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MODULE I: Economic Operation of Power Systems

ECONOMIC OPERATION OF POWER SYSTEM
Introduction

The problem of Economic Operation of Power System or Optimal Power Flow (OPF)
can be stated as:

“Allocation of the load (MW) amongst the various units of generating station and
amongst the various generating stations in such a way that, the overall cost of generation for the
given load demand is minimum”.

Basically this is an optimization problem, the objective is to minimize the generation
cost function subject to the satisfaction of given set of equality and inequality constraints. This
problem is analyzed, solved and then implemented under the online condition of power system.
The input data for the problem is the result of conventional power flow study. For a given load
demand , the power flow study performs the calculation of active and reactive power
generations, line flows, losses etc. Also the study furnishes some of the parameters for control
purpose such as magnitude of voltage and the voltage phase differences. The economic
scheduling problem can be understood as the solution of multiple power flow studies, where a
particular power flow study results are more appropriate in the sense of cost of generation. As
said before, the solution can not be optimal unless otherwise all the constraints of the system are
not satisfied. we understand the economic scheduling problem in the coming sections, but first
we consider the constraints of the problem.

The problem of Economic Operation of system involves with two sub-problems.
Namely, Unit Commitment (UC) and Economic Dispatch (ED). Basically UC problem is an off-
line where as the ED is an on-line problem. The result of UC is the initial solution for ED
problem.

Unit Commitment Problem

Generally the load curve of a plant which gives variation of load vs. time in a season
follows a particular trend or pattern. Hence with a minimum degree of error, these curves can be
predicted or can be forecasted. Let N number of generating units are available in the plant say.

The problem of UC is to how the forecasted plant load should be allocated amongst the N units




in such a way that the overall cost of generation of the plant is minimum. In other words, out of
N units available, the solution of UC is a schedule of the wunits those must be kept ‘on’
(committed) condition or in ‘off’ (de-committed) condition. The problem of UC is more
complex owing to the requirement for the satisfaction of large number of constraints like start-
up and shut-down costs and times, fuel cost per KWh, minimum and maximum generating
capacities etc.

Economic Dispatch Problem

In contrast to UC problem, ED assumes N number of units in all the different

generating stations are already committed or in ‘on’ condition, the problem is to how the
forecasted load should be shared amongst them in such a way overall cost of generation is
minimum. The UC solution involves ED as a sub problem. That is, once the decision of units
those should be committed is taken, next ED resolves the distribution of load amongst the
committed units. If all the units are in ‘on’ condition, the UC does not exists and we have to take

up only ED problem. This text book Economic Dispatch problem for the following case studies.

{ ED Problem Case Studies ]

A 4 A 4 A 4

Case-1: Case-2: Case-3:

Optimal Load allocation Optimal Load allocation Economic Dispatch of load
amongst thermal units amongst  thermal  units amongst the thermal and
neglecting  transmission considering transmission hydro units —

losses. losses. Hydro Thermal Coordination

This chapter deals Case-1 study where as the next two chapters present the other case studies.
CHARACTERISTICS OF THERMAL UNITS

The cost of power generation by any thermal unit depends upon its characteristics.
Performance of any unit can be understood by studying the generator’s input-output
characteristics and the cost curve. Characteristics of individual machines which are drawn in
graphs are later converted into suitable mathematical equations using curve fitting methods.
These mathematical equations are used for economic scheduling problem. The input of a thermal
unit is kcal/hr in terms of heat supplied or Rs/hr in terms of cost of fuel and the output is in terms
of MW.

Input-output or Heat Characteristic




Heat curve is graph drawn between fuel input in Btu/h or Kcal/h versus power
output in MW on x-axis and y-axis respectively. Typical Curve for a thermal unit takes the form

as shown in the Figl0.1.

Fuel I

(Kcal /hr)

Power (MW)
—>

Prin Prax

Fig 10.1 Heat Curve of a Thermal Unit

The slope of the curve at different powers can be calculated. The slope is defined as
heat rate or incremental fuel rate which is the ratio of fuel input to the corresponding power
output and has the
units Btu/MWh or Kcal/MWh.

Ainput
Incremental fuel rate= 4£ —_2umput
ar Aoutput

Heat rate (slope of heat curve) can be calculated at every point in the heat curve and another

characteristic Incremental heat curve can be obtained. This graph is drawn between Incremental

fuel rate in Kcal/MWh versus Output in MW. The graph is shown in the Fig.10.2.

—>

Incremental Fuel Ch porta%nt because it gives thermal efficiency of the

Ve stimate I wh fual innng g required for every additional
Prmin Puax  Power (MW)

MW generation. Different units have Incremenwar ruel rates aifferently for a given MW value.
. Fig 10.2 Incremental Fuel Rate Characteristic of a Thermal Unit . .
From the optimal _ ate the load to the unit with

thermal unit through

Incremental Fuel Rate
(Kcal MWh)

minimum Incremental Fuel Rate.




10

Cost Curve and Incremental Fuel Cost Characteristic
Knowing the specific heat (in Kcal/Kg) of the coal used, fuel input (in Kcal/hr) and
Incremental Fuel rate (in Kcal/MWh) can be converted into Kg/hr and Kg/MWh respectively.
Again cost of each Kg of coal is known, Kg/hr and Kg/MWh can then be converted into Rs/hr
and Rs/MWh.
Now, the incremental Fuel Cost curve can be drawn by taking incremental fuel cost in
Rs/MWh as input on x-axis and power in MW as output on y-axis. Cost curve is shown in Fig

10.3.

Incremental Fuel Cost
(Rsl MWh)

Power (MW) —p

Fig 10.3 Cost Curve

Similarly the Input-output characteristic which is drawn in Kcal/hr versus MW can be

converted into cost curve drawn Rs/hr versus MW as shown in Fig.10.4.

—>

Fuel Cost
(R<l / hr)

Power (MW)
—>

Prin Prax

Fig 10.4 Cost Curve of a Thermal Unit
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Let the fuel cost for /™ generator can be in the form as shown in Fig.10.4. The curve can be fitted
in quadratic equation as:

Ci=a, +B.P +yP’ Rs/hr.
(10.7)

and Incremental fuel cost can be written in the form:

ac, _

(10.8)

OBJECTIVE FUNCTION AND CONSTRAINTS FOR ECONOMIC DISPATCH
PROBLEM
As discussed before ED problem deals with optimal allocation of total load demand Pp
amongst n- number of units. The objective function for ED problem is presented below.
The problem is to minimize the function Eq.(10.9) subject to the satisfaction of constraints.
Crotal = f(P61,PG2,+ ++esPGn)
(10.9)
Where Cryq is the cost of Generation and Pg,Pgs......,Pgn, are individual generations of n-
number of units
The ED problem may be treated as the parameter (cost) optimization subject to the satisfaction of
system constraints. System constraints are of two types:
i) Equality constraints and
ii) Inequality constraints.
Equality constraints
These constraints are due to functional dependencies. Let f and g have functional
dependencies and the problem is to minimize the function f{x;, x2, x3) say. The computed values
of x;, x, and x;3 be said as optimal, when they both minimize the f and satisfy the following
equality constraints which are described by a set of equations :
gi(xy, x2,x3) =0 for i=1,2,3,.......... x set of equations.
In the present ED problem, the equality constraint functional dependency equations are the static

power flow equations. For the optimized scheduling of generation for the given demand, there is
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a necessity that the static power flow equations also need to be satisfied. The other equality
constraint is the sum of power generation by individual units must be equal to total power

demand as:

> P =P, fori=12,..n
i=1

(10.10)

or
8i(Pc1,Paa.......PGn)= ZB;[_pD -0
i1

(10.11)
Inequality constraints
The following inequality constraints may be included in the ED problem.
1)Each Generating unit on n- number must operate below its maximum limit and above
minimum limit.
P™ <P <p™ i=1.2,....n.

2)Reactive power( Q) limits of individual units: Q value should be less than maximum value to
avoid rotor over heating and should be more than minimum value to ensure proper power
transfer capability of system.
3)Total MVA rating of individual units, to ensure there is no excess stator heating.
4)Over loading condition of equipment like transformers, lines etc.
S)Limits to voltage magnitudes and angles to ensure system has better stability margins. Low
voltage problems give rise voltage instability and unsatisfactory operation of loads dominated by
Induction Motor type. High voltage problems shall lead to insulation breakdowns.
6)Transformer tap positions: Tap position should be in between the minimum and maximum
values.
7)Spare of reserve capacities of generating units: To meet sudden increase of power demand and
maintain good steady state stability of system.

Above constraints basically are control parameters, which are required to be with in
their limits for the satisfactory operation of Power system. Though the primary interest is the
minimization of objective function, owing to operational limitations these constraints are

important and hence must be included in the study.
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LANGRANGE MULTIPLIER METHOD - OVERVIEW

The nonlinear function optimization problems such as ED can be solved by Lagrange multiplier
method.

Nonlinear Function Optimization considering Equality Constraints

Let the problem is to minimize the function

flx1, X250 neene , Xn)

subject to k number of equality constraints

gilx1, X2, evvvoo, xp) =0 fori= 1,2, ...k
The constrained function f can be written as unconstrained function with the help of Lagrange
method as:
k
£=f+> Ag;
i=1
(10.12)

In Eq.(10.12), £ is the Lagrange function and 4 is the Lagrange multiplier. The necessary

condition for minimum £ can be obtained from:

9 _ U $ g=0 fori=12,...n
ox; ox; 4

(10.13)

of

ZZ e =0 =

) 8i fori=1,2,....k
(10.14)

Eq.(10.14) represent the original constraints. This Method is adopted in the ED problem and is
explained in detail is the coming sections.

Nonlinear Function Optimization considering Equality and Inequality Constraints
Majority of Optimization problems contain both equality and inequality constraints. Let the
problem is to minimize the function:

Sx1, X250 neene , Xn)

subject to k number of equality constraints
gilx1, X2, evvvve, xp) =0 fori= 1,2, ...k
and m number of inequality constraints

X1, X2 evennnn ,x) <0fori=1,2,....m.
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The inequality constraints as mentioned earlier, are independent control parameters or

undetermined quantities. These constraints are bounded to certain limits. By introducing m

vector of u undetermined quantities, the constrained function f can be written as unconstrained

function with the help of Lagrange method as:
k

£=f+2XA8
i=1

(10.15)

The necessary condition for minimum £ can be obtained from:

(10.16)

of
o, g, for

(10.17)
of

EYR u; <0 for
Hj

(10.18)

=0 and w>0

(10.19)

for

+§:ﬂjq1‘
j=1
i=1,2,....,n
i=1,2,....k
j=12,....m
j=1,2,....m

Note that Eq.(7.17) is original equality constraints. Above necessary conditions are known as

Kuhn-Tucker conditions.

ECONOMIC DISPATCH PROBLEM -NEGLECTING TRANSMISSION LINE LOSSES

The problem of ED can be easily solved when the transmission line losses are

neglected. As the losses are neglected, system model can be understood as shown in the Fig.10.5.

In the figure, n number of generating units are connected to a common bus bar, collectively

meeting the total power demand Pp. It should be understood that for any share of power demand

by the units, will not involve losses.
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N N vV
oo o (&)
P Py P,
N N J/ ____________ _\v
Py

Fig 10.5 System with n- generators

Since transmission losses are neglected, total demand Pp is the sum of all generations of n-
number of units. For each unit a cost functions C; is assumed and the sum of all the costs

computed from these cost functions of the units give total cost of production Cr.
Cr=2.C For i=1.2,...... n
i=l
(10.20)
Where the cost function of i™ unit from Eq.(10.7) is:
Ci=a,+BP+yP’ (10.7)
Now, the economic dispatch problem is to minimize Cr, Subject to the satisfaction of the

following equality and inequality constraints.

Equality constraint :

The total power generation by all the generating units must be equal to power demand.

(10.21)
Where P= power generated by i” unit
Pp= total power demand.
Inequality constraint :
Each generator can generate power with in the limits imposed.
P™ <P <P™ i=1.2,...,n

(10.22)
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Economic Dispatch problem can be carried out by excluding or including generator power limits

1.e the inequality constraint.

SOLUTION OF ECONOMIC DISPATCH PROBLEM- NEGLECTING LOSSES &
GENERATOR LIMITS

The constrained total cost function Eq.(10.20) can converted into unconstrained function by

using Lagrange Multipliers as:
£=C,+APy,-2.P) (10.23)
i=1

The conditions for minimization of Objective function can be found by equating partial

differentials of the unconstrained function to zero as given below:

g—;’: = aaCPlT +A0-1D)=0
(10.24)
From the above equation,
1 oC,
9P
(10.25)
Since C;=C;+Cr+....... +C,
o, _aC, _
oP.  JP,
(10.26)
From above equation the co-ordinate equations can be written as:
JdC; oc, oC
aPll =35 =3P, e - ?MCD =2 (10.28)
Using Eq.(10.7),
% =} = fi#2 3Py

(10.29)
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second condition can be obtained by the following equation :

n
S P, —Py=0

i=1
(10.30)
Required Equations for ED solution:
For a known value of 4, the power generated by the i"™ unit from Eq.(10.29) can be written as:
_AZk

27,
(10.31)

P.

1

Eq.(10.31) is valid subject to the satisfaction of equality constraint, which can be written as:
LA-Bi
2—_ =P
i-1 2%
(10.32)

From the above equation, the required value of 4 is:

n ﬁ
o l
Pp Zizyi

& B (10.33)
2o,

A=

The value of 4 can be calculated from the above equation and then can be substituted in
Eq.(10.31) to compute the values of P; for i=1,2,....,n. for optimal scheduling of generation.
SOLUTION OF ECONOMIC DISPATCH PROBLEM- NEGLECTING LOSSES AND
INCLUDING GENERATOR LIMITS

For satisfactory operation of the thermal unit, power generation by it should not be
more than P, or less than P,;,. This constraint need to be satisfied owing to thermal limits
imposed of the unit. Now the problem of economic dispatch is, the minimization of total cost of
generation subject to the equality constraint Eq.(10.31) and inequality constraint Eq.(10.34)
given below.
P <p<p™) for i=12,............. n
(10.34)

Where P/™™ & P/ are limits specified for unit i.
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Following the discussion in the Section 10.4.2, the Kuhn-Tucker necessary conditions that

minimize the Lagrange function by including the inequality constraints are:

If generations are with in limits: %: 2 for P™" <p <P
If generations are reached to threshold values: % <4 for P=P"" for i=1,2,,n.
If generations are reached less than minimum values: %2 A for P;=P/™" (10.35)

Numerical Solution:

Estimate the value of 4 using Eq.(10.33). Compute corresponding P; values using Eq.(10.31).
Then the equality constraint ) P;=Pp is verified subject to the satisfaction of inequality
constraints i.e generation limits. If satisfied, 4 value is taken to determine optimal generation.
Otherwise, A value must be modified as per the gradient method described below.

Rewrite Eq.(10.32) as :

fl4)=Pp

(10.36)

Expand the left hand side of Eq.(10.36) by Taylor’s series approximation and neglect higher

order terms. Using the " iteration value of A,
20 [ H) " A7)
r AN =p
f(4) +( 7 j D

(10.37)
Let 4P")= P,- f(A )"

Eq.(10.37) can be written as:

Aﬂ(r) = AP(” AP(r)
(df(/l)](” PNy
dA di
(10.38)
or g = AP v
1
z 2y;
(10.39)

Hence the modified value of Ais:
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A= )0 LA J0) (10.40)

Where AP'"'=P,-f(A)") =P, -3 P/"
i=1

As the value of 4 is modified, the ) P; reaches Pp If any P; exceeds maximum or
minimum values, then P; is set to that corresponding limit and maintained constant thereafter.
After the P; is maintained constant, for optimal allocation of load, other units which are not
violated limits only must be considered. In other words, all the units other than i must operate at

equal incremental costs. This procedure is continued till Y P; equals Pp.
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ECONOMIC OPERATION OF POWER SYSTEM-2

INTRODUCTION

It is seen in the previous Chapter, the total system load has been optimally divided among the various
generating units by equating their incremental generating costs. However, the assumption was power transfer from
generating station to load center does not involve transmission line losses. It is unrealistic to neglect transmission
losses particularly when long distance transmission of power is involved. The transmission losses vary from 5 to 15
percent of total load. Therefore, it is essential to account for transmission losses while developing an economic load

dispatch policy. This Chapter deal with economic scheduling problem by considering transmission line losses.

ECONOMIC SCHEDULING PROBLEM CONSIDERING LOSSES
- STATEMENT OF PROBLEM

The economic dispatch problem is defined as that which minimizes the overall operating cost of all the

generators Cr of a power system while meeting the total load P, plus transmission losses P;. Mathematically, the

problem is defined as follows:

Cr=Y(7P>+BP+a )R/h=3C(P) (11.1)
i=1 i=1

Subject to the equality constraint i.e. energy balance equation given as:
l‘lg
2P =Py+P (11.2)
i=1
n,
Where Total active power demand of power system Pp = > P,
i=1
and the inequality constraint i.e. power limits imposed for ™ generator.
P™ <P <p™ (fori=1,2,....,n,)
Where
a;, P,y are the cost coefficients

n, = Total number of generating units in power system.

n, = Total number of buses in power system.
Pp; = active power demand at " bus ( fori=1,2,....,1).
P; = real power generation by i generating unit ( for i=1,2,.. colg).

P, = Total transmission line power loss.
One of the most important, simple but approximate method of expressing transmission loss as a function
of generator power is through B-coefficients. Another more accurate form of transmission loss expression

frequently known as the Kron’s loss formula
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The constrained cost function Eq.(11.1) can be transformed into unconstrained Lagrangian cost function by using

Lagrange multiplier that include constraints can be written as:
g

£=Cr + APy +P,—2F) (11.3)
i=1

Where A = Lagrangian multiplier
Kuhn-Tucker condition

Differentiating £ with respect to P; and equating to zero, gives the condition for optimal operation of the system

ﬁ:ﬁJrﬂ(ai_l):o
dP.  dP, oP,
dc; oP
L =(1-=—=H2 11.4
2 ( aP,-) (11.4)
dc; 1
—tX———=1 11.5
o, (11.5)

(I=—=2-)

oP,

Using Eq.(11.5), the coordinate equations for n, units can be written as:

c, 1 dc, 1 ac,
— = = cooomoma =——— =4 (11.6)
dp, | _oP, dP, _OP, dp, | P
oP, oP, BP,,g
The general term in the Eq.(10.6) is written as:
dc;
L—=21 for i=1,2,..n 11.7
ap, ( ¢ (11.7)
Where L, is known as the penalty factor of i™ unit.
L1 (11.8)
C P '
oP,
Where

oP
B_PL (for i=1,2,..n,) is defined as the incremental transmission loss (ITL) associated with the i unit.

A = Lagrangian multiplier also defined as incremental cost of received power units in Rs/MWh.

The Eq.(11.6) indicates, the minimum overall cost of generation can be obtained when the Incremental fuel cost of
each unit multiplied by its penalty factor is the same for all the n, generating units.

The general term in the Eq.(11.6) can be written as:

IC; =4[ 1-ITL;] (11.9)

Where

dc,;
IC; = d_Pl = Incremental Cost of Generation of /™ unit (for i=1,2,..n,)
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oP, . . . . o .
ITL; = 5 PL = incremental transmission loss (ITL) associated with the i unit. (for i=1,2,..n,)

i

The optimum load allocation amongst the units by considering transmission system losses can be obtained by

dc,
operating all the generators at a particular generation at which Eq.(11.7) i.e. L, d—P‘z/l for all the units should be

the same. The penalty factors L of the units can be determined through incremental transmission loss ITL. To find
ITL, we need to develop formula for transmission line loss. The iterative procedure for solving economic scheduling
problem will be presented later, the derivation of transmission loss formula is undertaken in the next section.
DERIVATION OF TRANSMISSION LOSS FORMULA
This section presents an easier method for derivation of transmission loss formula. Fig.11.1 represents tv
generating units 1 and 2 feeding to number of loads, totaling to /, through a large transmission network. Out of many

branches within the network, consider a branch (any three phase transmission line) designated as b.

1L L

O — O —
Branch b Branch —» I
O, 7 O+lo o
(a) Load 2

2 — L —>
Ix
1 >
Branch b —}1
p L
2 : : Iy (©) b >

Fig 11.1 Network with two generators, large number of loads and any one branch b of network

Let the switch in Fig.11.1(a) is open and the total load current /; is supplied by generator 1 only say.
With generator 1 acting alone, the current in the line b is I,; where as the generator current is /; .
Now define current distribution factor a; as:

I

ap =
I

(11.10)

Similarly, let the switch in Fig.11.1(b) is open and the total load current /; is supplied by generator 2 only. With
generator 2 acting alone, the current in the line b is I, where as the generator current is /5.
Now define current distribution factor a;, as:

— Ib2

a = =<
b2
12

(11.11)




23

When both the generators are connected to supply the load current, the current through the branch b i.e. I, can be

obtained by applying the principle of superposition as:
Ly=Ty+ly = ap I+ apy I (11.12)

The current distribution factors are taken as the real numbers owing to the following assumptions:

1)The phase angle of all the load currents is the same.

2)The ratio X/R for all the transmission lines in the transmission network is same.
I =111£6

Let '
1,=11,1£6,

Where 6,,6, are the phase angles with respect to a common reference.

I, =1 1cos@ + jlI Ising,

I,=11,1cos@,+jl1,|sin,
From Eq.(11.12),
I, =a,l +a,l, (11.13)

I, =ay [l lcos@ + jlI1sin6 | +ay,[11,cos6,+ jlI,|sin6, ]
=a, |1 1cos@ + jay |1, 1sin6 +ay, 11, 1cos, + ja,, | I, 1sinb,

=ay I lcosO +ay, | 1,1cos0, + jl[ay | I, |sin6 +ay, |1, |sind, ]

Iy =ap | I, ¥ +ap, | 1, P R2aya,, | 111, L cos(6, -6, ) (11.14)
Now, let
P,, P, =3-Phase real power outputs by generators 1 and 2 respectively.
1, =(P;N3xV,Cos0;) ; L=(P,N3xV,Cos0y)
Cos ¢, Cos @, = power factors at generator ends.
V,, V,=bus voltages at the generator 1 and 2 ends.
R, is the branch resistance of the branch b
k number of branches in the transmission network say.
Now, the total transmission loss in the entire network is given by
P, =33 12,

b=1
Substitute I;,2 from Eq. (11.14) in Eq.(11.15)

k
P, =33 R, [af |1, * +a}, 1 1, 1> +2a,,a,, 1 1, 1 1, | cos(6, — 6, )]
b=l

(11.15)
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b b b
=Y"3R,a} 11, ¥ +Y.3R,ay 11, > + Y.3R, 2aya,, | I, 11 1, 1 cos( 6, — 6, )
b=l b=l b=1

Substituting 7; and 15,

k P2 k P2
=Y3Ra} ————+ Y 3R,al, ——2——
i U IV P eos? g im U 31V, R cos? g2
i P,P,
+ > 3R, 2a,a,, 21 cos(6,—6,)
b=1 31V, 1V, lcos @, cos @,
2 2
< AR, oo PR,
=2 ablﬁ—kz 4770 2
b=l IV I" cos™ @ b1 [V, I” cos™ ¢,
k PP
+ > R, 2a,a,, 21 cos(6,—-6,)
b=l [V, 1V, lcos @ cos@,

Above loss equation in terms of B- coefficients can be written as:
2 2

Where,

k R
_ 2 b
B =% ay 2 2
b=l [V, 17 cos™ ¢,

R,

al — b
b2 2 2
b=l IV, 17 cos” @,

& ay; ayy Rb
B=2 [V, 11V, [ cos ¢, cos COS(QI_QZ)
bet VTV 105 @1 COSPp

The terms B,,,B,, & B,, are called loss coefficients or B- coefficients. The units of B-coefficients are in MW" when

112
the voltages are in KV and branch resistances in ohms.

B- coefficients for multi-machine power system.

Let Eq.(11.16) be extended for a power system with n, number of generators.

Total transmission losses in the system are:

PL=Z;§:iEﬂH P, B, P, (11.17)

n=1" m — mn

Where B,,, are the elements of B-Matrix.

Diagonal terms in B-Matrix: B = ——l il (11.18)

Ay Apy Ry,

k
Off-Diagonal terms in B-Matrix: B, =Y.
™A IV, 1V, Icos @, cosgd,

(11.19)

Expanding Eq.(11.17),

P, =B, P>+ By, P +By3P; +........ 2P PB, +2P,P,Byy +........... (11.20)
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In matrix form of Eq.(11.20),

Bll BIZ A Bln Pl
B, B B, | P

p=[p P .. p]" 7 > (11.21)
B, B B, |P

nl n2 b nn n

In condensed form of Eq.(11.21),
P,=PBP" (11.22)
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MODULEII:

HYDRO THERMAL SCHEDULING
Introduction

For optimum utilization of all energy sources in the most economical manner and for
the availability of uninterrupted supply, integrated operation of power system is inevitable. At
present large power systems are a mix of different modes of generating stations, of which hydro
and thermal power stations, integrated operation is predominant. In some systems hydro
generation may be more than thermal generation and in some other cases it may be the other
way.

In the view of increased demand for electric power, for purposes such as industrial,
agricultural, commercial and domestic together with high cost of fuel as well as its limited
reserve, considerable attention is being given to hydro thermal coordination problem.

In hydrothermal combined operation, it is necessary to use the total available quantity of
water from hydro system to the fullest extent. Fixed charges continue regardless of power
generation in case of hydro plants, since no fuel cost is associated. Therefore, minimum overall
cost is obtained by optimization of hydro resources. Many of hydro electric plants are
multipurpose.

Hydro Thermal Scheduling:

The economic scheduling in the integrated operation is difficult as the combined
operation of hydro and thermal plants is subject to a variety of constraints. There are multiple
factors that are to be satisfied for their satisfactory operation.

Hydro thermal scheduling is possible with certain assumptions made wherever
necessary.

Hydro-Thermal Combined System:

In hydro-thermal integrated operation, hydro generation may be more than thermal
generation and in some other cases it may be the other way. However, the exact mode of
operation depends upon several factors.

The operating cost of thermal plants is high even though their capital cost is low. In case
of hydro electric plants, running costs are very low, but their capital cost is high as construction

of dams, canals, penstocks, surge tanks and other elements of development are required in
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addition to the construction of power house. So, it has become economical and convenient to

have both hydro and thermal plants in same grid.

Water
b Pon inflow
O— —O
| U
Thermal plant Hydro plant Water
discharge

Load demand
Figl2.1 A basic Hydro-Thermal plant

In case of hydro plants, they can be started easily, they has higher reliability and can be
assigned load in very short time. They have greater speed of response. But in case of thermal
plants, it requires several hours to bring the boiler, super heater and turbine system ready to take
the load. Hence hydro plants can take up fluctuating loads effectively. Because of this reason,
thermal plants are preferred as base load plants and hydro plants are operated as peak load plants.
The exact operation depends on certain factors like type of development, maximum fore-bay
elevation, minimum plant discharge and spillage, storage and pondage, and the amount of water
that is available is the most important consideration. Other distinctions among hydro power

systems are the number of hydro stations their locations and operating characteristics.

—» Hydro as peak

= =
g g
| | load plant
Thermal as peak
load plant
TTT TTTTTTT TTTTTT ThermalaSbase
|:|:|Hy§'[r'p'§|lin'$ |'|'|'|'|:|: load plant
0 Kafplabtss |
—» Time —» Time
Fig 12.2(a) Hydro plant used as base Fig 12.2(b) Hydro plant used as peak
load plant during normal run-off in an load plant during drought period in a
inter connected system inter connected system

Thermal plants can be used at any portion of load duration curve but it is more expensive
to use peak load station at low load factors. Besides the insignificant incremental cost in hydro
plant, the problem of optimizing the operational cost of a hydro thermal system can be done by
minimizing the fuel cost of thermal plants the constraints of availability of water, in a given

period for hydro generation.
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The cyclic nature of load demand and water inward flow, split the problem into long
range scheduling and short range (term/period) scheduling. Here, we consider the short range
fixed head problem only.

Hydro Electric Plants:-
Hydro plants are classified based on their type and the location.
Based on their type hydro plants are classified into pumped storage plants, run-off river plants
and storage plants.
Pumped storage plants: Whenever old thermal stations are available they are generally used to
take up peak loads. If such plants are not available then to take up the load it is desirable to
develop pumped storage plant for the purpose. A pumped storage plant is associated with upper
and lower reservoirs. Such a plant possess the following advantages when used in inter
connection.
1) Thermal plants are loaded more economically.
2) The wastage of off-peak energy of thermal plants is reduced.
3) A pumped storage plant stores the energy using off-peak load and supplies when demand
rises.
Run of river plants: Run of river plants have very little storage capacity and use water as it
becomes available. The water not utilized is spilled. As the variation of run-off during the year
does not match the variation of power demand during the year, it becomes necessary to combine
run of river plant with steam plant to supply load with maximum reliability.
Storage Plants: These are associated with reservoirs with significant storage capacity. Water is
stored during off load requirements and then the stored water is released when demand is high.
On the basis of location, hydro plants are classified into three types, a) Cascaded plants,
b)Hydro plants on different stream and c¢) Multi chain hydro plants.
Cascaded plants: These are the plants located on same streams. Down stream plant depends on
upstream plant. The down stream plant influences the immediate upstream plant by its effect on
tail water elevation and effective head.
Hydro plants on different streams: The hydro plants are located on different streams and are
independent of each other.

Multi chain hydro plants: These are located both on different streams and same streams.
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Besides the classification of above hydro plants, a number of mathematical models were
proposed. Some of them are Glimn-Kirchmayer model, Hildebrand’s model, Hamilton-lamonts’s
model and Arvanitidis-Rosing model. Here we consider Glimn-Kirchmayer model, to solve our
problem of optimization.

The rate of water discharge according to Glimn-Kirchmayer model is given as:
q = ky(h)®(P)
(12.1)
where k is constant of proportionality
h is effective head in meters
P is real power generation in MW
The functions y and ® are defined as quadratic functions,
i.e., y(h)=oh>+Ph+y , where a, B, v are the coefficients
O(h)= XP2+yP+z, where X, y, z are the coefficients.
Method Of Solution:

The objective of an electric power system is to minimize the total system operating cost,
represented by the fuel cost required for the system’s thermal generation, over the optimization
interval.

The output of each hydro-unit varies with effective head and the rate of water discharged
through turbines. For large capacity reservoirs, it is practice to assume the effective head to be
constant over optimization interval.

Defining the problem: The problem is to minimize the operating cost of hydro thermal system
which can be obtained by minimizing the fuel cost of the thermal plants under the constraints of
water availability for hydro generation over a given period of operation.

Variables:

Fi(P(1)) —Fuel cost of the i"" thermal unit in Rs/h

gq(t) — Discharge of water of jth hydro unit in m’/h

T- Optimization interval

J— Minimization function

Nr— No of thermal units

Ny —No of hydro units

. . -th .
a;, b;, c; — cost coefficients for i~ unit
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X;, v, zi —discharge coefficients for i unit
Bjj—loss cofficients
Ppk — Demand during k™ interval
V; — Prescribed volume of water for ™ unit.
P(t) — Transmission loss during the sub interval
w; — Water conversion factors
tx— Duration of k™ interval
Consider, an electric power system network having Ny hydro power plants, Nt thermal
generating plants and therefore Ny+Nr is the total number of generating plants.
Stagel:- Considering thermal model, over the optimization interval O to 7, the function to be

minimized is the total system operating cost, represented by fuel cost of thermal generation.

\ J =13 @0

(12.2)
Where F; (P,(t)) is fuel cost of i thermal unit and fuel cost is a function of active power
generation of that particular unit, and is approximated by
Fi (P(1)) = aiP{(t) + b P(t) + ¢; (=110 Ny)
(12.3)
Where a;, b; and ¢; are cost coefficients of i generating unit.

Stage2:- Considering hydro model, the operation of hydro plants depends on the availability
of water. The variation of water discharge with time q(t) is expressed as function of output power
P(t) and net head h. According to glimn-kirchmayer model in the earlier section, discharge is

qi(t) = ky(hy) ®(Pjuy, (1)) m/h  (j=1to Np)
(12.4)
Where y and & are two independent functions.
In case of constant head y(h;) becomes constant, so the above equation is rewritten as
qi(t) =k’ @(Pjiy, (1)) and where k’= k w(h;)  (j=1 to Nu)
(12.5)

Each hydro plant is constrained by the amount of water available for the optimization interval,

Tq,@dr=V, (j=1 to Np)

(12.6)
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Where V; is predefined volume of water in m’ and
4,0 =P (D+ Y, +2, m'/h
Where (j=1 to Nu) ; x;, y;, z; are discharge coefficients of j™ hydro plant
Stage3:- Considering equality and inequality constraints, load demand equality constraint is
L R0 =R0+ R0
(12.7)
Where Pp(t) is load demand and P;(?) is the transmission loss during the sub-interval
and the limits of power generation at the /" bus are imposed as
po<piy<p= 5 (i=1 to Ny+Nr)
(12.8)
where P;"" is lower limit & P;"" is the upper limit of the i generator output.
Staged4:- Approximated loss formula in terms of loss coefficients is

Ny 4N, Ny 4N,
R= % POBPMO+ L Bewm+B, MW

(12.9)
Where Bgo, Bio, Bjj are B-coefficients or loss coefficients
Let us introduce an unknown multiplier function A(¢), known as lagrange multiplier, so

the required equation is transformed in terms of lagrange multiplier into
BOADw)=[IEF B O)+ 5 w,q, 0+ AOIR, 0+ P~ £ POld-EwV,

(12.10)
where /A(t) is incremental cost of power delivered in system and w; are water conversion factors.
The optimum condition can be described by taking partial derivatives of augmented

objective function with respect to the Pi(z), A(¢) and w;. where (i=1 to N+M) & (j=1 to M)

LAGIO) Hm{aﬂ(t) _1}:0 (i=1to N7)
oF(1) OB (1)
(12.11a)
. 3g,(1) +/1(t){ aP,(1) _1}0 (j=1 toNy)
P, 1) FT )
(12.11b)
and  f, ar-v, (j=1I to Np)

(12.11c)
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N, 4N,
L EO=F®n+P1)
(12.11d)

StageS:- The problem of optimization can be redefined in discrete form as

Minimize J=LILFP)

(12.12a)
Subjectto "z p,-p, +p, 5 (k=1,2,....T)

(12.12b)
élt"qﬂ\ :V/ ’. (j=1’2""'NH)

(12.12¢)
po<cp<pe (i=1to Np & k=110 T)
(12.12d)
In the time interval k, the cost function F;(Pj) of thermal units in its discrete form is defined by
Fi (Py) = a;Pi’ + b; Py + ¢; Rs/h
(12.13)
with a;, b; and ¢; as cost coefficients Py is output of thermal and hydro units during the K™
interval.
Transmission losses during k" interval P is given by

N, +N, N, +N,

NN,
Fe= X Z] F,B;P, + El BB, + By, MW
j= is

i=1 it gk

(12.14)
Bj; Bio, By are loss coefficients
Ppk is demand during kK™ interval.
Du =P+ Y P a4 3 m’h
(12.15)
Where g is rate of discharge from 7" hydro unit in interval k. X;, yj zj are discharge
coefficients of j”’ units as described earlier.

The above objective by the constraints is given below,
L(P, A w,) = }‘IP. t,F,(P, )Jr'jg"I Wity + A [pnk ‘P, jgv,, , ﬂi' WV,

(12.16)

Where V; is prespecified volume of water available w; is water conversion factor.
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By taking partial derivatives of augmented objective function with respect to Py, A & w;
we can obtain optimal condition.

| OF M{am_}:o . (i=1,2,...Np) & (k=1,2,...T)

" op, oP,

(12.17a)
aqkﬂ{af’m 1} o > =1 toNy, m=Nr+j, K=1to T)

“op ap,

(12.17b)

W

éltkqjk =v, + (j=1toNn)

J

(12.17¢)
1P =P+, 5 (k=110T)
(12.17d)

The above equations are non linear, so by introducing small changes in Py & ;. we

obtain the equations 12.18a, 12.18b, 12.18c, 12.18d as
N N - M P LA E G

TS = oPoP, oP, oP,
(12.18a)
[w Dy VP ]AP”“% e R AP“[aPLK —l]A/Ik:—{w , s +,1[ 3 IH ; (j=1 to Ny, m=j+Nr)
"R, Py von OPOPy P, oP, P,
(12.18b)
i [% l]Apj‘ = (P,,K +P, —N’g” P,kj
(12.18c¢)

By substituting values of partial derivatives with initial values of control variables, in eq

(12.18)

i gk it ik ik

(2t,a, + A B,)AP, + 2 "2B AP +[ b (2B P} +B, —1))A/1 :—[z (2aP“+b)+/1“( z "2B,P° +B, —1)}
=

(12.19a)

vvvvvv 5
I

4Ny N+,
@w't,x, + A B, AP, + z '2B,,AP, +[ Py 23,,,,P,?+Bm0—lek:{Vﬁtk@ij,f}k+yj.)+ﬂ°( % '2B,P)+B,, 1]}

(]=] to Ny, m=j+NT)
(12.19b)
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an d NN, (NN, ) o NN
.2 E’l 2BJIPLK+BJO_1 APsz_ PDK+PLK_ E Rk

Jj=1

(12.19¢)

The above equations can be written in matrix form as
N N TAP, _|- A,
AD" 0 AL ] | -4,

Where s- size of Hessian matrix, s=Nr+Ngy+1.

(12.20)

Initial Guess:
Let the power demand is equally distributed among thermal & hydro units during each

interval,

g;:NPif;v (i=1 to Ny+Ny & k=110 T)

T H

(12.21)
Further let us assume that there are no transmission losses.
A =2a,P} +b, (k=1,2,....T)
(12.22)
wiQx Py +y) =4 (j=1I to Ny)

So water conversion factor is obtained as

IS S (j=1 to Ny, m=j+Nr)
! 2ijn?k +y;

(12.23) Algorithm:

Step 1: Read the number of thermal units N, hydro units M, number of sub intervals 7, cost
coefficients a;, b; ¢;,  (i=1 to Nr) loss coefficients Bj(i=1 to Nr+Npy, j=1 to Nr+Npy ) discharge
coefficients x; y; z; (i=1 to Nr),demand Ppx (k=1 to T)and pre specified available water V;
(j=1 to Np), e-error

Step 2: Calculate initial guess value P, (i=1 to Nr+Ny, k=110 T), 2] & WJ’O (j=1 to Np).

Step 3: consider wjo (j=1 to Ng) in step 2 and start the iteration count c=1.

Step 4: start hourly count k=1.

Step 5: consider P/ (i=1 to Nr+Ny) and A

Step 6: calculate APy (i=1,2,.... Ny+Npg) and 44, and solve equations using one of the iterative

methods.
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l: Akpp Akpk }{API{ :| _ |:_ Akp:|
(AD" 0 A4 - A

Step 7: check for convergence if, <. then goto step 9

N, +N,
L AP +AJ,

Step 8: calculate new values of Py(i=1 to N+M) and ;. i.e, p;" and pe.
P} =P)+AP, and 1" = 1) + A4,
(12.24)
Step 9: set limits correspondingly at
P fprer > ps
P = RSP < P
P ;otherwise

(12.25)

If the limits have been set either lower or upper, then set that generator aside, i.e.
this generator is not allowed to participate, by deleting i" row and i"” column.
Step 10: set p* = prv (i=1 to Nr+Npy) 2 = 2+ goto step 6 and repeat.

Step 11: If k>T then goto step 12 else k=k+1# and goto step 5
Step 12: calculate V; (j=1 to Ny)

Step 13: If ‘vj -v'|<e or if (c2R) then goto step 14

else W =W+ (V, =V IV

0 = (i=1 to Ny)

c=c+1 goto step 4 and repeat.
Step 14: calculate the optimal cost and loss.

Step 15: stop
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Module:IIT

LOAD FREQUENCY CONTROL 1
1 INTRODUCTION

In general both active and reactive power demands are continually changes with the rising or falling of
load. In order to meet the active power demand, input to the generators i.e. steam for turbo-generators and water for
the hydro-generators must be regulated. Otherwise the machine speed will vary with consequent change in
frequency, which may be highly undesirable. Similarly, the excitation of generators must be continuously regulated
to meet the reactive power demand. Otherwise the voltage at various system buses may go beyond the prescribed
limits. In large interconnected systems, automatic generation and voltage regulation equipment is installed for each
generator because manual regulation is not feasible. Changes in active power is dependent on internal machine
angle 0 and is independent of bus voltage; while the bus voltage is dependent on machine excitation and is
independent of machine angle 0 . Change in angle J is caused by momentary change in generator speed. Speed of
the generator can be regulated by using Governor Controller which basically control inlet position to allow more or
to reduce steam or water jet hitting the blades of turbine. Similarly, the rise or fall in the terminal voltage can be
controlled by Excitation Controller which reduces excitation to alternator (when terminal voltage is high) or
increase excitation (when terminal voltage is low). The terminal voltage variations are mainly due to variations in

reactive power demand.

Generator Controllers

\ 4 v
Governor Controller Excitation Controller
for speed/frequency control for Voltage Control

Fig 13.1 Generator Controllers

Excitation voltage control is fast acting because its major time constant encountered due to that of
generator field while the governor control is slow acting with major time constant is contributed by the turbine and
generator moment of inertia. Due to high difference in the time constants, the two controllers can be analyzed by
decoupling them.

This chapter provides mathematical models of turbine, speed governing system, excitation system,
generator, loads etc. These models are required for steady state analysis of generator in coming chapters.

13.2 MODELLING OF TURBINE SPEED-GOVERNOR CONTROLLER

Fig. 13.2 is the schematic representation of Turbine Speed Governing system. It has mainly four major
components.

Speed governor: Speed governor senses the change in speed (or frequency) hence it can be regarded as heart of the

system. The standard model of speed governor operates by fly-ball mechanism. Fly-balls moves outward when
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speed increases and the point Q on the linkage mechanism moves downwards. the reverse happens when the speed
decreases. The movement of point Q is proportional to change in shaft speed.

Linage mechanism: PQR is a rigid link pivoted at Q and RST is another rigid link pivoted at S. This link
mechanism provides a movement to the control valve in proportion to change in speed. It also provides a feedback
from the steam valve movement.

Hydraulic amplifier: It comprises a pilot valve and main piston arrangement. It converts low power level pilot
valve movement into high power level piston valve movement. This is necessary in order to open or close the steam
valve against high pressure steam.

Speed changer: Tt provides a steady state power output setting for the turbine. Its downwards movement opens the
upper pilot valve so that more steam is admitted to the turbine under steady conditions the reverse happens for
upward movement of speed changer. By adjusting the linkage position of point P the scheduled speed/frequency can

be obtained at the given loading condition.
Steam

Lower Direction of Close
positive
movement
Open

4 T turbine
AyT - AP v
Ayp - AP, C
L
7
I 2
217
7 7
Z ZlinigZ
Fly balls é Z %
A ~ Main
T — I
Speed changer T

Hydraulic amplifier
(Speed control mechanism)

Fig 13.2 Turbine speed governing system

Mathematical Model of Speed Governing System
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Assume that the system is initially operating under steady conditions the linkage mechanism stationary
and pilot valve closed. Steam valve opened by a definite magnitude, turbine running at constant speed with
turbine power output balancing the generator load

Let the operating conditions be characterized by
£ system frequency; p % generator output; y 2 steam valve setting

Let the point P on the linkage mechanism be moved downwards by a small amount Ayp It is a command

which causes the turbine power output to change and can therefore be written as:

Ayp=k. AP where AP, is the commanded increase in power

c
the command signal AP, (i.e. Ay, ) sets into motion a sequence of events .the pilot valve moves upwards, high

pressure oil flows on to the top of the main piston moving it downwards; the steam valve opening consequently
increases, turbine generator speed increases, i.e. the frequency goes up let us model these events
mathematically.

There are two factors contribute to the movement of R:

i) Ay, Contributes ((_le) Ay, (or) —k; Ay, (i.e upwards) of -kikc AP,

ii) Increase in frequency Af causes the fly-balls to move outwards so that Q moves downwards by a

proportional amount ké Af the consequent movement of R with P remaining fixed at Ay, is

[ +1,

+ kvaf =+k,Af (i.e. downwards)

1
The net movement of R is therefore
Ay, ==k k Ap, +k,Af
(13.1)

The movement of S, Ay is the amount by which the pilot valve opens. it is contributed by Ay, and Ay, can

be written as

l I
Ay, = L Ay, + 2 Ay, =k Ay, +k,A
Vs (13”4) Y (13+14) v, =k, Ay, +k,Ay,

(13.2)

the movement Ay ¢ depending upon its sign opens on of the ports of the pilot valve admitting high pressure oil

into the cylinder there by moving the main piston and opening the steam valve by AyT .the following justifiable
assumptions are made
i) internal reaction forces of main piston and steam valve are negligible compared to the forces exerted on the

piston by high pressure oil.
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ii)because of (i) above, the rate of oil admitted to the cylinder is proportional to port opening Ay  the volume of

oil admitted to the cylinder is thus proportional to the time integral of Ay - the movement Ay, is obtained by

dividing the oil volume by the area of the cross-section of the piston. Thus
t
Ay, =k [(-Ay,)dt
0

(13.3)
From the above diagram, we can conclude that a positive movement Ay ,cause negative (upward) movement
Ay, accounting for the negative sign used in the above example.
Tacking the Laplace transform of Eqns. (1),(2),(3)
We get AY, (s) =—k,k AP, (s)+k,AF(s)
(13.4)
AY, (5)=k,AY, (5) + k,AY, (5)
(13.5)

AY, (s) =k, ! AY,(s)
s

(13.6)
Substituting (4) in (5) then in (6) we get by simplification

k kAP (5) — k,J,AF (s)

AY,(s) = -
o+
(k, + kj)
=(AP(9) ~ S AR (=)
TR 14T,
13.7)
kk, —_ ; kikk, _— gai
Where p-21% = governor speed regulation, ¢ _ %% = gain of speed governor
k, ok
1 .
T, = =speed governor time constant
“ o kk
Block diagram representation of Eq.(7)
+ KSG
) > AY.(S)
APref(S) 1+ ST T
1/R
AF(S)

13.4 MODELLING OF STEAM TURBINE

The dynamic response of a steam turbine is largely influenced by two factors
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i)entrained steam between the inlet steam valve and first of the turbine,
ii)the storage action in the re heater which causes the outlet of the low pressure stage to lag behind that of the
high pressure stage.

Dynamic response of a steam turbine can be related in terms of changes in steam valve opening

AyT .the following figure shows the transfer function model of steam turbine

Kt
— s, —>

AY, (s) AP;(s)

The typical values of the turbine time constant 7; lies in the range of 0.2 to 2.5s

13.5 GENERATOR LOAD MODEL

The increment in power input to the generator load system is AP, - AP, where AP, =AP , incremental

power output and APD is the load increment. Assume that generator incremental losses are neglected. This

increment in power input to the system is accounted for in two ways:

i) Rate of increase of stored kinetic energy in the generator rotor at scheduled frequency f°
The stored KE is W, = H*P,kw(kilojoules)

Where P, is the kw rating of the turbo-generator and H is defined as its inertia constant.

The kinetic energy being proportional to square of speed(frequency),the kinetic energy at a frequency of (f
%+ Af’)is given by

Ww,=W

ke ke

0o SO o A°
) =W, 1+2—=)

f f
and rate of change of KE is therefore

daw,) _,HE d(4f)
df° a

ii)as the frequency changes, the motor load changes being sensitive to speed the rate of change of load with

respect to frequency i.e (9P, ) can be regulated as nearly constant for small changes in frequency Af and can
of

be expressed as (9P ) Af =B Af where the constant B can be determined empirically B is positive for a
9

predominantly motor load. Writing the power balance equation, we have

2HP, d(Af)
APG_APD = fo 7

+ BAf

dividing through out by P, and rearranging, we get

AP, — AP, = 2H M + B(pu)Af
o dt

taking the laplace transform, we can write Af (s)as
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AP, (S)—AP,(S K,
ar(5) = ST (AP, (5) - AP, ()2
B+°S o0
f
where 7 = 2H _ power system time constant
ps Bfo
k =L =power system gain
" B
above equation can be represented in block
AP, (S)
AP (S) P > AF(S
o x " 1+ 5T, > AF(S)

13.6 Representation of loads

The loads generally consists of industrial and domestic components the magnitude of the load
changes continuously so that the load forecasting problem is truly a statistical one. An industrial load consists
mainly of large three phase induction motors with sufficient load constancy and predictable duty cycle where as
the domestic load mainly consists of lighting, heating and many single-phase devices used in a random way by
householders. the design and operation of power systems both economically and electrically are greatly
influenced by the nature and magnitude of loads in general there are three ways of load representation they are
(i) Constant power representation: this is used in load flow studies both specified MW and MV AR are taken
tobe constant.
(ii) Constant current representation: the load current equation can be written as

I :P‘_/_jQ=|I|4(5—a) Where v =‘V‘45 0=tn"(2) is the power factor angle .It is known as

P
constant current representation because the magnitude of current is neglected as constant current representation
because the magnitude of current is regarded as constant.

iii) Constant impedance representation: this representation is generally used in stability studies. the load

specified in MW and MV AR at nominal voltage is used to compute the load impedance. Thus

v_w VM 1

I P-jo P-jo Y
This then is regarded as constant throughout the study.
13.7 TURBINE MODEL
For a simple non-reheat type turbine the model is given by a single time constant but reheat turbines have
more than one time constant. If a reheat unit has two stage stem turbines thus the dynamic response will be
influenced by
1) The entrained steam between the steam inlet valve and first stage of turbine and
2) The storage action in the reheated which causes the outlet of the L.P stage to leg behind that of the H.P

stage
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/]

—>®—> H.P Stage /] L.P Stage
7

t  Reheater J

Fig 13.2 two stage reheater unit

The turbine transfer function in characterized by two time constants. For case of analysis it can
be
assumed that the turbine in modeled by a single equivalent time constant T, which valve lies between 0.2 to .25

secC.

AY (1) K, AP

1+sT,

Block diagram representation of Turbine

SINGLE AREA LOAD FREQUENCY CONTROL
INTRODUCTION

In power system the load demand is continuously changing. In accordance with it power
input also varies.
If the input — output balance is not maintained a change in frequency occur. So the frequency of
control can be achieved firstly through speed governor mechanism. The basic characteristics of
governor are relation between speed and load. If load on turbine increases, the speed of the

governor decreases. The frequency normally vary by 5% between light load and full load

~

conditions. Consider two machines both are running under paralle@ g, 1 as show -
2

14.1. load sharing between two machines as follows.

“|

If the change in load either at E; or E; and if the generation of E algne 1

regulated to adjust this change so as to have constant frequency, this nethod
of regulation is known as Parallel frequency regulation. If change iny 1.0ad1 Load?
in a particular area is taken care by the generator in that area the tie-line fle 1

loading remains constant. This is known as flat tie-line loading control.

In large Inter-connected power system manual regulation is not feasible

Important control loops in power system are

1. Frequency Control
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2. Automatic Voltage Control

In this chapter the frequency control will be discussed. Necessity for keeping frequency constant:

1.

In large interconnected power system network the real and reactive power are
continuously changing with a falling and rising loads but never maintain constant,
Frequency and voltage of system are maintained at their normal values by monitoring
the load variations and using suitable control action to match the real and reactive
power generations with the load demand and the losses in the system at the time.

The system frequency is closely related to the real power balance in the power system
network the system frequency is mainly controlled by the real power balance in the
system.

Load increase on generating unit, more amount of real is to supplied which is
immediately received from the kinetic energy power in rotating part thereby reducing
the kinetic energy of angular velocity or speed of the machine.

Voltage is controlled by reactive power control in system.

Load frequency and excitation voltage regulators of turbo generators as shown in fig 14.2. these

controllers are set for particular operating condition they take of small changes in load with out

exceeding the prescribed values change in load becomes large. The controllers must be reset

either manually or automatically.

steam itati

excitation

control

m L Generator
val Frequency Voltage
alve I sensor & sensor & —
controller Comparator Comparator

Vref

fref
Fig 14.2
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Considering problem of controlled the power output of generator of a closely connected area so
as to maintain the constant frequency.
Control area concept

In the olden days electric power systems were usually operated as individual
units. Due to demand for large blocks of power and increased reliability, interconnection of
neighboring plants. it’s advantages economically because four machines are required as reserve
for operation at peak loads (reserve capacity) and fewer machines running without load are
required to take core of sudden unexpected jumps in load(spinning reverse). There fore, all
generating plants are interconnected to form a state grid , regional grid and national grid. Load
dispatch centers are required for the control of power flow in grid.

It is feasible to divide a very large power system ,say a national grid into sub
areas in which all the generators are assumed to tightly coupled , i.e. they swing in unison with
change in load or due to speed changer setting . such an area, where all the generators running
coherently, is termed as

All generators in this area constitute a coherent group. So that all generated speed up or
shutdown simultaneously such an area is known as control area.

Consider a single turbo generator system supply an isolated load. Speed governing
system controls the real power flow in the power system.:

Isolated block diagram representation single area frequency control

(1) Speed Governing System: APc(s) Kk |AXd(s)
8 »
K¢ = Governor gain constant g 1+sT,
T = Governor time constant
1 AF(s)
AP, (s) =speed changer setting ®
. .. . (@)
AX , (s) =change in position at point T
In linkage mechanism
(2) Turbine model representation:
= Turbine gain constant
AX(s) K, AP(s)
—> —>

1+sT,
(b)




45

T, = Turbine time constant

(3) Generator load model representation: APp(s)
Models for turbine, speed governor power system are AP6(s) - K AF(s)
. . . —> X ——
obtained. In practice rarely a single generator feeds a 1+sT,

(©)

large area. Several generators are connected in parallel, Fig 143

located also at different places will supply the power

needs of a geographical area. Quite normally, all these

generators may have the same response characteristics for the changes in load demand. In
such case, it is called as control area.

By combining all fig 14.3 (a,b,c) the above block diagrams representation for single area

control.

AF(s)

APc(s) K K, K

1+sT
g 1+sTg AX(s) S1y AP(s) 1+sT]7

~
v

A4

|~

Fig 14.4

Where APg(s) = AP(s)

Steady state response-

The main aim of Automatic Load Frequency Control (ALFC) is to maintain desired

output of a generator unit and controlling the frequency of the larger interconnection. The ALFC

also helps to keep the net inter change of power between pool members at pre determined values.

One of the basic objectives of the loop is to maintain constant frequency in spite of floating

loads.

Output - Af
Inputs - APc, APp

Where AP¢ = change in speed changer setting, and
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APp= change in load demand

The speed changer has a fixed setting, i.e. AP¢ = 0 and the load demand changes. This called as

free governor operation.

(1) Let us assume that he speed changer has a fixed setting AP¢ (s) = 0.

. AP
Assume that, there is a small step of change of load demand AP~ (= = APp(s) =—2-)
APp(s) s
i AF(s)
AP((s) AX7(s)
¢ K, | _K K, .
1+5T, 14T, 14T,
1
R
APD(S)
i AF(s)
= AXx(s)
APc(s) 0‘ K, > K, — % >
1+5T, 1+sT, 1+5sT,
__1 A
R
AP,
) p(s 8 K,
- 1+5T,
—K, K, _
1+ sTg )A+sT,)R
_Kp
1+sT AP
— P — D
AF(s)= F R . APp(s) but APp(s) =

P8t

T+ sTp)(1+5Tg)(1+5T)R
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-K AP,

AF(s)= i D

KP.Kg K,/R S
A+sTp)+——"———
1+ STg )A+5T,)

AF () K
Af steady state APC=0= ~= s - P Ap
$20 lap () 1T KpKgK /R

K; Kpare fixed for turbine and power system. K, is the speed governor gain. It can easily
adjustable by varying the lengths of various links.

oP,

1

(B=D), Af = ——ap,
D+—

R

Kp Ky~ 1 where KP=% and D =

(i1) A step change in speed governor setting and the demand remains constant. i.e., AP¢ (s)

:&APD(S) =0
S

AF(s)
AP(s
c(s) K, K, K, >
d 1+5T, 1+ sT, 1+sT,
1
R
3 K, K, K, AP,
AF(S)|APD(5):O_ K,K K, s
(1+sTP)(1+sTg)(1+sT,)+Tg'
K, K,6 K
N =5 M0 B
steadystate Ap_(s) =0 s—0 | KP'K;,:'K:
s -0 5
R
1
KtKg:I, KP:i, Af: 1APC
D D+7
R

if the speed changer setting is changed by APcand also the load demand changes by APp, the

steady state frequency change is obtained by superposition theorem. i.e.,
A

Af=- L ap+ L _ap = ! (AP -AP,) Af
D+— D+— D+—
R R R Slope = I
R — Speed Regulation bry
D — Demanding coefficient
Fig 14.5 APp
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typical values of D=0.01 MW/Hz, R=3.
Af=-RAPp
Dynamic Response

This gives the variation of frequency with respect to time for a given step change in load

demand.
AF (s) — Laplace transform of change in frequency

f(t ) — Inverse Laplace transform of AF(s) time constant of load frequency control are follow

the relation as

T,<T:<Tp
Block diagram of ALFC: APp(s)
i AF(s)
APds) Kg > K, —> KV >
g 1+5T, 1+sT, 1+sT,
1
R
T, =T;=0and Kt K= 1 APy(s)
i AF(s)
AP((s)
1 —p KV >
g 1+ sT),
1
R
APy(s) AF(s)
PD S
—p KP »
- 1+ sTp

x| =




Kp
1+ sT AP
_ » D
AF(s )| APC=0 K 1 s
1+—L——
1+sT, R
a— KP
T
= 2 AP,
R+ K
s[s + 7]
RT

Taking partial fractions

A B
= (AR,

1
s+—(1+—2
T( R)

For s=0
oK, RK,
1+& R+KP
R
R+K RK
For _ ”), =- .
T R+K,
K
AF(s)=——r | =L ! AP,
R+K s »
’ s+—(1+—2)
p
taking inverse LT

Af(t)= L {AF ()}

A = —— [1_ Q[J}AP
R+K :

4

State space model for single area:

@ v=ar, @ @

.’
s 1+sT, || 1+T,S

B1 1
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©

AF

1+7,.8

APD1= d

Fig 14.6

v
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Let U= AP, .

be the states created by the linear combination of all our system state variables (x)
We define from the block diagram

X,= [ Af,di U= AP..
X,=Af d= AP,
X,=AP,

x,=AP, ( Speed governor )

From block (1)

x - Kps
2 1+T ¢
(14.1)
X+ x,T s = Ky (xs_d)

From equation 14.1

. K K
X2 = ! Xy + PSx— PSd

3
Tpg Tpg Tpg

(14.2)
From block (2)

X = !
3 1+T,S

(14.3)
x, = x,+x;T,

From equation 14.2
-X, X,

).Cs =—+—
T T

(14.4)
From block (3)
1 1
x,=U —Exz)(m)

X, +x471gS =U —%xz)

. 1 1 U
X4 = y X, +—
T R TR T,
(14.5)
From block (4 )
X :lxz )ﬁ =X
S

MATRIX REPRESENTATION OF ALL STATE EQUATIONS
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0 1 KO 0

. 0 T__l Tﬂ 0 X 0 0

. ps  'ps xy| |0 Ko

= o o =L L + 0 |W)+] Tis |@)

. T T B 0

X4 0 -1 0 -1 )C4 Tﬂg 0

RTg, Tyq |

It is in the form of

x=Ax+Bu+FD (

14.6)

U- control vector D - disturbance vector

X - state vector

The equation (6 ) into standard state space model form

ie. x=Ax+Bu asfollows
If x is having the sum of transient and steady state value and U is also
having transient and steady state value

x=x1+xSS

) then substitute in equation
U=U'+Ug
(14.7)
1, 1
x =Ax +Axg +BU +BU g, +FD

(14.8)
If the sudden disturbance occurs and the system reached the steady state value

then x=0
Axgg +BUg +BU + FD =0

and transient term also zero under ss x =0 = Axg +BU+FD = 0
Now equation (7)is

1

2 ad Ut
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MODULE IV:LOAD FREQUENCY CONTROL II
TWO AREA LOAD FREQUENCY CONTROL

Load frequency control of two-area system

In the single area case we could thus represent the frequency deviations by the single variable

Af. In the present case assume each area individual strong, and having them inter connected them

with a weak tie-line

Therefore leads us to the assumption that the frequency deviation in the two areas can be

represented by two variables Af; and Af;, respectively.

An extended power system can be divided into a
number of load frequency control areas inter connected by
means of tie-lines. Consider a two area case connected by a
single tie-line as shown in fig. Inter connected operation
power system are inter connected for economy and
continuity of power supply for the inter connected
operation incremental efficiencies, fuel costs, water
availabilities, spinning reserve allocation and area
commitments are important considerations in preparing
load dispatch schedules.

15.1.1 Flat frequency control of inter connected system:

Let two generating stations are connected by a tie-line. @

tie-line
O @)

area-1 area-2

Fig 15.1 Inter connected two
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(a) Two inter connected stations.
(b) Uncontrolled system with load more on station B
(c) Frequency controller located at station B

If a load increment on station B, the kinetic energy of the generators reduces to absorb
the same generations increases in both stations A and B and frequency will be less than normal at
the end of the governor response period in figl5.2 (b).

The load increment will be shared partly by A and partly by B the tie-line power flow
will change there by if a frequency controller is placed at B then it will shift the governor
characteristics at B parallel to itself as shown in figl5.2(c) and the frequency will be restored to
its normal value + reducing the change in generation in A to zero.

If the load increment comes on station A, then as before initially the generation in both A
and B changes to absorbs the additional load while finally the additional load is absorbed by B
only.

Station A absorbs none of its load changes in the steady state. It is possible that, in inter
connected operation, a given station can be made to absorb the load changes occurring else
where in the system so long as the controlling station has capability to absorb the change.
Same analysis can be applied to a two area system.
Assumptions in analysis:
Some assumptions are made in the analysis of the two area system
(1) The over all governing characteristics of the operating units in any area can be
represented by linear curves of frequency verses generation.
(2) The governors in both the areas start acting simultaneously to changes in their respective
areas.

(3) Secondly control device act after the initial governor response is over.

Tie-Line bias control:
With tie-line bias controllers located in both areas the control action is complete in all the cases.
For the case where the tie-line bias controller in ‘A’ initiates action for local load changes, the

response us shown in fig.
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The response to controller action is
similar for load changes in B when controller in
B initiates regulating action.

Governor action is not changed till the area,

where a load change has occurred, becomes

effective. This avoids unnecessary change in

generation, frequency or tie-line power the

controller in the area, where load change occurs

acts I such a manner that the area absorbs its
own load change only a single shift is necessary
to the governor characteristics to restore both
frequency and tie-line power to normal. A
smooth cooperative regulation thus achieved
with a tie-line bias tie-line bias control scheme

for the two area system.

1 Block diagram representation for state space model for Two-area control

Xy

Ty,

9|

Figis.d
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TWO AREA STATE SPACE MODEL REPRESENTATION

State space variables for two area load frequency control

x, =At, x, = APG, X, =APG,
x, = [ ACE,dt U = AP, d, = APD,

x5 = Af, x, =APG, x, = APGy,
Xy = [ ACE, dt U, =AP, d, = APD,

From block (1)

o K K K
O L L] g L1 A (15.1)
Tpsl Tpsl Tpsl Tpsl
From block ( 2)
_ X
x2 =T_1x2 +T_3 2
11 11
(15.2)
From block (3)
. -1 1 1
X3 = X, — X, + U
1 1
Rlngl ngl sgl
(15.3)
From block (4 )
X4 = lel +X9
(15.4)
From block (5)
Kps2
x5 :m[)%—dz +a12x9]
ps2
x5( 1+TP_YZS) = sz [[-x6 - d2+a12x9]
K K
- -1 ps2 ps2 ps2
x5 = Xo + X Ay A Xy — d (15.5)
5 6 1279 2
TpsZ r 2 TPS2 TP52
From block (6)
x —_—1x +Lx X
‘ _Trz ‘ t2 ’ 7
(15.6)
From block (7)
3c7=R;1 x5—T1 x7+T1 U
2 s5g2 sg2 sg2

(15.7)
X5 = B,x; —a,x,

(15.8)
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o,
S

Xy = (x, = x5)
X9 = 2HT12()C1 —x2)
In the matrix form above nine equations are written as
[x] = [Allx]7[BIUI+[FID]
Where [x] = [X |, X5, X5, Xy eerenn. xo]" is state vector, [ U ] =[U,,U,]" is control vector

D=1[d, d Z]T is a disturbance vector

-1 K s1 K s1
T TL 0 0 0 0 0 0 TL
st 'psi PS1
Ly 0 0 0 0
Tr, Tt
1 1
—1 o —L o 0 0 0 0 0
RT T
sgl sgl
B, 0 0 0 0 0 0 0 0
A= B K
0 0 0 0 T—l TLSZ 0 0 alZT’”z
ps2  'ps2 PS2
0 o 0 0 0 T_—l TL 0 0
) )
0 0O 0 0 R;l o —L o 0
2" sg2 sg2
0 0 0 0 B 0 0 0 a,
o7, 0 0 0 -207,, 0 0 0 0 |
[0 0 ] —Kpsi 0
0 0 Tpgy
% 0 0 0
sgl 0 0
0 0 0 0
B=| 0 0 F= 0 _KPSZ
o 0 Tps2
0 1 0 0
ng2 0 0
0 0 0 0
| 0 0 | 0 0
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STEADY STATE ANALYSIS

UNCONTROLLED CASE

AP, (S)=AP.,(S)=0

(15.9)
In the case AP.,=AP.,=0 , the speed changer setting is fixed irrespective of load changer in

area 1 and area 2.
Let a sudden change occurs in area 1 and area 2 is suddenly increased by incremental steps in

APp| &APpy

APp; & APp, due to load change the frequencies drops by

A, & Af, if the load increment in two areas are equal the frequencies drops are also equal (
assume ) if Af, =Af, =Af(ss) from the block diagram the incremental increase of

generation is written as

1 Kthsgl

AP (S) = —(
Gl
R, (1+ng1s)(1+ng1s)
K ﬂngl ~ 1]

AF, (s)

-1
= — AF(s) 0
R Tig1 =Ty =0

15.10)
We have AP — AP =2 e (S)4BAfoc(S)
a1~ pies)~ Miei(s) =7 “ar V'ss 1Y

Since then Af(S) is a steady state value

d
A5 ($)=0

For area 1

APGI - APDI(S) - APziel(S) = B1Afss (S)
(15.11)

For area 2

AF;, _ApDZ(S) _ApzieZ(S) = B,Af s (S) (15.12)

Also we have
_, ratingl

a;, ;
rating?2
AP, =—a,,AF,,

Using above (15.9 ) & (15.10 ) equations ( 15.11 ) & ( 15.12 ) are written as
L (S) = AP, () = BT (S)+ AR, (S) (1515)

1

—RiAf.m (§) = AP, (S) = ByAY,, (S) — ap AR, (S)

2

(15.14)
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Subtracting ( 15.15 ) & ( 15.14)
Multiplying ( 15.15 ) with a,, and subtracting it from ( 15.14 )
We will get

alz(%Afl(SHAPDl(S)Halz[BlAfl(S)]—B2Af2(5)+[RL2Af2(S)+APD2(S)] =0

Afl(S) = Afz(S) = Af (S)
AF(S.S) = IZAPD1+AP 2
12(B +— )+(B

1

Ry

similarly from (15.15 )& (15.14)
AP.  is obtained as

tiel

We have
Af, AP, = B,Af,(S)+AP,,

_R_Afz AP, = B,Af,(S)—a,AP,

2

From ( 15.15)

1
AP, =—(B, +F)Af1 — AP,
1

(15.15)
From ( 15.14)
1
—ayAF; =B, +R_2)Af 2 ~APp)
(15.16)

Multiplying ( 15.15 ) by (B, +Ri) and ( 15.16 ) by (B, +%)

1

Then
1
APy (By ) =B+ (B, +R )Afl APp Byt 2
2 1 2
~ap A i By ¥ ):_(BlJ’RL)(B A~ AP (B, +Rl)
l 1
Subtracting ( 15.17 ) & ( 15.18)
Frorn (15.14)
Afz AP,, = B,Af —a,,AP,
1
—a,AP, =(B, +R_2)Af_AP
1 1 1
AP ill(By + 2)+“12(Bl+71)]=(31+71mp D2~ By + AP,
1
(By+ AP, = (By 1A 1
Aiel = 1 1 I
(B1 +F1)a12 + (32 +R—)

(15.19)

(15.17)

(15.18)
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Af(S.S)Z _AP02+a12AP01

1
(B] +E)a]2 +(32 +R7)

2

(15.20)
R =R,;B, =8B,
B=b=8 ;a,=1
Then ,Eqgs.(15.19), (15.20) can be modified as
AP, +a, AP,
Af(s.S) B ﬂ2 + alZﬁl
_ :BzAPm _ﬂzAPm
- B, +anpB
If two areas are identical then
B=p=F :a,=1
Eqgs.(15.19), (15.20) can be modified as
APD] + APDZ

Af (s.5) = —2,5
— :B(APm _APm)
= %

— (APm - APDZ)

2

If step change in area 1 only

AP,, =0
Then

_APD]

Af (s.8) = _2,5
_APm

2
From the above it is observed that with the interconnection and a step change in lead at area 1
only , the steady state change in frequency is 50% of steady state change of frequency of single
area

AP,,

tie

AP,

tie

AP, =

tie

Af(s.s) = _sg’ for single area ALF
Af(s.5) = =28 for two area ALFC

Similarly from Ap,, equation . Itis observed that if a load change occurs in any area
50% is generated from area 1

CONTROLLED CASE

In the case of an isolated single-area system we used the integral control i.e. we let the
speed changer command by a single obtained by first amplifying and then integrating the
frequency error and which brought the steady state deviation in frequency to zero . so in the two
area system our new control starategy should be such that both steady state frequency and tie-
line deviations vanish due to change in either area. Area control error is to be defined to take
core of frequency deviation and tie-line power deviation.
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Under normal operating condition the Af Af (Af, & Af)) and AP

tiel
Af:_AP02+a12AP01 — AP, +ajy APp

Ap . =
B, +a,p, tie 1 By tap by

But these two parameters are present under normal operating condition these
are undesirable so here similar to single area we use PI controller and these
two errors are brought to zero
Af - Actual - normal
Here similar to single area the speed changed according the changes of
Af & AP,
We define the ACE | (Area control error)
= B/Af, + AP,
ACE,| =B ,Af, +ApP,
Where B, & B, are frequency bias parameters
Now,
Ap,

iel

ie2

K, [ACE,at
- K“J'B (Af, + AP, dt

tiel
Ap., = -K,[ACE,di
= _KiZ_[ B,Af, + AR, dt

k, &k, are integrator gains if ApPD, & APD, are applied simultaneously

under steady state the outputs of all the block in two area ALFC constant under
these conditions

ACE (5.5)= B ,Af(S.8)+AP,,(5.5)

ACE (8.8)= B ,Af,(S.8)+AP,,(S.S)a

If AfS.S)a = Af,(S.S) = Af (s.5) and

Ap,,, (S.8) = -a, ap,, (S.S)

We know under normal or steady state the two errors must be zero.

B Af(s8)+AP, (5.5) = 0

-a ., Ap,, (S.S)+ B,Ar(s.s) =0

{ 1 Bl] {Aptiel(s's)} ~0

—a;5, B,| | Af(S.S)

Here under steady state Ar & aAp, must be zero i.e. , each area has to supply
its own load by itself and errors must be zero.

If Ap, , Af is zero then |B, +4,,B|=0 the value of determinant will

tie 9

be zero otherwise if B =0& B,0 Determinant # 0 vice versa

must be zero
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MODULE V:REACTIVE POWER CONTROL

REACTIVE POWER COMPENSATION

INTRODUCTION

The modern electric utility industry began in the 1880s. On September 4, 1882, the first
commercial power station, located on Pearl Street in lower Manhattan, known as Pearl Street
electricity generating station went into operation providing light and electricity power to
customers in a one square mile area. This was a D.C power system built by Thomas Alva Edison,
which was comprised of a steam driven DC generator connected through an electrical cable
system at 110V and 59 customers spread over an approximate area with 1.5 km radius.

But now the electrical energy was generated, transmitted and distributed exclusively in
the form of alternating current (AC). The main drawback of D.C generation is that it can neither
be generated in bulk nor can be stepped up to higher levels for its efficient transmission purpose.
Development of transformers changed the intact scenario of electrical power systems. Invention
of induction motors (single phase and poly phase) by Nikola Tesla and massive increase in load
demand has been called for restructuring of power systems. The majority of the loads in the
present power system are of inductive in nature and when ever they are supplied from an A.C
source, they draw a current which is lagging by the applied voltage at an angle and immediately
power factor comes into picture.

Before discussing about the reactive power its worth revising about the concept of power
factor since both of these share a very close relation with each other

POWER FACTOR
The cosine of phase angle between the two electrical quantities such as voltage and current in an
A.C circuit is known as power factor.
For instance, consider a load supplied by a voltage V and drawing a current of magnitude I
which lags the voltage by an angle @. The phasor diagram of the circuit is given in figure-1. The
power factor of the circuit is given by,

Power Factor = Cos (0) Figure 16.1

O ICos@® A v

»
|

1Sin @

The load current I can be resolved into two components.

1. Horizontal component, I Cos @ in phase with the applied voltage V
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2. Vertical component, I Sin @, 90° out of phase with the applied voltage V

The horizontal component, I Cos @ is known as active or wattful component and the
vertical component, I Sin @ is known as the reactive or wattles component. The reactive
component is the measure of power factor. Greater the reactive component, larger the phase
angle () between the applied voltage and the current drawn by the load, hence the power factor
Cos @ is low. Therefore a circuit having small reactive current I Sin @ will have high power
factor and vice-versa.

Power factor is a characteristic of alternating current (AC) circuits. Its value is always
between (0.0) and (1.0), the higher the number the greater or better the power factor. If a purely
resistive load is connected to a power supply, current and voltage will be in phase with each
other, and the angle @ equals to zero, then consequently power factor will be unity and the
electrical energy flows in a single direction across the network in each cycle.

Inductive loads such as transformers and motors (any type of wound coil) generate
reactive power with current waveform lagging the voltage. Capacitive loads such as capacitor
banks or buried cable generate reactive power with current phase leading the voltage. Both types
of loads will absorb energy during part of the AC cycle, which is stored in the device's magnetic
or electric field, only to return this energy back to the source during the rest of the cycle.

The power factor concept can also be analyzed in terms of power drawn by the load, from the

power triangle shown in the figure - 16.2

A VICos @ B
5 >
VI VISin @
C

Figure-16.2 Power triangle
The right angled triangle ABC shown in figure — 16.2 is known as power triangle and is directly
drawn from the triangle OAB in the phasor diagram from figure -16.1. Each side of the current
triangle OAB of figure -16.1 is multiplied by voltage V, to get the power triangle ABC shown in
figure -16.2.
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From the power triangle ABC, we can obtain some basic definitions

e AB = V I Cos @, which represents Active Power (also called Actual Power or Working
Power or Real Power) and is measured in watts or kilowatts i.e., W or kW.

e BC =V ISin @, which represents Reactive Power and is measured in Volt Ampere Reactive
1.e.,VAR’s or Kilo Volt Ampere Reactive KVAR’s.

e AC =V I, which represents Apparent Power and is measured in Volt Amperes or Kilo Volt

Amperes i.e.,VAR’s or KVAR’s. It is the "vectorial summation" of KVAR and KW.

The power factor can also be defined in terms of power by inferring some points from the power
triangle. The apparent power VI has two components. One is V I Cos @ i.e., Active Power and
the other one is V I Sin @ i.e., Reactive Power at right angles to each other.
From the power triangle which is a right angled one we can write,
AC*= AB* + BC’
(Apparent power) 2= (Active power) 24 (Reactive power) 2

(kVA) % = (kW) % + (kVAR) 2

Power factor, Cos @ = AB / AC = Active power / Apparent power = kW / kVA

So the power factor can also be defined as the ratio of Active Power to Apparent Power. It is
clear from the power triangle that the lagging reactive power due to the lagging current is
responsible for the low power factor. The smaller the reactive power, higher the power factor and

vice versa.

REACTIVE POWER

In a purely resistive AC circuit, voltage and current waveforms are in phase, reverse their
polarity at the same instant in each cycle (illustrated in figure - 16.3). When reactive loads are
present (such as capacitors or inductors), energy is stored in the form of electric or magnetic
fields respectively in the loads during part of the AC cycle and results in a time difference
between the current and voltage waveforms (for a capacitor, current leads voltage; for an

inductor, current lags voltage). This stored energy returns to the source during rest of the cycle
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and is not available to do work at the load. This energy continuously flowing back and forth (to
and fro) is known as reactive power while the active power flows from one point of the network
to another. For a complete cycle, the net reactive power flow is zero as the amount of energy
flowing in one direction for half a cycle is equal to the amount of energy flowing in the opposite

direction in the next half of the cycle.

Voltage Current Average

_\ F’ﬂw7\ FPower

-

aa 180 270 380

Figure 16.3
SOURCES OF REACTIVE POWER

The chief sources of reactive power are given below.

1. Overhead Lines and Under ground Cables: When current flows through a line it produces a
magnetic field which absorbs reactive power given by (I X) where I is the current flowing
through the line and X is the reactance of the line in ohms per phase. A lightly loaded overhead
line is a net generator of reactive power whereas a heavily loaded line is a net absorber of
reactive power. But underground cables, have a small inductance and relatively large
capacitances due to closeness, large size of conductors and high relative permittivity dielectric

material used and so generate reactive power.

2. Transformers and Motors: Transformers produce magnetic fields and therefore absorb

reactive power. Inductive loads such as motors (any type of wound coil) absorb reactive power.

CAUSES OF LOW POWER FACTOR
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Circuits containing purely resistive loads such as filament lamps, strip heaters, cooking stoves,
etc., operate at unity power factor. When the power factor is 1, all the energy supplied by the
source is consumed by the load. Circuits containing inductive or capacitive elements usually
have a power factor below 1.0. When power factor is equal to O, the energy flow is entirely
reactive, and stored energy in the load returns to the source on each cycle. Good power factor is
considered to be greater than 0.85 or 85%.

1. Most of the A.C motors (any type of wound coil) are of induction type i.e., single phase
or three phase induction motors consume reactive power with current waveform lagging
the voltage and consequently operate at a poor power factor.

2. Lightening loads such as Arc lamps, electric discharge lamps, etc., operate at a low
lagging power factor.

3. Industrial heating furnaces such as Arc furnaces usually operate on the principle of
striking of arc operate at a low lagging power factor.

4. Normal power factor ballasts (NPF) typically have a value of (0.4) - (0.6). Ballasts with a

power factor greater than (0.9) are considered to be high power factor ballasts (HPF).

DISADVANTAGES OF LOW POWER FACTOR
Power factor plays a vital role in A.C circuits since power consumed depends upon the operating
power factor.
As it is evident that the Real power P =V I Cos @

I=P/V Cos @

It is clear from the above expression that, for a fixed power and voltage the load current is
inversely proportional to the power factor. Lower the power factor, higher will be the load
current and vice versa.
Low power factor results in the following disadvantages:
1. Increase in copper losses
When a load has a power factor lower than 1, more current is required to deliver the same
amount of useful energy. Copper losses (I % R losses) increase with increase in current. This
results in poor efficiency with increase in losses.

2. Large conductor size
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To transmit a given power at a constant voltage, the conductor will have to carry relatively more
current at low power factor. This obliges greater conductor size i.e. the cross-sectional area of the
transmission lines, cables and motor conductors has to be designed based on the increased
current. This involves more cost. This case is illustrated in a numerical example-1 for clear
understanding.

3. Large kVA rating

The electric machinery for example alternators, transformers, motors, switchgear etc., are always
rated in kVA. And kVA = kW / Cos . From this relation it is clear that kVA rating of the
equipment is inversely proportional to the power factor. Lower the power factor, larger will be
the kVA rating. Therefore at low power factor, the kVA rating of the equipment should be made
more, making the equipment size larger and expensive.

4. Poor voltage regulation

The large current at low lagging power factor results in greater voltage drops (IZ) in power
system components like alternators, transformers, transmission and distribution lines etc. This
increased voltage drop consequently results in poor voltage regulation and decreased voltage at
the receiving end, which impairs the performance of the consumer loads. In order to maintain
receiving end or consumer end voltages within permissible limits additional equipment like
voltage regulators, booster transformers, on load tap changing transformers etc. are required

which are expensive in nature.

S. Reduced handling capacity

Since the increase in the reactive component of current prevents the full utilization of installed
capacity, the lagging power factor reduces the handling capacity of all the elements of the
system.

6. Increases generation and transmission costs

The significance of power factor lies in the fact that utility companies supply customers with
volt-amperes, but bill them for watts. Power factors below 1.0 require a utility to generate more
than the minimum volt-amperes necessary to supply the Working Power i.e. the Real power
(watts). This increases generation and transmission costs. Utilities may charge additional costs or

penalize the customers (not domestic loads but large consumers like industries etc.,) who have a
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power factor below some limit. This case is illustrated in a numerical example-2 for clear

understanding.

LOAD COMPENSATION
In order to have an economic AC power transmission, the given transmission line should be able
to transmit as maximum power as possible. There are two main factors affecting the maximum
power transmission.
1. Synchronous machines should be remained in synchronism by maintaining power system
stability
2. Voltages should be maintained very near to their rated values inspite of the system over
loading or under loading conditions
The development of compensation techniques is making AC power Transmission technically and
economically competitive.
Load compensation is the management of reactive power to improve the quality of supply
in AC power systems. Load compensation is termed when the compensation equipment is
usually being installed at the load end for supplying reactive power rather than supplying it from
a distant generating station. The main objectives of load compensation are power factor
correction and improvement of voltage regulation.
Power factor correction: Most of the power system loads operate at lagging power factors
which implies that they consume reactive power. Therefore the load current drawn by these
inductive loads which operate at poor lagging power factors tends to be larger than required. This
excess load current is not economically justifiable as far as a consumer tariff is concerned. The
supply utilities cannot supply reactive power from their generators since it is also not
economically feasible. Therefore power factor correction plays a vital role in improving the
power factor by generating required reactive power locally (at the loads) than supplying it from a
remote generating station.
Improvement of voltage regulation: Modern power systems are sensitive for abnormal

voltages and voltage fluctuations even for shorter durations. The fundamental requirement of AC
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power transmission is to maintain the system voltage profile at rated voltage levels or within a
prescribed voltage range (+ 5% of supply voltage). All loads vary their demand for reactive
power and this variation in reactive power causes corresponding variations in voltage which is
not desirable. Therefore compensating devices which compensates the reactive power at the load

point directly has a vital role to play in maintaining supply voltages within the defined limits.

SPECIFICATIONS OF A LOAD COMPENSATOR

The factors to be considered when specifying a load compensator are given below
Maximum reactive power requirement

Rated voltage, limits of voltage constraints and accuracy of voltage regulator required
System frequency and its variation

Overload rating and withstand capacity

Time of response after a particular disturbance

S vk L=

Protection and its coordination with other protective systems and other additional control

requirements

7. Maximum harmonic distortion due to the installation of load compensator

8. Effect of unbalanced load and supply voltages on the performance characteristics of load
compensator

9. Provisions for future expansion and rearrangements

10. Reliability and redundancy of the components of the load compensator

11. Some environmental factors like: noise, temperature, humidity, pollution, wind etc.,

12. Other requirements like grounding, cabling, enclosing, indoor/outdoor installation and

cooling system

UNCOMPENSATED TRANSMISSION LINES

The study of uncompensated transmission lines starts from the fundamental transmission
line equation. Generally the transmission line is characterized by four distributed circuit
parameters such as its series resistance ‘r’, inductance ‘I’, shunt conductance ‘g’ and Capacitance
‘c’, usually per mile values. These parameters depend upon the conductor size, type, and
spacing, height above the ground, frequency and temperature which are the functions of line
design. The parameters give different values for positive sequence and zero sequence currents
and also vary according to the number of nearby parallel lines. The actual characteristic behavior
of the line is dominated by the series inductance and shunt capacitance. Series resistance is a
secondary and has a separate importance in determining power losses. Shunt conductance is
ignored and positive sequence nominal values are assumed.
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The general wave equation governing the propagation of energy along a transmission line is
given as

o)
<
\
v
N
-
.|

whesre. b'l: (Jz-fjwﬁ)(j-fjwc) s i)
Z = (7(+jtdﬁ> , Y: (3+ch)

The above equations describe the variation of the voltage and current along the line and
‘x” is the distance measured from any convenient reference point along the line. Let ‘1’ be the

length of the line and the line is assumed as lossless (r=0, g=0), the general solution of the above
equations are :

VOO =V, @5 B(l-x) +j z, T, Sp(L-x) — @)
160 =[] Sp (x> + 5, G p E-x) — @

The value of  can be determined from a propagation constant r by putting r = g= 0.

J = o(-l—J;B , o lossles s S\/STQM o = 0o
Xl: (‘31+Jco.€)(j+jwc> = = td ¢
¥ = J?
Frem  The  odove eim‘f?m

(7)

P = w/ic — (8)
to/\we R o g

= o?ﬂ_’)[‘" 277 b4 wave _

From the above equations we can understand these following things:
1. The real and imaginary parts of voltage and currents are sinusoidally varying along the line
and they are said to form a standing wave.
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2. The quantity VLC is called “Shilling Fraction” is the propagation velocity of
electromagnetic effects along the line. For overhead transmission lines its value is less than
the velocity of light =3 x 10® m/sec.

3. The quantity B is the wave number, the number of complete waves per unit length of line
and the quantity Pl is the electrical length in radians.

The constant Z, in equation (5) is the surge impedance which is also called as
characteristic impedance
Zo=(L/C) (10)

Surge impedance is defined as the apparent impedance of an infinitely long line, which
is the ratio of voltage to current at any point long it. An infinite line can be simulated by
termination any line by its surge impedance.

Therefore if,
V/I; = Zy then from equations (5) & (6)
1 | St 0-
2 Gy V00 _ B35 [esp e shp (9]
T(x —_
() :Z;{ [GsF(l_x)-}—J .S'H';F (l-xﬂ
= Zo N Cn) DLJ’(L?S Two'e)ténclq,j?‘xr
J‘F[Z-x‘]
V(*) = Vi [Cos;s (- +j Snpl-)[=Y, e =
J-JS (Z—x)

16> = % [espa0 +) SPEED] 25 e @

When the line is terminated through Z,, the amplitude of both V & I have constant values
all long the line. Therefore the line is said to have a “Flat Voltage profile”. A line in this
condition is said to be naturally loaded. The natural load or surge impedance load SIL is

v,
A
Z
Where, Py is the per phase value of surge — impedance power

Vy is the nominal line — to — line voltage
Zy is the surge impedance (real Number)

The natural load of the uncompensated line increases with the square of the voltage.
At natural load the power factor is unity at all points along the line, including the ends.

This can be deduced from equation (ii). It means that at the natural load no reactive power has to
be generated or absorbed at either end. The reactive power generated in the shunt capacitance of
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the line is completely absorbed by the series inductance. Let the per unit length generated by the
shunt capacitance is V?b = V2wC, and the reactive power per unit length absorbed by the series
inductance is I’ol. For reactive power balance of the line,

\/‘lwc = le.é

$fE -

Therefore the reactive power balance is achieved at the natural loading with Py = V2/ZO

Uncompensated line open circuited at the receiving end

Let us assume that the line is open circuited at the receiving end i.e., I; = O therefore,
V() =\ Gspt-x) — 0
and I ) = J [XZ%_-J '5?.—\"3(2—70 — (&)
With  x:=0 ; He Vo/fo:?e ond Covwn? ol He )%—z/&j
end ame  gien By
Vs = \/’1 (a5 © ; = VT( (os (Fﬂ) g (V)

Is= J 2]53”9 = J[\;]Tane
<3 ] =l = 5[ e

The voltages V; and V, are in phase with each other which implies that there is no power
transfer the phasor diagram is shown

r s

=

LY
—F

| Vo
The line voltage profile expressed by equation (16) can be written more conveniently in
terms of V.

V&) = Vg CQS?(Q"‘)

Cos ©

(19)
Sfml\a-nl\/ e Cummu\’t Fm[?’ﬁ s 3‘-’\/&« £7
TGy = | Y% Shple-) _ o)

Zo Cos ©
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The symmetrical line at no-load

“A line having identical synchronous machines connected at both ends is called
symmetrical line”.

The Symmetrical line at no-load is the line which is open circuited and energized from
one end with identical synchronous machines at both ends, but no power transfer. If the terminal
voltages are controlled to have the same magnitude, then V=V, from equations (2) and (3)

VE) =\ Gsp-D) + | 2 I STP (L-x)
el
I() = J[% St B (-0 + Iy GSB (2-x)

Weth =0
Vs =\ @38+ ] Z Iy sho
v Vy o —

With no power transfer the electrical conditions are the same at both ends. Therefore by
symmetry

[€)

=2)

I, = - 1, Ca3D

Fem Qﬂ}uu;j—-e'n (22 )

o _ =V Tn -

TS e A2 % —oy
bes—,?‘tu—’?v:j His value o Iy, ™ ?—7““7‘—'8"” (21)
213/% Y = V31 e e
and. "1@7!,31& IS = j Vs - 5/ SR - V|

z, -

Equation (25) shows that V, and V, are in phase with each other with the fact that there is
no power transfer. The current at each end is line — charging current.

The phasor diagram is shown in the figure
A Is
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By Symmetry, the mid — point current is zero and the mid point voltage is therefore equal
to the open circuit voltage of a line having half the total length.
V.
Ve B e - @D

Cés(e/;)

The voltage and current profiles for the Symmetrical line at no load can be derived from equation
VG(_) = V5 Ces 'P Cl—n)

Cocs ©

I(m):jv-s

= an% (.0~>|)

Cos ®

Wit ,ﬁ ‘he’))’aCecI L)/ .0,/02

V(x) = Vs GCsp (Y =)

(os %

and Z(x)= jVs  Stp(fh-x) o
= Cs

for x 2y

o the Sthes half of fhe boe i, Y € x <!
Vi) = v (-0

e
7 (x) = —I(ﬂ—x)

(3>

(1)

When the line is to be energized, the generator has to supply leading Vars to the line and
with that I, = O the charging reactive power at the sending end is given by

Q= Tn(wx") —— G

Usq e Vake o Is Tmem  equdfion

AV
I = = To =3
s J - owa/*sl (53)
We have
Qs = - P -En/B_z: -~ P Tan® (34)

The Charging current leads the line terminal voltage by 90° and flows in generators.
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The reactive power absorption capability of synchronous generators is limited for two
reasons.

1. Itincreases the heating of the stator core
2. The reduced field current reduces the internal emf of the generators and this impairs
stability.

The absorption limit is typically not more than 0.45 pu of the MV A rating.

Therefore, the under excited operation of generators can set a more inflexible limit to the
maximum length of an Uncompensated line than the open circuit voltage rise.

The uncompensated line under load

A load P-jQ at the receiving end of a transmission line draws the current
L, = _FJ@ Loy
Vo

From equation (2) with x = 0 if the line is assumed loss less the sending end and receiving end
voltages are related by

Vs = V Gsoe +J% $h 0 P-J® (%)
Vot

For a fixed Vi, the above quadratic equation can be solved for V. The solution shows how
the receiving end voltage varies with the load and its power factor and with the line length.

The load power factor influences strongly on the receiving end voltage. Loads operating
at lagging power factor, leading power factor (or) with unity tend to reduce the receiving end
voltage as the load ‘P’ increases. Leading power factor loads generate reactive power which
supplements the line charging reactive power and support the line voltage.

Maximum Power and Stability Considerations

Consider a symmetrical loss less line having a load of P + jQ connected at the receiving
end. The terminal voltage of such a line is related by:

< P-
Vs =V Gse 4 ]z, —2 :
n
Assuming the load to be synchronous and taking V; as reference, then

Vo = Vo) (@s 84)50m8) —— G
Where 9 is the phase angle between V; and V..

d is called the load angle or the transmission angle. Equating the real and imaginary parts of the
above equations (37) and (38)

Sthe

G7)
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V, @s b Ve Gso + Z \C/p— Sng —— (=)
N
Vo své = Z P e (40)
'Bx, meaﬁ'lﬁtana:y\j we. 3€t. Vo
P = V.j v"l <%th 6 P ——— (AI)
ZO‘S:A-F-Q

If the length of the line is electrically short,
STﬂ ’PO_ = Fﬂ = (&JJ?. l
MA Zo ST_,\FQ -.-.\\—_i';_ C&J\’LC.[ :11[«) :Xo

Where, X is the total reactance of the line.
Equation (41) therefore reduces to a very well known equation

Poe VoV o4
X
/_e'LL \/ = V}( ' ’7‘7’\U’L

2

P = Va o s%n b :_E___ ST
zZ S"U—\Eﬂ' STl’\-ﬁ.L

P is maximum when & = 90°, which depends upon the length of the line where longer the length
of the line smaller is the maximum value of P.

Let us consider a line with sending end source equivalent to a voltage source with open
circuit voltage Vi and impedance (R + jX) and a variable resistive load (R;) Connected at the
receiving end which is operating at unity power factor Now, we have to find out the value of R;
for which the power transfer is maximum

v v

Shesit Gl £ wan/f Te = :’)?-i-j)(

Z
shot Cwclt pF Gsg = K

=z
_ﬂ‘€ L‘L’LJ G_,J'DT_QA/ZL z = V‘.,

e+ £ ) +ix

2
o owent delveed - Vo i
’,b C——__R*P)l_txz)(?' & P ( J

According maxima theorem, the power delivered will be maximum when dP/dR; = 0,
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Differentiation the above power expression (44) with respect to R; and equating it to Zero we
get,

[@2+?\)Z+ X‘Z_] - R, » 5(1?+1?,) =0

2 [ 2
K +R +o21€?,+xl.. 2RR, - 2R, =0

z PR 2
2. 72 2
B +X™ = R,
L ’R‘ = Z
Substituting the above condition in the above expression of power (44) we get maximum power
i - 2
+
Py = o Z = V; = [-%-57]
@?—I—Z)ﬂ-xl R4z42rz +x”
Z
. N I, Z

}?ﬁxzzf;lj

2
R +z% 2Rz
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Let Vj be the open circuit voltage, V. when I; = 0 due to open circuited condition

Nowo From equalion  y(x) =V, Gs(D-xDp +j23 59
we _je't; B (L)
Vs =V, (05/8.4

Vs = Vs (46
COSFQ_ .

Let short circuit current Isc is the value of I, when V; = 0 due to short circuited condition.
From basic equation
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V) = Ny Gs(L-n)B )2z I, 55 (L-x )
N&jej:,
Vb = j Isc b8 S’?"'\Fi

T, = %
iz sz‘nF.l — {43
.Ja,mw&vl;] e ﬁ?»g ‘[b ho ’oss/ess , Gs Cﬁ)& -0
> = Vo Tse Vs Vs Vs 48

e - Ee— = s
< 2epl 2SR T s apl
The above equation represents loci of maximum power for different length of lines at

unity Pf.

The above equation represents loci of maximum power for different lengths of lines at
unity power factor.

Considering a general load of P + jQr connected to receiving end maintaining the
sending end voltage constant. Then the receiving end current is given by
7 P-Je.
(47

-9 =
Vs

From equation

VeI N G (OF + | 5 7 Sop (@-n) and
aéSumfﬁ Ho  Pre T e /aS_S/e&S %m(ﬁeff:

Vs =V, G:spﬁ +J % = J Pe g‘;,,/gl ——(50)
VSZ
For a particular V and line length, this will be a quadratic equation in terms of V, and consists of
two roots. The below figure — 1 shows the relation between V,/V; as a function of normalized

loading Py /Pc.

As a function of normalized loading
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From the figure we can conclude that,

w =

For any loading there are two different values of V;

There is a maximum power that can be transmitted for each load power factor.

Operating region of the power system is normally along the upper part of the curve where
the receiving end voltage is 1.0 p.u.

As the maximum power print is reached, the system voltage is reduced much more than the
increase in current and consequently there is a considerable reduction in power
transmission. The voltage then finally collapses to zero and the system at the receiving end
is considered to be effectively short circuited and so the power transmitted is Zero.

Point O corresponds to short circuit and point A corresponds to open circuit and in both
cases the power transmitted is Zero.

The short length lines can be operated without any compensating devices but the long
length lines cannot be operated without compensation because of Ferranti on of alternators
during charging of the line and finally reduction of power transfer capability of the results
in unstable operation of the power system.

COMPENSATED TRANSMISSION LINES
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Compensation means to modify the electrical characteristics of a transmission line. The
main objectives of compensation system is

1.  To produce a flat voltage profile at all loading conditions.
To increase the maximum power transmission, which in turn improves system stability.

3. To generate reactive power according to the requirement economically while reducing
supply side reactive burden.

When the surge impedance of the line is exactly equal to the actual load connected then a
flat voltage profile is achieved.

If an effective surge impedance of the line is modified to have a virtual value Zol, for
which the corresponding virtual natural load VOZ/ZO1 is equal to the actual load, then a flat
voltage profile can be achieved.

The uncompensated surge impedance is Z = VL/C

Which can be equal to v (X1 X¢)

If the series or shunt reactances X; and capacitance X. are modified by compensation

(connection of capacitors or reactors) to have a virtual surge impedance Z,' and a virtual natural
load Po1 for which

E’ = _-vo‘ = ’P CSI)

Where
P is the actual power to be transmitted
Vy is the rated voltage of the line

The compensation which performs a function of modifying Zy or Py is called as surge
impedance compensation or Zy — Compensation.

The fundamental parameters of the transmission line Zy and © influence transmission
angle § and in turn influences stability. This can be given by the below relation of power

P= Y5\ (52)
Z, SO

To achieve a flat voltage profile by virtual surge impedance compensation, Zy' is determined and
in this connection the effective value of 6 is reduced to improve stability.

sth 6

There are two compensation strategies for this, first one is to apply series capacitors to
reduce X; and thereby to reduce0, Since 0 = v (X1/Xc) at fundamental frequency. This is called
as line length compensation or © - Compensation.
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Second one is to divide the entire line into shorter sections independent of one another
which is called compensation by sectioning.

This is achieved by connecting constant voltage compensators in the sections along the
line. The maximum transmissible power of shorter sections is less than the whole line and
increase in maximum power which intun improves stability. All the above three compensations
may be used together in a single transmission line.

Compensators: General classification

Generally the compensators are classified into passive and active compensators.

Passive Compensators :

Passive compensators constitute shunt reactors, shunt capacitors and series capacitors.
Their principle of operation is to modify the natural inductance and capacitance. There are static
devices. They can be permanently connected or switched according to the specification. There
are used only for surge impedance compensation and line-length compensation. Shunt reactors
are connected to compensate for the effects of distributed line capacitance which limits the
voltage rise under open circuit or light loaded conditions.

Shunt capacitors are connected to generate reactive power which improves the voltage
profile of the system. Series capacitors are connected for line length compensation. The effect of
shunt and series capacitors on the transmission line is clearly illustrated in the preceding
sections.

Active Compensators :

Active compensators are usually shunt connected devices which maintains a constant
voltage profile at the terminals by generating or absorbing the required amount of reactive power
in response to voltage variations at the point of their connection. These are controllable devices.
Some examples of active compensators are synchronous condensers, thyristor switched
capacitors (TSC) and thyristor controlled reactors. (TCR).

The_ Sﬂ:je_ ?wfrgclance Z_ :\’—L’/c = }j:t :m

Let an inductance of Lg, be connected in shunt for compensation purpose and the net susceptance
is given by,




. ' g ' ;
Joqc = Jwe + 77— = Jwcdt 1 w¢
Je Ly, Jw, Gud)
= Jue J_wc
2
w” C Ly

w C Lsh, XLsiq

And oy, is known as the degree of shunt compensation due to compensation by the shunt

inductance Ly, the modified value of surge impedance is given by
_ ZC {'. ZC - 'JOOL
— . = Jwi
dwcé— 0(50 [l Syl (59

Similarly, if a shunt capacitance is added, then the degree of shunt compensation o, 1s added,
then the degree of shunt compensation oy, is negative. Therefore we can conclude that
compensating by shunt inductance increases the virtual surge impedance of the line and
compensating by a shunt capacitance reduces the virtual surge impedance.

Let us consider the effect of series compensation on the surge impedance loading.

Consider a capacitance Cg per unit length which is placed in series for series
compensation. Therefore the effective series reactance will be given by,

deolb - 4 G- -.JCOA
wc;e wc;e JwL
= "wz_ | _._'__
e UZ/-'CJe
::J.COL[Iﬁ Xcse
X,
= JwLl (' = e =)
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Where o, = Xcse/X) which is known as the degree of series compensation.

The virtual surge impedance due to series compensation is given by Z¢',

l: jG‘JL'('-X55> p—

Taking both series and shunt compensation cases simultaneously, we get

Now, the wave number B is also modified to B' and can be written in terms of degree of series
and degree of shunt compensations as,

;)7{: /B G"’Ge_) (’F%A) (=20

From equations (56) and (57) it is evident that

1.  For a constant degree of series compensation, capacitive shunt compensation decreases the
virtual surge impedance loading of the line.

2. Inductive shunt compensation increases the virtual surge impedance.

3. Inductive shunt compensation decreases the virtual surge impedance loading of the line.

If the inductive shunt compensation is 100% the virtual surge impedance becomes
infinite (from equation (56)) and the surge impedance loading of the line becomes zero (from
equation (57)). As we know that a flat voltage profile exists at a load which is equal to surge
impedance loading. Therefore, if inductive shunt compensation is 100% a flat voltage profile
exists at zero load, where Ferranti effect comes into picture at zero loaded conditions of a line
which can be eliminated by connecting shunt reactors. Under heavy loading conditions, a flat
voltage profile can be obtained by using shunt capacitances.

For example, if we desire a flat voltage profile corresponding to 1.25 Pc without any
series compensation, the shunt capacitance compensation required can be calculated by equation
(57)

From equation (57) where Pc1 corresponds to 1.25 P & 0te=0
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We get,

b2s = |, _ a{sl,\ [ Ky, :o]

Il - 0O
(12a5) = 1= os, > 15625 = (- edsp

0(511 = = 0:5625 pu.

Similarly a flat voltage profile can be obtained for heavy loading conditions by series
compensation also. From equation (57) assuming degree of shunt compensation O, as Zero, we
get the series compensation required for a particular loading.

For example, if we desire a flat voltage profile corresponding to 1.25 P without any
shunt compensation the series capacitance compensation required can be calculated by the

equation (57).

From equation (57) where P¢' corresponds to 1.25 P and

X z0 , we  get

].5625 = "56250(543 = i

15625 o, = 05625

0(56, - 03¢ Pru.

Generally, the voltage control of the system using series capacitors is not preferred because of
the lumped nature of series capacitors and normally used for improving stability of the system.

Distributed compensation
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The effect of distributed compensation on line charging reactive power is discussed
below.

At no load condition, the reactive power generated in the line by virtue of line charging
(Qs) has to be absorbed by the synchronous machines connected to the terminals. And Qs is

given by rewriting the equation (34) from uncompensated lines, i.e. the reactive power supplied
by the synchronous generator for a symmetrical radial line.

R = - % Tea(pl) — @

Where Bl is the electrical length in radians.

For a compensated symmetrical Radial line, the above equation can be modified as,
!
-
| 7

By virtue of substantial degree of series capacitive compensation or shunt inductive
compensation, the electrical length of the line tends to be considerable reduced enough and

therefore we can write
\ |
TEW‘\ (Fﬂ ) = ( {31 )

gz ! I
o /an(ﬁ[) P (/?[)
= A
d
Substituting the values of Pc! and (Bl)l from previous equations (57) and (58) in the equations
(59) and (60), for a compensated symmetric radial line we get,

()
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and
= Pfi- ot (-

—>68)

e . 6]

From equation (61) we can conclude that :

1.

The equation is independent of the degree of series compensation (0s). Therefore it is clear
that the series compensation has no effect on the line charging reactive power at no load,
which has to be supplied by synchronous generators connected at the terminals.

If o, = 0 which implies that there is no shunt inductive compensation, the series
compensated line generates approximately as much line charging reactive power at no load
as by a completely uncompensated line of the same length.

If the line is long enough, then the reactive power demand at no load on the terminal
synchronous generators rises and consequently the line requires series compensation as far
as stability is concerned, since the synchronous generators cannot absorb the excessive
reactive power without sacrificing their stability.

The optimal solution for this problem is to have additional inductive shunt compensation
along with the series compensation.

Consider a shunt compensation which is uniformly distributed along the line and

regulated which is similar to compensation by sectioning.

Let the line be operating at natural loading condition,

From equation (41) we can have,
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Which implies the transmission angle § equals to the electrical length of the line. Since there is
no series compensation assumed (0=0) shunt compensation could be regulated continuously
such that Pc' = P and Bll =9 at all conditions.

Now the previous equation changes to,

Substituting the values of Pc' and B from the equations (57) and (58) we get

/B/G' e ) (=% ) . {
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Of the totally shunt compensated line as show in the figure (4). The line with 100% shunt
compensation behaves exactly as a series inductance.

Figure — A illustrates that if shunt compensation could be adjusted continuously, the power
transmitted could be infinite.
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oY
N
N

:P_'j - A I:J - B
Fig A — Effect of regulated and distributed compensation
Fig B — P - 3 curves for different op.

Figure — B shows power angle characteristics for different values of shunt compensations O,
where the peak value of the power is given by

/ V()

7r7m_x =

2

v 534/3'.@

Finally, we can conclude that as power varies, the shunt compensation should also be
varied in order to have a straight line characteristic operation.

If P is varied faster as compared to the shunt compensation the system will operate along
P-8 current characteristic and the system will go to unstable for angle (5>[1/2). When P>P¢' the
shunt compensator required is capacitive.

The shunt compensation reactors increase the virtual surge impedance of the line and
hence decrease the surge impedance loading. With o, = 1 i.e., the shunt compensation is 100%
the voltage profile is flat at no load. Shunt compensating reactors cannot be distributed uniformly
along the line but normally connected at the end or at the mid point of the line at any
intermediate substation.

If switched shunt capacitors are used, they should be disconnected under light loaded
condition, otherwise they may lead to Ferro resonance when transformers are present.

The basic idea of series compensation is to directly cancel the inductive reactance of the
line, increase maximum power transmission, reduction in transmission angle and increase in
surge impedance loading. Practically it is not desirable to exceed series compensation beyond
80%. If the line is 100% compensated, the line behaves as a purely resistive element and would
result into series resonance. The location of series capacitors is also governed by economical
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factors and fault currents. And the rating will depend on the maximum fault current likely to
flow through capacitor.

SERIES COMPENSATION
Capacitors are also can be treated as chief sources of reactive power available at the load end or
receiving end. They are again classified into two types by the virtue of their mode of connection.
a) Series capacitors

b) Shunt capacitors

The main objective of capacitor placement whether they are connected in series or parallel is to
compensate reactive power and to consequently improve power factor and voltage profile of the

system.

The series capacitors (capacitors which are connected in series with the lines) directly neutralize
the inductive reactance of the system to which it is connected. Since the effect of series capacitor
can be considered as a negative reactance in series, the net impedance will be Z' = R + j (Xp -
X,). And therefore the voltage drop IZ' is reduced. Application of a series capacitor to a feeder

and its vector diagram representation is shown in figure-4(a) and figure-4(b)

Without series capacitor With Series capacitor
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R XL I R XL X I
VS Vr VS Vr

IRCos & IX; Sin @ | IR Cos @ Sﬁ
I(X.. Xc)Sn @
Fig — 4(a) Without series capacitor Fig — 4(b) With series capacitor

Voltage drop of the feeder without series capacitor is expressed as
Vp=IRCos®@ + IX; Sin @
Where, R = Resistance of the feeder
X;= Inductive reactance of the feeder
@ = angle between the receiving end voltage V, and current I in the feeder
Resultant Voltage drop of the feeder with the application of series capacitor is
V'p=1R Cos @ + I(Xy . Xc) Sin @

Where, Xc = Capacitive reactance of the series capacitor

Since after placing a capacitor in series with a feeder the resultant impedance will be
Z'=R+j(XL—Xo).

Therefore I X, is the reduction in the voltage drop after series compensation.

o If Xi=X.then V)b =1* R i.e., the line has only resistive drop owing to the resistance of

the line and zero inductive drop.
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e If Cos @ =1 then Sin @ = 0 and therefore, I(X; .Xc) Sin @ =0and Vo =IR . In such
unity power factor applications, series capacitors have practically no value.

e To decrease the voltage drop considerably between the sending end and the receiving end
by applying a series capacitor then the power factor should be lagging.

e For long transmission lines where the net reactance is high, series capacitors are effective

for enhancing system stability

SHUNT COMPENSATION

The shunt capacitors (capacitors connected in parallel with the lines) are widely used in
distribution systems for compensating reactive power and to improve power factor. Shunt
capacitors draw a leading current which counteracts lagging component of the inductive load
current (some or the entire part) at the point of installation. Thus it modifies the characteristics of
inductive load by drawing leading current. A shunt capacitor has a similar effect as an

overexcited synchronous generator or a motor. Application of a shunt capacitor to a feeder and

its vector diagram representation is shown in figure-5(b) and figure-5(b)

r =,

| | .

Fig — 5(a) Without shunt capacitor Fig — 5(b) With shunt capacitor

Voltage drop of the feeder without shunt capacitor is expressed as
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Vp=Ir R+ Ix XL
Where, R = Resistance of the feeder
Xi= Inductive reactance of the feeder
Ir =real power component of the current (in phase)
Ix = reactive component of current (out of phase, lagging the voltage by 90°%)
Resultant Voltage drop of the feeder with the application of shunt capacitor is
Vp=Ig R+ Ix Xy - Ic XL
Where, Ic = reactive component of current leading the voltage by 90° (out of phase)
The voltage rise due to the installation of shunt capacitor can be expressed from the difference
between the above two expressions
Vr=Ic XL Volts.

POWER FACTOR CORRECTION

Loads on electric power systems include two components like real power and reactive
power. Real power is exclusively generated at generating stations and reactive power can be
generated either by generating plants or at the load side through capacitors. When the reactive
power is supplied by power plants then the size of each system component like generators,
transformers, transmission and distribution lines, and protective equipment will be greater than
before and it is not economically feasible. Application of shunt capacitors can diminish all these
conditions by decreasing reactive power demand on generators. There are released generation,
transmission and distribution substation capacities, reduction in losses and loadings in lines and
distribution transformers owing to reduction in line currents from capacitor locations. Shunt
capacitors are the most economical sources to meet the reactive power requirements of inductive
loads and transmission lines operating at lagging power factor.

Assume that a load is supplied with a real power P, lagging reactive power Q; and
apparent power S; at a lagging power factor of

Cos @ =P/ S,
Cos @ =P/ (P*,Q*) "

Y
Y

as

Q:=Q-Qc¢ C Q:
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LOAD
FIG — 6 Illustration of power factor correction

Qc kVAR is installed across the load, then the reactive power of the load is compensated and

the net reactive power will be Q, = Q; — Q¢ and consequently power factor is corrected

(improved) from Cos @ to Cos ».
The new corrected power factor is expressed as,

Cos @, =P/S,
Cos B, =P/ (P*, Q)"
Cos @, =P/[P*, (Qi-Qc)*1”

P

n

0, T

O

Sz

Q:
’ Q:
Qc
St

Fig-7 llustration of power factor correction

Therefore we can conclude that by connecting a capacitor across the load and supplying a
reactive power of Q., the apparent power is decreased from S; kVA to S, kVA and the reactive
power is decreased from Q; kVAR to Q, kVAR

NUMERICAL EXAMPLE
Example 3
Assume a 4 kV single phase circuit which feeds a load of 450 kW and operates at a lagging

power factor of 0.75. If it is desired to improve the power factor, determine the following.
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a) The reactive power consumption.
b) The new corrected power factor after installing a shunt capacitor bank with a rating of
400 kVAR
Solution:
Before the installing shunt capacitors for power factor correction,
The current drawn by the load can be calculated by
P=VICos @,
450 =4*1*0.70
1=450/4*0.70

I =160.714 A
Apparent power =S; =V * [
=4*160.714
=642.85 kVA
a) Reactive power consumption can be calculated by
Qi =S * Sin @ [ Cos @= 0.70, therefore @ = 45.57° |
= 642.85 * Sin (45.57°)
= 459 kVAR
After power factor correction by installing 450 kVAR Capacitor bank
Q=Qi-Qc
=459 — 400
=59 kVAR

b) Therefore the new corrected power factor can be calculated by
Cos @,=P /[P’ +(Qi- Qo) 1"
=450/[ 450°+59° 1"
=450/453.85
=0.9915 or 99.15 percent.
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ADVANTAGES AND DISADVANTAGES OF DIFFERENT TYPES OF COMPENSATION

EQUIPMENT FOR TRANSMISSION SYSTEMS

S.NO COMPENSATING ADVANTAGES DISADVANTAGES
EQUIPMENT TYPE
1 Synchronous Offers flexibility for all load | Size of the machine
Generator conditions increases and this method
Smooth variation of |[1s not  economically

generation of reactive power | feasible.

2 Shunt Reactor Simple in construction and | Fixed value of degree of
(switched or fixed) | principle of working series compensation

3 Shunt Capacitor Simple in construction and | Fixed value of degree of
(switched or fixed) | principle of working shunt compensation

Switching transients may
occur
Step by step variation of

generation of reactive

power
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Series Capacitor

Simple in principle of
working

Performance is insensitive to
location when compared to

shunt compensation

Fixed value of degree of
series compensation
Limited overload capacity
Requires over voltage
protection and sub
harmonic filters

Installation is relatively

not easy
Synchronous Completely controllable High maintenance
Condenser Flexible in compensation required

Good over load capacity

Induces less harmonics

Slow response to control
Performance sensitive to
location

Requires strong

foundations

Thyristor controlled

reactor (TCR)

Very fast response
Completely controllable
Flexible in compensation
Can be rapidly repaired after
failures.

No effect on fault level

Generates harmonics
Performance sensitive to

location

Thyristor switched
capacitor (TSC)

Can be rapidly repaired after
failures.
Induces no harmonics into

the system

No absorbing capability to
limit over voltages
Complex controls

Problem of low frequency
resonance with the system
Performance sensitive to

location

Polyphase saturated

reactor

Rugged construction
Good overload capability

No effect on fault level

Noisy in operation
Performance sensitive to

location
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Can be rapidly repaired after | Essentially fixed in value
failures. of compensation
Induces less harmonics into

the system

VOLTAGE CONTROL

INTRODUCTION

For satisfactory operation of the general power system loads like lamps, motors etc., it is
essential that the voltage at the consumer terminals should be maintained constant (or) within
prescribed limits (+ 6% of supply voltage). Large variations in the voltage cause inefficient
operation and malfunctioning of several consumer appliances. Even the maximum power transfer
for long lines is limited by the magnitude of voltages at both sending and receiving ends,
reactance between both ends and the sine of angle between the two voltages. The primary reason
for voltage variation is the variation in the connected load on the system. With the increase in the
connected load on the supply system the voltage falls since there is an increase in the voltage
drop due to voltage drop in the alternator synchronous impedance, transmission line transformer
impedance, feeders and distributors. If the connected load suddenly falls, then the voltage also
rises.

In order to maintain the voltage within prescribed limits, voltage control equipment
should be placed at suitable locations such as generating stations, transmission substations,
intermediate switching stations, distribution substations supplying to feeders etc., since the
transmission and distribution network is a geographically extensive one. The voltage control
equipment is located or provided at more than one point in the power system.

In a DC system, the DC voltage can be controlled very easily by employing over —
compound generators in case of feeders of equal lengths. For different length feeders and
unequal voltages series wound DC Generators also called as feeder boosters are used.
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EFFECT OF REACTIVE POWER ON VOLTAGE

Consider a transmission network comprising of a resistance R, reactance X, impedance Z,
sending end voltage (V) and receiving voltage (V,) and power angle (3). Let us derive the
relation for reactive power and the system voltage from the below phasor diagram.

From the phasor diagram, we can write that,
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The arithmetic difference between the sending end voltage V and receiving end voltage
V. is approximately given by (RP + XQ) / V;

Assuming the line to be a loss less line, where R =0

Ve (Vs = V91>

V.-v, = X% @) | q-
X

From the above relations we can conclude that the reactive power flow depends primarily
on the arithmetic difference between the sending and receiving end magnitudes and it flows from
higher voltage end to the lower voltage end.

METHODS OF VOLTAGE CONTROL
In an AC supply system, the voltage can be controlled by the following methods.

1. Excitation control through voltage regulators at generating stations.

Employing Tap changing transformers at both sending and receiving end of the
transmission lines, industries, substations (both distribution x Transmission).

Employing Booster Transformers.

Use of Induction regulators.

Inserting series capacitors in long EHVAC transmission lines.

Employing Switched or Fixed shunt Capacitor banks.

Switching in shunt reactors during light loads.

Use of synchronous condensers and thyristorised control for step less control of reactive
power and voltage.

N

e A

EXCITATION CONTROL

The terminal voltage of the alternator varies when the load on the supply system changes
which is due to voltage drop in the synchronous impedance of the alternator. The voltage of the
alternator cannot be controlled by adjustment of speed, as they have to be run at a constant
speed. So the voltage of the alternator can be controlled by using excitation regulation which can
be regulated by use of automatic or hand regulator acting in the field circuit of alternator exciter.

The quick acting voltage regulators based on the over-shooting the mark principle gives
the quick response which cannot be obtained either by variation of field circuit resistance or
change in exciter voltage due to high inductance of alternator. There are two types of automatic
voltage regulators. They are
1. Tirril regulator and
2. Brown — Boveri regulator

1. Tirril Regulator: A vibrating type voltage regulator.
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The control can be possible by rapidly opening and closing a shunt circuit across the
exciter rheostat. In which a fixed resistance is cut in and cut out of the exciter field circuit of the
alternator.

2. Brown - Boveri Automatic voltage Regulator:

It works on the principle of the “Over shooting the mark™ but differs from Tirril
Regulator. In Tirril regulator the resistance is first completely inserted them completely cut out
whereas in this type, the regulating resistance is gradually varied in small steps. The system
remains rest under steady conditions and the maintenance is less when compared to Tirril
regulator.

The excitation control method is limited to small isolated systems because the system
becomes unstable if the excitation is below a certain level and also it causes over heating of the
rotor if the excitation is above certain level.

TAP CHANGING TRANSFORMERS

As the excitation control method is limited only to small isolated systems, we have to go
for other methods for long transmission lines. One method among them is a Tap changing
transformer one which is usually employed where main transformer is necessary

The basic principle is based on changing the ratio of transformation, which can be
obtained by adjusting the turns on the primary or secondary depending upon the requirement.

Principal tapping is one in which the tapping on the hr winding when connected to rated
voltage gives rise to rated voltage on the LV side.

Positive tapping, is tapping in which the number of turns are more than that of principal
tapping whereas a negative tapping is one in which the tapping have loss number of turns than
the principal tapping.

Most of the transformers carry rated KVA on over voltage tap and rated current on a
reduced voltage tap.

Generally tapping is provided on high voltage side due to following reasons.

1. Smooth and fine control output voltage can be possible as the number of turns on HV
side is more.

2. Owing to insulation constraints the LV winding is placed nearer to the core and therefore
it is difficult to tap LV winding.

3. Tap chargers on HV side has to carry low currents though it will need more insulation.

Generally there are two types of tap changing’s

OFF load tap changing.
ON load tap changing.

[\

1. OFF load tap changing :
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In this method, there is a need to switch off the supply to the transformer whenever the
tap changing takes place. This can be carried out by manually operated switches. This is a very
economic method of changing the turn — ratio of a transformer. This is used for occasional
adjustments in distribution transformers which are provided with + 5% and + 2% taps.

2. ON Load Tap Changing :

Almost all the power transformers of large ratings use this type of tap changing. This is
based on the principle that, the tap changing on the transformer takes place while delivering the
load. The operation can be possible either by local or remote control and also a handle is filled
for manual operation in case of emergency if necessary.

The main features of an on-load tap changer is that there is no need to open the main
circuit whenever sparking takes place and also no part of the tapping should get short circuited.
They are provided with an impedance to limit the short circuit current during the operation.

In general they are also called as resistor or reactor type on-load tap-changers, because in
place of impedance they use either resister or centre — tapped reactor. Now days, they are
designed by a pair of resistors, which invariably limits the current.

BOOSTER TRANSFORMER

If the voltage of a feeder has to be controlled at a point far away from the main
transformer and if there is no provision for a tap changing gear in the main transformer then we
have to use a special transformer which is known as Booster transformer. The primary of booster
transformer is supplied from the secondary of the regulating transformer which is fitted with on
load tap changing gear. The regulating transformer output is connected to the primary of the
booster transformer in such a way that the voltage injected in the line is in phase with the supply
voltage. The system becomes expensive if the regulation is required at a point where a main
transformer is to be placed and it also requires more floor space and increases the losses.

INDUCTION VOLTAGE REGULATORS

Induction voltage regulator works on the idea of rotating the primary with respect to secondary.
In an Induction voltage regulator the secondary voltage can be varied from zero to maximum
value by adjusting the position of the primary - coil axis with respect to the secondary — coil axis,
which in turn depends upon the ratio of turns in the two windings. This is also known as step —
down transformer. Generally, in this regulator the secondary is connected in series with the
circuit and the primary is connected across the circuit to be regulated. They may of single-phase
or three-phase and consists of stator and rotor.

The main advantages of this type of voltage control are:

1. They have simple and rugged construction.

2. It gives reliable operation

3. The load and power factor variations do not effect its operation.

4. It provides smooth voltage variation without any arcing or short — circuiting of turns.
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The main disadvantage is that it is more expensive than the transformers with tap-
changing mechanism. Also they have small magnetizing currents.

The most important application of induction voltage regulator is in distribution systems to
maintain the load voltage at a constant value under all load conditions.

SHUNT REACTORS

Shunt Reactors are generally used to control steady state over voltages when operating
under light-load conditions. The reactive power generated by the capacitance causes high
voltages if the shunt reactors were not employed. The shunt reactive compensation is kept
permanently in order to avoid over voltages and insulation stresses followed by sudden load
rejection. The shunt reactors reduce the power transfer capability of the line. Generally they
appear like power transformers. They are connected to the low — voltage tertiary winding of a
transformer through a suitable circuit breaker. Generally, oil immersed magnetically shielded
reactors with gapped core are employed.

STATIC SHUNT COMPENSATION

Due to recent advances in power electronics and their component ratings these
compensating techniques are provided to be far superior and have a step less control of variable
compensation. A thyristorised control of shunt reactors and capacitors is provided. The stability
improvement and transient voltage control can be possible by using static VAR system (SVS).

The thyristors in capacitor control are made to conduct for long time during peak load
period and the thyristors in reactor circuit are made to conduct for long time during light-load
period. Therefore step less variation of shunt compensation can be obtained by using static
compensation.

SYNCHRONOUS CONDENSERS

Generally synchronous condensers are specially designed synchronous motors, which are
used to control receiving end voltage of a transmission line. According to the load on the
transmission line, by varying its excitation the watt less kVA is automatically varied. Due to low
losses the efficiencies of these machines are high and hence they draw less current. The phase
angle between applied voltage and current is 90°. The main advantages of synchronous
condensers are:

1. Both ends of transmission line can be maintained with same voltage.
2 At heavy loads power factor can be improved.
3. As high terminal reactances are used better protection is possible to the line.

The main disadvantages are supply interruption increases if synchronous condenser
comes out of synchronism and also short-circuit current increases.

The effect of series and shunt capacitors has been discussed earlier in this chapter.
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MALLA REDDY ENGINEERING COLLEGE (AUTONOMOUS)
IV B.Tech I semester End Examination

Department of Electrical & Electronics Engineering

MODEL QUESTION PAPER
Subject: Power System Operation and Control (PSOC) Max. Marks: 60
Duration: 3 Hours Marks: 60
PART-A
Answer All Questions 5X2 =10Marks

1. What are the assumptions of B —Coefficients?
2. Define Spinning Reserve?

3.Define Speed Governor

4. What Is Control area concept?

5. What are the disadvantages of Series Compensation?

PART B 5X10=50Marks
Answer any 5 out of 8 Questions

1. Derive and expression for Transmission loss and explain the Significance of penalty factor?

2. Explain about Hydro Thermal co-Ordination with necessary equations?

3. Draw the complete block diagram for Single area load frequency control system and explain in detdi

about Steady State analysis for controlled case with necessary equation?

4. Deduce the expression for static frequency and tie line power in an identical two area system.
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CASE STUDY; A Study Of Power System Security And Contingency Analysis

An important factor in the operation of a power system is the desire to maintain system
security. System security involves practices suitably designed to keep the system operating
when the components fail. An operationally “secure” power system is the one with low
probability of system blackout or equipment damage. A secured system is one which has the
ability to undergo a set of disturbances without getting into an emergency condition. In other
word a normal operating condition of a power system is considered to be secured if there is
neither any occurrence of over loading of any neither equipment nor transient instability due
to a set of credible contingency. The secured condition satisfies not only the loading and
operating constraints but a third set of constraints known as the security constraints. In the
modern days the power system is becoming wide and complex. Contingency Analysis (CA)
is critical in power system analysis. This work reviews the techniques for contingency
analysis based on line flow analysis. Contingency analysis is performed considering the line

and generator outage contingencies, in order to identify the effect




