3. LOAD FLOW ANALYSIS

3.1. INTRODUCTION
Successful operation of electrical power systems requires that:

e Generation must supply the demand (load) plus the losses,

e Bus voltage magnitudes must remain close to rated values,

e Generators must operate within specified real and reactive power limits,

e Transmission lines and transformers should not be overloaded for long periods.
Therefore it is important that voltages and power flows in an electrical system can be
determined for a given set of loading and operating conditions. This is known as the load flow
problem. The study of various methods of solution to a complex power system network is
referred to as load flow study. The solution provides the voltages at various buses, power
flowing in various lines and line losses. The main information obtained from a load flow study
are the magnitude and phase angle of the voltage at each bus and the real and reactive power
flowing in each line. The load flow solution also gives the initial conditions of the system
when the transient behaviour of the system is to be studied. The load flow study of a power
system is essential to decide the best operation of existing system, for planning the future
expansion of the system and for designing a new power system.

A load flow study of a power system generally requires the following steps
i.  Representation of the system by single line diagram
ii.  Determine the impedance (admittance) diagram using the information in
single line diagram

iii.  Formulation of network equations

iv.  Solution of network equations
3.2. BUS CLASSIFICATION

In a power system the buses are meeting points of various components. The

generators will feed energy to buses and loads will draw energy from buses. In the network of
a power system the buses becomes nodes and so a voltage can be specified for each bus.
Therefore each bus in a power system, is associated with four quantities and they are real
power, reactive power, magnitude of voltage and phase angle of voltage. In a load flow
problem two quantities (out of four) are specified for each bus and the remaining two
quantities are obtained by solving the load flow equations. The buses of a power system can

be classified into following three types based on the quantities being specified for the buses
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i) Load bus or PQ bus

The bus is called load bus, when real and reactive components of power are specified
for the bus. The load flow equations can be solved to find the magnitude and phase of bus
voltage. In a load bus the voltage is allowed to vary within permissible limits, for example
+5%.
ii) Generator bus or voltage controlled bus or PV bus

The bus is called generator bus, when real power and magnitude of bus voltage are
specified for the bus. The load flow equations can be solved to find the reactive power and
phase angle of bus voltage. Usually for generator buses, reactive power limits will be
specified.
iii) Slack bus or swing bus or reference bus

The bus is called slack bus if the magnitude and phase angle of bus voltage are

specified for the bus. The slack bus is the reference bus for load flow solution and usually one
of the generator buses is selected as the slack bus.

The following table gives the summary of the above classifications.

Bus type Quantities specified Quantities to be obtained
Load bus P.Q VI, 6
Generator bus P,V Q, 0

Slack bus V], o P,Q

3.3. NECESSITY OF SLACK BUS

Basically the power system has only two types of buses and they are load and generator

buses. In these buses only power injected by generators and power drawn by loads are

specified, but the power loss in transmission lines are not accounted.

In a power system the total power generated will be equal to sum of power consumed by

loads and losses

o (Sum of complex

_ (Sum of complex .
power of generators) | power of loads

Total power loss in
transmission lines

or

_(Sum of complex
| power of generators

Total power loss in
transmission lines

Sum of complex
power of loads
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The transmission line losses can be estimated only if the real and reactive power of all buses
is known. The power in the buses will be known only after solving the load flow equations.
For these reasons, the real and reactive power of one of the generator bus is not specified and
this bus is called slack bus. It is assumed that the slack bus generates the real and reactive
power required for transmission line losses. Hence for a slack bus, the magnitude and phase
of bus voltage are specified and real and reactive powers are obtained through the load flow
solution.
3.4. DATA FOR LOAD FLOW STUDIES
Irrespective of the method for the solution, the data required is common for any

load flow. These are presented below. All data is normally in p.u.
i) System Data: This should give information on

e Number of buses n

e Number of PV buses

e Number of load buses

e Number of loads

e Slack bus number

e Voltage magnitude of slack bus

e Reactive power limits for the generator bus

e Number of transmission lines

e Number of transformers

e Number of shunt elements

e Base MVA

e Tolerance limit

e Maximum permissible number of iterations
i) Generator bus Data: For every generator bus p the data required is

e Bus number

e Active power generation, Pgp

e Reactive power limits

¢ Voltage magnitude, Vp spec.
iii) Load Data: For all loads, the data required is

e Bus number

e Active power demand, Ppp

e Reactive power demand Qpp
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iv) Transmission line Data: For every transmission line connected between buses p and g,
the data required is

e Starting bus number, p

e Ending bus number, q

e Resistance and reactance of the line

e Half line charging admittance
v) Transformer data: For every transformer connected between buses p and q, the data

required is

Starting bus number, p

Ending bus number, q

Resistance and reactance of the transformer

e Off nominal turns ratio, a
vi) Shunt element data: The data needed for shunt element is

e Bus number where element is connected

e Shunt admittance (Gg,+jBsp)
3.5. FORMULATION OF LOAD FLOW EQUATIONS USING Ygyus MATRIX
(STATIC LOAD F LOW EQUATION)

The load flow equations can be formed using either the mesh or node basis equations of a
power system. However, from the view point of computer time and memory, the nodal
admittance formulation using the nodal voltages as the independent variables is the most
economic. As far as power system networks are concerned, the major advantages of the nodal
approach may be listed as follows:

o Data preparation is easy.

e The number of variables and equations is usually less than with the mesh
method for power networks.

o Parallel branches do not increase the number of variables or equations.

¢ Node voltages are available directly from the solution, and branch currents
are easily calculated.

e Off-nominal transformer taps can easily be represented.

The load flow equations, using nodal admittance matrix formulation for a three bus system as

shown in fig.(3.1), are developed first and then they are generalized for n-bus system.
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Fig.(3.1): 3-bus system
By applying KCL at node 1
I1 = (V1-V2)y12+(V1-Vs)yi13
= Vi(Y12+Y13) —VaYa3 —Vay13

=> 1= V1Y +Vo Y12 +V3Y 33 --(3.1)
1 1 1
Where y,=— , VYp=— , Yu=—
212 223 ' Z3l

Here Y11= (Y12tYy13) is shunt charging admittance at bus 1.
Y12=-Yy12 IS the mutual admittance between the buses 1 and 2
Y 13=-Y13 is the mutual admittance between the buses 1 and 3
Similarly nodal current equations for the other nodes can be written as follows:
1= V1Y21 +V2Y 2 +V3Y 23 --(3.2)
I3= V1Y31 +V2 Y3 +V3Y33 ---(3.3)
These equations can be written in matrix form as follows
I, Y, Y, Y|V,
L =Yy Yo YulV, --- (3.4)
l, Yo, Ya, Yoo |V
In general the above equation can be written in matrix notation as
=YV - (3.5)

The elements Y11, Y2, Y33 forming the diagonal terms are called self admittances. The self

admittance of a node ‘n’ is equal to the sum of admittances of all the elements connected to

node ‘n’. In general the diagonal element Y/, of the bus admittance matrix is equal to the sum

of admittances of all the elements connected to bus p.

1.6 Ypp = Yp1+Ypot----------- +Yon

The elements Y12, Y13, Y21, Y23, Y31, Y3, forming the off-diagonal terms are called mutual

admittances.
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Yo=Yu=-VY,, Y= Y=-V,, , Y13= Y31 = -Yi3
It is to be noted that all mutual admittance terms have a negative sign. In general, the off-
diagonal term of the bus admittance matrix is equal to the negative of admittance connected
between nodes ‘p’ and ‘q’
1.8 Yo ==Y

In compact form, the eq.(3.4) can be written as
3
I, =DV, p=1.2,---n --- (3.6)
g=1

From this we can write nodal current equation for an ‘n’ bus system where each node is

connected to all other nodes.

I, =D YV, p=1,2,----n - (3.7)
g=1

n
=Y, V5 + Zl“\(pqvq
Gep
I [
=W, === — DY V, --- (3.8)
pp pp g=1
q=p
I, has been substituted by the real and reactive powers, because normally in a power system
these quantities are specified.

Now, we know that

Vol, =P, - 1Q,
P
s1,2 1 —(39)
Vp
From equations (3.8) & (3.9)
11P-Q, 1¢
V. =—|-*~ <P p__ZY V.|, p=12———-n --- (3.10)
i Ypp Vp Ypp q=1 Pl

g=p
If the power system elements have mutual coupling, the bus admittance matrix cannot be
found directly by inspection of the single line diagram. In presence of mutual coupling
between power system elements the inspection method fails. In such a case Yy can be
formed from graph theory approach. However, the mutual coupling between power system

elements exist only in case of transmission lines running in parallel for a long distance. But
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this coupling is also weak. Therefore, for all practical purposes the mutual coupling can be
ignored and Yy, is formed by inspection method.
Properties of Yy,s matrix
The nodal admittance matrix in (3.4) or (3.5) has a well-defined structure, which makes it
easy to construct. Its properties are as follows:
« Square of order n x n.
» Symmetrical, since Yypq = Ygp
» Complex.
« Each off-diagonal element Yy is the negative of the branch admittance between
nodes p and g, and is frequently of value zero.
+ Each diagonal element Yy, is the sum of the admittances of the branches which
terminate at node p including branches to ground.
* Very few non-zero mutual admittances exist in practical networks. Therefore matrix
Y is generally highly sparse.
Note: Why P+jQ= VI". Let V =V./5and | = 1.2 —6. If We write the expression for power
as S=VI, we get VIZ6—6. But the power factor angle should be &+ &.From the phasor
diagram the phase angle between V and | is 6 + &. So we have to the expression for power as
S=VI=V'l.
Problem-1: Determine the nodal admittance matrix for the power system represented by the

single line diagram as shown in the fig.

[ ]

@—

Solution:
Y11 =Yiotyis = 1+J2+3+4j3 = 4+4j5
Y = -1-j2
Y3 = -3-j3
Yo, =Youtyas = 1+j2+2+j1 = 3+j3
Ya3 = -2-j1= Y3
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Y33 =Ya1t+ys = 3+j3+2+j1 = 5+j4

The nodal admittance matrix (Yzys) 1S

Y, Y, Y 4+j5 -1-j2 -3-j3
Yous =| Yo, Yoo Yos|=[-1-j2 3+j3 -2-j1

Yy, Yi Yool [-3-j3 —-2-j1 5+ j4
3.6. ITERATIVE METHODS OF LOAD FLOW SOLUTION
Iterative methods can be used to solve the load flow equations which are non-linear.
The iterative methods are:

I.  Gauss- Seidal method
a. Without PV bus
b. With PV bus

ii.  Newton Rapshon method

iii.  Decoupled load flow method

iv.  Fast-Decoupled load flow method
The static load flow equations are of such complexity that it is not possible to obtain exact
analytical solution. We must use some approximate techniques that will give a sufficiently
accurate numerical solution.
The solution of the load flow problem is obtained in the following manner
Draw the single line diagram and write bus admittance matrix.
Identify the buses and branches by numbers.
Write the power flow equations for the given network in suitable form.

An initial solution is guessed for the given power system network.

A A

This solution is used in conjunction with static load flow equations to compute a new
and better second estimation.

6. The second estimation is then used for finding the third estimation and so on.

7. The iterations are continued till the desired convergence is reached.

8. Calculate the desired quantities at the various buses.

3.6.1 GAUSS-SEIDAL (GS) METHOD
Case-1: Gauss-Seidal (GS) method without PV bus
» Gauss-Seidal method without PV Dbus, is an iterative method can be chosen first
because of its inherent simplicity. We shall apply this method to solve our static load

flow equations of general n-bus system. Presently we shall consider the case, when

Page 8



voltage control buses or PV buses are not present. This means that we have n-1 load
buses or PQ buses, the remaining one bus is the slack bus.

Thus in this method our unknown variables are

Vp:|Vp|ejép, p=23........ n

Which are n-1 complex unknown variables V,, V3 Vi,...... Vin and S;= P1+jQ;

Where the complex power 5, at the slack bus can only be computed if the unknown

[Vp| and &, at the (n-1) load buses are computed first.

> The current entering at the »** bus of an n-bus system is given by

I, = Zl:quvq ,p=1,2,----n
q=

=Y,V5 +;quvq
Gp
V = Ip 13 Y V
= p_Y__Y_Z PgVa - (3.11)
pp pp a=1

g=p

Now, we know that for p** bus

Vp Is= Py~ jQp
P
IR Tt ] ~(3.12)
p Vp
By substituting I, from eqn.(12) in eqn.(11) , we have
P —j n
v, _1 "—JQP_Zypqvq ---(3.13)
Y V =
pp P g=1

q#p
For Gauss-Seidal iterative method without PV bus, we can write the above equation

as

p *\ K pa g
Ypp (Vp) g=1
a=p

vV K+1 _i PP B JQP _Zn:Y VK - (314)

Algorithm when PV buses are absent
1. Read the system data and formulate Ygys for the given power system network.
2. Assume a flat voltage profile (1+j0) for all node voltages except the slack bus. Let
slack bus voltage be (a+j0) and it is not modified in any iteration.
3. Assume a suitable value of convergence criterion <. If the absolute value of the

maximum change in voltage between any two consecutive iterations is less than a pre-
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specified tolerance <, the convergence is achieved and the iterative procedure is
terminated.

4. Set iteration count k= 0

5. Set bus count p=1

6. Check for the slack bus. If it is a slack bus then go to step (8), since voltage at the
slack bus is fixed both in magnitude and phase, it does not vary during iterative

procedure. If it is not a slack bus then go to next step.

7. Calculate bus voltage V;*** using equation k+ _L1|R-IQ, _Zn:y vX | and the
P Ypp (V;)K = pPa-q

a#p

k _y\/ktl _y/k
difference in the bus voltage using AV, =V -V

8. Advance the bus count by 1 to evaluate other values of Vrf+l and Avg< Check all the

buses have been taken into account or not. If yes, go to the next step, otherwise go
back to step (6).
9. Determine the largest absolute value of change in voltage [AV,,.....

10. If |aVv],.. is less than the pre specified tolerance e, then evaluate line flows and

print the voltages and line flows. If not, advance the iteration count k= k+1 and go
back to step (5).
Case-2: Gauss -Seidal (GS) method including PV buses
» The GS method is an iterative algorithm for solving a set of non-linear load flow
equations. The non-linear load flow equations are given by eqn.(3.13) can be

represented for convenience as follows

_1IR-IQ & ; where p=1,2,3--—-n - (3.15)
Vp _Y_ V—*_ZquVq - ZquVq p=1.2, ! ’
pp P q=1 q=p+1
The variables obtained from the above equation are node voltages Vi, V3, ------ V.

> In the GS method an initial value of voltages are assumed and they are denoted as
\VZRN VL — . V.. On substituting these initial values in the above equation and by
taking p=1, the revised value of bus 1 voltage V1" is computed. The revised value of
bus voltage V1* is replaced for initial value V1° and the revised bus 2 voltage V,' is
computed. Now replace the value of V' for V;° and V,* for V,° and again calculate
the voltage for bus 3 and so on.

Page 10



The process of computing all the bus voltages as explained above is called one
iteration. The iterative procedure is repeated till the bus voltages converges within
prescribed accuracy.

Based on the above discussion the load flow eqn.(3.15) can be written in modified

form as given below

VpK+l = Zqu\/qK+1 Zqu q - (3.16)
(V ) gq=1 =p+l

Where Vpk = k" iteration value of bus voltage V,
V= (k+1)" iteration value of bus voltage V,

In eqn.(3.16), to compute the (k+1)" iteration value of bus-p voltage,

the (k +1)" iteration values of voltages are used for all buses less than p and k"
iteration values of voltages are used for all buses greater than or equal to p.

The eqn.(3.16) is applicable for load bus, since in load bus, changes in both
magnitude and phase of voltages are allowed. But in generator bus the magnitude of
voltage remains constant and so the eqn.(3.16) is used to calculate the phase angle of
voltage.

In the load flow analysis one of the bus is taken as a slack bus or reference bus and so
its voltage will not change. Therefore in each iteration the slack bus voltage remains
constant and it is not modified.

For a generator bus, the reactive power is not specified. Therefore in order to calculate
the phase of bus voltage of a generator bus using eqn.(3.16), we have to estimate first
the reactive power, from the bus voltages and admittance matrix as shown below

P
ZYPQ q +ZYPQ q

VP

P, —1Q, =V {Zqu q +Zqu q} - (3.17)

From the above eqn.(3.17), the equation for complex power in bus-p during (k+1)"

iteration can be obtained as given below.

p-1
k+1 Ha LSt ky* k+1
P, —1Q," = Ve) {ZquVq +2qu q } - (3.18)
q:

Page 11



The reactive power of bus-p during (k+1)" iteration is given by imaginary part of

eqn.(18). So the reactive power of bus-p during (k +1)" iteration is given by

QEH = (-DI..P.of {(Vpk)*leququ+1 + tiqqu }} —-(3.19)

> Also for a generator bus a lower and upper limits for reactive power will be specified.
In each iteration, the reactive power of generator bus is calculated using egn.(3.19)
and then checked with specified limits. If it violates the specified limits then the
reactive power of the bus is equated to the limit violated and it is treated as load bus.
If it does not violate the limits then the bus is treated as generator bus.

Computation of Slack bus power and Line flows

The slack bus power can be calculated after the voltages have converged. The eqn.(3.17)

can be used to calculate the slack bus power. Here, bus-p is slack bus.

- * n k
Pp - JQp =Vp {ZlquVq }
q=

Consider a line connecting between buses p and g as shown in fig. (3.2).Usually the
transmission line is connected to buses using transformer at its ends. The w-equivalent
model of a transmission line with transformer at its both ends is as shown in fig. (3.2).

Fig.(3.2)

From fig.(3.2)

Log = Vo =Va)Yoq +V Yo

lop = Vg Vo) Ypq VoY g0
Complex power injected by bus-p in the line pq is

S g :Vp*l pq :Vp*[(vp V)Y +prpq0]
Complex power injected by bus-q in the line pq is

Sep :Vq*l pq :Vq*[(vq Vo )Ypa V4 ypqo]
The complex power loss in the line pq is given by
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S= Spg + Sgp

Algorithm when PV buses are present

1)
2)

3)

4)
5)
6)
7)
8)

9)

Read the system data and formulate Ygys for the given power system network.
Assume a flat voltage profile (1+j0) for all the bus voltages except the slack bus. Let
slack bus voltage be (a+j0) and it is not modified in any iteration.

Assume a suitable value of £ called convergence criterion. Here « is a specified change

in the bus voltage that is used to compare the actual change in bus voltage between k"

and (k +1)" iteration.

Set iteration count k=0

Set bus count p=1.

Check for slack bus. If it is a slack bus then go to step (13), otherwise go to next step.
Check for generator bus. If it is a generator bus go to next step, otherwise go to step (9)
Replace the value of the voltage magnitude of generator bus in that iteration by the
specified value. Keep the phase angle same as in that iteration. Calculate Q for
generator bus.

The reactive power of the generator bus can be calculated by using the following

equation
p-1 n
Qpia = (-D1.Pof {(vpk ){ZquVq“ + 2. YoVy }}
g=1 q=p

The calculated reactive power may be within specified limits or it may violate the
limits. If the calculated reactive power violates the specified limit for the reactive
power then treat this bus as the load bus. The magnitude of the reactive power at this

bus will correspond to the limit it has violated
e if Qi <Qumn then Q, =Q, .,
or if Qi >Qpmx then Q, =Q,
Since the bus is treated as load bus, take actual value ofVF',‘ for (k+1)™ iteration

i.e. |Vpk | need not be replaced by |V, |, when the generator bus is treated as

sep
load bus. Go to step (10).

For generator bus the magnitude of voltage does not change and so for all iterations the

magnitude of bus voltage is the specified value only. The phase of the bus voltage can

be calculated as shown below.

Page 13



K+1 1 Pp B JQp = Kil N K
Voemp = Y V5 - ZquVq - ZquVq
pp P q=1 q=p

R.P.of VX1

p.temp

k+1
o = tanl[ I.P.of V)2 }
Now the (k+1)™ iteration voltage of the generator bus is given by

k+1 _ k+1
VI = V) |, 6%

spe
Where |V, |, is magnitude of specified voltage.
After calculating V,f” for generator bus go to step (12)

10) For the load bus the (k+1)" iteration value of load bus-p voltage, Vpk+l can be
calculated with the following equation.

1|P-1Q, & :
VK+l:_ p *p_ YvK+l_ YVK
p Y (Vpk) ; pq-q q_zpﬂ pq-q
11) An acceleration factor o< can be used for faster convergence. If acceleration factor is
specified then modify the (k+1)™" iteration value of bus-p voltage using the following

equation.

k+1 k k+1 k
Vit =V +alV, -V

p,acc

Then set Vpk+1 =V

p,acc
12) Calculate the change in bus-p voltage, using the relation
AV = V-V
Advance the bus count by 1 to evaluate other values of Vpk+1 and AVpk
13) Check all the buses have been taken into account or not. If yes, go to the next step,
Otherwise go back to step (6).
14) Determine the largest absolute value of change in voltage |AV| max
15) If |AV| max is less than the pre specified tolerance €, then evaluate line flows and print
the bus voltages and line flows. If not, advance the iteration count K= K+1 and go
back to step (5).
Important Note

e For load bus the active and reactive powers are considered as negative, when

generation of active power(Pg) and reactive power(Qg) are not specified for
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the given power system network. When both generation and demand of load
bus are given then the active power is P=Ps-Pp and reactive power is
Q=Qc-Qb.

e For generator bus the active and reactive powers are always considered as
positive.

e In a particular iteration if the calculated reactive power for the generator bus
violates the given limits, then in that iteration that bus is taken as load bus. But
the signs of active and reactive powers will remains positive, even if the bus is
treated as load bus.

e In buses having generators and loads connected to it, either the net power will
be specified or the generator and load power will be individually specified.

3.6.1.1 Acceleration factor (a)

e In the GS method, a large number of iterations are required to arrive at the specified
convergence. The rate of convergence can be increased by the use of acceleration
factor to the solution obtained after each iteration. The acceleration factor is a
multiplier that enhances correction between the values of voltage in two successive
iterations.

e If the acceleration factor(a) is specified then modify the (k+1)™M iteration value of the

bus-p voltage using the following equation

k+1 k k+1 k
VI =V vt -V

p,acc

Then set Vpk+l VAN

p,acc

e The choice of a specific value of acceleration n factor depends upon the system

parameters. The optimum value of o< is 1.6

Problem-2: Given the simultaneous equations
X1+Xo=4, 2X1+X2=5

Using initial values x,°=2 and x,°= 3, write down the values for x;* and x," using GS
method.

Solution: From the given equation, we can get

X1=4-Xo  X2=5-2X;
By using GS method
Xi'=4-x0=4-3=1

Xot =5 2x;1=5 - 2%x,=5-2=3

Page 15



Problem 3: The system data for load flow solution are given in the following tables.
Determine the voltages at various buses at the end of the first iteration by using GS
method. Take 0=1.6

Tablel:Line admittances Table-2: Bus specifications
Bus code | Admittance Bus code | P Q \% Remarks
1-2 2-j8 1 - - 1.06 Slack bus
1-3 1-j4 2 0.5 0.2 - PQ bus
2-3 0.666-j2.664 3 0.4 0.3 - PQ bus
2-4 1-j4 4 0.3 0.1 - PQ bus
3-4 2-j8

Solution :

From the table-1,the admittances of various branches are calculated as follows
Y12= 2-j8, y13=1-j4, y23= 0.666-j2.664, y24=1-j4, y34= 2-j8

Y11= V1o + Yi5= 2-j8 +1-j4 = 3-j12

Y 22= V1ot Vo3 + You= 2- j8 +0.666- j2.664+ 1- j4=3.666- j 14.664
Y33= Ya1tysot+ Yaa= 1- j4 +0.666-j2.664 +2-j8 = 3.666-]14.664

Y 44= Yartyaz=1- j4 +2- j8 =3-j12

Y12=Y21= -y12 =-2+j8

Y13=Ya1 = -y13 = -1+j4

Y14= Y41=0

Y23=Y 3= -y23= -0.666+j2.664

Y24= Ya2 = -You = -1+j4

The bus admittance matrix of the given power system is

Yl 1 Yl 2 Yl 3 Yl 4

Yoo Yoo Yo Y
Ya
Y

YBUS =

32 33 34

< < <
< < <
< < <

41 42 43 44

[3- j12 ~2+j8 ~1+ j4 0

~2+j8 3.666- j14.664 —0.666+ j2.664 -1+ j4

~1+j4 -0.666+ j2.664 3.666— j14.664 -2+ j8
0 ~1+ j4 ~2+j8 3-j12

The initial values of the bus voltages are considered as 1p.u except the slack bus.
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V2=V = V0 = 14j0

The bus 1 is slack bus and so its voltage remains at the specified value for all iterations.

ie V)=V =V =106+j0.0

Since the buses are PQ buses the specified real and reactive powers are considered as

load powers. Therefore negative sign is attached to the specified powers. For first

iteration k=0, the system has four buses and p will take values from 1 to 4. Here all the

buses are load buses except busl.

The calculations of bus voltages for first iterations are shown below.

V2 =V} =1.06 +j0 (sl ack bus)

p-1
VpK+1 = { ZquVqK+l Zqu q }
(VP q=1 g=p+l
1 {P iQ,

Vi=—
? 1-jo

Y - Yz 1\/11 - Yz 3V30 - Yz 4V40 }

~0.5+ j0.2

3.666 — j14.664 -1+ A1+ jO)

-0.5+j0.2+2.12- j8.48 +0.666 - [2.664 +1- j4
3.666 - j14.664

3.286- j14.944
3.666 - j14.664

= (1.0119-j0.029) p.u
Vzlacc _VZO + a(v21 _VZO)

=1+1.6(1.0119-j0.029-1)
= (1.019-j0.0464) pu

Now V, =V, = (1.019-j0.0464) pu

2 acc

\/31:i —JQs_Yslvl Y32Vl Y34V
Y, 1-]0

-0.4+j0.3

—(=2+ j8)(1+ jO)

~ 3.666— j14.664

-0.4+j0.3+1.06- j4.24 +0.555- j2.755 + 2 - j8
3.666 - j14.664

— (=2 + j8)1.06 — (~0.666 + j2.664)(L+ jO) —

— (-1+ j4)1.06 — (~0.666 + j2.664)(1.019 - j0.0464)
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_3.215- j14.6855
3.666 - j14.664

= (10.9942-j0.0293) pu
=V,) +a(V; -V,)

= 1+1.6(0.9942-j0.0293-1)

= (0.9907-j0.0469) pu
NowV, =V, = 0.9907-j0.0469

Vl

3,acc

1|P, - jQ
V4l = Y_M{?l.——j(')‘l _Y41V11 _Y42V21 _Y43V31}

= 1 0.3 + 0.1 0x1.06- (-1+ j4)(1.019 - j0.0464) - (-2 + j8)(0.9907 - j0.0469)
3-]12 1-j0

_2.1396-j12.0418
3-j12
= (0.9864-j0.0683) pu
Vi =V, +a(Vy -V,))
= 1+1.6(0.9864-j0.0683-1)
= (0.9762-j0.1093) pu
Now V, =V, = (0.9762-j0.1093)pu

The bus voltages at the end of first iteration are
V,'= (1.06+j0) p.u

V}=(1.019-j0.0464) p.u

V, = (0.9907-j0.0469) p.u

V. =(0.9762-j0.1093) p.u

Problem-4: The system data for load flow solution are given in the following tables.

Determine the voltages at the end of first iteration by GS method. Take a=1 and bus

specifications are given in the following table.
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Tablel:Line admittances Table-2: Bus specifications
Bus code | Admittance Bus P Q \Y Remarks
1-2 1-j5 code
1-3 1.2-j4 1 - - 1.06 | Slack bus
2-3 0.5-j4 2 0.5 |0.12<Q2<0.5 1.04 | PV bus
2-4 1.1-j2 3 04 |03 - PQ bus
3-4 1.2-j3 4 02 |01 - PQ bus

22-j9 -1+j5 -12+j4 0

~1+j5 26-jl1 -05+j4 -1.1+j2

~12+j4 -05+j4 29-j11 -12+j3

0 ~1.1+j2 -12+j3 23-j5

In the given system bus-1 is slack, bus-2 is generator bus and bus-3 , bus-4 are load
buses. The initial voltages of load buses are assumed as (1+j0) pu. For slack and
generator buses the specified voltages are used as initial values.

V= Vil= = V1*=1.06 (slack bus)

V,° = 1.04+j0 (generator bus) [initial phase is assumed as ‘0’]

V5= (1+j0) pu (load bus)

V%= (1+j0) pu (load bus)

For the generator bus the specified powers are considered as positive powers but for
load buses the specified powers are considered as —ve powers.

For first iteration, k=0, in each iteration the slack bus voltage need not be
recalculated. In each iteration the reactive power for generator bus as to be calculated
and checked for violation of the specified limits. If the limits are violated then it is
treated as load bus.

The calculation of bus voltage for first iteration is shown below.

Vil= V%= (1.06+j0) pu (- bus 2 is slack bus)

The bus-2 is a generator bus and to calculate its reactive power Q-

p-1 n
Qi;:;l = (_1) |.P.of {(\/Fl’() |:Zququ+l + Zququ :|}
g=1 ga=p

Here p=2, k=0, n=4
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Qz,ca|1 = —|.Pof {|V2'3' [ [}’21{/11 +}’mp'2'3' +F23V3D +I"24V4D”
Note: Here ’Vzo‘ is same as V| spec @nd so V,” is used for calculation as such if it is

not same then we have to replace r\/zo‘ With |V, | spec.

" Qe =—1.POf {L.OA[(-1+ j5).06+ (2.6 — jI1)L.04+ (- 0.5+ jalL+(-1.1+ j2)] }
=—1.P 0f[0.0458 - j0.145] =0.145 pu

e The specified range for Q,is 0.12<Q,<0.5 . The calculated value of Q, is within this

range and so the reactive limit is not violated. Therefore the bus can be treated as

generator bus.

Now P, =0.5,Q, =0.145,V,° =1.04 + jO
e Since the bus-2 is treated as generator bus, then r\/zl‘ = [\/2|Specand phase of V,'is given

by the phase of V., emp .

=p+l

k+1 JQ = k+l
Voem =5 ZquVq Zqu q
Ypp (Vp )

1 - iQ

V21,temp = { (V ) 2 _Y21V1 Y23V0 Y24V }
2

0.5-j0.145

1.04-j0O

—(~1.1+ j2)1+ jo)

~ —(~1+ j5)1.06 + jO)— (- 0.5+ j4)1+ jO)
S 26-jl11

_ 3.1408- j11.44
26— ji1

~11.8633/£-74.65°
11.3031/ - 76.7°
=1.0496./2.05°

.V, emp =1.0496.£2.05° pu
521 = évzltemp = 2050
Vv, = N2|sp8045; =1.04./2.05pu =1.0393+ j0.0372pu

e The bus-3 and bus-4 are load buses. The voltages of load bus are calculated using the
following equation

Page 20



4 1P -Q & 4
Vpk ' Z%[W;qu\/qk - szqqu
p

a=p+1

Vsl = i[ i _0193 _Y31V11 _Y32V21 _Y34V40:l
')

~0.4+ j0.3

1 | ———""—(-1.2+ j4XL.06 — (- 0.5+ j4)1.0489 + j0.0375)

1-jo

29-1 054 j3)a+ jo)

_ 2.7405- j11.0786
29— j11

11.4125/-76.11°
11.37594 — 75.23°

=1.00322-0.88°
=(1.0031- j0.01545)pu

Vl_i P4_jQ4
L= >
Yas (\/40)
~0.2+j0.1
=231 5| 1O |
=7 13| _(-1.2+ j3)1.0031- j0.01545)

- Y4 1V 1l - Y42V21 - Y43V3l

_ 2.1751- j4.9655
23— j5

_ 5.4210/—-66.34°
5.5036./ —65.3°

=0.9850/ —1.04° pu
=(0.9848 - j0.0178)pu

. The bus voltages at the end of the first iteration are
V,' =1.06 + j0=1.06.20° pu

Vz1 =1.0393+ j0.0371=1.04,2.05° pu

V,' =1.0031- j0.01545=1.0032.2 - 0.88° pu

V,' =0.9848 - j0.0179 = 0.9850/ —1.04° pu.

0x1.06)—(-1.1+ j2)1.0393+ j0.0372)
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Problem-5: In the problem-4, the reactive power constraints on generator bus-2 changed to
0.2 < Q2<0.5. With the other data in the previous problem remaining same, find the voltages
of all the buses at the end of the first iteration by GS method?

Solution: The formation of bus impedance matrix and calculation of Q', are same in the
above problem. The Q% corresponding to initial value V,° = 1.4+j0 is 0.145p.u. This value
of Q; violates the lower limit of the specified range for Q.. Therefore the reactive power
generation for bus-2 is fixed at lower limit i.e 0.2 and bus-2 is treated as load bus for first
iteration. Now V,° = 1.0+j0, similar to other load buses for first iteration. But P and Q are
considered as positive for bus-2 and P and Q are negative for other load buses.

The bus voltages are obtained as follows

V! =V,° = 1.06+j0 (slack bus)

a_1(PR-0Q & ka <
VpK t= Y_{ p(vk)* : _ZlquVqK = ZquVqK
pp P q=

a=p+1

Vv, = . {PZ — )9, _Y21V11 _Y23V30 _Y24V40}

2 Y22 (VZO)*
95-192_ (14 j5)1.06+ j0)-(~0.5+ j4YL+ j0)
=56_m| 11O
PTI C(c1a+ j2)as jo)
_316-j115
2.6— jl1
0
_ 119263/ -74.65° | oot o e
11.3031/-76.7°
= 1.0544+j0.0379 p.u
V31 = Yi PS_—OJ?S _Y31V11 _Y32V21 _Y34V40
33 6/3 )
1 | EEE iy japos- 05+ jafosaa+ joost9)
S 29-j11 )

—(-1.2+ j3)1+ jO)

_ 2.7508- 8.4387
2.9- jl1

_ 8.8757£-71.95°
11.3759/ — 75.23°
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=0.7802./3.28°
=(0.7789 + j0.0446)pu

V4l =y +Q4 Y41V Y42V Y43V
Yag (\/4)
1 #}J}M—(Oxl.%)—(—l.l+j2)(1.0544+ j0.0379)
-~ 23-j5

—(~1.2+ j3)0.7789 - j0.0446)

21041 j4.2503
23— 5

47426/ -63.66"
5.5036.£ — 65.3°

=0.8617.£1.64° pu
=(0.8613+ j0.0247)pu

. The bus voltages at the end of the first iteration are
V,' =1.06 + j0=1.06.20° pu
V,' =1.0544 + j0.0379 =1.055.,2.05° pu
V," =0.7789+ j0.0446 = 0.7802.£3.28° pu

V41 =0.8614 + j0.0247 = 0.8617.21.64° pu.

Problem-6: In the problem-4, the reactive power constraints on generator bus-2 changed to
0.01 < Q< 0.12. With the other data in the previous problem remaining same, find the
voltages of all the buses at the end of the first iteration by GS method?

Solution: The formation of bus impedance matrix and calculation of le,cm are same in the
above problem. The Q; . corresponding to initial value V,° = 1.4+j0 is 0.145p.u. This value
of Q; violates the upper limit of the specified range for Q.. Therefore the reactive power
generation for bus-2 is fixed at upper limit i.e 0.12 and bus-2 is treated as load bus for first
iteration. Now V> = 1.0+j0, similar to other load buses for first iteration. But P and Q are
considered as positive for bus-2 and P and Q are negative for other load buses.

The bus voltages are obtained as follows

V' =V, = 1.06+j0 (slack bus)

VpK+1 v Z:ququJr1 Zqu q
(Vp q=1 q=p+l
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b _i
V) = L {Z—OJ*QZ Yo V) = YoV =Y,V }
Yoo (V2)

950012 (L1, j5¥1.06+ j0)(-0.5+ jANL+ jO)
“26-qu O
PTI C(c1a+ j2)as jo)
_316-j11.42
S 26-j11

_ 11.8491/-74.53°
11.3031£-76.7°

=1.0475+j0.0397 p.u

=1.0551,2.17°

5
Vsl - Yi S—OJ*QS _Y31V11 _Y32V21 _Y34V40
33 6/3 )
AT e 0i4 * (1)0'3 —(-1.2+ j4)1.06 — (- 0.5+ j4)1.0475 + j0.0379)
— ]

29-3 (194 i3y jo)

_ 2.7546 - j8.4102
2.9- ji1

_8.8498/-71.85°
11.3759/ —75.23°

=0.7779./3.38°
=(0.7766+ j0.0457)p.u

V4l _ i P4 - jQ4

Yas (\/40 )*

~02+j01

- Y4 1V 1l - Y42V21 - Y43V3l

0x1.06)—(~1.1+ j2)1.0475 + j0.0397)

23—
315 —(~1.2+ j3)0.7766 — j0.0457)
~2.1007 - j4.2263
23-j5

_ 47196/ - 63.56°
5.5036./ — 65.3°

=0.85751.74° pu
=(0.8571- j0.0259)p.u
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.. The bus voltages at the end of the first iteration are
V' =1.06 + j0=1.06.£0° pu
V," =1.0475+ j0.0397 =1.0483.,2.17° pu
V,' =0.7766 + j0.0457 = 0.7779.£3.37° pu

V,' =0.8571+ j0.0259 = 0.8575./1.74° pu.

3.6.1.2 Advantages and disadvantages of GS method

Advantages of GS method
i) Calculations are simple and so programming task is lesser.
i) The memory requirement is less.
iii) Use full for small size systems.

Disadvantages of GS method
i) Requires large number of iterations to reach convergence.
i) Not suitable for large systems.

iii) Convergence time increases with the size of the system.

3.6.2 NEWTON-RAPSHON METHOD
3.6.2.1 Development of load flow equations

The NR method of load flow analysis is an iterative method which approximates the
set of non-linear simultaneous load flow equations to a set of linear simultaneous equations
using Taylor’s series expansion and the terms are limited to first order approximation. The
equations for NR method are derived as follows
Case 1: In rectangular form

e We know that for an n-bus system
P, —1Q, =V, 1,=V, Z;quvq
q=.

Let Vp= ep+jfy,
Vg = eqtify
Yq = Gpq-JBpg
Where e, &f, are real and imaginary parts of V, respectively.
eq & fqare real and imaginary parts of V respectively.

Gpq & Byg are conductance and susceptance of admittance Yy
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P, - iQ, =vp*qzi;quvq
- (e, -jfp)g[epq ~ B,0)(e, + )
= (ep -jfp)qul:[(queq + qupq)+ j(qupq —qupq)]
= Pp - jQp =§ep(qupq +qupq)+ fp(qupq —qupq)—

JZ fp(qupq +qupq)_ep(qupq _qupq)
g=L

By comparing real and imaginary parts on both sides

n

Pp: z[ep(qupq +qupq) + fp(qupq _qupq )] === (320)
gq=1

Qp= Z[fp(qupq +qupq)_ep(qupq _qupq)] ---(3.21)
g=1

Vol =ep+ 1) - (3.22)

e The above three set of equations are the load flow equations and it can be seen that
they are non-linear equations in terms of the real and imaginary components of nodal

voltages.
e The voltages of a slack bus will be a known quantity in a power system and so it need
not be solved. For load buses P, and Q, will be specified and we have to solve V.
For a generator bus P, and [\/p‘ will be specified and we have to solve Q, and phase
angle of Vj i.e. §p.
Case 2: In polar form

e We can also formulate the load flow problem using NR method in polar

coordinates.

e Say for any buses p and q we have
Vo = M‘ejép vy = ’Vp‘eiwp
Vo= ’Vq‘ej&q’ Yoq = ‘qu‘eprq

For any bus ‘p’ we have
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P _JQ V szq q
. n . I
_ -js -jo 9
=Vl 2 Yool " Vele
q=1
. j(0,q+5,-54)
=ZNP q pq‘e e
q=1

By comparing real and imaginary parts on both sides

n

:Z ’Vp pq ‘COS(qu+5p—5q)

gq=1

_’\/p pp‘cose +Z ’Vp . ‘cos(epq+5p—5q) --- (3.23)

Q¢p

:Z ’Vp pg ‘Sin(epq+5p_5q)

q=1

_r\/ pp‘sme +z VoY oV, |sin(@,, + 5, —5,) — (3.24)

Q¢P

The above two equations are the load flow equations in polar form.

3.6.2.2 Mathematical background for N-R method

o Let (Xg, Xg,------------ Xn) be a set of unknown variables and (y;,yz,----------- Vn) be set of
specified quantities. Now the specified quantities can be expressed as a non-linear
function of unknown variables as shown below.

y1 = fi(Xq, Xp, =---mmmmmmmoe- Xn) )
y2 = fo(Xy, Xg, ==-=-=nn=mn--- Xn)
> --- (3.25)
Yn = fa(Xe, X, ---=m-mmmmm- Xn) )
e Let us assume an approximate initial solution x;,xJ,———————— x° for the above

equations. The prefix zero refers to zeroth iteration in the processing of solving the

above non-linear equations. Let Ax),AXQ,———————— Ax? are the corrections

required for x;° , x,° X,_ respectively for the next better estimation.
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Now the non-linear equations can be expressed as shown below,

expressed as functions of modified variables x, + Ax;, X + AX3,— ———

y1 = Fo( X +AX?, X2+ AX) - ———————— X°+AX%) )
Yo = Fo( X) + AX], X9 +AX) ,————————— X? +Ax?)
Yo =fo (X0 +AXD, XJ +AXS - ———————— x?+AX°)

i.e. they can be

- (3.26)

The above equations are linearized about the initial guess using Tailor’s expansion.

The linearized equations with second order and higher order derivatives neglected are

given below.
0 0 0
of of of, ) )
= f1(x1°, X0, ------- Xn) + A 2| A0 2| A ———+ AX| L
y1= (X, X2 n) 18X1 262 naxn
0 0 0
of of of
= f5(x°, X0, ------- X H A =2 | +AX)| =2 | +————+AXY| =2 --- (3.27
Y2 = fa(x1', X2 n) 1k 2| 2, | 2, (3.27)
0 0 0
of of of
= (2, X5°, - X )+ AXY| = | + AX = | +————+AX| =
o= Tl xe " l(axj 2(ax2J \ox, ) J
Note: Tailor’s series expansion for any function f(x) is given by
0 0N2 /A2 \0
f(x°+Ax°)_f(x°)+Ax°(@j FEC 0 (I )
- OX 2! OX
e The above equations can be written as
0 0
of of of, )
e L R F RE e
0 0 0
of of of
(X0 X0 ———x2) = AX)| 2| +AXY| 2| +————+AX]| 2| | --(3.28
y2 2( 1172 n) 1(8X1j 2 ax2 n X, ( )

0
a +————+AX] a,
ox ox,
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Let yi- fa(x, x),————— X)) = Ay,

Yor fo(X) %G = === Xy) = AY,

e Now the above equations can be written as

0 0 0
AY1= Axf(—lj +Ax§(ﬁj tm———— +Ax§[—1] )
1 aXZ Xn
0 0 0
AY,= Axf(—Z] +Ax§(%j R +Axﬁ(iJ
| X, X,

AYn= Axf(

0
o, j + Axg( A
0%, OX

0
nJ+
2

e The above equations can be written in matrix form

(@
Ay, ] | \OR
Ay, o,
-2l lex,

LAY ] af.
(&

Ay, ]

Ay,

Where B = :
| Ay, |

(3]
G

i (=)

B=JC

0
)
X, . [AX ]
oy
OX,,

- (3.29)

--- (3.30)

- (3.31)

AX;
AXS

AX?
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e Here J is the first derivative matrix and it is called Jacobian matrix. The elements of
Jacobian matrix are obtained by evaluating the first derivatives at the assumed
solution. The B matrix is called residual column vector. The elements of B are the
difference between the specified quantities and calculated quantities at the assumed
solution. With the elements of ‘J’ and ‘B’ are known, the elements of matrix ‘C’ are
obtained by solving matrix eqgn. (3.31)

e The solution of matrix eqn.(3.31) gives Ax),AX),~——————— AXx?. The next better
estimation is obtained as follows.

X, =X, +AX{
X3 = Xy + AXj

- (3.32)

0
n

Xt = X2 + AX
With the new solution given by eqgn. (3.32) the process is repeated to find next solution.
e The iterative process is terminated if any one of the following condition is satisfied.
(1) The largest (magnitude of the) element in the B matrix is less than a pre-specified
value.
(ii)The largest (magnitude of the ) element in the C matrix is less than pre-specified
value.
3.6.2.3 Applying NR method to load flow problem
Consider a power system with n-buses. The bus-1 is usually selected as slack bus. The

other buses (i.e bus-2 to bus-n) can be either generator bus or load bus. The specified

quantities for load buses are P, and Q, and for generator buses are P, and ’Vp‘ :

Case (i) : When the power system has all the (n-1) buses are load buses.

In this case, bus-1 is slack bus and bus-2 to bus-n are load buses. Let P;,P3-------- Pn
be the specified real powers and Q,,Qs, --------- Qn be the specified reactive powers of (n-1)
load buses. The unknown variables are real part of voltages e;,es, -------- enand imaginary part
of bus voltages f,,f3, -------- fn. Now the matrix equation B=JC for this power system problem

will be in the form shown below.
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(AR (R R R R R R[]
: oe, Oe, oe, of, of, of,
- op, P, o oP R k|
AP | _| de, e, oe, of, of, of, |2 | (3.33)
AQ | |9Q Q 0 Q R Q- 0Q || A |
: oe, Oe, oe, of, of, of, :
S o o e
[AQ] | de, e, oe, of, of, |LAf, ]

2(n-1)x2(n-1)

[AP} [Jl JZ} [Ae}
= - (3.34)
AQ J, J, || Af

Case (ii) : When the power system has both load and generator buses
e Inthis case also bus-1 is slack bus and buses 2 to m be load buses and buses (m+1) to

n are generator buses. Let P,, P3,---------- Pn be the specified real power of (n-1) buses.

Let Qz, Q3, ------- Qm be the specified reactive powers of load buses. Let V, .|, V., |,

|Vn| be the specified magnitude of voltages of generator buses. The unknown

variables are real part of bus voltages e;,es,----e, and imaginary part of bus voltages f,,fs,

-------- f,. Now the matrix equation B = JC for this case will be in the following form

LS S I L S YOO L5 S i SRVl T Y
: oe, oe, oe, of, of, of, .
N N S S A
AP, e, e, e, of, of, o, | Ae,
AQ, R QKR QK Q0% A,
: oe, oe, oe, of, of, of, :
AQ, QR B B R B |
oe, oe, oe, of, of, of,
2 2 2 2 2 2
I\ Moal - Mol Wpal Noal WNoal - Wmal Af,
. oe, oe, oe, of, of, of, :
FAPON I 7 N O Y N 7 N 7 A 1 Y
LAVl ] | Tae, e %, of,  of, o, L Afa
--- (3.35)
AP i J2 (T Ae
= AQ |=1J; J, { } --- (3.36)
, Af
AV Js  Jg
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Computing the elements of Jacobian matrix

The elements of Jacobian matrix (J) can be derived from the load flow equations as given
below.

Case 1: NR method in Rectangular form

The load flow equations can be written in rectangular form as given below

Pp = zl[ep(qupq + fq qu)+ fp(quPq ~& qu)]
=

=e,(6,G,,+ B, )+ 1,(f,G, - Z[e (e,G, + f, B, )+ T, (.G, —,B,, )]

p=pp p=pp ppp P pp
q;’tp

n

QP - Z[fp(qupq + fq qu)_ep(qupq _eq qu)]

g=1

= 1 (6,6, 41,8, )-e,(f.C, —e B, | z[f (€, o+ T4Bya)~ 8, (1,Gpq —2, By |

p=pp p=pp p=pp P
q7tp

[VP|2 :ep2 + fp2

J; : Off-diagonal elements are

P
an) :Z<epqu - prpq) » g# P
g o
= (epqu - prpq) - (3.37)

Diagonal elements are

——2eG +// /{B/+Zee +f,B,q)
g=1

qu

= 2epGpp+Z(e G, + foByo) - (3.38)

g~ pq

le-P

J, : Off-diagonal elements are

P g
af_pzz;(epoq T prpq) » 9# P
¢ =
= (6,B,4+ f,G,, ) - (3.39)

Diagonal elements are
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oP
——2fG +/B//e/é
8f
q¢

_ZfG +Z( & pq)

q;tp

D

J; : Off-diagonal elements are

0Q
6ep = (epoq+ prpq)’ q#p

q

Diagonal elements are

oQ n
e = Zepop _Z(qupq _qupq)
: i

J, : Off-diagonal elements are

6@?‘)—(66 +fB ) q#p

Diagonal elements are

X = 2f B, +Z(eG +f,B,q)

fp q=1
g=p

Js : Off-diagonal elements are
oV
—— =0,qg=
e q=p
Diagonal elements are
2
0
—M‘ = 2e,
e
Js : Off-diagonal elements are
oV
—— =0,qg=#
o q=p

diagonal elements are

M:Zf
of p

p

qupq)

- (3.40)

- (3.41)

- (3.42)

- (3.43)

- (3.44)

- (3.45)

—— (3.46)

—(3.47)

- (3.48)

e The elements of the matrices are obtained by partially differentiating the load flow

equations w.r.t. a unknown variable and then evaluating the first derivatives using the
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solution of previous iteration. For first iteration the initial assumed values are e,” and
f,0 for p = 2,3, --—--,n

e The elements of the residual column matrix ‘B’ is the difference between the
specified value of the quantity and the calculated value of the quantity using the

solution of previous iteration.

e Let Pp,spec. Qpispec. and Np‘spec be the specified quantities at the bus-P. For the initial

solution the value of 2, @5 VI3 can be calculated using the load flow equations.

Now for the first iteration

o
ﬂ.Pp = Pp,spec - Pp

Q
ﬂ{?p = Qp.spec' Q,’Q‘

‘AVp‘Z :’Vp jpec _’VPO‘Z

e After calculating the elements of Jacobian matrix ‘J’ and residual column vector ‘B’

the elements of increment voltage vector ‘C’ can be calculated by using any standard
technique.

Now the next better solution will be
1 _ .0 0
e, =€, +Ae
1_ 50 0
fo=1, +Af
These values of voltages will be used in the next iteration.

e The process will be repeated and in general the new better estimation for bus voltages

will be

K+l _ K K
e, _ep+Aep

pr*l = pr +Apr
The process is repeated till the magnitude of the largest element in the residual
column vector ‘B’ is less than a pre-specified value.
Algorithm for NR method in rectangular form

1) Read the system data and formulate Ygys for the given power system network.

2) Assume a flat voltage profile (1+j0) for all nodal voltages except the slack bus. Let
slack bus voltage be (a+j0) and it is not modified in any iteration.

3) Assume a suitable value of € called convergence criterion i.e. if the largest of the
absolute value of the residues exceeds &, the process is repeated, otherwise

terminated.
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4) Set iteration count k=0
5) Set bus count p=1.
6) Check for slack bus. If it is a slack bus go to step (11), otherwise go to next step.

7) Calculate the real and reactive power of bus-P using the following equations

Ppk = il[elg(egepq + qu BPQ)+ frl((ququ _eg BPQ):I
=

Q) =2 (1 618y + 12 By 311Gy €1 By,

8) Calculate the change in active power

Appk = Py spec — P:

9) Check for generator bus. If yes, compare the calculated reactive power, Qp" with the
limits. The calculated reactive power may be within specified limits or it may violate
the given limits. If the calculated reactive power violates the specified limit, then fix
the reactive power generation to the corresponding violated limit and treat this bus as

load bus and go to the next step.
i.e if Qy <Quumn then Q... =Q,
or if Qf>Q,m then Qe =Q,
If the reactive power limit is not violated then evaluate the voltage residue
2 2 2
‘AVPK‘ :NP,spec _NPK‘
And go to step (11).
10) Calculate the change in reactive power for load bus (or for the generator bus treated

as load bus)

Change in reactive power AQS = Q, s, —Qp

11) Advance the bus count by 1 i.e p=p+1 and check if all the buses have been taken into
account or not. If yes, go to the next step, Otherwise go back to step (6).

12) Determine the largest of the absolute value of the residue.

13) If the largest of the absolute value of the residue is less than &, go to step (18).

14) Evaluate the elements for Jacobian matrix.

15) Calculate voltage increments Ae/ and Af;‘ by using matrix inverse technique.

16) The new bus voltages can be calculated as follows

K+1

)

_ K K. ~—
=e, +Ae;; p=1,2,----,n. except slack bus
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fit = £ +Af); p=1,2,----n. except slack bus

NPKJrl :\/(ePK+l)2+(fPK+1)2

K+1

SK* —tan™ fP "

P e|<+1
p

. K+l _ K+1
SVt =y

45;,(4{[

17) Advance iteration count i.e k=k+1 and go back to step (5).
18) Evaluate the line flows and slack bus power.
Case 2: NR method in Polar form
The load flow equations can be written in polar form as given below

:Z ’Vp pq ‘COS(qu+5p—5q)

gq=1

"V pp‘COSH +Z ’Vp Pq q‘COS(B +5p_5q) --- (3.49)

Q¢P

:Zn: ’Vp . q‘sm(e +3,-3,)

g=1

—r\/ pp‘smg +Z ’Vp pq q‘sm(e +5p _5q) '“(3.50)

q:tp

Now the linear equation in the polar form becomes

Kg} ) [jz jj{jm - (351)

Where J1,J5,J3,d4 are the elements of Jacobian matrix, which can be calculated in the
following manner

Ji: off-diagonal elements are

85, _Np Pq q‘sm(e +8,-5,), a=p --- (3.52)
Diagonal elements are

___Z VLYoV, sin(@,, + 3, - 3,) --- (3.53)

Q¢p

J, : off-diagonal elements are
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NI

oP n
. p :z prq‘cos(Hpq+5p —04), Q%P - (3.54)
’VQ‘ by

diagonal elements are

j;p‘ = 2’\/p pp‘cosé? +z ’\/quq‘cos(Hqur& -3,) --- (3.55)
p

Q¢P

off-diagonal elements are

= ’Vp pq q‘COS(H +0, _5q)7 q#p --- (3.56)

diagonal elements are

J4:

5Q

P

yvp oiVo|€OS(0, +5, = 5,) --- (3.57)
C#P

off-diagonal elements are

o2 - Zn: ’Vp pQ‘Sm(g +5p_5q)’ - (3.58)
8’\/q‘ -1

gq#p

diagonal elements are

:ﬁp‘ = zyvpvpp\sinepp+i VoY o |SIN(0,, + 5, = 5,) --- (3.59)
p =1

gq#p

Algorithm for NR method in polar form

1)
2)

3)

4)
5)
6)
7)

Read the system data and formulate Ygys for the given power system network.
Assume a flat voltage profile (1+j0) for all nodal voltages except the slack bus. Let
slack bus voltage be (a+j0) and it is not modified in any iteration.

Assume a suitable value of € called convergence criterion i.e. if the largest of the
absolute value of the residues exceeds € , the process is repeated, otherwise
terminated.

Set iteration count k=0

Set bus count p=1.

Check for slack bus. If it is a slack bus go to step (11), otherwise go to next step.

Calculate the real and reactive power of bus-p using the following equations

k : k k k k
P, :Z;’Vp V, qu‘cos(epq +68, =8,)
q:
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ka - Z’Vpkvqupq‘Sin(epq +5pk _5qk)
gq=1

8) Calculate the change in active power

APS =P, e =Py
9) Check for generator bus. If yes, compare the calculated reactive power, Q, with the
given limits. The calculated reactive power may be within the specified limits or it
may violate given the limits. If the calculated reactive power violates the specified
limit, then fix the reactive power generation to the corresponding violated limit and

treat this bus as load bus and go to the next step.
ie if Qy <Qumn then Q... =Q,

or if Qy>Q, e then Qe =Qp
If the reactive power limit is not violated treat this bus as generator bus.
10) Calculate the change in reactive power for load bus or generator bus (or for the

generator bus treated as load bus)

k
p

Change in reactive power AQ; = Q, g,e — Q
11) Advance the bus count by 1 i.e p = p+1 and check if all the buses have been taken into
account or not. If yes, go to the next step, Otherwise go back to step (6).
12) Determine the largest of the absolute value of the residue.
13) If the largest of the absolute value of the residue is less than € , go to step (18).
14) Evaluate the elements for Jacobian matrix.

15) Calculate phase angle and voltage increments Ao and A[\/| by using matrix inverse

technique.
16) The new bus voltages can be calculated as follows
k+1 k k
o, =906, +tAo,
k+1 k k
’Vp - M‘ + A’Vp‘

. k+1 _ k+1
SV =Ny

17) Advance iteration count i.e k=k+1 and go back to step (5).

k+1
z68¢

18) Evaluate the line flows and slack bus power.

Symmetry property in Jacobian matrix
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Using the rectangular coordinates (see equations3.37, 3.39, 3.41, 3.43,) a careful
examination for the off-diagonal elements of the sub-matrices [J1], [J2], [J3] and [J4]
would reveal certain interesting properties.
[eloa= 11 -+-(3.60)
And [J21pq = [zlpq ---(3.61)
This property reduces the computational efforts considerably as it is enough only to
compute the off-diagonal elements of any two sub-matrices.

It may be noted that we do not see the symmetry property in the Jacobian, if polar

coordinates are used. However, if we replace Alv| by %V” in the egn.(3.51), we
have.
AP ) 25\/ (3.62)
AQ| |3 2J, AlV] '
V|
Now the expressions for off-diagonal terms
Np 0q q‘SIn(G +5p _5q)’ g=p . (363)
1, 5N ‘[\/ o = VLY, [singd,, +5,-5,), a=p - (3.64)
oP
‘Jz]pq =_8’Vp"\/q‘ = p a pq‘COS(H +5p —5q), q=p - (3.65)
q
5Q
[‘] - = ’Vp Pq ‘COS(&’pq +6,-8), q#p --- (3.66)

From the above equations (3.63), (3.64), (3.65) and (3.66), it is seen
[Jl]pq = [‘]4]pq T (367)
9,1, =31, - (3.68)

Thus with slight modification in equation (3.51), we get the symmetry property in the

Jacobian, which is observed in the case of expressing Jacobian in rectangular coordinates.

The elements of Jacobian (J) are calculated with the latest voltage estimate and calculated

power. However, the procedure (i.e algorithm) here, is the same as that of the rectangular

coordinates. The formulation in the polar coordinates takes less computational effort and also

requires less memory space.
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3.6.2.4. Advantages and Disadvantage of NR method
Advantages:
1. The NR method is faster, more reliable and the results are accurate.
2. Requires less number of iterations for convergence.
3. The number of iterations are independent of the size of the system (i.e. no. of buses)
4. Suitable for large size systems
Disadvantages:
1. The programming logic is more complex than GS method.
2. The memory requirement is more.
3. No. of calculations per iteration are higher than GS method
3.6.2.5 COMPARISON OF GS AND NR METHOD
1. For GS method the variables are expressed in rectangular coordinates where as in NR
method, they are expressed in polar coordinates. If rectangular coordinates are used for
NR method then memory requirement will be more.
2. The no. of mathematical operations per iteration will be lesser in GS method than NR
method. Hence computation time per iteration is less in GS method.
3. The GS method has linear convergence characteristics where as the NR method has
quadratic convergence characteristics. Hence NR method converges faster than GS
method.
4. In GS method no. of iteration increases with no. of buses but in NR method the no. of
iterations remains constant and it does not depend on the size of the system.
5.In GS method convergence is affected by the choice of slack bus and the presence of
series capacitors but the NR method is less sensitive to these factors.
6. The NR method needs only 3 to 5 iterations to reach an acceptable solution for a large
system. But GS method requires large no. of iteration (30 or more) for same level of

accuracy.

Problem-7: The load flow data for a sample power system are given below. The voltage
magnitude of bus 2 is to be maintained at 1.04 p.u. The maximum and minimum reactive
power limits of the generator at bus 2 are 0.35 and 0.0 p.u respectively. Determine the set of
load flow equations at the end of first iteration by using NR method.

Impedance for sample system

Bus code Impedance Line changing admittance
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1-2 0.08+j0.24 0.0

1-3 0.02+j0.06 0.0
2-3 0.06+j0.18 0.0
Schedule of generation and loads
Bus Assumed Generation Load
code voltages MW MVAR | MW MVAR
1 1.06+j0.0 0 0 0 0
2 1.0+j0.0 0.2 0.0 0.0 0.0
3 1.0+j0.0 0 0 0.6 0.25

Solution: From the given impedance table

Yi2 = 1 ; =1.25-j3.75
z,, 0.08+j0.24
1 1 .
Yiz= —=——"——=5-J15
z,, 0.02+ j0.06
Y23 =11 1.667-j5

z,, 0.06+ j0.18

6.25— j18.75 -125+j3.75 -5+ ji5
Yeus= | -1.25+ j3.75 2.916— j8.75 —1.666+ j5

-5+ j15 -1.666+ j5 6.666— j20
From the nodal admittance matrix and assumed voltage solution
G11=6.25 B11 =18.75 e1=1.06, f =00
G12=-1.25=Gy B2 =-3.75=By e, =10, f,=00
Gi13=-5=G3 Bi3=-15 =Bj; es= 1.0, f3=0.0
G2 =2.916 By =8.75
G23=-1666=G3; By=-5
G33=6.66 B3z =20

Pp = Z;[ep(eqepq + qupq)"' fp(qupq —& BP‘*)]
=

P, = Zn:[ez(eqezq + f,By, )+ F,(f.Gy, —, By, )|
=1

= ey (e1Go1 + f1By) + T2 (f1G21 — €1B21) + €2 (€2G22 + 2B22)
+ To (f2G22 — €2B22) + €7 (e3G23+ f3B23) + T2 (f3Gas — €3B23)

Page 41



=1(1.06x-1.25 + 0x-3.5) + 0 — 1.6x-3.75 + 1(1x2.916) + 0+ 1x1x-1.666 + 0
=-1.325+2.916 + - 1.666
=-0.075

Similarly P3 =-0.3

Qpr = Z[fp(eqepq +f, qu)_ep(qupq —& qu)]

q=1
Q,=-0.225
Q:=-0.9

APy = P specified — P2 calculate 1.8 P2° = 0.2 -(-0.075) = 0.275
AP3=-0.6 —(-0.3) =-0.3
Since the lower limit on Q, is 0.0 and the value of Q; as calculated above violates this limit,
bus-2 is treated as a load bus
Q2,5pec = 0.0
AQ; =0.0-(-0.225) = 0.225
AQ3=-0.25-(-0.9) =0.65

Diagonal elements:

8Pp n

— =2e,Gpp + Zq:1 (qupq + fCIBPQ)
Gep =P

oP.

2 - 282(322 + Zz:l (EqGZq + quZq)
oe, a2

= 2e;Gpp + €161 + f1Bog + €3Go3 + f3By3
- 2(1) (2.916) +1.06(-1.25) +0(-3.75) +1(-1.666) +0(-5)

=2.848

oP,

g = 2e3G33+ 01G31 + f1B31 + €,G3 + B3,
3

= 2(1) (6.666) +1.06(-5) +0(-15) +1(-1.666) +0(-5)
= 6.3666

8Pp ;
o = 2f,Gpp + zq:lp (faGpq -€qBpa)
q#

p

oP.
_2 = ZfZGzz + zzzé (quZq 'quZq)
q#

2
=2,Ggp + £1G21 - €1B21+13G23 - €3B 23
= 2(0) (2.916)-1.06(-3.75)-1(-5)
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=8.975

% =20.9

of,

Off-diagonal elements:

oP

— = &,Gpq - 1:Bpq

oe,

% =e,Gy3 - szzg = -1.666
e3

% =e3G3; - nggz = -1.666

oe,

oP

—2 =g,Bpq + ;G
6fq pP=pq P~pq

@ =eBos + f2623 =-50
of,

% =e;3B3, + f3G3> = -5.0

2
Similarly we find out the derivatives of the reactive power
Diagonal elements:

o0Q .
> = 2e,Bpp - 21 (faGpq -€qBpq)

aep q=P

aa(egz =2e,B,, - F1Gy +€1Bo1 - f3Goz + €3Bo3
2

= 2(2)(8.75)+1.06(-3.75)+1(-5) = 8.525
0Q;

—==19.1
oe,
o0Q .
> = 2f,Bpp + 25 (8qGpq+ fqBpo)
6fp qzP
& =-2.991 0Qs =—-6.966
2 61:3

Off-diagonal elements:

aQ,

q

= €pBpgt+ fGpg
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& =Byt 3Gy = 1(-5) +0=-5

€3

aQ?’ = e3Bq+ f2G3p = 1(-5) +0=-5
€,

an
of

q

= - eyGpq *+ f;Bpg

aacf?z = - e,Gy3 + F2Bp3 = -1(-1.666) +0 =1.666
3

66?3 =-e3G3 + B3y = -1(-1.666) +0
2

.. The set of linear equations at the end of first iteration are

0.275] [ 2846 -1.666 8975 -5 | Ae,
~03 | |-1666 6366 -50 209 |Ae,
0.225| | 3525 -5 —2.991 1666 | Af,
0.65 -5 191 1.666 —6.966 | Af,

Problem-8: In case the reactive power constraints at bus-2 in the previous problem is
-0.3<Q,< 0.3 Determine the equations at the end of first iteration.

Solution:
Since Q, = 0.225and the lower limit is -0.3, therefore the bus-2 behaves like a generator bus

AP, =0.2 — (-0.075) = 0.275
AP3=-0.6 - (-0.3) = -0.3
AQ3 =-0.25-(-0.9) = 0.65
Since bus-2 behave like a generator bus therefore
AV = Vaf - Vacal”
= 1.04*-1.0°=0.0816
The Jacobian elements corresponding to rows AP, AP3; AQs; remains same as in previous

problem, those of Q. will be change and they are calculated as follows

2
—alel =2e,=2
oe,
2
6|V2| —2f2—0
of,
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o1V, I

=0
oe,
a |V2 |2 - 0
of,

The set of equations will be as given below

0.275 2846 —1666 8975 -5 Ae,
~03 | |-1666 6.366 -50 209 | Ae
065 | | =50 191 1.666 —6.966 | Af,
0.0816 2.0 00 00 00 |af,

3.6.3 DECOUPLED LOAD FLOW (DLF) METHOD
In NR method, the inverse of the Jacobian has to be computed at every iteration. When
solving large interconnected power system, alternative solution methods are possible, taking
into account certain observations made of practical systems. These are
e . The real power changes (AP) are less sensitive to changes in voltage magnitude and
are mainly sensitive to change in bus voltage angles. In other words the coupling
between active power ‘P’ and the bus voltage magnitude |V| is relatively weak
e The reactive power changes (AQ) are less sensitive to change in bus voltage angles
and are mainly sensitive to change in voltage magnitude. In other words the coupling
between reactive power (Q) and bus voltage phase angle (3) is also weak.
Thus the weak coupling is utilized in the development of decoupled load flow method in
which ‘P’ is decoupled from AV and ‘Q’ is decoupled from Ad.

e With these assumptions the equation

{AP} [Jl JZ}[A(S }
- --- (3.69)
AQ| |3, I, AV

is reduced to the following form

{AP} {Jl 0}?5 }

= --- (3.70)

AQ 0 J,|AIV]

Therefore AP = [J;] [Ad] --- (3.71)
AQ =[J4] [AIV]] -~ (3.72)

The load flow equations of NR method in polar form are

P, :|vp2 Y,o| cosg,, + Zl]vpqupq | cos(8,, + 5, —5,)
-

gq=p
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=V,? Y, Ising,, +Z|v

q;tp

sin(6,, +3,—9,)

qpql

Ji: Off-diagonal elements are
oP,
85, Vo VoY oo |sin(@g + 8, —5,),  q#p -~ (3.73)
q
Diagonal elements are

P @

: :_Z er q pq‘sm(a +06, —6,), ---(3.74)
96, o3
a=p

Js: Off-diagonal elements are

€Qy _
o]

Diagonal elements are

VY oo[sin(@pg +5, —5,), = p - (3.75)

5N ‘—2’\/p pp‘sme +Z ’Vquq‘sm(epq +8, —5,), --- (3.76)

Q¢p
Equations (3.71) and (3.72) can be constructed and solved simultaneous with each

other at each iteration, updating the [J;] and []J.] matrices in each iteration using the

equations (3.73), (3.74), (3.75) and (3.76).
A better approach is to conduct each iteration by first solving equation (3.71) for Ad,

and use the updated ‘6’ in constructing and then solving equation (3.72) for A[V|. This

will result in faster convergence then in the simultaneous mode.

The main advantage of the decoupled load flow (DLF) method as compared to the NR
method is its reduced memory requirements in storing the Jacobian elements.
However, the time required per iteration of the DLF method is practically the same as
that of NR method. In DLF method more no. of iterations are required for

convergence because of the approximations made in it.

3.6.4 FAST DECOUPLED LOAD FLOW (FLDF) METHOD

This FDLF method is an extension of NR method formulated in polar coordinates
with certain approximations which results a faster algorithm for load flow solution.
In this method both the speed as well as the sparsity are exploited (make good use)

The load flow equations for NR method in polar form can be written as
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P,=IV,? Y, | cosd,, + Zl“|vpvq\(pq |cos(6,, + 35, —5,) - (3.77)
ap
Q, =IV,2 Y, Ising, + > [V.V,Y
g=1

gq#p

|sin(6,, +5, —3,) --- (3.78)

Pq

These equations after linearization can be written in matrix form as

AS

AP H N
HIN
V]

Where H, N, M and L are the elements (viz Ji, J,, J3, J4 ) of the Jacobian matrix.

The first assumption under decoupled load flow method is that the real power changes

(AP) are less sensitive to change in voltage magnitude and mainly sensitive to
changes in phase angle. Similarly, the reactive power changes (AQ) are less sensitive

to changes in phase angle but mainly sensitive to change in voltage magnitude. With

these assumptions, the equation (3.79) is reduced to

A
{AP}{H 0} AV| - (380)
AQ| | o =it

Equation (3.80) is decoupled equation which can be expressed as

[AP]=[H][A5] --- (3.81)

[AQ]= [L]{Avl\ﬂ - (382)

Using equations (3.77) and (3.78) the elements of the Jacobian matrices H and L are
obtained as follows:
Off-diagonal elements of H

oP .
Hy = i = ’Vququ‘sm(epq +06,—05,)

= ‘Vququ ‘ [sin&,, cos(o, —o,) +cosd,, sin(5, —J,)]
=V V,|[Y | SN 6, COS(S, —5,) +]Y | COS O, SIN(S, - 5,)]
=V,V,|[-B,, c0s(5, - 3,) + G, sin(S, - 5,)]

H o =VVy | [-Byq €0S(8, = 5,) + Gy SiN(S, — 4,)] - (3.83)
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e Off-diagonal elements of L
oQ .
Ly = a—Vp’Vq‘ - ’Vququ‘Sm(epq +8,-3)
q

= ‘vaq‘[‘qu‘sin 6,,€08(5, —3,) +‘qu‘cos 0,,5IN(5, —9,)]

=V,V,|[-B,, c0(5, — 3,) + G, sin(S, - 5,)]
Lo =N,V |[-B,q €0S(S, — 5,) + G,y sin(5, — 5,)] --- (3.84)
From equations (3.83) and (3.84)
Hog = Ly = VoV, |[-By, €0S(5, = 8,) + G, sin(5, —5,)]

e The diagonal elements of H
P

&
H =
a6

pp g=1|vpvq¥pq| Sin[ﬂpq + 8, — aq)

B gzp

=—-Q, +V, Y, sin6_, (From eqgn. (3.78))

=-Q, +V,’B,, --- (3.85)
e The diagonal elements of L:

an, 2 : i
Lop = EF:p |"i,-’p| = 2|"i.-’tJ pp| sin8,, +EEi;|Vqu¥pq | Sln[qu +6, - aq)

= 2|V, *Y,,|sin6,, +Q, — [V,?Y,,|sin8,,

=Q, + |V, Y, |sin6,,

Lpp = Qp — |th2

¢ In the case of fast decoupled load flow methods following approximations are further

Bop - (3.86)

made for evaluating Jacobian elements
i) Bpg>>Gpq(since, the X/R ratio of transmission lines is high in well designed
system

i) The voltage angle difference [Bp — Sq) between two buses in the system is
very small. This means that cos(§, — §,) &~ 1 and sin(8, —5_)=0
iii) Q, =B, V.’
e With these assumption the Jacobian elements now become

Ltﬂq - Hpq = _|vp||vq|qu for q# p

-
&

Lpp =Hpp = _BPP|VF'
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With these Jacobian elements, equations (3.81) and (3.82) becomes

AP = [|Vp||vq|Ht|Jq] [ﬁaq] --- (3.87)
AQ = [|V, [V, |BR] %‘i - (3.88)

| Il i
Where B, and B, are the elements of [—B__] matrix.

Further decoupling and logical simplification of the FDLF algorithm is achieved by
1. Omitting effect of phase shifting transformers.
2. Setting off-nominal turns ratio of transformers to 1.0

3. In forming [B'], omitting the effect of shunt reactors and capacitors which

mainly effect reactive power.
4. Ignoring series resistance of lines in forming the Y pys

5. Dividing each of the equations (3.87) and (3.88) by |V, | and setting |V, | = 1

p.u, we get

AP .
_m}_[s] [A5] (3.89)
AQ|_ ol
_IVI} [B1]x[aV(] (3.90)

Here both [B!] and [B!] are real and sparse and have structures of H and L

respectively. Since, they contain only network admittances, they are constant and
need to be triangularised only once at the beginning of the iteration. This algorithm,
which results in a very fast solution of Ad and AV, is known as fast decoupled load

flow formulation of load flow studies.

Algorithm for FDLF method

1)
2)

3)
4)
5)
6)
7)

Read the system data and formulate Ygys for the given power system network.
Assume a flat voltage profile (1+j0) for all nodal voltages except the slack bus. Let
slack bus voltage be (a+j0) and it is not modified in any iteration.

Assume a suitable value of € called convergence criterion.

Set iteration count K= 0.

Set bus count p=1.

Check for slack bus. If it is a slack bus goes to step (11), other wise go to next step.
Calculate active power and reactive power by using the following formula
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Po=Po =2 V,Y,oV,|cos(0,, + 5, —5,)
gq=1
Q=D MY,V [sin(@,,+5, - 5,)
q=1
8) Calculate the mismatches (i.e changes) in active power AP* and reactive powers AQX.

If the mismatches are within the desirable tolerance then stop the iteration process.

9) Normalize the mismatches by dividing each entry by its respective bus voltage

magnitude.

AP} AQ

k 2 k 2

AP™ = \Vi k AQP - \Vi k

2 2
_ AP _ AQS

VS A

AP AQf

10) Solve the following equations for the correction factors AV¥ and AS* by using the

constant matrices B' and B" which are extracted from the bus admittance matrix.

_A—P:I = [Bl]x[A5]

V]
22 |-l

11) The new bus voltages can be calculated as follows
"‘VPKH _ ’VPK+1

12) Check if all the buses are taken into account or not. If yes go to next step otherwise

45;(4{[

increase bus count by 1 i.e set p=p+1 and go back to step (6).
13) Advance iteration count i.e k=k+1 and go back to step (5).

14) Evaluate the line flows and slack bus power.

Page 50



3.7. COMPARISON OF DIFFERENT LOAD FLOW METHODS
S.No | GS Method NR Method FDLF Method
1 Rectangular  coordinates | Polar coordinates are | Polar coordinates are
are preferred for solution | preferred for solution preferred for solution
2 More no.of iteration(i.e 30 | Less no.of iteration(i.e 3 | Less no.of iteration(i.e
or more) are required to | to 5) are required to get | 2 to 5) are required to
get the acceptable solution | the acceptable solution get the acceptable
solution
3 The computation time per | The computation time | The computation time
iteration will be less due | per iteration is more i.e 8 | per iteration is more i.e
to less no. of | times than GS method 2/3 times than GS
mathematical operation method and 5 times
than NR method
4 Acceleration factor is used | No such factor is used No such factor is used
to get fast convergence
5 The number of iterations | The number of iterations | The number of
increases as the size of the | independent of the size of | iterations independent
system increases. the system. of the size of the
system
6 Less computer memory is | More computer memory | Memory requirement is
required is required intermediate of GS and
NR method
7 High computation cost Less computation cost Less computation cost
8 Suitable for small size of | Suitable for large size of | Suitable for large size
systems systems of systems
9 Convergence is effected | Convergence is | Convergence is
on the selection of slack | independent on  the | independent on the
bus selection of slack bus selection of slack bus
10 Convergence is uncertain | Convergence is certain Convergence is certain

3.8. DC LOAD FLOW METHOD
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e In certain power system studies (e.g. reliability studies) a very large no. of load flow
runs may be needed. Therefore, a very fast (and not necessarily accurate, due to the
linear approximation involved) method can be used for such studies.

e The method of calculating the real power flows by solving first for the bus angles is
known as the dc load flow method, in contrast with the exact non Olinear solution,
which is known as the ac solution.

e Assume that bus p is connected to bus q over an impedance of Z,. Therefore, the

active power flow can be expressed as

VPVq H
= sin(o, —9,) ---(3.91)

o]

WhereV, =V,|25, V, =V,|£5,

pq

e The following simplifying approximations are made

Ko =Z,,Since X, = R,
V| = 1pu

V.| = 1pu

sin(8, —8,) =8, — 8,

e Now, the active load flow egn. (3.91) can be expressed as

)
Poq = P = Boq (5p _5q) ---(3.92)
X pq
In matrix form
[P] = [B][2&] --- (3.93)
[8] = [B]*[P] - (3.94)
[6] = [X][F] --- (3.95)

Where [B] matrix is an (n-1) x (n-1) matrix dimensionally for an n-bus system. The
diagonal and off-diagonal elements of the [B] matrix can be found by adding the series
susceptances of the branches connected to bus and by setting then equal to negated series
susceptance of branch pq, respectively.

e The linear equation (3.93) can be solved for by using matrix techniques.

e It is possible with the dc load flow method to carry out the thousands of load — flow

runs that are required for comprehensive contingency analysis on large scale systems.
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e In summary, the choice of a load —flow method is a matter of choice between speed
and accuracy. For a given degree of accuracy, the speed depends on the size,
complexity, and configuration of the power system and on the numerical approach

chosen.

ADDITIONAL SOLVED PROBLEMS
Problem-1: The load flow data for the system shown in figure is given below in the

following tables

Bus-Code Impedance (Zyq)
1-2 j0.05pu
1-3 jO0.1pu
2-3 j0.05pu
Table (1)
BUs Code Assumed Generation Load
Bus Voltage MW MVar MW MVar
1 1.03 +jO pu 0 0 0 0
2 1.0+jOpu 50 - 20 10
3 1.0+j0 pu 0 0 20 20
Table(2)

The Voltage magnitude at bus-2 to be held at 1.0p.u.The maximum and minimum reactive
power limits at bus-2 are 50 and -10 MVars respectively .With bus-1 as the slack bus, use GS
method and Y\,,s matrix to obtain a load flow solution up to one iteration?
[INTU, Regular, Nov - 2004]
Solution: From the table (1)
1

1 .
= =—" =420
N2 7 005
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1 1 .
= — =——" =110
T NRET T
1 1 .
Yo3= ——=——=-J20
Z,, j0.05
Y11 Y12 Y13
Y bus = Y21 Y22 Y23
Y31 Y32 Y33

Y11 = Y12 + Y13 = -j20-j10= -j30
Y22 = Y12 + Y23 = -j20-j20= -j40
Y33 = Ya1 + Y32 = -j10-j20= -j30
Y12 = Y21 =-y12=j20
Y23 = Y32 =-y23=j20
Y31 = Y13 =-y13=j10
—j30 j20 j10
Nodal admittance Matrix Ypus=| j20 —j40 j20
j10  j20 - j30
The data in table-2 is to be converted into per unit value

actual value
base value

Per unit value =

Let the base value =50 MVA , so the data in table-2 is changed accordingly

i.e Pg=50 MW :% =1.0p.u

20
Py =20 MW =22 =04 p.u
b2 50 P

Qpz = 10 MVar =% =0.2 p.u

20
Pos = 20 MW =22 =04 p.u
b3 50 P

Qps = 20 MVar :% =0.4 p.u

Assume flat voltage profile for all the buses except slack bus i.e
V, =lpu, VY =1lpu, V| =10pu

Since bus-1 is slack bus, its voltage remains constant at the specified value for all the

iterations.
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V2=V =V =, =V, = (1.03+ j0.0) pu
For generator bus ,the reactive power limits are

-10

50
QZmax— % —10pU

The bus-2 is a generator bus and so calculate its reactive power, Q2

p-1
QL2 = (=D Pof{(vp {Zquvq“ +2qu q }}
q=

Here p=2,k=0,n=3
Q;,cal = (_1) I.P.of { 20)*[Y21V11 +Y22V20 +Y23V30 ]}

= (-D1.Pof {(1)[(j20)(1.03) + (- j40)(®) + (j20)/V)]}

=-0.6 p.u
The specified range for Q, is -0.2<Q<1.0. The calculated value of Q, violates the lower
limit of the specified range for Q, . Therefore the reactive power generation for bus-2 is
fixed at -0.2 (lower limit) and the bus-2 is treated as load bus for 1% iteration. Now

V,) =1+ jO, similar to other load buses for first iteration .But P and Q are considered
as positive for bus-2 and P and Q are negative for other load buses.

K+l 1 Pp B JQp = Kl
Vi :Y_ V5 _ZquVq Zqu q
pp P q=1

q=p+1

1
Vz1 :_|: — 19, _Y21Vl —Ya3Vs }
Y (Vz )

1 [06+j02 . :
_ —(j20)(1.03) - (j20)(x
_,-40{ oS (1200009 - (] )()}
_—(06-j404) 4042909 _, 1 gpy

Voltage at bus-3
Vsl - { 19 —Y31V1 =YV, }
V)

1 {—0.4+j0.4
— j30 1

— (j10)(1.03) - (j20)(1.0140.9)}
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_ (-0.083-j30.1) _ 30.1/89.842
—~j30 30290

=1.0032 - 0.158 p.u

The voltages at the end of first iteration are
V! =1.0320pu V, =1.0120.9p.u
=1.003£-0.158p.u

Problem-2: The load flow data for the power system as shown in the figure is given in the
following tables.

Bus-Code Impedance (Zyq)
1-2 0.08+j0.24pu
1-3 0.02+j0.06pu
2-3 0.06+j0.18pu

Table (1)

Bus Assumed Generation Load
Code Bus Voltage | MW | MVar | MW MVar
1 1.05+j0pu 0 0 0 0
2 1.0 +jOpu 20 0 50 20
3 1.0 +jOpu 0 0 60 25

Table(2)

The voltage magnitude at bus-2 is to be maintained at 1.03 p.u .The maximum and minimum
reactive power limits of the generator at bus-2 are 35 and 0 Mvars respectively. With busl as
slack bus, obtain voltage at bus-3 using GS method after first iteration (assume base Mva =

50) [JNTU , Supplementary, Feb-2007]

Solution: From the table (1)

Yi2 = S —;: 1.25-j3.75
Z, 0.08+)0.24
1 1 .
Yi3= —=————-=5-15
Z,, 0.02+)0.06
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1 1

= = =1.667-j5
Y2 T 006+ j0.18 J
Nodal admittance matrix
Yll Y12 Y13

Yous =| Yy Yy Y,
Yo, Ya Yg

w

6.25— j18.75 -1.25+j3.75 -5+ j15
Nodal admittance Matrix Yps=|—-1.25+ j3.75 2.916- j8.75 -1.666+ j5

-5+ j15 -1.666+ j5 6.666— j20
The data in table-2 is to be converted into per unit value
. actualvalue
Per unit value = —
basevalue
Let the base value =50 MVA. So the data in table-2 is changed accordingly

i.e Pg, =20 MW :% =0.4 p.u

Qz2=0,Qc3=0,Pg3=0

50
Po, =50 MW =22 =1.0p.u
Pz 50 P

Qo2 = 20 MVar =% =0.4 p.u

60
Pos = 60 MW =—— =12 p.u
b3 50 P

Qps = 25 MVar :% =0.2 p.u

Assume flat voltage profile for all the buses except slack bus i.e
V, =1.03p.u , V7 =1pu ’ [\/2|Spec =1.03pu |
Since bus-1 is slack bus, its voltage remains constant at the specified value for all the
iterations.
V2=V =V =, =V, = (1.05+ j0.0)p.u
For generator bus ,the reactive power limits are

0
Q2min= % =0 p.u

35
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The bus-2 is a generator bus and so calculate its reactive power, Q2

p-1
QL2 = (=D Pof{(vp {Zquvq“ +2qu q }}
q=

Here p=2,k=0,n=3
Qe = CD1POF V) M +Y, 0 +Y,0 |

= (~1)1.P.of {(1.03)[(-1.25+ j3.75)(1.05) + (2.916 — j8.75)(1.03) + (~1.666 + j5)(1) ]}

= I.P of (0.2544 — j0.07725)

=0.07725 pu

The specified range for Q; is 0<Q,<0.7p.u. The calculated value of Q; is lies with in the

given reactive power limits and so this bus can be treated as generator bus.

Now P,=-0.6, Q, = 0.07725, V,) =1.03+ j0, since the bus-2 is treated as generator

bus, the ;| =N, and ohase of V15 given by the phase of V' iy

1(P-iQ, &
VKt-gr::.1 :_|: p - p _ZY VK+l ZY
p,temp Ypp (V|:I><) = pg-q et} pq q

)’

~ 1 {—0.6— j0.077
2.916— j8.75 1.03

1
2.916- j8.75

. 9.29/-75.17
9.20/ —71.56

=1.03/-3.61pu

-iQ
V21,temp = { (V 2 Y21\/1l _stvso}
2

—(-1.25 + j3.75)(1.05) — (—1.666 + j5)(1)}
[2.38- j8.99]

=1.009£-3.61

Voltage at bus-3

1 Q
Vsl = { (\/3]) : —Y31V1 =YV, }

1 [—1.2+ j0.5
6.666— j20 1

—(-5.02 + j15.06)(1.05) — (—1.66 + j5)(1.034—3.61)}

_ (5.451—j20.543) 21.25/-75.13
6.666— j20  21.12/—71.56

=1.006£—-3.57p.u
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Problem-3: The data for 2-bus system is given below Sg; = unknown , Sp; = unknown
V1=1.0L0 p.u S; = To be determined , Sg, = 0.25 +] Qg2 p.u ,Spz = 1+j0.5p.u The two
buses are connected by a transmission line p.u reactance of 0.5 p.u . Find Q, and £V, .

Neglect shunt susceptance of the tie line .Assume |V,|=1.0. Perform Two iterations Using

GS Method. [JNTU ,Supplementary , Feb-2008]

Fig.(1)
Solution: From the given data, the single line diagram can be drawn as
le = JO5

1
Y= S5 —=-]2
ZlZ

P,=0.25-1=-0.75 , V1 =10p.u

Let us assume the bus-1 as slack bus , so its voltage remains constant throughout all the

iterations
V2=V =V = =V, =1+ jo.0)pu
Vv, =1.0pu

The bus admittance matrix
Y :|:Y11 le}:|:_ 12 J2:|
W Ya] L2 -2
p-1 n
Qe = (-D1.P.of {(\/Pk )*{Z\(pqvqk+1 + DY,V }}
g=1 q=p

Here p=2, k=0 ,n=2
Qo = (DLPOF V) oVt +Y, V2 | =(DIPF{Q(12@ +(-i2M])
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=(=1)I.Pof (j2— j2) =0

Q2:0 p.u
1[P,-jQ, & g }
VK+1:_|:D—*D_ Y VK+1_ Y VK
P Ypp (V;) qZ_ll P’ q q%l pa¥q
Vzl ZL[PZ _0192 _Y21Vll
Y22 (Vz) |
:—._1{—0.75—10_1.2
)2 1 i
:M ~1-j0.375
j2

V,} =1.068£ —20.56p.u
5y =—20.56
V; =N,|£8; =14 -20.56 p.u =0.936 — j0.35

V2 _ 1 |:P2 B JQZ _Y21V12:|

2 Y| (V)

1 {—0.75—10 j2x1}

" _j2/ 0936+ j035

= %[2.674— j0.2628 + j2]

= 0.868-j1.337 = 1.594 £ -57
57 =-57
V; =N,|£687 =1£-57pu
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