „  -

I)

The graph o f P versus 6 is called power angle curve and is shown in Fig 8 2. The

HP
system w ill be stable so long _  is positive. Theoretically, i f  the load power is increased ia

d6

very «mail increments from i  = 0 to *  -  *П. the system w ill be stable. A t 5 *> к/2 . The steady 
m tt stability lim it w ill be reached Рю  Is dependent on Er  E „ and X. Thus, we obtain the 
blowing possibilities for increasing the value o f p indicated in the next section

FI0 . M

**«<hods fo r Im pract-salng Steady Stale S ta b ility  L im it

1 U*e o f higher excitation vohagas. thereby increasing tie  value o f Eg.
К  t .  Reducing the reactance between the generator and the motor The reactance X -  Xf

♦ X, к  с sited the transfer reactance lietween the two machines and this has to 
he brought Лот» to the possible exttat
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8.4 Synch ron tzing Power Coefficieat

We have 

The quantity

P - Sin 8

* x h ! Cos 5 .( • 1)46 X

i* called Synchronizing power coefficient or stiffness.

For stable operation ~ , the synchronizing coefficient must be positive. 
do

8.5 Truuieat Stability
Steady «ate stability studies often involve a single machine or the equivalent to a few machines л 
connected to an infinite but. Undergoing small disturbances The study includes the behav io j 
o f 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 o f the system mvolves non-Uaear models Trans**

internal voltage Е( and transient reactances x j * * 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* 
I f  the machine remains stable in the first second, it if  presumed that it is transient sub к  Ш , 
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 o f W> control system or supplementary 
depends upon the nature o f the disturbances and the objective o f the study.

8.6 S tab ility o f i  Single Machine Connected to In fin ite  Bus
Consider a synchronous motor connected to an infinite bus Initially the motor is supply'll I 
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. I f  the load on * 4  
motor Is suddenly increased to pe |, this sudden load demand w ill be me* by the то к* ^ 
giving ap Ks stored kinetic energy and the motor, therefore, stows down. The torque •"* 
increases from «„ to в, when *e  electrical power supplied equals the Mechanical г ^  
demand at b as shown in Pig * J .  Since, the motor is decelerating fce speed. how«v*f j
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luss than N, at b. Hence, the torque 'aagte 6' increases further to 5j where the etectrical power 
p is greater than Pe l. but N » Ns at pout c. At thi* point с farther increase o f» is «nested u

> pe| and N -  Ns. The torque angle starts decreeing tilt 6 , is reached i t  b tu t due to the 
де chat tiH pomt b is reached P, is s till greater than Ря|. speed is more than N,. Hence, A 
g rease  fwther d ll point a is reacted where N -  N, but Pml > Pf. The cycle o f oscillation 
continues But. due to the damping ia the system that «eludes friction and losses, the rotor is 
brigh t to the new operating point b with speed N * N(.

in Fig- *-3 area abd' represents deceleration and area bee acceleration The motor w ill 
^adi the stable operating point b only if  the accelerating energy A, represented by bee equals 
,)£decelerating energy A , represented by area abd.

F ig. (.3  Stability of synchronous motor connected to infinite bus 

* 7  The Swing Equation

*•* Interconnect ion between electrical and mechanical side o f the synchronous machine is 
*®vided by the dynamic equation for the acceleration or deceleration o f the combined-pnme 
mover (turbine) -  synchronous machine roter. This is usually called swing equation

The net torque acting on the rotor o f a synchronous machine

where

T -  ——
8

T *  algebraic sum of «II torques ia Kg-m
•  ■ Mechaacal angular scceterMion 
WR* "  Moment o f Insrtia м  kg-rw:
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Electrical angle "  9 ^ . у

Where 8 m is mechanical angle tnd P is the number o f pole»

PN
The frequency f ”  y j^

Where N is the rp«i.

•4*5)

4 *6 )

„..4 *7 )

The electrical angular position d In radians o f the rotor with respect to a synchronously 
rotating reference axu is St •  8, - mel -4* X)

Where we -  rated synchronous *p«ed in radJ*ec 

Aad t "  tine  in seconds (Note : & + <o0l  ■ 8,)

The angular acceleration taking the «eeoad derivative o f eqn. ( I I )  is given by

d :S _ d ; S,
4 r  "  d r

From eqn. (1.7) differentiating twice

r 6 0 f)d  
[. ipm J d t1

J x s № L160f J

d38, _f60f]d}8,
dtJ ’ I.

From eqn. (M )

- - г д а ] - ? 1 ’  .  l » f ) ?
4 * e>



де ф е  Ъмс torque 1м defined as

Base KVA

Я ^ С у * / " "  S ta M ily________________________________________________ 2*5

45)

WR2 |[s]id 2*  H[ * )T I ld tJ baseKVA

W R ^rp m V  2t
g I  60 j  f

I d ; 8
Г  • 4 *M )taseKVA dt

I WR j
Kinetic energy K.E. ”  2 ~ 7 ~ “ " - Д 1 2 )

Where 2» ® !!
^  60

Defining H -  Itinetic energy л  rated speed
Ш baseKVA

i
base KVA

ы

,  H d26
■ r f  < •  '= '

^ ■ T b e  torque acting on the rotor of a generator includes i Ik  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.

^ H lW e te c tn c a ! anti mechanical torques acting on the rotor o f a motor are o f oppojne sign 
nesrit o f the electrical input and mechanical load We may neglect the damping and 

^  m> that the accelerating torque

V T . - T ,
И г ^ * *  Т. M the air-gap etectncal torque and Тя the mechanical shaft torque
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(i.e.O «■IS)

*14)

Torque in per unit is equal to power in per unit i f  speed deviations are neglected The*

The eqn. (t.lS ) and (8.16) »re called swing equations.

It may be noted, that, since Й -  * -« V  

dS d»---  в ------ (I)/,
dl dt

Since the rated synchronous speed in rad/sec is 2nf

dS d6—  ■ —  +e>0 
dt dl

we may put the equation in another way.

I i  2
Kinetic Energy « -  и» joules

The moment o f inertia I may be expressed in Joule -  (S e c o n d )2 since u is i"  п М Л  
The stored energy o f an electrical machine is more usually expressed in mega joules and M M  
in degrees. Angular momentum M is thus described by mega joule - sec. per e te c tr.c a l4 *

Where to is the synchronous speed o f  the machine and M is called inertia с 
In practice м is not synchronous speed while the machine swiags and hence M i '  not

M -  l.ti)

a constant.
The quantity H defined earlier as « e tia  constant has the units m eg a  joules 

vi .п-d energy in mega >xdes
H machine rating in mega vo*an»pen(G)

(1 1П

but stored energy -  ^ l * 1 » -M »



■ V

„ „ Г  5, , u - l

In electric»! degree* »  -  3«0f ( -  2 ttfl .....< I.IS )

GH -  iM (3 6 0 f) « •~M2n f -  M jtf

GH
M ' —  mega joule -  sec/elec degree .... (S 19)

In  the per uni* sy*ems M -  —  . . . . . .(g.20)

d5*  * f /*  . 4
So that dt7 ’ ^ ( e f )  .....(> 21)

which may be written a lio  a*

dJ8M~ г - p. - p.at

Thi» to «nether form o f swing equation ....( IJ 2 )

EV
Further Pt ■ —  Sin6

x

-  ^  d J*  „  EV . .So Hut M ^ y  -  ■ Suif .....(1.23)

with u»ual notatior 

* *  Eqaal Area C rite rion  aad Swiaig Equation

^■•wee criterion i t  applicable to single machine connected to infinite bus h is no< directly 
*0 mutti machine system However, the criterion helps in understanding the fidors 

*Л *псе transient stabi lity.

The swing equation connected to infinite bus is given by



л
Now as t increases to •  maximum value 8max where — ■ 0, Multilying eqn (в. 11)g 

d8
both sides by 2 —  we obtain

! l 2 "
dt M dt

Integrating both sides

a \*  •» .
d8

F tf.8 .4  Equal area cnlanon 

8.  is the in itial rotor angle from where the rotor starts sw illin g  d u e  t o  the dist

Foe Stability ~  ■ 0 
dt
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U .

Л
—I

The system i> stable. i f  we could locate a point с on the power an^le curve such th jl 
A , and A , are equal lqual 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

Bui

i .e . .

A, A , 0 means that.

K ) * - f f t -  p . , ) " * o

P, -  tin b

Sin6)d6 -J ^2(Pn« « п б - P1,, ) d 6 = 0

•*«., <ei -  *o> ♦ P«« <«°* 6i “  co* 

p« .. <«“  8i -  co* &j) ♦ Ря1 6,) » 0

p«, l* i  "  «ol “  p™.. l«°* *b * * j)

P.,
cos 6,  -  cos Sj -  (6, - Л„|

i . .  ! W “ ! i  ,
P»*» RiM

(cos &. -  cos 6j)  -  sin 6, |6j  -  6J ....(1.27)
The above is a transcendental equation and hence cannot be solved using normal algebraic

И  Transient S tabtlil> L im it

ider that the change in Pm is larger than the change shown in Fig. 8.S. This is 
d in Fig 8 V

In the case A, > A, That is. we fail to l<*ate an area Л lhat is equal to area A llten. a» 
machine w ill loose its stability since the speed cannot be restored to N,

^ ^ B ® * * "c e n  these t»i> cases o f stable and unstable operating cases, there must be a limiting 
A, is just equal to A, as shown in Fig. 8 6 Any further increase in P_, w ill cause
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A, lo be less than A ,. Pwl -  P .* in Fig. « 6 is the maximum load change that the math,,* 
sustain synchronism and is thus the transient stability lim it.

Fig. ».S Unstable system (A, > A,)

Fig. 8.6 Transient stability limit

8.10 Frequcacy o f OsdllalioBs
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 ,  ♦ ЛР,
where ЛР, is the change in power and P°f. the initial power at 6°

<Pf ♦ APt) -  P ^  sin ft* ♦ P ^  cos 6») Aft



Also. P . -  P,° "  P .., ып ft0
Hence (P . -  P.* ♦ ЛР.)

“ P*», » '"* •  l p^ ,  *'п в в - [P ^  cos ft*).\ft| 
• ( P ^ u ^ lA J  

.P .
is the synchronizing coefficient S.

The swing equation is

2H dJft°

S y 4 ' m  S fk i l i t )  2 7 1

7 *

2H d‘ ( * e * M )
i  wm—  „  A j  ‘ P . <Р .-*Л Р .>

2H dJ(Aft)
I  Hence ---------—у— *  -  P (cos t f )  Aft -  S* Л*

*» dl
[ when- S’“ is the synchronizing coefficient at P,0.

[ dJ , _
В ■hmfbre. — r 7 * 1 "TT I Aft - 0

J: (A ft) U s * )  
dtJ ( 2H j

I  which is a linear second-order differential equation I he solution depends upon the sign 
e fl*  If ft”  Is positive, the equation represents simple harmonic motion

The frequency o f the undamped oscillation in

Ш J
| The frequency f  is given by

<a ft*
? h  .....<r 2 , )

I  )!?_£ 
2ж V V n (*.29)

f clearance time consider the electrical power system shown is
^ I f  a 3-phase fault occurs near the generator bus on the radial line connected to it.

o'er the line to the infinite bus w ill become zero instantaneously Ihe 
input power Pm remains constant. Let the fault be cleared at ft = ft, A ll the 
input energy represented by area a b с d - A,, w ill be utilized in accelerating the 

to ft,. Fault clearance at ft, angle or point с w ill shift the operating point from 
^ ^ ^ ^ B ^ M o u s ly  on the P - ft curve At point f. an area A2 -  d e f  g is obtained which is 

A • * '*  Tht ГО,ОГ ton,Ci back ,rom 1 *nd Hn.lly settles down at a where 
***»in» r  1 '* C1*led ,hc c,car'ng angle and the corresponding lime t is called the critical 

tt for the fault from the inception o f it at fto.

a
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— * ©
In f bus

F<̂  Radial Nat 
Fig. 8.7

8.11 C ritica l (  Tearing Time and C ritica l O a r in g  Angle
If  in the previous case, the clearing time i* increased from t, to t4 such that S is 5t и , 
in Fig. 8.4 Where A, is just equal to Ar  Then. any funer increase in the fault cleting "nut

bevond L  would not be able to enclosed an .res A , equal to A ,. This is shown in F fc W | 
Bevond . A2 suns decreasing Fault clearance cannot be delayed bevond у  
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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Fig. t.10

From Fig S.9

P- » ' " 6.

A , -  f ( P m - 0)d 6 f m |6t - 6.)

A , -  f * ( P « ,« n «  P J d *

'  Pm.. <c°* - CM *,» .) P„ (»„«, -  et )
A| “ A j gives

P.
cos 6t -  cos 6„  -  j * -  [ J ^  - 8J  

гяя

pm
c a *  A .  ’  P  И *  -  b j  -  6 . I  ♦ C O . (n -  6 jГ1МХ

“  ((« -  260)| -  [cos 6J  
r m ii

* t - c o s ' j ^ * - ( * -2 5 ь ) - (с .«  An >J

the period o f fault the swing equation is given by 

dr6 пГ
—  -  - j t  <P« - P.* But .since P, -  0

273
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During the fault period

d'6 я f
-----*  —  P
d H  ■

p d’ 8 dt r in f n 
Integrating both side* J, "

«  * f  -—  ш —  p i
dt H “  

and integrating once again

At t *  0: 8 -  8„. Hence К -  8#

Hence p- ,,+ 6 .

Hence the critical cleaning time tt
.  |j  H (»._ M

V p . “ •

8 .12 Fault on a D ouble-C ircit L ine
Consider a single generator of generating station sup lying power to a load or an infinite bus 
through a double circuit line as shown in Fig. S. 11.

V

- O - In ftm te

Fig. «11 Double-circuit hne and fault

EV . I *
The eletrical power transmitted is given by P -  —-------- sin 8 where *  л

•* 4 X12 *2 1

and *4 is the transient reactance o f the generator. Now. i f  a fault occurs on line 2 for ew»" 
then the two circuit breakers on either side w ill open and disconnect the line 2. Since. *, ’ 
(two lines in parallel), the P - 8 curve for one line in operation it  given by

EV

*4 + * l
sin 8
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^ ill M below the P - 6 curve Pf| as shwon in Fig. 8.12. The operating point shifts from a to b 
^  f -Ь curve РГ) and the rotor accelerates to poin о «here 6 - 8,. Since the rotor speed is not 

rJ ^ jro o o u v  tlte rotor decelerates till point d is reched at 6 6, so that area A, ( ‘ area ib c )  
K aoua l10 *rea Aj  ( '  *rra c d The ro*or w ill finally settle down at point с due to dampingis f4u->
At |» inl c

P_ * P.

М 3  Transient S tability When Power м Transm itted D uring the Fault

Consider the case where during the fault period some load power is supplied to the load or to 
infinite bus I f  the P-А 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 a to b on the d u rin g ®  
fault curve 3 When the fault is cleared at в -  в,, the operating point moves from b  lo  c , _ 

the curve P^ and then shifts to point e. I f  area d e f  g e could equal area a b с d (A , -  д 
the system w ill be stable

If  the fault clearance is delayed t ill * , -  6,  as shown in Fig. 1.14 such that лпл 4 
(A ,) is just equal to and e d f(A : ) then

£ (!*« «  sin 8 -  Pm ) d8 « £ ” ' ( p.m  s i i6 - P ,) d 6

Ftg. 1.14 Critical clearing angle-power transmitted dunng fault

It is clear from the Fig. I.I4  that 6„  

Integrating

■ * -  8 -  *  -  sin"
pm.«:

(P«. *  4 P« .  « *  *) £  +(P«. J  « » 8 -  Рт Л) *  °

p« ( * .  -  *•> + 3 (c °* s , -  cos 6^) ♦ p„  ( 6^  -  6«)

+ P*eJ <co* -  cos 6e) -  0

P . (& __ -  8 „) -  P—  3 coa 8. ♦ P „  2 cos 6„ . 

Ря ы 2  ~ Pa n  J
cos 6.

I8 33)

The angles are all in radians.
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Jt-Arr a double circuit «stem as in section X 12 If a fault occurs oo one o f the lines while 
jjjv .m ; a power of P ^ . as in the previous case then an area A j = A, w ill he located and the 

characteristic changes from pre-fault to during the fault If the faulted line is removed 
J p o w c i transfer w ill he again shifted to post-fault characteristic where line I only is in 
T L jo ii. Subsequently if  the fault is cleared and line 2 is reclosed, the operation once agam 
'hlfU lack to pre-fault characteristic and normalo w ill he restored fo r stable operation are* 
д (• area abed) should he equal to area A j(”  area defghk) The maximum angle ’he rotor 

•* • r  For *ub i,' t> Л: 'hould he lessthan f>m. The illustration in Fig. *15 assumes fault 
депсе and instantaness reclosure.

Stability__________________________________________________277

«lion to  Sw ing Kquation S*ep-b\ -Step M ethod
•swing equation gives the change in 6 with time. Uninhibited increase in the value o f 

bility. Hence, it is desired to solve the swing equation to see that the value of

K ng after an initial period o f increase, so that at some later point in time, the 
i the stable state Gnerally 8. 5. 3 or 2 cycles are the times suggested for circuit 
tion after the fault occurs. A variety o f numerical step-by-step methods are 
solution to swing equation the plot o f 6 versus t in seconds is called the swing 

4 »  *t*p-hy-siep method suggest*•step i 
ted to system

suggested here is suitable Гог hand calculation for a single
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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 -  I ) and n*1 intervals. The accelerating power P, is computed at ц Я  
these intervals and plotted at circles in Fig. S. 16 (a). *end o f these i

Fig. S.16 Plotting swing curve
^  > I)

Note that these arc the beginnings for the next intervals viz.. <n I >• 1 
P§ is kept constant between the mid points o f the intervals.

Likewise. w(. the difference betwen w and w, is kept consunt th ro u g h o u t 

the value calculated at the mid point Die angular speed therefore is assumed t " ' han̂ B  
(n -  3/2) and (n -  1/2) ordinates

de>
we know that Ace -  ~ r . At



l Note that these are ihe beginnings lor the next intervals viz.. (n I ). n and in  • I >. 
i. к  kepi constant between ihe mid points o f the intervals

|k I ikewise. the difference betwen \* and is kept constant throughout the interval at 
0K value calculated at the mid point TV angular speed therefore is assumed to change between 
,n 3 0  *»h1 <n -  ordinates

В ika
we know that Am •  — . Al ■  dt

. .  I» ° f „
**encc и - « „ . - и , *  ' 5 * Л в т г  ”  .....(* 34)

Again change in i  

■  .  dft

L 1* -  I ■ * . i  - " .  m i l
for (n - I )th interval

i  •nd “ “ - , . - 1»  ^  .....
j- from the Iwo equations (8.16) and (8.15) we obtain

П 8 0 П  ,
H  " 1 *  П Г ]  P* • •> .....(#J7 )

|Thus, the plot o f 6 with lime increasing after a transient disturbance has occured or 
i place can be plotted as shown in Fig. 8.16 (c).

M l  I  acton  A ffecting Transient Stability

stability is very much affected by the type o f Ihe fault A three phave dead short 
the most severe lault. the lault severity decreasing with two phase fault and single 

ground fault in lhal order

1 * Ihe fault i» farther from the generator the severity w ill he less than in Ihe сам o f a 
А ц  al the terminals o f Ihe generator

transferred during fault alio plays a major role When, part o f the power generated 
to the load. Ihe accelerating power is reduced lo that extent. This can easily be 

*  from the curves o f Fig 8.16.

•
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Theoretically an increase in the value o f inertia constant M reduces the angle throuoJ 
which the rotor iw m 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 *\ чеп^1 
Thus looking at the swing equations

м  ^  ’  p« *  p- p* *  p-  &пйdt л и

the possible methods that may improve the transient stability are :

(i) Increase o f system voltages, and use o f automatic voltage regulators

(ii) Us* o f quick response excitation systems
(Ш) Compensation for transfer reactance X ,, so that Pt  increases and Pm -  P, -  P( 

reduces.
(iv ) Use o f 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 o f bundle conductors. Other theoretical methods such as rcducirg the 
spacing between the conductors and increasing the site o f the conductors *re not p ractic iM  
and are uneconomical

Quick opening o f circuit breakers and single pole reclosing is helpful. Since т а р я Ч В  
the faults are line-to-ground faults selective single pole opening and reclosing w ill ensure и лгвбг 
o f power during the fault and improve stability.

8.17 Dy nam ic S tability
Consider a synchronous machine with terminal voltage V,. The voltage due to  excitation ляШ  

along the quadrature axis is E . and E' n the voltage along this ax tv  The direct axis rotor а ^Я

with respect to a synchronously revolving axis is d. I f  a load change occurs and ih* 
current if is not changed then the various quantities mentioned change with the real P0^  

delivered P as shown in Fig. S.17 (a).
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to case the field сигтеш lf if  с hinged such th*t the transient flu* linkages along the 

El, proportional to the field flux linkages is maintained constant the power transfer

„ J4 he increased by 30-60% greater than case (a) and the quantities for this cate are plotted 
,Ffc «17(b).

Fig. 117 (to)
If  the field current I, i t  changed akmgwith P simultaneous!) so that V, i t  t

than it it  poasitaie to increase power delivery by 50-10% more than case (a) Tbu It 
• • F ig  «.17(c).
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к  o n  be concluded from the above, th jf 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.

E.V
Note that “  ~

and increase o f E matters in increasing P— .

In Russia and other countries, control sipials utilizing the derivatives o f output ^  
and ntn inal voltage deviation have been used for control ling the voltage in addition to ргосед^З 
control signals. Such a situation is termed 'forced excitation' or forced field control- Not aidy 
the first derivatives o f  Д1 and AV are used, but also higher derivatives have been used far 

; control on load i

There controller have not much control an the fln t swing stability, but have eflaaoa 
the operation subsequent awiags.

This way o f system control for satisfactory operation under changing load . < admens ] 
using excitation control comes under the purview o f dynamci «ability

h>wer System StubUbrr
An voltage regulator ia the forward path o f the exciter-generator system w ill mtrodaaa •  
damping torque and imder heavy load camions *iis  damping torque may become ■-leg^hm j 
Ib is  is a situation where dynamic in stability may occur and came concern. It is alt» obeen*i j 
that ihe several time consiaets in the forward path o f excitatioa control loop introdael 
phase lag at low frequencies just baoe the natural frequency o f the excitation system.

To overcome there effects and lot improve the damping, camper sating network* an 
introduced to produce torque in phase w tft the speed.

Such a network is called "Power System Stabilizer' (PSS).

8.18 Nnde E lim ination Methods
la a l stability studies, buses which are excited by internal voltage* o f the machine* only 1 
considered. Hence, toad buses are eliminated. As an example consider the system ■ ■ ■  
Fig. «.IS.

4

*/»

I I -
• l

Fig. aW
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The transfer reactance between the iwo bines ( I)  and (3) «  give* by

X|j"i *J +

Where
Vj N  *'з

If  a fault occur* an all the phases on one o f the two parallel line». sa>. line 2, then the 
■Ktance diagram w ill become at * o w i in Fig. 1.11(b).

n g « .1« (b )

|* S * n c e . 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 •  

■ •■ e tw ork using the standard formulas The network willbe modified into F ig I  I I  (c).
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X ), is the transfer reactance between buies ( I)  and (3).
Consider Ihe same example with delta network reproduced as in Fig- 8. IS (d).

Fig. 8.18(d)
For a three bus syitem. the nod»I equation! are

V

i

Y | j Y|,l V*
fe

s y 2 , -< Й yJ Г*
1. Y j . Y M Y » J k

Since no source is conaecied to bus (2), it can be eliminated. 
\jt., l j  has to be mode equal lo zero

Hence

Y*i Y t + V j 4 YH V , “  0

V ^ L v ,
J Y.. 1 Y.. ’

T h ii value o f Va can be institu ted  In the other two equation o f f  ) ю  that V, is 
eliminated

l , - V MV14 Y 1JVl 4YI>VJ

■v” v, * v» [ ^ ' v'3*y',f e v’] * v" v’
I» “  Y j, V , 4 Y j, V j 4 Y „  V , 

- V« V ' + V « [ : ^ L V ," ^ V l] + V « V > 

k  v j

V/, •  Y „ -  Y „ у - , „  Y j, -  Yu
Y j ,  Y a

Y i- Y n - ^
y j*

Thus Y * ,, changei 

where



W orked K iam ple*
1 1 1  A 4-pok. 90 Hz, I I  KV tarbo generator i t  rated 75 MW aad M 6  power factor 

IlMiBR The machine rotor Iuh a moment of «Xerti» o f 9000 Kg-m*. Pled the 
■aertla coosiaat in MJ / MVA mA M constant or a n a ia U a  Ш MJa/dcc degree

Solution :
to -  2n f  -  100 *  rad/sec 

Kinetic energy = ^  l«el  ■ ^  * WOO + (!00* )J

-443.6*2  « 10* J 
«443.6*2 MH

MVA rating o f the machine -  ~ ~  -  87.2093

MJ 443.682 
H ’  MVA “  *7.2093 "  8 01755

■  GH *7.2093 к 5.0*755м  « ■ * ........ ■
l*0 f 1*0x50

-  0.049297» MJS/0 dc

112  Two geaeratore rated at 4-pole, SO Hz, 50 Mw t.*5  p .f(lag) w ith moment o f Inertia 
2*.000 kg-я 1 aad 2-pole, M Hz. 75 MW 0 *1 p .f (lag) w ith moment o f laertia 
15,000 kg-m1 arc connected by a tram m itsioa line. Ftaid the inertia coaitaat of 
each machiae aad the laertia coaKant of tingle equivalent machiae connected to 
in flii it f  but. Take 10* MVA teae.

Solution '

For machine I

K.E -  |  « 21.000 x (100 «>* -  13*0 344 x | 0* J 

50
MVA -  —  •  51.8235 

13*0.344
' "  5Ц335 *  23 46516 MJ/MVA

5* *235 x 23.465*6 и 13*0.344 
1*0x50 '  1*0x50

• 0.15337 MJS/degrea elect

t» e r System S tab ility  215

t o t  the Kcoad machine

a



2М Г—'«г S y i u i  A|t)

-  739.470 MJ

M V A -
75

0.12

739.470

>91.4434

10*4*
91.4434 

9I.4634kI.0MS

I—  I
М

м*

180.50

I

-  0.082163 MJ&TElc

1
м, м,
M jM ^ 0 082163 x 0.15337 

М, ♦ М , J  0.0*2163 + 0.15337

0.0126
0.235533 ■ ° ^ 35MJS/E‘*C ite r“  

ОН -  180 * 50 * М -  180 к 50 » 0.0535

■ 481.5 M l
on 100 MVA base. inertia constant.

H
481.5
100

' 4.815 Mi/MVA

E 8.3 А Гонг рок .уаеЬгоеаи. |« < n t ir  rated 110 MVA 115 KV. 50 HZ. h .. M  * * *  
coastant o f 5J  MJ/MVA

(i) Determine the stored energy in  the rotor at synchronous speed
(ii) When * *  generator is supplying a load o f 75 MW. the input is ino 

10 MW. Determine the rotor acceleration, neglecting leases
(Hi) I f  the rotor acceleration in (li) is maintained for S cycle*, find the chaa* 

torque angle aad the rotor speed ia rpm at the and o f S cycles

Sohtkm
CO Stored energy ■* GH ■ 110 * J.J “  605 MJ where 0  “  Machine rating

(ii) P. *  The accletating power -  10 MW

dJ6 GH d’8
'O M W - M f W



2*7

60S d ’6 
180* 50 dr ' 10

0.0672
£ б  _ _____
dtJ 0.0672 

t4 S .ll dec degrees/sec:

d’S dJ5 10
148.81

(iii) 8 ey«e* “ 0.16 *ec.

Change in 6 -  ^ *  141.81 «(0.16)’

Rotor speed at the end of 8 cydes
120f  .  120x50

-  —  *в )*1 « ---- - —  « 1.90476 6 * 0.16

-  457.144 r.p.Bi
i 8.4 Power H «applied by a generator lo  a motar over a traam issina line at shown ia 

Fig. E8.4<a). To the motor but a capacitor o f 0.8 p« reactance per phase i* connected 
J throagh a awHck. Determine the «lead) Mate power lim it w ith ятЛ n it bout the 

capacitor ia  the d rc a it

- 0  2p u

■0 Ip.u ^1 *1,  -O 'p»

T
x, -0.5pu

£ - < м )  Motor V "  I f  a

Fig. EJ.4 (a)

Steady stale power lim it without the capacitor

1.2*1 1.2
o .a + o .u o 2 + o.e*o.i ‘  2.0 “ 06 pu

With the capacitor in the circuit, the following circuit is obtained
OJ 01

10

•J a i 08

П*-Ь8.4(Ц
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Simplifying

Converting the lU r to delu network, the transfer reactance between the two n o d e tl

-Л Я Я 4-

H fl.te .4 U U

(jl IXj0.9) ♦<jQ.9X-jO») ♦ (-J0-* I) 
A o  -J0.8

-0.99 ♦ 0.72 ♦ 0 J8 -0.99 ♦ 1.6 J0j6I

Steady state power lim it -  •  1.5731 pu

E l i  A generator rated 7S MVA I* deltveriag 0.8 pa power ta a motor
transmission lin t o f raactaace J 0.2 p^a. The ttrm iaal voltage o f the 1е* * у Я  
\Л p.u and that a f the motor Ь abo t.*(ka. Determine the generator t 
traaaieut reactaace. Flad abo the maslmam power that caa he transl

Solution
When the power transferred if 0.1 p.u 

l .0 » l i) i in t
0J * (0.1 ♦ 0.2) ’ o j " 0

S t o O- OJ  « OJ «0.24
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0 -  13"8865

jO.I

I I ШjO .I

Fig. E4.6

Current supplied to motor

IZIJ °8865-l/0° (0.9708♦ j0.24) - 1 
1 “  j0.3 “  jo.3

-0.0292 ♦ Ю.24 .
- --------“  J 0 0973 + 0 *  “  0 »57I/T«n 1 0 1216JUJ

1-0.1571 /б.°934 
Voltage behind transient reactance

-  U0° + j  1.2 (0.8 0.0973)
-  I + j  0.96 -  0.11676
-  0.88324 + j  0.96
-  1.0496 47°.8

EV 10496*1
P » —  ------——  » 0.8747 p.u
™*' X 1.2 r

К 8.6 Determine the power angle characteristic fo r the system shown In Fig. E.8.*(a). 
The generator is operating at a terminal voltage o f 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.

j  0 1 pu i 0.4 pu
- a — ■— - — C H

<4 -  j0 2Jpu J0.4pu 

Fig. ЕЛЛ (a)

- O
—0 )

^ l o n  :
^ ••••c ta n ce  diagram is drawn in Fig. К 8 6(b)
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jO.«pu

The tnnsfer reactanc* stwee^V, and V is -  j  0 .1 + *  j  0.3 p.u

W . ,  (1.05X1.0) , .  
Т МП — 03—  s in * ” ®.®we have

Solving for 6. sin 6 “ U2I57 ind 6 “  13°.21 
The terminal voltage ‘ l-05/l3*.2l 

UB2I6+J 0.24 
The current supplied ► fce generator to the infinite bus 

1X122216 ■»j0.24-(!•»■ jO)
'■ J03

(0.022216 + J0.24),
 •  ------------- * -  0.8 -  j  0.074

* 1-0I977/S.°284t2 p.u 
The transient interna ullage in the generator

E *(0 * -j 0.074) j  0.25 ♦ 1.22216 + j  0.24 
■j 0.2 + 0.0115 + 1.02216 ♦ j  0.24
■ 1.040 + j  0.44 
» 1.1299 <22°.932 

The total transfer reaance between E1 and V

•j#.25 + j 0.1 + Q r  -  j  0.55j  0.55 рд>

The power angle chaneristic is given by

E 'V j., (1.1299)0 0)
x —  jo.55

»,■ 2.05436 *1» 8

tin  A
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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 a t showa at the mid poiat oa liae 2. Determine the power eagle 
characteristic fo r the system with the fault persisting.

- 0
Infinite

Fig. ЕЛ.7

Solution
The reactance diagram is shown in Fig. E.8.7(a).

j 0.4

j 0.251

____ |-------- ' D0° -------- 1
-/ Ш >--------  \

J0.I
j  0.2 j  0.2

Fig. E.1.7 (a)

The admittance diagram is shown in Fig. E.l.7(b).

- j 2.S
S W T -

©

- j  2.8571
- j  50 - ) i n

Fig. EJ.7 (b)
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The buses are numbered and the bus admittance matrix is obtained

© © ©
о

©

©

- j  1.85271 0.0 j  2.85271

0.0 -J7 .5 j  2.5 K

j  2.8271 J2.5 - j  10.3571

Node 3 or bus J has no connection to any source directly, it can be eliminated.
YmY,,

Yll(mod.f»» = Y ll« *d t" YH

(2J527X2.8527I)
- - j  2.8571 -  (—10.3571)

- -2 .0 7 137

(2JS27IX2.5) 
YIJ|modiW»’* 0_  (-10.3571) “ 0 6896

Y»V^
Y t t  (modified)B Y 23 <oM) у

(2.5X2.5)
“  ~ 7,5 "  (403571) “  ~ 6#96549 

The modified bus admittance matrix between the two sources is 

© ©
©  "

©

-2.07137 006896

0.6896 -6.89655

The transfer admittance between Ihe two sources is 0.6(96 and the transfer reactance
-  1.45

1.05*1 .
P j-  -J 3J J - sin в p.u

or P#- 0.7241 sin 6 p.u



E 8.8 For the system considered in f  .8 .6  if  the H constant is Riven by 6 MJ/MVA obtain 
Cbc swing equation

Solution :
H d^6

The swing equation is —  -  Pm -  P, -  P,, the acclerating power 

I f  8 is in electrical radians

A ; * f i i f r e - « « 2 p . . lsoep
&г H * 6 * •

E 8.» In E8.7 |f the 3-pbase fault it cleared on line 2 by operating the circuit b re « ten  
on both tides o f the line, determine the post fault power aagle characteristic.

i Solution The net transfer reactance between E1 and V , with only line I operating is
J 0.2S + j  0.1 ♦ j  0.4 *  j  0.75 p.u

(1.09X1-0)
Pe = j jp j  Sin 5 ■ 1.4 Sin 8

E8.ll Determine the swing equation for the condition In E 8.9 wheu 0 *  p.u power i t  
delivered.

I  0ive" м ‘ т к
180f I80«50 

Solution: — “ —  -  1500

I dJ6
“ 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, -  2.05 tin 8
I f  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 MJ/MVA

P .-2 .0 5  tin 28° >0.9624167
Solution :

f e w e r  S y s tem  Stability  29J

^  -2.05 cos 21»- 1.7659
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A, *  area abc > »Wi
,-P j)d 8 = J(l .25 - 1.923 sin 8)d8

•e

0.7072 
.25 ♦ 1.9

OM><

40®.54I6

1.25 | ♦ 1.923 Cos 6
0.4665 26"7437

-  0.300625 ♦ (-0.255759) -  0.0450 
Maximum area available -  area c d fg c - A j^ , ,

J (P j-P .)d » - j  (1.923 Sin 8-1.25)d8
<| 07072

139°.46

--1 .923  Co. 8 | -  1.25(2.4328 -0.7072)
40°.54I6 

-0 .7 5 9 9 - 1.25 * 1.7256 
-0.7599 -  2.157- -1.3971 » A ,

The system is stable
[Note : area A, is below P2 -  1.25 line and

area A} it  above P2 -  1.25 line ; hence the negative sign]
F.8.14 Determine the maximum value o f the rotor twing la the example F.8.13. 

Solution :
Maximum value o f the rotor swing is given by condition 

A , -A ,

A, -  0.044866

 ̂— j(-1.25 + 1.923 Sin6)d6
A .

•i

-  (-1.25 8, + 1.25 * 0.7072) -  1.923 (Coe 8, -  0.76)
i.e.. -  *1.923 Cos 8, 1.25 8,  -  2.34541 -  0.0450

U . -  1.923 Co* 8, ♦ 1.25 8} = 2.30041
By trial and error A, -  S9*.S
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gg.15 T li* M constant fo r a power system la 3 * 10"* S*/elee. degree

The prefault, during the fault and post fault power angle characteristics are given by

P, -2 .45  Sin 8•I
P, “  0.1 Sin 8ч

and P -  2.00 Sin 8 respectively

choosing a time interval o f 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 -  0.9 -  2.45 Sin 8,

A mThe initial power angle 80-  Sin' 1 

"  21.55е

At t “  0 just before the occurrence o f fault. 

pm« 9 2-45

Sin 8,  -  Sin 2I°.55 -  0.3673

P. -  Ртч Sin 8.  *  0.3673 и 2.45 -  0.9

P .-O

At t -  0 ., just after the occurrence o f fault

pm., "  О-*: Sin 8„ -  0.6373 and hence 

P. -  0.3673 * 0.8 -  0.2938 

P,. the acclerating power -  0.9 -  Pt

-  0.9 -  0.2938 *  0.606 

Hence, the average acclerating powr at t  *  0>>f

0 + 0.606
-  0.303

(At)1 „  (0.05 * 0.05)
~M ~ * " " " i' ,1 0 -4 "  133 P* “  1 33 M 0303 “  V 524

Д8 -  2* J24 and 8° -  2I*.55. 

The calculations are tabulated Mpto t -  0.4 sec.
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Tlbto 1.1

*Л о t(» « )

(P^>

Sin « r -

s t« * 0 » -F .

(41)*
M

A i 8

I. 0- 2.45 0.3673 09 0 - 21 55»
0. a t 0167) 0293* 0606 21.55°

0 »6'1 0303 2.524 2*524 24*075
2. 0.05 01 04079 0)261 05737 4.T7I6 7*3 24*075
1. 0.10 a i 0.5207 0 4166 04134 4.027 1И327* 31 3766
4 0.19 01 06712 0 5426 0.3574 2977 14*304 42* 7016

5. 0.20 01 01357 0 6709 02290 1 9011 16*212 57*00

6. 0.2J a i 0 9574 07659 01341 1.1170 17*129 73*2121
7. 0 30 01 09999 07999 01000 01330 IS* 1621 90 5411

1 0.35 01 09472 0.7J7I 01422 1 1147 1*347 10170

9 040 o t 07175 06300 02700 22500 21*59* 121047 
149*097

ТаЫе o f results for E8.IJ .

From the table it can be seen that the angle S increases continuously indicating instability.
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£g.|6 I f  the fau lt in the previous « и м р к  E .I.U  It claared at lb« cad o f 2.5 cyclaa 
determine the swlag curve and examine (be (lab ility  of the system.

Solution :

MA* before M P, -  I.3J P,

2.5 cycles second 
Tieie to clear the fault -  ^  cycles

-  0.05 sec.
In this the calculations performed in the previous example E8.I4 hold good for O ^ . 
However, since the fault in cleared at 0.05 sec., there w ill two values for P. one for 
P. -  0.8 sin 8 and another for P. » 2.00 sin 8.

I  *J •»
At t ■ 0.5 -  ( just before the fault is cleared)

P ^ -O .S ; Sin 8 -  0.4079, and 

p, “  p™, Sind 8 = 0.3263, so that P, -  0.9 -  P, -  0.57367 

giving as before 8 -  24»075

But, at t *  0.5+ 0usl aftcr ,tle fault is cleared) Ря< becomes 2.0 p.u at the same 8 and 
P. -  P ^  Sin 8 -  0 815*. This gives a value for P, -  0.9 -  0 815 8 -  0.0842 Then for 
t •  0.05 are the average accelerating power at the instant o f fault clearance becomes

0.57367 + 0.0842 
p. ~ ------------- j ---------- *  0 ,2 ,9

(At)1- -  . P, -  *33 * 0 32*9 -  2®.74

and Д8 -  5.264

8 -  5.264 ♦ 24.075 -  29*.339 

These calculated results and further calculated results are tabulated in Table 8.2.
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Table S.2

S.No t P „ . 81a 8

Sia в 0 .9 -P,
M

P . - « J J .P .

AS a

1. 0- 2.43 0.3673 09 0 2155*

0. 01 0 3673 о :ч л 0606 - 21 55*

О.. 0.3673 - 0303 2324 2524 24 075

2 005. 01 04079 0 3263 0.5737

0.05. 21 04079 0151 00142

° ° v 0 4(174 0 3219 2 740 5.264 29 339

1. 0.10 20 0.49 0 9* -008 -0.6664 4.5976 33.9367

4. 013 10 0.531 1.1165 -0.2165 -1 8031 2.7937 36.730

J. 0.20 20 0 591 l. l  196 -0.296 -24664 0.3273 37Л5

6. 023 10 0 6028 1 2056 -0.3056 -2.545 —22IS2 34* A3

7. 0.30 I t 0 5711 1.1423 -0.2423 -2018 -4 2366 30°5933

Table o f results for ED. I S.

The fact that the increase o f angle 5, started decreasing indicate* stability o f the system

FJ.17 A synchronous generator represented by a voltage юагсе of 1.1 p.u In ic rie i with 
a traniient reactance of J0.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 o f 1.0 p.u.

E -1.1 I----------------'ТЯЯР— I-----( ~ )
W  J0 *5 '  J® «5 1 ^

The generator is transmitting ал active power o f 1.0 p.u when a 3-phase fault occurs at 
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, -  С м '*[(я  -  280)Sin * ,  -  Соав.]

-  CoTl [(l80*-2 x 30#)sin JO*-0*30*1

.  С о .-'^ -0 .1 6 б |« С « |-'[!Л 0 7 ]

-  74° .59
Critical clearing angle -  79°.5*

49.59x3.14
вс -  в , -  790.59-J 0 ° -  49.59° --------— -----  rad

Critical clearing time ■

ISO
-  0.86507 rad

|2x 4 x 0.86507 
‘ ‘ “ V 1x3.14x50 

Calculation for the swing curve

■0.2099 sec

Let At ■ 0.05 sec

I80f _ 180x50 
H ‘  4

H I

■2250

M ”  180f *  2250 '  4 44 “  1(Г*

( A ^  iO ^ x O ^
M * (4.44 x1 c4) * *

Accelerating power before the occurrence o f the fault "  P,_ ”  2 Stn 6# -  1.0 “  0 

Accelerating power immediately after the occrrenc* o f the fault

•  2 Sin 8,  -  0 -  I p.u

Avenge accenting powr •  ~  -  0.5 p.u. Change In the angle during 0.05 Sfc aftar 

fault occurrence.



M J___________________________________________________fQ W T  Syitem  Л в ч у.1
да, -  5.63 < 0.5 -  2°.»l

8, -  30* + 2 °J I -  32°.8I 

The results are plotted in Pig. Et.17.

One-machine •yMem w m |  curve. Fault cleared и  Inf»

Fig. E.8.17 (a)

Pig. ЕЛ. 17(b)



F ew e r  S y i t em  Stability

ВЫ* In etaatple во. E*. 17, i f  the fault b cleared in 100 т и с , obtain the swlag aura . 

Solution :
The swing curve is obtained using MATLAB and plotted In F ig E J .lt.

P tl A 2 pole, $0 Hz, 11 KV synchronous generator with a rating o f 120 Mw and 0J7 
lagging power factor has a moment o f inertia o f 12.000 kg-mJ. Calculate the constants

Pt.2 A 4-pole synchronous generator supplies over a short line a load o f 60 Mw to a load bus. 
I f  the maximum steady stae capacity o f the transmission line is 110 Mw, determine the 
maximum sudden increase in the load that can be tolerated by the system without loosing 
stability.

РГЗ The prefault power angle chracteristic for a generator infinite bus system is given by

One-machine«yttennwinpcurve F«ulldared« 0 .1»

0 0.1 0.2 0.3 0.4 as 0 6 0.7 0 8 0.9 1 
t.«cc

Fig. E8.1B
The system is stable.

Problems

H and M.

Determine the critical clearing angle and the clearing time 
Pt-4 Consider the system operating at 50 Hz.

P, -  1.62 Sin 6
and the initial load supplied is 1 p%.u. During the fault power angle characteristic is grim  by

P_ -  0.9 Sin 6
_  .  .  j .  д . , ,

H - U sm
I f  •  3-phase fault occurs across the generator terminals plot the swing curve. 
Plot also the swiag curve. If  the fkult is cleared In 0.05 sec.



H i Objective Question»

4. Per unit impedance on new KVA and KV base is ( ]

( p.u.impedance on V  given KVA base V new KV base V  
U )  (given KV A and KV base Д  New KVA base Д  given KV base J

( p.u impedanceon V  given KVA base V  given К V base V  
( (given KVA and KV basej( Ne* KVA base Д  new KV base J

(  p u.impedance on V new KVA base V  given KV base 
(C) I given KVA andKV base J (given KVA base Д  new KV base J

5. Which o f the following is false? I ]
(a) An element o f * 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.

6. The rank o f a graph is [ ]
(a) n (b) n-l (c) n+l
where n is the number o f nodes in the graph.

7. In a graph i f  there are 4 nodes and 7 elements the number o f links is I ]

(a) 3 (b) 4 (c) 5

8. Which o f the following statements is true ? [ )
(a) n basic cutsets are linearly independent where n is the number o f nodes.

(b) The cut set is a minimal set o f branches o f the graph.
(c) The removal o f к branches does not reduce the rank o f a graph provided that no 

proper subset of this set reduces the rank o f the graph by one when it is re m o v e d  

from the graph.

9. The dimension o f the bus incidence matrix is [

(a) e * n (b) e * (n - l)  (c) e * e

10. I f  Ab and A, are the »ub matrices o f but Incidence matrix A containing branches and lin ^  
only and к is the branch path incidence matrix then { 1
(a) A b к' "  И (e )A ,A > '« k ‘
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11. Which o f the following statements is true ? I 1
(a) There is a orve-to-on* correspondence between links and basic cut sets
(b) А, Аь~* -  В where В is the basic cut set incidence matrix.
(c) B, -  A, k' where B, is the basic cut set incidence matrix containing links only.

12. Identify the correct relation ( ) 
(•) Y BUS ■ [») Ы IB]
(b) Y ^ - IC IM IC J  
(0  * 1»  “  fB f [у ] [B)

13. Identify the current relations ( I  
(•) [A T ly llA l- Y ,^
(b) [B 'l (у] [B ] -  Z .,
(c) (C l [z] |CJ -  2 ^

14. With the addition o f •  branch to a partial network with usual notation, the mutual 
impedance is given by I I

(a)

(b) Z h ■ Ze + —— ^

(c) +

У.ь-.ь

£ . - Z * )

У*-* 

У * -*

IS. The self impedance Z,* of a branch ab added to an existing partial network is given 
by I 1

(a) Z * « Z *
У *-*

" *■ * )(b) Z *  - Z *  + --------- 2---------------
\ У шь л

(e) Z ^ - Z * * --------- -

t



16. I f  in q.no IS there is no mutual coupling [ j

17. I f  in q. no 18 there is no mutual coupling and if  “a”  is the reference node [ j 

<*) ^  0>) Zbk“ Zrt (c) Z * « Z *  +

I S. Modified impedances are computed when the fictitious node introduced for the addition 
o f a link is eliminated. Then Zy (modified) ( j

I -
Z ^

до» ______________________ Objective Queetlone_____________________

(a) Z„ (before elimination)-
Z ,

z .
(b) Z (before elimination) -  ■

z ii '-it

( Z d - Z j
(c) Zlf (before elimination) -  — ~— *-

*̂1

19. Identify the correct relation [ ]

(a) a2 ■ -  0.5 j  0.866 (b) a - l . e '4* /J (с) I + a ♦ a2 -  0 * jO
20. Which o f the following is correct [ ]

(a) V „ » VM ♦ a VR| + a5 VM

(b) The sequence compoenets are related to the phase components through the

transformation matrix С '
I I I 
I a a1 
I a* a

1ц  *  J  (I* + ^  !y + a l| )

21. For stationery bi lateral unbalanced network elements [ ]

(•) Z r - Z r a n d Z j r - Z r

(b) Z iv — 1 2  aedZi* - Z ?

(c) z y  * 1 2
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22. For balanced rotating 3-phas* network dementi [ )

(a) Z i¥ - Z «

(b) z * Y # z l*

(c) The admittances are symmetric

23- 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

24. For a stationary 3-phase network element ab, zero sequence impedance is given
by [ ]

(a) Z *,+  2Z J (b) Z* - 2 Z ;  (c) Z i- Z J

25. For a 3-phase stationary network element the positive impedance is given by [ ]

(a) zJJ, + 2z j  (b) z i - 2z ;  (о  z i - z ;

26. For a 3-phase stationary network element the negative sequence impedance is given
by I ]

(a) Zjj, +2ZJJ, (b) z i - 2 z ;  (c) z i - z ;

27. The inertia constant H is o f the order o f [ ) 
(a) H •  4 (b) H -  I  (с) H -  I

21. When a synchronous machine i i  working with 1.1 p.u excitation and is connected to an 
infinite bis o f voltage 1.0 p.u. delivering power at a load angle o f 30° the power delivered 
with x 4 "  0.8 p.u. and x 4 m 06  p.u. [ )
(a) P -  0.675 -(b) P -  0.6875 (с) P -  1.375
Neglect reluctance power

29. Unit Inertia constant H I» defined as [ )
(a) Ws / Pr (b) P r/w s (c) W sP r/rad
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30. At a slack-bus the quantities specified are I
(a) P and 0  (b) Pand|V| (c) IVl and 8 (d) Panda

31. At a load bus the quantities specified art • [
(a) P and |V| (b) Qand|V| (c) P and 0 (d) |V|and 8

32. At a Generator bus the quantities specified are I
(a) |V| and 8 (b)Qand|V| (e) P and Q v(d) P and !V|

33. In load flow studies, the state variables are I
(•) P and Q (b) IV'and 8 (c) P and |V| (d) Pand8

. 34. Which one o f the following is not correct ? [

(•) p. - w - v ;  I  Y ,V ,

(b) V ,«!V J (Cos 8, *  j  Sin &,)

n N N
(c) Real power loss» I  P. -  I  P -  I  P.

i- i ' « I * i- l *
(Total generation) -  (Total load)

<d) 0 , “  | ( IV , V, V , Co. (5, - 5, -  0 ,)

35. Which o f the following is true ? [ ]
(a) Gauss-Seidel method is a direct solution method for power flow
(b) A ll iterative methods ensure convergence
(c) A generator bus is also called a swing bus
(d) I f  the reactive generation exceeds the lim it then the P. |V| bus w ill become a P. 

Q bus
36. The number o f iteration required for an n-bus system in Gauss-Seidel method are 

approximately [ ]

(») n (b) n1 (c ) 3 (d) — ^

37. The number o f iteration required for an n-bus system in Newton-Raphson method art 
approximately [ I

(») n (b) n3 (c) 3 (d)
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38. With usual notation which o f the following if true for a decoupled model [ 
(•) ДЕ ш ГН] A f (b) AO ■ [L ] A i

(с) ДР ■ [M ] A)V| (d) Л Р -[М ]
A| V | 
I V |

39. The tpeed o f fast decoupled load flow method when compared to Newton-Raphson 
method if  [ 1

(a) Veru slow
(b) almost the same
(c) double the N-R method speed per iteration
(d) Five times the N-R method speed per iteration

40. Which o f the following is true ? [ |

Bore KVA (%X)
100

100
W  'thoil circuit ”  Urfl loU * (%X)

(a) Short circuit KVA1

(c) %Z -  -  « 100

41. Which o f the following is not true [ J
(a) In a feeder reactor protection, there if no protection for bus-bar fautls.
(b) In a tie-bar system currcnt fed into a fault has to pass through two reactors 

in series.
(c) In ring system o f reactor connection the voltage drop and power loss яге 

considerable.
42. The operator 'a' is given by

{a )e« '*" (b) е " " °

43 (a: -  a) i f  given by

f I
(c) (d) €

<•) J Л  (b) - j  S

I 1

"> j7 ! (<> " k
44. Phase voltages Et . and E( are related to symmetrical components Vr  V, and V3; then 

which o f the following is true ? ( )

(•) Vu >-J (E ,+ a E ^ a JEc) (b) V ^ -E . + E ^ E ,

(с) V ,, “  ^  (E§ + aEc) <d) +
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45. For the solution o f 3-phase star connected unbalanced load problem which method is 
more suitable [  ]

(a) Symmetrical components (b) Direct analysis
(c) Thevenin* theorem (d) M illm an'i theorem

46. I f  l „ .  Ic  and I,,, are star connected network sequence current components and l-(. 1Л 
and 1л  are delta connected network sequence currents for the same unbalnced network, 
then I ]

(•) Kt m~l Л  >41 <b> ' c ' i V j ' c

(C) 1 ,0 -0  (d) I,. "  I ji

47. In case o f star-delta connected transformers I ]
(a) 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

48. The positive sequence impedance component o f three unequal impedances Zv  7.* and Z c

is [ 1

(a) ^ ( Z .+  a Z ^ a ’ Z,) 0») \ (Z, + aJ + aZc)

(c) (Z , + aZ>+aJZt) (d) (Z ,+  aJZi *a Z t )
49. For a single line-to-ground fault, the terminal conditions are ( ]

(») V .-O ; V « « '0  <b)

(с ) V , - ^ у ^ ; Ц - 1 с - 0  (d) 1 .-0 ; Vk-V ,

50. For a double line fault on phase b and с ( )
3E.
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51. For «л ungrounded neutral, in case o f a double-line to ground fault on phases b 
and с I )

52.

53.

54.

55.

56.

ю zT?v (ll) W °
(a) 0) only '* correct (b) ( ii)  only is correct
(c) 0) *mI (iO both correct (d) both (0  and (U) are false 
A 15MVA, 6.9 KV generator, star connected has positive, negative and zero 
sequence reactances o f5 0 4 ,504 and 10% respectively. A line-to-lme fault occurs 
at the terminals o f the generator operating on no-load. What is the positive sequence 
component o f the fault current In per unit. ( 1
(a) - jp .u  (b) -  2j p.u. (c ) -  0.5 J p.u. (d) 0.5 j  p.u. 
What is the negative sequence component o f fault current in Q.No. ( I I )

( 1
(a) ( - j  0.5 -  0.866) (b) ( j 0 .5- j  0.866)
(C) + j  p.u (d) (j 0.5 + 0 866)
In Q.No. (52) i f  the fault is a line-to-ground fault on phase a then, the positive 
sequence component o f the fault current in p.u. is [ ]
(a) + j  0.9 p.u (b) - j  0.9 p.u. (c ) + j 1.0 p.u. (d) - j  0.866 p.u. 
The most common type o f fault to occur is [ ]
(a) 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)

(о) (d)
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57. The negative sequence reactance o f a synchronous machine is given by
I

(•) J
f *« + *1'

• • \ 
*«♦*.

- r 1 (b) J -------1
2\ /  ̂ /

/ • . N • • \
*4 “ *«

(d) i2v > 1 2
(c) j

58. A star connected synchoronous machine with neutral point grounded through a 
reactance x, and winding zero sequence reactance x„ experiences a singlr line-to 
ground fault through an impedance Xf The total zero sequence impedance is

( ]
(•) \> + S  + * f (M  *o + 3x. + xf
(с) Хо+Зх.+ Зх, (d) S ^  + i^  + x,)

59. In case o f a turbo generator the potitvie sequence reactnce ( ]
(a) 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.
60. A synchronous machine having E ■ 1.2 p.u is supplying power to an infinite bus 

with voltage 1.0 p.u. I f  the transfer reactace is 0.6 p.u, the steady stae power 
lim it is

( )
(a) 0.6 p.u (b) 1.0 p.u (c) 2 p.u

61. A synchronous generator is feeding as infinite but through I  transmission line. If 
the middle o f the line a shunt reactor gets connected, the steadystaie stability 
lim it w ill ( |

(a) increase (b) decrease (c ) remain unaltered
62. A synchronous generator is supplying power to an Infinite bus through a 

transmission line. I f  a shunt capacitor is added near the middle o f the line, the 
steady state stability lim it w ill [  J

(a) increase (b) decrease (c) remain mattered
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63. If  Ihe ihunt capacitor in q.no. (3) it  shifted to the infinite but, the (lability lim it 
wi« ( 1

(a) increase (b) decrease (c) remain unchanged
64. Which o f the following is correct ( ]

(a) In steady stale stability excitation response it  important
(b) In transient liab ility studies, excitation response it  important
(c) Dynamic stability is independent of excitation system response

6$. Coefficient o f stiffness is definet as [ ]

F V EV EV
(a) — C o t* (b) (« ) - j f

66. For a step load disturbance, the frequency o f oscillationa it given by ( )

I to6° I XJe* 1 1*6°
< •> "*757  (c) f - £ f e

67. Critical clearing angle for a step load change is [ ]

(a) bt *  C a r1 [ ( ^ * “ 8в)' С о,в* ) ]

(b) 5C “  Cot' 1 ^ “ - (« -J O -C o s e .j

(c) 8{ *  Cot'1 { ( ^ - (- 2 8. ) - a , 6 . |

68. I f  power is transmitted during the fault period on a double-line circuit with fault 
as one o f the lines the critical clearing angle 8C it  given by [ ]

P .(8—  *  »o)- iCoae. ♦ PH.]Coa8M
(с)Со.в , -  mVm Р~ Г р - -----
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69. In step by step method o f solution to swing equation ( ]
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