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foundations and shine as torch-bearers of
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foundation in the basic principles of electrical
engineering, problem solving abilities, analytical
skills, soft skills and communication skills for their
overall development.

e To offer outcome based technical education.

e To encourage faculty in training & development and
to offer consultancy through research & industry
interaction.
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e PEOI1: To produce competent and ethical Electrical
and Electronics Engineers who will exhibit the
necessary technical and managerial skills to perform
their duties in society.

e PEO2: To make graduates continuously acquire and
enhance their technical and socio-economic skills.

e PEO3: To aspire graduates on R&D activities leading
to offering solutions and excel in various career paths.
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capability to work in teams and contribute to real time
projects.
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continuous self- learning.
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Program Outcomes (PO’s)

PO1: Engineering Knowledge: Apply knowledge of mathematics, natural science, computing,
engineering fundamentals and an engineering specialization as specified in WK1 to WK4 respectively
to develop to the solution of complex engineering problems.

PO2: Problem Analysis: Identify, formulate, review research literature and analyze complex
engineering problems reaching substantiated conclusions with consideration for sustainable
development. (WK1 to WK4)

PO3: Design/Development of Solutions: Design creative solutions for complex engineering problems
and design/develop systems/components/processes to meet identified needs with consideration for the
public health and safety, whole-life cost, net zero carbon, culture, society and environment as required.
(WKS)

PO4: Conduct Investigations of Complex Problems: Conduct investigations of complex engineering
problems using research-based knowledge including design of experiments, modelling, analysis &
interpretation of data to provide valid conclusions. (WKS).

POS: Engineering Tool Usage: Create, select and apply appropriate techniques, resources and modern
engineering & IT tools, including prediction and modelling recognizing their limitations to solve
complex engineering problems. (WK2 and WK6)

POG6: The Engineer and The World: Analyze and evaluate societal and environmental aspects while
solving complex engineering problems for its impact on sustainability with reference to economy,
health, safety, legal framework, culture and environment. (WK1, WKS5, and WK?7).

PO7: Ethics: Apply ethical principles and commit to professional ethics, human values, diversity and
inclusion; adhere to national & international laws. (WK9)

PO8: Individual and Collaborative Team work: Function effectively as an individual, and as a
member or leader in diverse/multi-disciplinary teams.

PO9: Communication: Communicate effectively and inclusively within the engineering community
and society at large, such as being able to comprehend and write effective reports and design
documentation, make effective presentations considering cultural, language, and learning differences

PO10: Project Management and Finance: Apply knowledge and understanding of engineering
management principles and economic decision-making and apply these to one’s own work, as a member
and leader in a team, and to manage projects and in multidisciplinary environments.

PO11: Life-Long Learning: Recognize the need for, and have the preparation and ability for 1)
independent and life-long learning ii) adaptability to new and emerging technologies and iii) critical
thinking in the broadest context of technological change. (WKS)
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Module-1

Network Topology

Introduction
An important step in the procedure for solving any circuit problem consists first in selecting a
number of independent branch currents as (known as loop currents or mesh currents) variables,
and then to express all branch currents as functions of the chosen set of branch currents.
Alternately a number of independent node pair voltages may be selected as variables and then
express all existing node pair voltages in terms of these selected variables. For simple networks
involving a few elements, there is no difficulty in selecting the independent branch currents or
the independent node-pair voltages. The set of linearly independent equations can be written by
inspection. However for large scale networks particularly modern electronic circuits such as
integrated circuits and microcircuits with a larger number of inter-connected branches, it is
almost impossible to write a set of linearly independent equations by inspection or by mere
intuition. The problem becomes quite difficult and complex. A systematic and step by step
method is therefore required to deal with such networks. Network topology(graph theory
approach) is used for this purpose. By this method, a set of linearly independent loop or node
equations can be written in a form that is suitable for a computer solution.

Terms and definitions
The description of networks in terms of their geometry is referred to as network topology. The
adequacy of a set of equations for analysing a network is more easily determined topologically
than algebraically.

Graph (or linear graph):

A network graph is a network in which all nodes and loops are retained but its branches are
represented by lines. The voltage sources are replaced by short circuits and current sources are
replaced by open circuits. (Sources without internal impedances or admittances can also be
treated in the same way because they can be shifted to other branches by E-shift and/or I-shift
operations.)

Branch: A line segment replacing one or more network elements that are connected in series
or parallel.

Node: Interconnection of two or more branches. It is a terminal of a branch. Usually
interconnections of three or more branches are nodes.

Path: A set of branches that may be traversed in an order without passing through the same
node more than once.

Loop: Any closed contour selected in a graph.
Mesh: A loop which does not contain any other loop within it.

Planar graph: A graph which may be drawn on a plane surface in such a way that no branch
passes over any other branch.

Non-planar graph: Any graph which is not planar.



Oriented graph: When a direction to each branch of a graph is assigned, the resulting graph is
called an oriented graph or a directed graph.

Connected graph: A graph is connected if and only if there is a path between every pair of nodes.
Sub graph: Any subset of branches of the graph.

Tree: A connected sub-graph containing all nodes of a graph but no closed path. i.e. it is a set
of branches of graph which contains no loop but connects every node to every other node not
necessarily directly. A number of different trees can be drawn for a given graph.

Link: A branch of the graph which does not belong to the particular tree under consideration.
The links form a sub-graph not necessarily connected and is called the co-tree.

Tree compliment: Totality of links i.e. Co-tree.

Independent loop: The addition of each link to a tree, one at a time, results one closed path
called an independent loop. Such a loop contains only one link and other tree branches.
Obviously, the number of such independent loops equals the number of links.

Tie set: A set of branches contained in a loop such that each loop contains one link and the
remainder are tree branches.

Tree branch voltages: The branch voltages may be separated in to tree branch voltages and link
voltages. The tree branches connect all the nodes. Therefore if the tree branch voltages are
forced to be zero, then all the node potentials become coincident and hence all branch voltages
are forced to be zero. As the act of setting only the tree branch voltages to zero forces all voltages
in the network to be zero, it must be possible to express all the link voltages uniquely in terms
of tree branch voltages. Thus tree branch form an independent set of equations.

Cut set: A set of elements of the graph that dissociates it into two main portions of a network
such that replacing any one element will destroy this property. It is a set of branches that if
removed divides a connected graph in to two connected sub-graphs. Each cut set contains one
tree branch and the remaining being links. Fig. shows a typical network with its graph, oriented
graph, a tree, co-tree and a non-planar graph
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LOAD FLOW STUDIES

REVIEW OF NUMERICAL SOLUTION OF EQUATIONS

The numerical analysis involving the solution of algebraic simultaneous equations forms the
basis for solution of the performance equations in computer aided electrical power system
analyses, such as during linear graph analysis, load flow analysis (nonlinear equations),
transient stability studies (differential equations), etc. Hence, it is necessary to review the
general forms of the various solution methods with respect to all forms of equations, as under:

1. Solution Linear equations: *
Direct methods:
- Cramer" s (Determinant) Method,

- Gauss Elimination Method (only for smaller systems), - LU Factorization
(more preferred method), etc.

* Iterative methods: -
Gauss Method
- Gauss-Siedel Method (for diagonally dominant systems)

3. Solution of Nonlinear equations:
Iterative methods only:
- Gauss-Siedel Method (for smaller systems)
- Newton-Raphson Method (if corrections for variables are small)

4. Solution of differential equations:
Iterative methods only:
- Euler and Modified Euler method,
- RK IV-order method,
- Milne“ s predictor-corrector method, etc.

It is to be observed that the nonlinear and differential equations can be solved only by the
iterative methods. The iterative methods are characterized by the various performance features
as under:

_ Selection of initial solution/ estimates

_ Determination of fresh/ new estimates during each iteration _

Selection of number of iterations as per tolerance limit

_ Time per iteration and total time of solution as per the solution method

selected  Convergence and divergence criteria of the iterative solution

Choice of the Acceleration factor of convergence, etc.



A comparison of the above solution methods is as under:

In general, the direct methods yield exact or accurate solutions. However, they are suited
for only the smaller systems, since otherwise, in large systems, the possible round-off errors
make the solution process inaccurate. The iterative methods are more useful when the
diagonal elements of the coefficient matrix are large in comparison with the off diagonal
elements. The round-off errors in these methods are corrected at the successive steps of the
iterative process.The Newton-Raphson method is very much useful for solution of non —
linear equations, if all the values of the corrections for the unknowns are very small in
magnitude and the initial values of unknowns are selected to be reasonably closer to the
exact solution.

LOAD FLOW STUDIES

Introduction: Load flow studies are important in planning and designing future expansion
of power systems. The study gives steady state solutions of the voltages at all the buses, for
a particular load condition. Different steady state solutions can be obtained, for different
operating conditions, to help in planning, design and operation of the power system.
Generally, load flow studies are limited to the transmission system, which involves bulk
power transmission. The load at the buses is assumed to be known. Load flow studies throw
light on some of the important aspects of the system operation, such as: violation of voltage
magnitudes at the buses, overloading of lines, overloading of generators, stability margin
reduction, indicated by power angle differences between buses linked by a line, effect of
contingencies like line voltages, emergency shutdown of generators, etc. Load flow studies
are required for deciding the economic operation of the power system. They are also
required in transient stability studies. Hence, load flow studies play a vital role in power
system studies. Thus the load flow problem consists of finding the power flows (real and
reactive) and voltages of a network for given bus conditions. At each bus, there are four
quantities of interest to be known for further analysis: the real and reactive power, the
voltage magnitude and its phase angle. Because of the nonlinearity of the algebraic
equations, describing the given power system, their solutions are obviously, based on the
iterative methods only. The constraints placed on the load flow solutions could be:

_ The Kirchhoff” s relations holding good,

_ Capability limits of reactive power sources,

_ Tap-setting range of tap-changing transformers,

_ Specified power interchange between interconnected systems,

_ Selection of initial values, acceleration factor, convergence limit, etc.



Classification of buses for LFA: Different types of buses are present based on the
specified and unspecified variables at a given bus as presented in the table below:

Table 1. Classification of buses for LFA

SL Specified | Unspecified
Bus Types ,I » ‘ P Remarks
No. ; Variables variables
1 | Slack/ V] Po. Oc [V], O: are assumed if not
Swing Bus ’ o e specified as 1.0 and 0’
Generator/ A generator is present at the
o) o
Machine/ PV Bus Pg, |V Qc. 8 machine bus
; : About 80% buses are of P
3 | Load/ PQ Bus Ps. Qg V|, & = o buses are of PQ
y |C
Voltage ‘a’ is the % tap change in
4 o z v oz
Controlled Bus Pg.Qc. [V 6. a tap-changing transformer

Importance of swing bus: The slack or swing bus is usually a PV-bus with the largest
capacity generator of the given system connected to it. The generator at the swing bus
supplies the power difference between the “specified power into the system at the other
buses” and the “total system output plus losses”. Thus swing bus is needed to supply the
additional real and reactive power to meet the losses. Both the magnitude and phase angle
of voltage are specified at the swing bus, or otherwise, they are assumed to be equal to 1.0
p.u. and 00, as per flat-start procedure of iterative solutions. The real and reactive powers
at the swing bus are found by the computer routine as part of the load flow solution process.
It is to be noted that the source at the swing bus is a perfect one, called the swing machine,
or slack machine. It is voltage regulated, i.e., the magnitude of voltage fixed. The phase
angle is the system reference phase and hence is fixed. The generator at the swing bus has
a torque angle and excitation which vary or swing as the demand changes. This variation
is such as to produce fixed voltage.

Importance of YBUS based LFA:

The majority of load flow programs employ methods using the bus admittance matrix, as
this method is found to be more economical. The bus admittance matrix plays a very
important role in load flow analysis. It is a complex, square and symmetric matrix and



hence only n(n+1)/2 elements of YBUS need to be stored for a n-bus system. Further, in
the YBUS matrix, Yij = 0, if an incident element is not present in the system connecting
the buses ,,i"“ and ,,j“ . since in a large power system, each bus is connected only to a fewer
buses through an incident element, (about 6-8), the coefficient matrix, YBUS of such
systems would be highly sparse, i.e., it will have many zero valued elements in it. This is
defined by the sparsity of the matrix, as under:

p e Total no. of zero valued elements of Ygus
ercentage sparsity of :

vean matriy of i arder
given matrix of n= order: Total no. of entries of Ygus

S = (Z/nHx100 %

The percentage sparsity of YBUS, in practice, could be as high as 80-90%, especially for very
large, practical power systems. This sparsity feature of YBUS is extensively used in
reducing the load flow calculations and in minimizing the memory required to store the
coefficient matrices. This is due to the fact that only the non-zero elements YBUS can be
stored during the computer based implementation of the schemes, by adopting the suitable
optimal storage schemes. While YBUS is thus highly sparse, it“ s inverse, ZBUS, the bus
impedance matrix is not so. It is a FULL matrix, unless the optimal bus ordering schemes
are followed before proceeding for load flow analysis.

THE LOAD FLOW PROBLEM

Here, the analysis is restricted to a balanced three-phase power system, so that the analysis
can be carried out on a single phase basis. The per unit quantities are used for all quantities.
The first step in the analysis is the formulation of suitable equations for the power flows in
the system. The power system is a large interconnected system, where various buses are
connected by transmission lines. At any bus, complex power is injected into the bus by the
generators and complex power is drawn by the loads. Of course at any bus, either one of
them may not be present. The power is transported from one bus to other via the
transmission lines. At any bus i, the complex power Si (injected), shown in figure 1, is
defined as

(1)



Si = Sgi — Spi (2)

Pi+jQ PeitiQei
s

Fig.1 power flows at a bus-i

where Si = net complex power injected into bus i, SGi = complex power injected by the
generator at bus i, and SDi = complex power drawn by the load at bus i. According to
conservation of complex power, at any bus i, the complex power injected into the bus must
be equal to the sum of complex power flows out of the bus via the transmission lines.
Hence,

where Sij is the sum over all lines connected to the bus and # is the number of buses in the
system (excluding the ground). The bus current injected at the bus-i is defined as

li=IGi-IDi"i=1,2,........... n (4) where
IGi is the current injected by the generator at the bus and IDi is the current drawn by
the load (demand) at that bus. In the bus frame of reference

IBUS = YBUS VBUS
®)



where

Igus=| . is the vector of currents injected at the buses,

1"

Ygus is the bus admittance matrix, and

V

|
VZ
Veus=| . is the vector of complex bus voltages.

v,
Equation (5) can be considered as
ISP AS Vi=12 . n (6)
i=1

The complex power S; is given by

Si=Vi l:
=Vi (Zyrj Vj]
=t

=V, [ZYI;V;} (7)
=1 .

Let v,.i|v,.|4 5, = |v,|(cos &, + jsin &)

%:4_@



Y; =G, + jB;

Hence from (7), we get,
S, = i v ’V}.| (cus J, + jsin 5,}.) (GU. - jBU) (8)
j=1

Separating real and imaginary parts in (8) we obtain,

P;= ih’f
j=1

J| (G,]. cos o, + By sin ‘511) 9

Q= |V| |V| G,sind; — B, cosd; ) (10)

J

An alternate form of P; and Q; can be obtained by representing Y also in polar form
as Yi= || 26, (11)

Again, we get from (7),
n

si= Vi8> || -6, vi|2-6 (12)
j=1

The real part of (12) gives P

9:1 + 0, - 5;‘)
= |V, i|y,,||v,|cos—(9,,— 6, +0,) or
j=1
n
o, +0)) Vi=1,2,.......... n, (13)

Similarly, Q; is imaginary part of (12) and is given by

=Vi| 2 Y.
j=1

V|sin—(8.—d +0,) or
V)| sin—(6,~6,+4,

ij

=8 +8) Vi=l2... n (14)

Q=



Equations (9)-(10) and (13)-(14) are the ,,power flow equations” or the ,load flow
equations” in two alternative forms, corresponding to the n-bus system, where each bus-i
is characterized by four variables, Pi, Qi, |Vi|, and di. Thus a total of 4n variables are
involved in these equations. The load flow equations can be solved for any 2n unknowns,
if the other 2n variables are specified. This establishes the need for classification of buses
of the system for load flow analysis into: PV bus, PQ bus, etc.

DATA FOR LOAD FLOW

Irrespective of the method used for the solution, the data required is common for any load
flow. All data is normally in pu. The bus admittance matrix is formulated from these data.
The various data required are as under:

System data: It includes: number of buses-n, number of PV buses, number of loads,
number of transmission lines, number of transformers, number of shunt elements, the slack
bus number, voltage magnitude of slack bus (angle is generally taken as 00), tolerance limit,
base MV A, and maximum permissible number of iterations.

Generator bus data: For every PV bus i, the data required includes the bus number, active
power generation PGi, the specified voltage magnitude i sp V', , minimum reactive power
limit Qi,min, and maximum reactive power limit Qi,max.

Load data: For all loads the data required includes the the bus number, active power
demand PDi, and the reactive power demand QDi.

Transmission line data: For every transmission line connected between buses i and & the
data includes the starting bus number i, ending bus number £,.resistance of the line,
reactance of the line and the half line charging admittance.

Transformer data:

For every transformer connected between buses i and k the data to be given includes: the
starting bus number i, ending bus number £, resistance of the transformer, reactance of the
transformer, and the off nominal turns-ratio a.

Shunt element data: The data needed for the shunt element includes the bus number where
element is connected, and the shunt admittance (Gsh + j Bsh).

GAUSS - SEIDEL (GS) METHOD

The GS method is an iterative algorithm for solving non linear algebraic equations. An
initial solution vector is assumed, chosen from past experiences, statistical data or from
practical considerations. At every subsequent iteration, the solution is updated till
convergence is reached. The GS method applied to power flow problem is as discussed
below.



Case (a): Systems with PQ buses only:

Initially assume all buses to be PQ type buses, except the slack bus. This means that (n—1)
complex bus voltages have to be determined. For ease of programming, the slack bus is
generally numbered as bus-1. PV buses are numbered in sequence and PQ buses are ordered
next in sequence. This makes programming easier, compared to random ordering of buses.
Consider the expression for the complex power at bus-i, given from (7), as:

Si=V; ' jZl Yrj v Jj i

This can be written as

s e A (15)
\ j=1 "
Since S; =P;-jQ;, we get,
h-J0 =
=== KN

V.

i j=1

So that,

E-Jo_ Y, V,+ 2 ¥; V, (16)
v, =+ B

i

Rearranging the terms, we get,
1 | P, - - | . "
' ,"]Q‘ - Z Y”V!I g = N T n (17)
V j=1 ‘ )
J#* 1

_yli; i
1_ =

Equation (17) is an implicit equation since the unknown variable, appears on both sides of
the equation. Hence, it needs to be solved by an iterative technique. Starting from an initial
estimate of all bus voltages, in the RHS of (17) the most recent values of the bus voltages
is substituted. One iteration of the method involves computation of all the bus voltages. In
Gauss—Seidel method, the value of the updated voltages are used in the computation of
subsequent voltages in the same iteration, thus speeding up convergence. Iterations are
carried out till the magnitudes of all bus voltages do not change by more than the tolerance
value. Thus the algorithm for GS method is as under:

Algorithm for GS method



1. Prepare data for the given system as required.

2. Formulate the bus admittance matrix YBUS. This is generally done by the rule of
inspection.

3. Assume initial voltages for all buses, 2,3,...n. In practical power systems, the magnitude
of the bus voltages is close to 1.0 p.u. Hence, the complex bus voltages at all (n-1) buses

(except slack bus) are taken to be 1.00%. This is normally refered as the flat start solution. 4.
Update the voltages. In any (k +1)st iteration, from (17) the voltages are given by

k+1) I R - ]Ql = 7 rk+1) = k) . S
VI‘ = Y— W—Z)i-’\/J g ZY”V: e . (18)
i i J=1

ii Jj=i+l

Here note that when computation is carried out for bus-i, updated values are already
available for buses 2,3....(i-1) in the current (k+1)st iteration. Hence these values are
used. For buses (i+1).....n, values from previous, kth iteration are used.

aver| =y 0 —v®| < £ vi=23..n (19)

Where,e is the tolerance value. Generally it is customary to use a value of 0.0001 pu.
Compute slack bus power after voltages have converged using (15) [assuming bus 1 is slack
bus].

S:: l:)l - ]Ql = le

B | (20)
\ j=I )

7. Compute all line flows.
8. The complex power loss in the line is given by Sik + Ski. The total loss in the system is
calculated by summing the loss over all the lines.

Case (b): Systems with PV buses also present:

At PV buses, the magnitude of voltage and not the reactive power is specified. Hence it is
needed to first make an estimate of Qi to be used in (18). From (15) we have



Qi=-1Im - V ZY Vi
Where Im stands for the imaginary part. At any (k+1)" iteration, at the PV bus-i,

Q:L»h =—Im - ‘ V”" Zy V'k 1 +(V(“ ZY V'*'} (21)

The steps for i PV bus are as follows:

k+1)

f—

Compute Q;"" using (21)

2. Calculate V; using (18) with Q;= Q*™"

('S)

. Since

V,| is specified at the PV bus, the magnitude of V; obtained in step 2

has to be modified and set to the specified value |V,

o |- Therefore,

V.Ik‘“ | 4()(1 1} (22)

l sp

The voltage computation for PQ buses does not change.

Case (¢): Systems with PV buses with reactive power generation limits specified:

In the previous algorithm if the Q limit at the voltage controlled bus is violated during any
iteration, i.e (kK +1) i Q computed using (21) is either less than Qi, min or greater than
Qi,max, it means that the voltage cannot be maintained at the specified value due to lack
of reactive power support. This bus is then treated as a PQ bus in the (k+1)s¢ iteration and
the voltage is calculated with the value of Qi set as follows:

If Qi < Qi.min It Qi > Qi.max
Then Qi — Qi.min. Then Qi = Qi.mw(.

If in the subsequent iteration, if Qi falls within the limits, then the bus can be switched back
to PV status.

Acceleration of convergence

It is found that in GS method of load flow, the number of iterations increase with increase
in the size of the system. The number of iterations required can be reduced if the correction
in voltage at each bus is accelerated, by multiplying with a constant «, called the
acceleration factor. In the (k+1)st iteration we can let



VI_“”](I(I(‘(.‘EJE?!'(HE d) = Vr_lk) + o (V,—H_“ _ Vith) (24)

where 18 a real number. When =1, the value of (k +1) is the computed value. If 1<<2 then o
the value computed is extrapolated. Generally _ is taken between 1.2 to 1.6, for

GS load flow procedure. At PQ buses (pure load buses) if the voltage magnitude violates
the limit, it simply means that the specified reactive power demand cannot be supplied,
with the voltage maintained within acceptable limits.

Examples on GS load flow analysis:

Example-1: Obrain the voltage at bus 2 for the simple system shown in Fig 2, using

the Gauss—Seidel method, if V; = 1 2 0° pu.

SG1 _|_S—]10
Z2=j0.5 |
Sp4 Sp2=0.5+j1

Fig : System of Example 1

Solution:
Here the capacitor at bus 2, injects a reactive power of 1.0 pu. The complex power

injection at bus 2 is
S2=jl.0-(0.5+j 1.0)=-0.5 pu.

Vi=1£0°

—j2 j2
Ypus=| . }

o :L'——Pl IO _y v,
2 Y22| (V;M) 21

Since V is specified it is a constant through all the iterations. Let the initial voltage at

bus2, vV, =1+j0.0=1£0"pu.



~0.5
V) = _'j? {1400" ~(j2x 1400)}

=1.0-j0.25 = 1.030776 £- 14.036°

- —0 ~(j2x 140")}

V)= — ‘ .
P _ j211.030776.£14.036

=0.94118 - 0.23529 =0.970145 £-14.036"

vi=_! —0 —(j2x120°)
* —j210.970145£14.036° -

=0.9375-0.249999 =0.970261 £-14.931"

: — 0 —(j2x140°)}

V=
P —j210.970261£14.931°

=0.933612 —j 0.248963 = 0.966237 £ —-14.931"

ys =1 —0.5 —(j2x12£0°)
P —j210.966237£14.931° T |

=0.933335-j0.25 =0.966237 £ ~14.995"

Since the difference in the voltage magnitudes is less than 10-6 pu, the iterations can be
stopped. To compute line flow



; V=V 1£0" — 0.966237 £ —14.995"
vz, jO.5

=0.517472 £-14.931°
S, =V,I,=1£0"%0517472 £ 14.931"
= 0.5+ 0.133329 pu

V, -V, 0966237 £—-14.995" —1£0°
Zy JO.5

I, =

=0.517472 £-194.93"

S, =V,1,,=—05+j0.0pu

The total loss in the line is given by S12 + S21 =j 0.133329 pu Obviously, it is observed
that there is no real power loss, since the line has no resistance.



Example-2:
For the power system shown in fig. below, with the data as given in tables below, obtain
the bus voltages at the end of first iteration, by applying GS method.

a ® .
G (2) |@
(® ©

Power System of Example 2

Line data of example 2

72
o)
tT
ow

R X B
(pu) | (pu) g
0.10 | 0.40 -
0.15 | 0.60 -
0.05 | 0.20 -
0.05 | 0.20 -
0.10 | 0.40 -
0.05 | 0.20 -

03 [ D | 1D | et | ot [ et
Nl |l

Bus data of example 2

s i, | Yo | Qa | Fa | On Ve 0
(pu) | (pu) | (pu) | (pu) (pu)

1 . - . - 1.02 | 0°

> ; - o060 030 - |-

3 1.0 | - a - | 1o4 ] -

4 = - 0.40 | 0.10 - =

5 - = 0.60 | 0.20 - -




Solution: In this example, we have,
e Bus I isslack bus, Bus 2, 4. 5 are PQ buses, and Bus 3 is PV bus
e The lines do not have half line charging admittances

P>+ jQ2=Pg2 + jQc2— (Pp2 + jQp2) =—- 0.6 —jO.3



P3; +jQs3=Pg3 + jQc3 — (Pp3 + jQp3) = 1.0 + jQqg3
Similarly Py 4+ jQqs=-0.4 —jO.1, Ps + Qs =-0.6-j0.2

The Yy, formed by the rule of inspection is given by:

215685 | -0.58823 | 0.0+j0.0 [ -0.39215 | -1.17647
-i8.62744 | +j2.35294 +1.56862 | +j4.70588
-0.58823 | 2.35293 | -1.17647 | -0.58823 | 0.0+j0.0
+2.35294 | -j9.41176 | +j4.70588 | +j2.35294
Yoo = 0.0+j0.0 -1.17647 2.35294 0.0+j0.0 -1.17647
b~ +j4.70588 | -j9.41176 +j4.70588
-0.39215 | -0.58823 0.0+j0.0 0.98038 0.0+j0.0
+1.56862 | +j2.35294 -i3.92156
-1.17647 | 0.04j0.0 | -1.17647 | 0.040.0 | 2.35294
+4.70588 +i4.70588 -19.41176

The voltages at all PQ buses are assumed to be equal to 14j0.0 pu. The

voltage is taken to be V,” = 1.02+4j0.0 in all iterations.

-
Ve

v __ _.P'-’ —
2 Y.,

1
Y,

o,

~0.6 + j03 {
1.0 - j0.0

YZ!I V|"' - Y:S V.‘O - Yl-l V-lo _YES Vﬁuj|

~0.58823 + j2.35294)x 1.02.£0° |

slack bus

—{-1.17647 + j4.70588)x 1.04.20° } - {~ 0.58823 + j2.35294) x 1.020° ]

= 0.98140 £ -3.0665° = 0.97999 — j0.0525

Bus 3 is a PV bus. Hence, we must first calculate Qs. This can be done as under:

Q3= |[Vy| V| (G, sindy, — By cosdy ) + |V,

V)

(G, sind,, — By, cosd,,)

+ |V3‘2 (G.u sind,, — B, cosd,, ) +|V_1‘ |V4| (G_u sind,, - B, 0055.14]

+ |Vz‘ |V5| (Gyssin Gy — By cos o)

We note that §; = 0% &> =-3.0665%

~ o -~ o 0 o i~ o~
oL 031 = 033 = 034 = 035 = (" (O = 0 — 0k);

03=0

O 9y =0°

83 = 3.0665°

and d65=0°

Q3= 1.04[1.02 (0.0+j0.0) + 0.9814 {—1.17647 x sin(3.0665) — 4.70588
xc0s(3.0665%)}+1.04{-9.41176 xcos(0”)}+1.0 {0.0 +j{l.l)}+I.{){—4.7()588><cns(()°) 1
= 1.04 [-4.6735 + 9.78823 — 4.70588] = 0.425204 pu.

v!=
.

LS [ %
A

- Y.u vlo - Y;z Vzl - Y,u V40 _Y35 Vs

0



0— j0.4252
_ | {”’ JOAZ208 1) 7647 + j4.70588) (0.98140/ —3.0665°)}

T Y, 1.04- j00
—{~1.17647 + ja70588)x (1.20°)]]

= 1.05569 £3.077° = 1.0541 + j0.05666 pu.

Since it is a PV bus, the voltage magnitude is adjusted to specified value and V, is

computed as: V., =1.04 £3.077"pu

1 | P,— jO °
V.;I =— {4,,{4 Y,V -rY, Vgl =¥y Val — ¥y V50:|
Y.| v

4

o L2040 H 630015+ j1.56862)x 1.02.20°)
Yo | 10— jO.0

—{-0.58823 + j2.35204) x(0.98140£ —3.0665") |

~0.45293 - j3.8366
© 0.98038 — j3.92156

1 [r-jo
Ve | v

0.955715 £-7.303" pu= 0.94796- j0.12149

V§ = VaV =Y Vy =Y Vi =Y, V)

= —{~1.17647 + j4.70588)x 1.02.20° }

1 {-0.6 + j0.2

Yo | 10— 0.0

—{1.17647 + j4.70588)x 1.04.23.077°}]
= 0.994618 £ —1.56° = (.994249 — j0.027
Thus at end of 1™ iteration, we have,
Vi =1.02£0°pu V,=0.98140 £-3.066° pu
Vi=1.04£3.077° pu V4 =0.955715 £ -7.303° pu
and Vs=0.994618 / -1.56" pu



Example-3:

Obtain the load flow solution at the end of first iteration of the system with data as given
below. The solution is to be obtained for the following cases

(1) All buses except bus 1 are PQ Buses

(11) Bus 2 is a PV bus whose voltage magnitude is specified as 1.04 pu

(ii1))  Bus 2 is PV bus, with voltage magnitude specified as 1.04 and 0.25 Q2 1.0 pu.

@ - (2

(@

Fig. System for Example 3

Table: Line data of example 3

SB EB B -
(pu) (pu)
1 2 0.05 0.15
1 3 0.10 0.30
2 3 0.15 0.45
v 4 0.10 0.30
3 4 0.05 0.15

Table: Bus data of example 3

Bus No. P Qi Vi
(pu) (pu)
1 - - 1.04 20"
2 0.5 — D -
3 - 1.8 0.5 =
4 -8 | —#l —




Solution: Note that the data is directly in terms of injected powers at the buses. The

bus admittance matrix is formed by inspection as under:

30-9.0 | 20460 | — 1.0+3.0 0
—2.0+(6.0] 3.666—j11.0 | —0.666 + 2.0 |- 1.0+ 3.0
“1.0+ 3.0 | —0.666 +j2.0 | 3.666—j11.0 | 2.0 + j6.0

0 “1.0+j3.0 | —20+j6.0 | 3.0-j9.0

Ygus =

Case(i): All buses except bus 1 are PQ Buses

Assume all initial voltages to be 1.0 £ 0° pu.

1 P1 - ]Q? o
Vzl = Yn T -Y, V' - Y23 VBU - Y24 V40i|



_ 1105+,02 o . o
= LO_ o {(=2.0 + jo.0)x(1.0420°)}

{0,666 + j2.0)x (1.020° )} - {~1.0 + j3.0)x(1.020° )]
= 1.02014 £ 2.605°

pio L {P_;—ng

3= Y33 V;* - Y3| Vlo - Ysz Vzl - Y34 Vao

-1.0- j0O.5
_ | 1.0 :IO-~ _ {(_1_0 + j3,0)>< (1.0440.0")}
Y, | 1.0- 0.0

—{~0.666 + j2.0)x (1.0201422.605°)} - {- 2.0 + j6.0) x (1.0 20° )}
= 1.03108 £ - 4.831°

V4l = : {P“ -o{Q“i —YuW —Ygp Vzl =Yy Vsl :|
Vol V

-

_ o3+ o g o e
Y., L.O—jo.o {~1.0+ j3.0)x(1.0201422.605° )}

—{(=2.0+ j6.0)x(1.031082-4.831°)}]
= 1.02467 £ -0.51°

Hence

V' =1.04 £0"pu V) =1.02014 £2.605° pu
Vv, = 1.03108 ~-4.831° pu

V) =1.02467 2 -0.51° pu



Case(ii): Bus 2 is a PV bus whose voltage magnitude is specified as 1.04 pu

We first compute Q,.
Q.= [

+|Vi| (Gyssin&y5 — B,y cos 8y ) + |V, | (G sin Sy — By, cos 6, )]

(G,,sind,, — B,, cosd,,)

V,

V,|(G,,sind,, — B, cosd,, ) +

v,

=1.04 [1.04 {=6.0} + 1.04 {11.0}+1.0{- 2.0} + 1.0 {=3.0}= 0.208 pu.

{~2.0+ j6.0)x(1.0420°)}

giv., | {0.5— j0.208

7Y, | 1.042£0°

—{~0.666 + j2.0)x (1.0£0° )} {~1.0 + j3.0)x(1.020° )}
= 1.051288 + j0.033883

The voltage magnitude is adjusted to 1.04. Hence V) = 1.04 £ 1.846°

1 |-1.0- jO.5 .
V) = —=1.0 + j3.0)x (1.0420.0°
3 Yu{ 1.0 20° {( J ) ( )}

—{-0.666 + j2.0)x (1.0421.846°)} - {~ 2.0 + j6.0) x (1.0.20° )]
1.035587 £ — 4.951° pu.

—{~1.0+ j3.0)x(1.04.21.846° )}

V! 1 {03+ jO.1
4 .
Y,,|1.0- ;0.0

{(-2.0 + j6.0)x(1.0355872 - 4.951°)}]
— 0.9985 £ 0.178°

Hence at end of 1% iteration we have:
V! =104 £0°pu V) = 1.04 £1.846° pu

V) =1.035587 £-4.951° pu V., =0.9985 £-0.178° pu



Case (iii):Bus 2 is PV bus, with voltage magnitude specified as 1.04 & 0.25=Q,<1 pu.
If 0.25 < Q, = 1.0 pu then the computed value of Q, = 0.208 is less than the lower
limit. Hence, Q; is set equal to 0.25 pu. Iterations are carried out with this value of Q.
The voltage magnitude at bus 2 can no longer be maintained at 1.04. Hence, there is
no necessity to adjust for the voltage magnitude. Proceeding as before we obtain at
the end of first iteration,

V! =1.04 £0°pu V) = 1.05645 £1.849° pu

V) =1.038546 ~—4.933" pu V! = 1.081446 £ 4.896° pu

Limitations of GS load flow analysis

GS method is very useful for very small systems. It is easily adoptable, it can be generalized
and it is very efficient for systems having less number of buses. However, GS LFA fails to
converge in systems with one or more of the features as under:

* Systems having large number of radial lines

* Systems with short and long lines terminating on the same bus

« Systems having negative values of transfer admittances

* Systems with heavily loaded lines, etc.

GS method successfully converges in the absence of the above problems. However,
convergence also depends on various other set of factors such as: selection of slack bus,
initial solution, acceleration factor, tolerance limit, level of accuracy of results needed, type
and quality of computer/ software used, etc.
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NEWTON -RAPHSON METHOD

Newton-Raphson (NR) method is used to solve a system of non-linear algebraic
equations of the form f(x) =0. Consider a set of n non-linear algebraic equations given
by

Ji(%) s Xgoenen X, ) =0 i=12...n (25)

0 0 0 sl .
Letx, .x, ......x, . be the initial guess of unknown variables and

L n
Ar,“.A\'g ...... A\',,D be the respective corrections. Therefore,
j;(.tlu - At‘"..\':" - A\'ED ........ _\‘n" - A\‘n")= 0 i=12..n (26)

The above equation can be expanded using Taylor’s series to give

~ 0 ~ ~ \
L0, + [i Axv + aL]A\‘,D+ ..... + iJA\‘"U
- ox, ax, | dr,

+ Higher order terms = ) Vi=12...n (27)
o | B .0 1]
df, Jf, af, . _— i .
Where, i . i R L] are the partial derivatives of f; with respect
v, | | dx, dx,
(0 X,.X,......x, respectively, evaluated at (x,".x,"..........x,"). If the higher order terms

are neglected, then (27) can be writlen in matrix form as

r o 0 .07
EagEs .
[ 0] ox, l dx, 9x, | Axl]
! 0o . 0 0 !
L[] (2 s> | | Ax,’
ox, dx, ox, |
- . = (} {28)
0 - . . s . . o0
_fn i faf" ] [C)f” \ ()fn \ _A.tn |
| dx, oy, | Lox, ]
In vector form (28) can be written as
F'+J°AX"°=0
Or F(}=_Jt)Axl}
Or AX° =—{J°T'F° (29)

And X'=X"+Ax" (30)



Here, the matrix [J] is called the Jacobian matrix. The vector of unknown variables is
updated using (30). The process is continued till the difference between two successive
iterations is less than the tolerance value.



NR method for load flow solution in polar coordinates

In application of the NR method. we have to first bring the equations to be solved, to
the form f,(x,.x,...x,) =0, where x,.x,..x, are the unknown variables to be
determined. Let us assume that the power system has n, PV buses and n, PQ buses.
In polar coordinates the unknown variables to be determined are:

(i) 0, , the angle of the complex bus voltage at bus i, at all the PV and PQ buses. This
gives us n, +n, unknown variables to be determined.

(ii)|V,.|. the voltage magnitude of bus . at all the PQ buses. This gives us n, unknown
variables to be determined.

Therefore, the total number of unknown variables to be computed is:n, +2n,, for

which we need n, +2n, consistent equations to be solved. The equations are given

by.

AR =F 4 -Fa=0 (31)
AQ; =0y —CQica =0 (32)
Where P, = Specified active power at bus i

Q,,, = Specified reactive power at bus i

P

. = Calculated value of active power using voltage estimates.

0, .. = Calculated value of reactive power using voltage estimates

AP = Active power residue

AQ = Reactive power residue
The real power is specified at all the PV and PQ buses. Hence (31) is to be solved at
all PV and PQ buses leading to n, +n, equations. Similarly the reactive power is

specified at all the PQ buses. Hence, (32) is to be solved at all PQ buses leading to n,

equations.



We thus have n, +2n, equations to be solved for n, +2n, unknowns. (31) and (32)
are of the form F(x) = 0. Thus NR method can be applied to solve them. Equations

(31) and (32) can be written in the form of (30) as:
AP J, J,| Ao
= N (33)
AQ| |7, J,] AV
Where J,.J,.J,.J, are the negated partial derivatives of AP and AQ with respect
to corresponding (5and|V|, The negated partial derivative of AP . is same as the partial

derivative of Pea. since Pyp is a constant. The various computations involved are

discussed in detail next.

Computation of P, and Q.

The real and reactive powers can be computed from the load flow equations as:
n

Pu =P =2 [V|Vi|(Gy cos S, + B, sin S, )
k=1

= G,.,.|V,.|: + iIV, [V, [(Gy cos &, + B, sind, ) (34)
k=1

k=i

Qica =0, = Zlvi vV, |(G.1 sind, — B, cosJ, )
k=1

- n
=B, V.| + 2 |V.|Vi[(G, sin S, — B, cos &) (35)
k=1
k=i
The powers are computed at any (r + 1)” iteration by using the voltages available from
previous iteration. The elements of the Jacobian are found using the above equations

as:

Elements of J,

‘) ] n
;)(FS: = Zlvi “Vk |{Gu (—sin o )+ B, cosd, }
i k-1
k#i
=0, -B,V,[
P,

= V[V (G (=sin §)(=1) + B, (cos 8, )(=1))

0,



Elements of J3

Ko S NG e, + B, sind, )= PGl
k=
ln

L. - 1, f6, cosd, +B, sind, )

a9,

Elements of J,

?l::‘h,l— |V| G, + ,-i|V*|(Gi cosd, + B, Stna‘*):ﬂ+|‘:’j‘zc
k=1
k=i

W=V NG, o, i,

Elements of ],

rJP

=-2v|’B, +Z|V IV.|(G, sind, - B, coss, )=Q, -V’
l #f

)|v||v| V.|V Gy sin &, — B, cosd, )

Thus, the linearized form of the equation could be considered agai
[

APl [H N30

AQ| ML

Alvq
i

The elements are summarized below:

JP
H =—-=-0.-B

“) i (-)é-‘ Qr u| r|
(i) H, = 5' =a, f,—bee, =V |V.[(G, sin S, - B, cosd,)

k
(iii) N, = | =

|
(iv) N, = |V||V‘_a*e +b, f, =[V,|V. (G, cosd, + B, sin &)
vy M —dQ P—G"|V!1

n ;)5 I
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ALGORITHM FOR NR METHOD
INPOLAR COORDINATES

1. Formulate the Ygus
2. Assume initial voltages as follows:

V, = |VA 20" (at all PV buses)

isp

V. =1£0° (at all PQ buses)
3. At (r+1)" iteration, calculate 2" at all the PV and PQ buses andQ.""" at all the

PQ buses, using voltages from previous iteration,V,"". The formulae to be used are

i

Poy=P =0, IV,|2 + i[V,HVk G, cosd, + B, sind, )
k=1

k=i

Qica=0i= —-B; lvil2 + ZIV,-"V,J(G,* sind; — B, cosd, )
k-1

k=i
4. Calculate the power mismatches (power residues)

AP =P U (at PV and PQ buses)

i,sp

-P

i.cal

AQ"" =0Q,, -0, """ (a PQ buses)

5. Calculate the Jacobian [ J"'] usingV,"" and its elements spread over H. N, M. L

sub- matrices using the relations derived as in (36).

6. Compute

AST B
Alv(r)l :[.]‘”]li:AP(”]
AQ(H
id

7. Update the variables as follows:
3" =6""+Ad8'" (atall buses)

(r+l) (r) (r)

+4V,

=V,

i

8. Go to step 3 and iterate till the power mismatches are within acceptable tolerance.



DECOUPLED LOAD FLOW

In the NR method. the inverse of the Jacobian has to be computed at every iteration.
When solving large interconnected power systems, alternative solution methods are
possible, taking into account certain observations made of practical systems. These

are,

e Change in voltage magnitude

V’

at a bus primarily affects the flow of reactive
power Q in the lines and leaves the real power P unchanged. This observation
- J9Q, . oP, . .

implies that is much larger than Hence, in the Jacobian, the elements

: av,|

v,
of the sub-matrix [N] which contains terms that are partial derivatives of real

power with respect to voltage magnitudes can be made zero.

¢ Change in voltage phase angle at a bus, primarily affects the real power flow P

over the lines and the flow of Q is relatively unchanged. This observation implies

JP 20 . . )
that - 5‘ is much larger than .)i;,' . Hence, in the Jacobian the elements of the sub-
ao . G .
J ]

matrix [M ] which contains terms that are partial derivatives of reactive power

with respect to voltage phase angles can be made zero.

These observations reduce the NRLF linearised form of equation to

AlV 37
AQ 0 L "|;|;|—| &

Ad
AP [H 0]
From (37) it is obvious that the voltage angle corrections Ad are obtained using real
power residues AP and the voltage magnitude corrections |AV| are obtained from
reactive power residues AQ. This equation can be solved through two alternate

strategies as under:






Strategy-1
(i) Calculate AP"' . AQ"" and J''

A(S"'l P(r)
(i)  Compute T':::{I :[J"']l{igm}

(iii) Update & and |V|.

(iv) Go to step (i) and iterate till convergence is reached.

Strategy-2
(i) Compute AP"' and Sub-matrix H"'. From (37) find A8" =[] ' ap"’

(ii) Up date & using """ = 8" +Ad"".

(iii) Use """ to calculate AQ"" and 1"’

(iv) Compute A|V‘” =[l"’] ‘AQ"
7
(v)Update, V| =[v""| +|av "

(vi) Go to step (i) and iterate till convergence is reached.

In the first strategy. the variables are solved simultaneously. In the second strategy the
iteration is conducted by first solving for Ad and using updated values of & to
calculate A|V|. Hence, the second strategy results in faster convergence, compared to

the first strategy.
FAST DECOUPLED LOAD FLOW

If the coefficient matrices are constant, the need to update the Jacobian at every
iteration is eliminated. This has resulted in development of fast decoupled load Flow
(FDLF). Here, certain assumptions are made based on the observations of practical
power systems as under:

* Bj >>G; (Since the X/R ratio of transmission lines is high in well designed

systems)



e The voltage angle difference (5. —5,) between two buses in the system is very
small. This means cos (5, -, )= 1and sin (5, - &, )=0.0

e Q <<BV/

With these assumptions the elements of the Jacobian become

H, =L, =-|V,|Vi|Bs (i k)

H,=L,=-B,V|

The matrix (37) reduces to

[ar]= iv,.”v]|3,’j Jas]

. 1AV
B |, (38)

Where B; and B; are negative of the susceptances of respective elements of the

[aQ]= Iv, v,

bus admittance matrix. In (38) if we divide LHS and RHS by |V, and assume le =1,
we get,

AP ra

— =8, [as]

M

20| [, 1AV

= |=|B | -— 39

i .

Equations (39) constitute the Fast Decoupled load flow equations. Further
simplification is possible by:

e Omitting effect of phase shifting transformers

e Setting off-nominal turns ratio of transformers to 1.0

e In forming B,

. omitting the effect of shunt reactors and capacitors which
mainly affect reactive power

e Ignoring series resistance of lines in forming the Ypus.



With these assumptions we obtain a loss-less network. In the FDLF method. the
matrices [B’] and [B”] are constants and need to be inverted only once at the

beginning of the iterations.
REPRESENTATION OF TAP CHANGING TRANSFORMERS

Consider a tap changing transformer represented by its admittance connected in series

with an ideal autotransformer as shown (a= turns ratio of transformer)

Ip
(») '
acl

Fig. 2. Equivalent circuit of a tap setting transformer

Fig. 3. a-Equivalent circuit of Fig.2 above.

By equating the bus currents in both the mutually equivalent circuits as above. it can
be shown that the m-equivalent circuit parameters are given by the expressions as
under:

(i) Fixed tap setting transformers (on no load)

A=Ypg/a

B=1/a(l/a-1) Ypq

C=(1-1/a) Ypq

Il



(i) Tap changing under load (TCUL) transformers (on load)
A=Ypq
B=(l/a-1)(l/a+ 1 = EQ/Ep) Ypq

“=(1-17a) (Ep/Eq) Ypq

Thus, here. in the case of TCUL transformers. the shunt admittance values are
observed to be a function of the bus voltages.

e

COMPARISON OF LOAD FLOW METHODS

The comparison of the methods should take into account the computing time required
for preparation of data in proper format and data processing. programming ease,.
storage requirements, computation time per iteration, number of iterations, ease and
time required for modifying network data when operating conditions change, etc.
Since all the methods presented are in the bus frame of reference in admittance form.
the data preparation is same for all the methods and the bus admittance matrix can be
formed using a simple algorithm. by the rule of inspection. Due to simplicity of the
equations, Gauss-Seidel method is relatively easy to program. Programming of NR
method is more involved and becomes more complicated if the buses are randomly
numbered. It is easier to program, if the PV buses are ordered in sequence and PQ

buses are also ordered in sequence.

The storage requirements are more for the NR method, since the Jacobian elements
have to be stored. The memory is further increased for NR method using rectangular
coordinates. The storage requirement can be drastically reduced by using sparse
matrix techniques. since both the admittance matrix and the Jacobian are sparse
matrices. The time taken for a single iteration depends on the number of arithmetic
and logical operations required to be performed in a full iteration. The Gauss —Seidel
method requires the fewest number of operations to complete iteration. In the NR
method, the computation of the Jacobian is necessary in every iteration. Further, the
inverse of the Jacobian also has to be computed. Hence, the time per iteration is larger
than in the GS method and is roughly about 7 times that of the GS method. in large

systems. as depicted graphically in figure below. Computation time can be reduced if



the Jacobian is updated once in two or three iterations. In FDLF method, the Jacobian
is constant and needs to be computed only once. In both NR and FDLF methods, the

time per iteration increases directly as the number of buses.

Time units

Gl
4] NER
2
- - } s
0 40 80 120 No. of buses

Figure 4. Time per Iteration in GS and NR methods

The number of iterations is determined by the convergence characteristic of the
method. The GS method exhibits a linear convergence characteristic as compared to
the NR method which has a quadratic convergence. Hence. the GS method requires
more number of iterations to get a converged solution as compared to the NR method.
In the GS method, the number of iterations increases directly as the size of the system
increases. In contrast, the number of iterations is relatively constant in NR and FDLF
methods. They require about 5-8 iterations for convergence in large systems. A
significant increase in rate of convergence can be obtained in the GS method if an
acceleration factor is used. All these variations are shown graphically in figure below.
The number of iterations also depends on the required accuracy of the solution.
Generally, a voltage tolerance of 0.0001 pu is used to obtain acceptable accuracy and
the real power mismatch and reactive power mismatch can be taken as 0.001 pu. Due
to these reasons, the NR method is faster and more reliable for large systems. The
convergence of FDLF method is geometric and its speed is nearly 4-5 times that of

NR method.
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Figure 5. Total time of Iteration in

GS and NR methods
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Figure 6. Influence of acceleration factor

on load flow methods

FINAL WORD

In this chapter, the load flow problem, also called as the power flow problem, has been
considered in detail. The load flow solution gives the complex voltages at all the buses and
the complex power flows in the lines. Though, algorithms are available using the
impedance form of the equations, the sparsity of the bus admittance matrix and the ease of
building the bus admittance matrix, have made algorithms using the admittance form of
equations more popular. The most popular methods are the Gauss-Seidel method, the
Newton-Raphson method and the Fast Decoupled Load Flow method. These methods have
been discussed in detail with illustrative examples. In smaller systems, the ease of
programming and the memory requirements, make GS method attractive. However, the
computation time increases with increase in the size of the system. Hence, in large systems
NR and FDLF methods are more popular. There is a trade off between various requirements
like speed, storage, reliability, computation time, convergence characteristics etc. No single
method has all the desirable features. However, NR method is most popular because of its
versatility, reliability and accuracy.



. Using generalized algorithm expressions for each case of analysis,
explain the load flow studies procedure, as per the G-S method for
power system having PQ and PV buses, with reactive power
generations constraints.

. Derive the expression in polar form for the typical diagonal elements
of the sub matrices of the Jacobian in NR method of load flow
analysis.

. Compare NR and GS method for load flow analysis procedure in
respect of the following i) Time per iteration ii) total solution time iii)
acceleration factor iv)number of iterations

. Explain briefly fast decoupled load flow solution method for solving
the non linear load flow equations.
. Draw the flow chart of NR method for load flow analysis.

. Explain the representation of transformer with fixed tap changing
during the load flow studies

. What are the assumptions made in fast decoupled load flow
method? Explain the algorithm briefly, through a flow chart.

. Explain the NR load flow method? Explain the algorithm briefly,
through a flow chart.

. Whatisload flow analysis? What is the data required to conduct load
flow analysis? Explain how buses are classified to carry out load flow
analysis in power system. What is the significance of slack bus.

10. The following is the system data for a load flow analysis. The line

data are shown and also real and reactive powers data is given.
Determine the voltage at the end of first iteration using GS method.
Take a=1.6






ECONOMIC OPEARATION OF POWER SYSTEM

INTRODUCTION

One of the earliest applications of on-line centralized control was to provide a central
facility, to operate economically, several generating plants supplying the loads of the system.
Modern integrated systems have different types of generating plants, such as coal fired
thermal plants, hydel plants, nuclear plants, oil and natural gas units etc. The capital
investment, operation and maintenance costs are different for different types of plants. The
operation economics can again be subdivided into two parts.

1) Problem of economic dispatch, which deals with determining the power output of
each plant to meet the specified load, such that the overall fuel cost is minimized.
i1) Problem of optimal power flow, which deals with minimum — loss delivery, where

in the power flow, is optimized to minimize losses in the system. In this chapter we consider
the problem of economic dispatch.

During operation of the plant, a generator may be in one of the following states: 1)

Base supply without regulation: the output is a constant.

i1) Base supply with regulation: output power is regulated based on system load. iii)
Automatic non-economic regulation: output level changes around a base setting as area
control error changes. iv) Automatic economic regulation: output level is adjusted, with the
area load and area control error, while tracking an economic setting.

Regardless of the units operating state, it has a contribution to the economic operation, even
though its output is changed for different reasons. The factors influencing the cost of
generation are the generator efficiency, fuel cost and transmission losses. The most efficient
generator may not give minimum cost, since it may be located in a place where fuel cost is
high. Further, if the plant is located far from the load centers, transmission losses may be
high and running the plant may become uneconomical. The economic dispatch problem
basically determines the generation of different plants to minimize total operating cost.

Modern generating plants like nuclear plants, geo-thermal plants etc, may require capital
investment of millions of rupees. The economic dispatch is however determined in terms of
fuel cost per unit power generated and does not include capital investment, maintenance,
depreciation, start-up and shut down costs etc.



PERFORMANCE CURVES

INPUT-OUTPUT CURVE

This is the fundamental curve for a thermal plant and is a plot of the input in British thermal
units (Btu) per hour versus the power output of the plant in MW as shown in Figl.

=1
£y
=
=
E!
oM
>
— (output) MW
Fig 1: Input — output curve
HEAT RATE CURVE

The heat rate is the ratio of fuel input in Btu to energy output in KWh. It is the slope of the
input — output curve at any point. The reciprocal of heat — rate is called fuel —efficiency. The
heat rate curve is a plot of heat rate versus output in MW. A typical plot is shown in Fig .2

A

(Heat rate) Btu/ kw-hr

(output) MW

Fig .2 Heat rate curve.
INCREMENTAL FUEL RATE CURVE



The incremental fuel rate is equal to a small change in input divided by the corresponding
change in output.

Alnput
AQutput

Incremental fuel rate =

The unit is again Btu / KWh. A plot of incremental fuel rate versus the output is shown
in Fig 3

A

Incremental fuel rate

(output) MW

Fig 3: Incremental fuel rate curve

Incremental cost curve

The incremental cost is the product of incremental fuel rate and fuel cost (Rs / Btu or $ /
Btu). The curve in shown in Fig. 4. The unit of the incremental fuel cost is Rs / MWh or
$ /MWh.



approximate linear cost

actual cost

Rs /Mwhr ——p

>
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Fig 4: Incremental cost curve

In general, the fuel cost Fi for a plant, is approximated as a quadratic function of the
generated output PGi.

.
Fi =4a; + hi PGi + C; PGi- Rs/h
The incremental fuel cost is given by

dF,
P,

7l

= h; + 2¢; PGi Rs/ MWh

The incremental fuel cost is a measure of how costly it will be produce an increment of
power. The incremental production cost, is made up of incremental fuel cost plus the
incremental cost of labour, water, maintenance etc. which can be taken to be some
percentage of the incremental fuel cost, instead of resorting to a rigorous mathematical
model. The cost curve can be approximated by a linear curve. While there is negligible
operating cost for a hydel plant, there is a limitation on the power output possible. In any
plant, all units normally operate between PGmin, the minimum loading limit, below which
it is technically infeasible to operate a unit and PGmax, which is the maximum output limit.

ECONOMIC GENERATION SCHEDULING NEGLECTING LOSSES AND
GENERATOR LIMITS

The simplest case of economic dispatch is the case when transmission losses are neglected.
The model does not consider the system configuration or line impedances. Since losses are
neglected, the total generation is equal to the total demand PD. Consider a system with ng
number of generating plants supplying the total demand PD. If Fi is the cost of plant i in
Rs/h, the mathematical formulation of the problem of economic scheduling can be stated as
follows:



”k’
Minimize Fr= ZF,
i=1

Such that > P, =P,
i=l

where Fr = total cost.
Pgi = generation of plant 1.
Pp = total demand.

This is a constrained optimization problem, which can be solved by Lagrange“ s method.

LAGRANGE METHOD FOR SOLUTION OF ECONOMIC
SCHEDULE The problem is restated below:

’IQ
Minimize F, = 2 ,r:
i—1
n,
Such that PD — Z PGi =0

i=1

The augmented cost function is given by
"A’
i=1

The minimum is obtained when

_()t =0 and f)t —2§
= ) oA A

‘E)_£ = _;,)F'" —A=0
()P(.ii dP(}i

By
()/?. D ; Gi

The second equation is simply the original constraint of the problem. The cost of a
plant Fi depends only on its own output PGi, hence



Using the above,

We can write

OF, OF, dF
«;)Pcl- aPGi dF,
oF, _dF, _ .
()}D(}' dF, Gi

-

bi + ?-Ci pGi = A

The above equation is called the co-ordination equation. Simply stated, for economic
generation scheduling to meet a particular load demand, when transmission losses are
neglected and generation limits are not imposed, all plants must operate at equal incremental
production costs, subject to the constraint that the total generation be equal to the demand.

From we have



We know in a loss less system

Substituting (8.16) we get

An analytical solution of A is obtained from (8.17) as

"3 l
P, + > ﬁ))—

i
. i=1 ‘-"'C;'
/l - n,
>
i=1 < C;

It can be seen that 1 is dependent on the demand and the coefficients of the cost function.

Example 1.



The fuel costs of two units are given by
Fi=1.5+20Pg +0.1 P Rs/h

Fa=1.9+30Pg + 0.1 Pe;> Rs/h
PG1, P> are in MW. Find the optimal schedule neglecting losses, when the demand is
200 MW.

Solution:

LT 20+0.2P; Rs/MWh
Gl

dF,

=30+02P,, Rs/MWh

G2
P, = P, + Py, = 200 MW

For economic schedule

dr; daf;
dby  dPis
20+ 0.2 Pg; =30+ 0.2 (200 - Pg))
Solving we get, PG = 125 MW
PG> =75 MW

A=20+02(125)=45Rs/MWh
Example 2
The fuel cost in $/ h for two 800 MW plants is given by
F, =400 + 6.0 Pg, + 0.004 Pg,*
F> =500 + b, Pg + ¢ P’
where Pg, Pg2 are in MW
(a) The incremental cost of power, A is $8 / MWh when total demand is SS0MW.
Determine optimal generation schedule neglecting losses.
(b) The incremental cost of power is $10/MWh when total demand is 1300 MW,
Determine optimal schedule neglecting losses.

(¢) From (a) and (b) find the coefficients b, and c».

Solution:

B By= =———=250 MW




by p, =2 1970 550 mw
920, 2x0.004

Py, = P, — P;, =1300- 500 = 800 MW

A—b,
c) p.="_"2
. 2c,
. 8.0-b,
From (a) 300)= ——2
2c,
10.0- b,
From (b) 00 = bt it 1
2c,
Solving we get b,=6.8

¢y = 0.002

ECONOMIC SCHEDULE INCLUDING LIMITS ON GENERATOR(NEGLECTING
LOSSES)

The power output of any generator has a maximum value dependent on the rating of the
generator. It also has a minimum limit set by stable boiler operation. The economic dispatch
problem now is to schedule generation to minimize cost, subject to the equality constraint.

H‘Q
Z Fs = P,
i=1

and the inequality constraint

PGi (min) (_ P(_‘,i ; PGj (max) . l — I. ......... I];_,

The procedure followed is same as before i.e. the plants are operated with equal incremental
fuel costs, till their limits are not violated. As soon as a plant reaches the limit (maximum or
minimum) its output is fixed at that point and is maintained a constant. The other plants are
operated at equal incremental costs.

Example 3



Incremental fuel costs in $ / MWh for two units are given below:

dF
L =0.01P,, +2.0 $/ MWh
al.,
Wy 0012P, +1.65/ MWh
dF,; <

The limits on the plants are Py, = 20 MW, P = 125 MW. Obtain the optimal schedule
if the load varies from 50 — 250 MW.

Solution:
The incremental fuel costs of the two plants are evaluated at their lower limits and upper

limits of generation.

Al pG (min) — 2() M\\,‘

iF,
= ——== 0.01X 2042.0 = 2.28 / MWh
arg
dF, R g
iy = ——2-=0.012x 20 + 1.6 = 1.84 $/ MWh
dF;,

Al pG (Max) =125 Mw

Amaxy = 0.01 x 125 +2.0=3.25 $/ MWh

Aomax) = 0.012x 125+ 1.6=3.1 $/ MWh

Now at light loads unit 1 has a higher incremental cost and hence will operate at its lower
limit of 20 MW. Initially, additional load is taken up by unit 2, till such time its incremental
fuel cost becomes equal to 2.2$ / MWh at PG2 = 50 MW. Beyond this, the two units are
operated with equal incremental fuel costs. The contribution of each unit to meet the demand
is obtained by assuming different values of I; When 1 = 3.1 $§ / MWh, unit 2 operates at its
upper limit. Further loads are taken up by unit 1. The computations are show in Table



Table Plant output and output of the two units

dF, dF, Plant A P P2 Plant Output
dP,, dF,, .
sMwh  [smwn | YMWR MW MW
2.2 1.96 1.96 20" 30 50
2.2 2.2 2.2 207 50 70
2.4 24 24 40 66.7 106.7
2.6 2.6 2.6 60 83.3 143.3
2.8 2.8 2.8 80 100 180
3.0 3.0 3.0 100 116.7 216.7
3.1 3.1 3.1 110 125% 235

For a particular value of I, PG1 and PG2 are calculated using (8.16). Fig 8.5 Shows plot of

each unit output versus the total plant output.
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Fig 8.5 : Example 8.4
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For any particular load, the schedule for each unit for economic dispatch can be obtained.

Example 4.

In example 3, what is the saving in fuel cost for the economic schedule compared to the
case where the load is shared equally. The load is 180 MW. Solution:




From Table it is seen that for a load of 180 MW, the economic schedule is PG1 = 80 MW
and PG2 = 100 MW. When load is shared equally PG1 = PG2 = 90 MW. Hence, the
generation of unit 1 increases from 80 MW to 90 MW and that of unit 2 decreases from 100
MW to 90 MW, when the load is shared equally. There is an increase in cost of unit 1 since
PG1 increases and decrease in cost of unit 2 since PG2 decreases.

90 ‘
dF,
Increase in cost of unit 1 = J- p de
g0\ 4LGi

90
= [(0.01P,, +2.0)dP;, =28.5$/h

80

Decrease in cost of unit 2 = J P
100\ 42 )

0()[ (/F., \

20
. J(().()llPGz +1.6)dP,, ==27.4%$/h

100
Total increase in cost if load is shared equally = 28.5-27.4=1.1%/h

Hence the saving in fuel costis 1.1 $/ h if coordinated economic schedule is used.

ECONOMIC DISPATCH INCLUDING TRANSMISSION LOSSES

When transmission distances are large, the transmission losses are a significant part of the
generation and have to be considered in the generation schedule for economic operation.
The mathematical formulation is now stated as



Minimize F,=3F

Such That Z =P+ P,
i=1
where Py is the total loss.
The Lagrange function is now written as
i=1 /

The minimum point is obtained when

df :()FT_/I[I_C)PL‘:();i=] ...... Ng
aPGi aPG,- aPGi J

0f )
a = Z by —Ep 4+ 1 =1 (Same as the constraint)
i=1

JoF IF.
Since ik Pt B (8.27) can be written as
ab,; dP,
4 A g
dP,, o
_ dF, 1
~dP, | 1-0P,
The term #is called the penalty factor of plant i, L;. The coordination
M
ap(}i

equations including losses are given by

1F.
_ | L.;i
i

The minimum operation cost is obtained when the product of the incremental fuel cost and
the penalty factor of all units is the same, when losses are considered. A rigorous general
expression for the loss PL is given by



l)L — F—m Zn PGm an PGn + En PGn Bno + Boo

where Bmn, Bno , Boo called loss — coefficients , depend on the load composition. The
assumption here is that the load varies linearly between maximum and minimum values. A
simpler expression is

PL= Zm )‘:n me an pGn

The expression assumes that all load currents vary together as a constant complex fraction
of the total load current. Experiences with large systems has shown that the loss of accuracy
is not significant if this approximation is used. An average set of loss coefficients may be
used over the complete daily cycle in the coordination of incremental production costs and
incremental transmission losses. In general, Bmn = Bnm and can be expanded for a two
plant system as

P. = By Pgi + 2 Bi2 Pgi Pga + B Pgy’



Example 5

A generator 1s supplying a load. An incremental change in load of 4 MW requires generation
to be increased by 6 MW. The incremental cost at the plant bus is Rs 30 /MWh. What is the
incremental cost at the receiving end?

Solution:
dF, o
1 _ 3()
dP .
dF, ~130
dF,,
APy = 2MW
G | — Load
9 ; ‘
APg = 6MW APp = 4MW

Fig : One line diagram of example 5

APL = APg - APp =2MW

A atreceiving end is given by

= Ale _ 3555 — 35 ReyMIWE
df,, AP, 4
or A= . X : =30x l =45 Rs/ MWh
dpax |_; ]_E

AP, 6



Example 6

In a system with two plants, the incremental fuel costs are given by

iF,
1 -0.01P, +20 Rs/ MWh

dr,

dr,

=0.015P,, +22.5 Rs/ MWh

il

The system is running under optimal schedule with Pg; = Pg, = 100 MW,

JP, oP,
If —==0.2. find the plant penalty factors and —=.

dPG’_’ Gl
Solution:

For economic schedule.

1,
ey = "SNP R
(1PG:' l . ()F'L
P,
For plant 2, Pg>= 100 MW
- (0.015<100 + 22.5); = A

1—0.2
Solving, A = 30Rs / MWh

Lo = ;ZI.ZS
1—0.2

Iy = A—= (0.01x100+20) L; = 30

Ll -
- oP,
IP%s;,
1 IP,
1.428 = ————— : Solving = 0.3
%7 & = aP,




Example 7

A two bus system is shown in Fig. 8.8 If 100 MW is transmitted from plant 1 to the load,
a loss of 10 MW is incurred. System incremental cost is Rs 30 / MWh. Find Pg,, Pg> and

power received by load if

IF,

=1~ 0.02P,, +16.0 Rs/ MWh

dP,;,

A —0.04P,, +20.0 Rs/ MWh
G2

e

—|> & «— P,
|

Load






DERIVATION OF TRANSMISSION LOSS FORMULA

An accurate method of obtaining general loss coefficients has been presented by Kron. The
method is elaborate and a simpler approach is possible by making the following
assumptions:

(1) All load currents have same phase angle with respect to a common reference (ii)

The ratio X / R is the same for all the network branches.

Consider the simple case of two generating plants connected to an arbitrary number of
loads through a transmission network as shown in Fig a

IGI
O=
I(_'nZ

i : 5 Ik Ip

(a)

Il = In
@7
[|.;| II)
N~ -
lg> =0

(b)
I =0
\—
Ig> = Ip I I.
" K2 D
(c)

Fig Two plants connected to a number of loads through a transmission network

Let’s assume that the total load is supplied by only generator 1 as shown in Fig 8.9b. Let
the current through a branch K in the network be Ig,. We define
!

Nm =K
I,

[t is to be noted that Ig, = Ip in this case. Similarly with only plant 2 supplying the load

current Ip_as shown in Fig 8.9c, we define







Nki1 and Ng» are called current distribution factors and their values depend on the
impedances of the lines and the network connection. They are independent of Ip. When
both generators are supplying the load, then by principle of superposition

IK NK| l(;| + NK-r [G"’

where lg;. lgz are the currents supplied by plants 1 and 2 respectively. to meet the
demand Ip. Because of the assumptions made. Iy and Ip have same phase angle, as do

Ik>» and Ip. Therefore, the current distribution factors are real rather than complex. Let

(rl |’Cl G2 |IGZ
where o, and o, are phase angles of Ig; and I, with respect to a common reference. We
can write

“’M|2 =(NK,|IG,|COSCTI+N“ [m|5in0'3)3

IGE

2
cosa, ) + (N |l |sine, + N,

Nl eos® o, +sin’ &, [+ Ny 1, [ leos® &, +sin* ]

- Z[le|lm|mso'lN“ I,,|c willi|sina N[, sina, |
=Nyl x:llazz‘*szle:IIm”le cos(o, ~a,)
P P
Now |] . =— G H i! .| = e
o | ml n’ﬁlVllcosgb, mc| RN

where Pg,. Pg» are three phase real power outputs of plantl and plant 2; V,, V5 are the
line to line bus voltages of the plants and @, ¢, are the power factor angles.
The total transmission loss in the system is given by
3
PL= Z 3“ xl Ry
K

where the summation is taken over all branches of the network and Ry is the branch

resistance. Substituting we get

L SN +2Pruprw°05(0' -0,) S N, NesR
K1 KI""K2I7°K
V,cosg cosg, T

|V| (Lm(?] K

P, 5
02 YN,R
V,|[ (cosg, )" % ke

F. =P B, + 2P F;,B,, + F;, "B,

1 3

here B =———— SN, R
e ! |V|"(cos¢l)'; e



cos(o, —o,)
B, = | A -
12 |V||V2 COS @, COS O, AZ kidV g2 I,

B,, :;ZNKZZRK

’ (cos 0, )2 K

The loss — coefficients are called the B — coefficients and have unit MW"

For a general system with n plants the transmission loss is expressed as

2 2

PG 1 ) P(in 2

S AR o +—)——.’- .';R "
" WFcosgr 7 V.| (cosg, P &
o2 - PG,,PGqcos(a,,—aq) NN R
- ) kPt kg Nk
g’ |V,,”Vq|cos¢,, cos@,
pP+q
In a compact form
P = ZZ P, B, P,
p=l g=1
cosle, -o,)
B 21 % NipNy Ry

Pq = )
IVP "Vq ‘ COSQ, COSQP, K

B — Coefficients can be treated as constants over the load cycle by computing them at

average operating conditions, without significant loss of accuracy.

Example 8
Calculate the loss coefficients in pu and MW ™ on a base of SOMVA for the network of

Fig below. Corresponding data is given below.

I,=12-j04 pu Z,=0.02 +j0.08 pu
Ib=04-j0.2 pu Zyp=0.08 +j0.32 pu
[.=08-j0.1 pu Z.=0.02 +j0.08 pu
I43=0.8-j0.2 pu Z3=0.03+j0.12 pu

.=12-j03pu Ze=0.03+j0.12 pu



Ver=1.020°

| 2

| a | b C I
=t —
— [a Ih lc -«
l] IZ

d lld e l[c

TLOHd 1 TLoad 2

Fig : Example 8

Solution:
Total load current

IL=l4+1.=20-j05=2061 £-14.03°A
I =lg=08-j0.2=0.8246 £-14.03" A

v g4 le_10-04=06
[1. I[.

If generator 1, supplies the load then I; = I.. The current distribution is shown in Fig a.

| v " M
Gl G2
— l‘L 0.0 I]_ L. = <«
I [,=0
d l 0.41; C l 0.6 I
TLO&(] 1 TLoad 2
Fig a: Generator |1 supplying the total load
’u . !b . . A m
N, = 7 =1.0: N, = 1 =0.6;: N, =0; N, =04 N, =0.6.
L L

Similarly the current distribution when only generator 2 supplies the load is shown in Fig
b.



-~

O—t=—F=F+

041,

d l 0.4 1 e l 0.6 1.

TLuad 1 Tl,oad 2

Fig b: Generator 2 supplying the total load

Nu2=0: Np2 =-0.4; Na = 1.0: Ng2 = 0.4: Nea = 0.6

From Fig 8.10, V| =V s + 7,1,

120+ (1.2 = 0.4) (0.02 +j0.08)
1.06 £ 4.78° = 1.056 + j 0.088 pu.
Vy= V- Iy Zp + I Z

=1.0£0"- (0.4-j0.2)(0.08+j0.32) + (0.8 =j0.1)(0.02 + j 0.08)

=0.928 -7 0.05=0.93 £-3.10" pu.

Current Phase angles

o, =angle of I;(=l,) = tan” [ _I

):43.43“

) .
o, =angle of 1,(=1_)=tan ’[(—}=—7.13"

- —
mcm“_‘

cos(g, —o,)=0.98

Power factor angles
0, =4.78" +18.43=23.21":cos 9, = 0.92

0, =7.13" =3.10° = 4.03";cos 0, = 0.998

2Nu Ry 1.0°%0.02 +0.6% % 0.08 + 0.4* x 0.03 + 0.6* x0.03
__K L .02 +0. i ) (0 ) 0
Vv, |: (cosg, )’ (1.06)*(0.920)°

= 0.0677 pu
=0.0677 X ql“ =0.1354%10 *MW"!

Coslo, -0o,)
’ 1: I ” NN ,,R -
12 |V] V: (COS_(-‘)] X(_‘ns (ﬁz ); K14V g2y




0.98

" (1.06)(0.93)(0.998)(0.92)
=-0.00389 pu

=-0.0078 x 10> MW"

[~ 0.4%0.6%0.08+0.4x0.4%0.03 + 0.6 0.6 0.03]

(—0.4)°0.08+1.0> % 0.02+0.4% % 0.03 + 0.6 x0.03

(0.93)(0.998)

=0.056pu = 0.112x10 MW"



