POWER FLOW ANALYSIS
Aim:
Power-flow or load-flow studies are important for planning future expansion of power
systems as well as in determining the best operation of existing systems. The objective of a
power flow study is to calculate the voltages (magnitude and angle) for a given load,
generation, and network condition. Once voltages are known for all buses, line flows and
losses can be calculated

Pre-Test:
1. What percentage of buses in the power system are generator buses?
a. 5%

b. 25%

c. 70%

d. 10 %

2. Why are load flow studies carried out?
a. To study of stability of the system
b. For fault calculations
c. For planning the power system
d. All of these
3. Which among the following buses constitute the maximum number in a power system?
a. Slack bus

b. P Q bus

c. P V bus

d. All of these

4. In load flow analysis, the load connected at a bus is represented as
a.
b.
c.
d.

constant current drawn from the bus
constant impedance connected at the bus
voltage and frequency dependent source at the bus
constant real and reactive drawn from the bus

5. For a transmission line with negligible losses, the lagging reactive power (VAR) delivered
at the receiving end, for a given receiving end voltage, is directly proportional to the
a.
b.
c.
d.

square of the line voltage drop
line voltage drop
line inductive reactance
line capacitive reactance

Theory:
Structure of Power System
The power system is a network which consists of generation, distribution and transmission
system. It uses the form of energy (like coal and diesel) and converts it into electrical energy.
The power system includes the devices connected to the system like the synchronous
generator, motor, transformer, circuit breaker, conductor, etc.

Bus Admittance Matrix:
In a power system, Bus Admittance Matrix represents the nodal admittances of the various
buses. With the help of the transmission line, each bus is connected to the various other
buses. Admittance matrix is used to analyse the data that is needed in the load or a power
flow study of the buses. It explains the admittance and the topology of the network. The
following are the advantages of the bus admittance matrix.
1. The data preparation of the bus admittance matrix is very simple.
2. The formation of the bus admittance matrix and their modification is easy.
3. The bus admittance matrix is a sparse matrix thus the computer memory requirement
is less.

The amount of current present in the bus can be calculated with the help of formation of the
Admittance matrix. It is expressed as shown above. In the simplest form, the above matrix
can be written as shown below.

Where,
•
•
•

I is the current of the bus in the vector form.
Y is the admittance matrix
V is the vector of the bus voltage.
Let us consider the figure given below.

From the above figure, the (3×3) admittance matrix is formed as shown below.

The diagonal elements of the Bus Admittance matrix are known as self-admittances and the
off-diagonal elements are known as mutual admittances.
Steps for Solving Bus Admittance Matrix
The following steps given below are used to solve the Admittance Matrix.
• First of all, form the bus Admittance matrix.
• Select the reference bus to solve the network.
• Define the known variables for all the other types of buses.
• Assign the initial values for the voltage and angle for all the buses.
• Calculate the power mismatch vector and power injection current.
• Apply the various iteration methods like Newton-Raphson, Gauss-Siedel etc.
• Check the mismatching vector that whether it is within the prescribed limit of 0.001
per unit. If yes, then stop the procedure and if no then continues the steps of iteration
to obtain the new values.
• Recheck the values again, whether the obtain values are within the limit.

Real And Reactive Power Balance Equations
Minimum input data for power flow analysis:
Bus data (types of buses explained in bus types):
For PV buses:
▪
▪

Real power (generation and demand),
Voltage magnitude.

For PQ buses:
▪
▪

Real power (generation and demand),
Reactive power (generation and demand).

For slack bus:
▪
▪

Voltage magnitude (usually 1 per unit),
Voltage angle (specified to be zero),

Line data:
Transmission lines:
▪
▪
▪

Resistance,
Reactance,
Capacitance (can be negligible).

Transformers:
▪
▪
▪
▪

Winding resistances on low and high voltage side,
Leakage reactance on low and high voltage side,
Magnetization reactance,
Iron loss admittance

Power flow analysis provides following output data at each node
•
•
•
•

Voltage magnitude,
Voltage angle,
Real and reactive power,
Power losses.

Bus types
Depending, upon which two variables you specify, the buses (nodes) can be categorized into
three categories:
•
•
•

Slack bus (swing or reference bus),
PQ bus (also called as load bus),
PV bus. (generator bus)

Bus
types

Quantities
specified

Unknown
variables

Slack

|V|,δ,

PG,QG

PQ

P,Q

|V|,δ

PV

|V|, P

δ,Q

Slack bus
There is only one slack bus in system under consideration. Slack bus always has a generator
attached to it, with no exception. Normally this generator is biggest in the system. Its two
main tasks is to:
•
•

Serve as the reference for voltage angle,
Balance generation, load and losses, because the power losses are not known until end
of load flow calculation. Slack bus needs to supply losses.

PQ bus
PQ buses also called as load buses and may contain generators with specified real and
reactive power outputs.
PV bus
Have generator connected to them. The PV buses can have voltage control capabilities and
uses a tap-adjustable transformer and and/or VAR compensator instead of generator.
PV buses are also called as voltage controlled buses.

Load flow problem
To put it simple, let’s look on the exemplary system:
•

Has network of nodes (buses) and branches (lines or transformers),

•
•
•
•

Has consumers (loads), which are withdrawing power at nodes,
Has suppliers (generators), which are injecting power at nodes,
Has a defined node voltages which determine branch flows,
Needs to meet a requirement that branch flows out of a node must equal the net
nodal injection (generation-demand) by Kirchhoff Current Law.

Each network node is described by four main variables:
•
•
•
•

Vi voltage magnitude
δi voltage angle
Pi real power
Qi reactive power

In other words, the network can be represented by phasors:
•
•

Vector of complex bus voltages, |V| e jΘ
Vector of complex bus power injections, S=P+jQ

where:
n - number of buses
j=1,2,3...n, i=1,2,3...n
Why non-linear?
Because voltages are squared and cosine and sine functions are themselves non-linear. We
have four variables unknown (real power, reactive power, voltage magnitude and angle at
each bus, so the number of unknown variables is 4xn. The number of variables are double
than the number of equations. In order to solve it we need to assume 2n variables based on a
system knowledge. These non-linear algebraic equations can be solved by using iterative
numerical techniques.

Load flow calculation – step by step
We can set following general steps in order to describe load flow calculation:
1.
2.
3.
4.
5.
6.
7.

Specify values of elements for network components
Specify place, values and constraints for loads in the power system
Define specifications and constraints for generators in the power system
Establish a math model describing load flow in the power system
Solve the model equations for the voltage profile of the power system
Solve the model equations for the power flows and losses in the power system
Verify if there are some constraint violations

Load flow assumptions, constraints and limitations
The steady state operation of a three phase power system is characterized by balanced
conditions. All electrical elements are three phase symmetric objects. Because of that only
positive sequence network in load flow studies are considered
Assumptions for load flow calculation:
•
•
•

System is in steady state (no transient changes)
Three phases system is assumed to have balanced loading
Per-unit system is used for simplification

Numerical solution of load flow problem
The number of nodes in real power systems is so high that the calculations are too complex to
make it by hand. So, numerical methods are used. Main iterative numerical methods to solve
non-linear algebraic equations (load flow equations) are:
•
•

Gauss-Seidel
Newton-Raphson

Gauss-Seidel
The Gauss- Seidel method is modification of the Gauss-iteration method. This method is an
iterative method used to solve the non-linear equations in power flow studies. In this method
firstly initial guesses of voltage values are taken. The values of the particular variables by
putting the initial guesses into equation are calculated. After that, initial guess value is
replaced by new value that was calculated previously. The same procedure repeated again
and again until iteration solution converges.
Advantages
•
•

Faster, more reliable and results are accurate,
require less number of iterations

Disadvantages:
•
•
•

More calculations involved in each iteration
Require large computation time per iteration
Large computer memory

Flow chart for the Gauss-Seidel

Newton-Raphson Method
The power flow problem can also be solved by using Newton-Raphson method. In fact,
among the numerous solution methods available for power flow analysis, the NewtonRaphson method is considered to be the most sophisticated and important. Many advantages
are attributed to the Newton-Raphson (N-R) approach.
Gauss-Seidel (G-S) is a simple iterative method of solving n number load flow equations by
iterative method. It does not require partial derivatives. Newton-Raphson method is based on
Taylor’s series and partial derivatives.
Flow Chart for NR Method

Advantages:
•

The N-R method is recent, needs less number of iterations to reach convergence,

•

Takes less computing time hence computation cost is less and the convergence is
certain.

•

The N-R method is more accurate, and is insensitive to factors like slack bus
selection, regulating transformers etc.

•

The number of iterations required in this method is almost independent of the system
size.

Disadvantages:
•

More calculations involved in each iteration resulting in large computing time per
iteration

•

Large requirement of computer memory but the this drawback has been overcome
through a compact storage scheme.
PROPERTIES

GS METHOD
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Convergence rate

Slow

Fast
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POST MCQ
1. Which among the following quantities are to be determined in voltage controlled bus?
a. P and Q
b. Q and |V|
c. |V| and δ
d. Q and δ
2. Which among these quantities are to be determined in slack bus?
a. P and Q
b. Q and |V|
c. |V| and δ
d. Q and δ

3. The voltage of a particular bus can be controlled by controlling the
A. Active power of the bus
B. Reactive power of the bus
C. Phase angle
D. All of the above
4. Advantages of gauss siedel method is/are
a)
b)
c)
d)

calculation time for each iteration is less
number of iterations are less
applicable for large power system network
all of the above

․
5. Normally Z bus matrix is a
a)
b)
c)
d)

null matrix
sparse matrix
full matrix
unit matrix

Conclusion
Load flow study is the main part of analysis in the power system.From the power flow
solution, we managed to get voltage magnitude and phase angle on each bus, real and
reactive power for each generator buses and load buses. The data is useful for planning and
future expansion of power system network
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Assignments:
1.
2.
3.
4.
5.

What is meant by load flow analysis?
What is the purpose of load flow analysis?
What is the need of slack bus in power system?
What are the iterative methods to solve load flow problem?
What is the need of convergence factor in load flow analysis?

STABILITY CONSTRAINTS IN SYNCHRONOUS GRIDS
Aim and Objectives:
•
•

The objective of transient stability studies is to determine whether or not the system
will remain in synchronism following such disturbances.
The overall objective of power system operation is reliable supply of electrical energy
to a passive consumer. Modern energy systems combine this objective with the goal
of a sustainable and economical allocation of energy sources.

PRE-TEST
1. What is transient stability limit?
a. The maximum flow of power through a particular point in the power system without loss of
stability when small disturbances occur.
b. The maximum power flow possible through a particular component connected in the power
system.
c. The maximum flow of power through a particular point in the power system without loss of
stability when large and sudden disturbances occur
d. All of these
2. What is steady state stability limit?
a. The maximum flow of power through a particular point in the power system without loss of
stability when small disturbances occur.
b. The maximum power flow possible through a particular component connected in the power
system.
c. The maximum flow of power through a particular point in the power system without loss of
stability when sudden disturbances occur
d. All of these
e. None of these
3. Which among these is a classification of power system stability?
a. Frequency stability
b. Voltage stability
c. Rotor angle stability
d. All of these
e. None of these
4. What is power system stability?
a. The maximum power flow possible through a particular component connected in the power
system.
b. The ability of the power system to regain the state of operating equilibrium point when the
system is subjected to any disturbances.
c. It is a phenomenon in which a power system losses its operating equilibrium when subjected to
large disturbances.

d. All of these
e. None of these
5. The Power Systems are operated with power angle around
a.
10 degree
b.
30 degree
c.
70 degree
d.
80 degree

Theory:
Concept of Stability
Stability is essentially the ability of a system to recover from disturbances, both large and small,
and settle to an acceptable equilibrium. Randomly occurring load changes, faults resulting in line or
generator tripping and changes in reference values of regulating controllers, are examples of
disturbances.
One should note that equipment constraints are distinct from stability constraints in the sense that
even though an equilibrium condition may exist (which is within equipment constraints), a system
may not be able to "settle down" to it if it is perturbed or initially away from it.
If a system is not stable for even small disturbances, it cannot be operated at all since there are
always small and random perturbations in the system due to load variations
If a system is stable for small disturbances but unstable if the disturbances are "large", then the
system can be operated. However, the system may not be secure, i.e., it may be unstable if a large
enough disturbance does actually occur.
An interesting physical characteristic of interconnected synchronous generators is their ability to
generate restoring torques when disturbed from equilibrium. These torques ensure that all machines
stay in synchronism. Generator electrical speeds become equal in steady state. Equivalently, the
phase angular differences between ac voltages at various points become constant if machines stay
in equilibrium.
However, the restoring torques can become zero or negative for very large disturbances. This can
result in machines falling out of step (i.e., they lose synchronism - the machines do not settle to the
same electrical speed; this makes operation unviable. Sometimes, due to presence of automatic
controllers, damping of the rotor oscillations is inadequate or negative, causing growing or
sustained oscillations ('hunting') and may also lead to loss of synchronism.
The problem of loss of synchronism between synchronous machines is also known as the "angular
stability problem". Note that if machines lose synchronism, then the phase angular difference
between ac buses in the system will not settle to constant values.

SMIB System
A Single - Machine Infinite Bus system (SMIB), is an oversimplified model of a power system but
it helps us to understand the essence of the large disturbance angular stability problem. The SMIB
system represents a small generator connected to a large power system. The large power system is
represented by an infinite bus (fixed voltage source with a constant frequency). The generator itself
is represented as a constant magnitude voltage source behind its transient reactance. The infinite
bus voltage is assumed to have a frequency wo. The phase angle of the internal voltage E with
respect to the infinite bus is given by d. Note that this angle will change if the relative frequency
between the generator and infinite bus changes.
Thus, if d does not reach a steady state value after a disturbance, then it implies that the generator
has lost synchronism, or equivalently, is angular unstable.

Xe is the transmission line reactance in ohms

Swing Equation
The transient stability of the system can be determined by the help of the swing equation. Let θ be
the angular position of the rotor at any instant t. θ is continuously changing with time, and it is
convenient to measure it with respect to the reference axis shown in the figure below. The angular
position of the rotor is given by the equation

Where,
θ – angle between rotor field and a reference axis
ws – synchronous speed
δ – angular displacement
Differentiation of equation (1) gives

Differentiation of equation (2) gives

Angular acceleration of rotor

Power flow in the synchronous generator is shown in the diagram below. If the damping is
neglected the accelerating torques, Ta in a synchronous generator is equal to the difference of
mechanical input shaft and the electromagnetic output torque, i.e.,

Where,
Ta – accelerating torque
Ts – shaft torque
Te – electromagnetic torque
Angular momentum of the rotor is expressed by the equation

Where,
w- the synchronous speed of the rotor
J – moment of inertia of the rotor
M – angular momentum of the rotor
Multiplying both the sides of equation (5) by w we get

Where,
Ps – mechanical power input
Pe – electrical power output
Pa – accelerating power
But,

Equation (7) gives the relation between the accelerating power and angular acceleration. It is called
the swing equation. Swing equation describes the rotor dynamics of the synchronous machines and
it helps in stabilizing the system.

Power-Angle Curve
Consider a synchronous machine connected to an infinite bus through a transmission line of
reactance Xl shown in a figure below. Let us assume that the resistance and capacitance are
neglected.

Let,
V = V<0⁰ – voltage of infinite bus
E = E<δ – voltage behind the direct axis synchronous reactance of the
machine.
Xd = synchronous / transient resistance of the machine
The complex power delivered by the generator to the system is
S = VI

,

Active power transferred to the system

The reactive power transferred to the system

The maximum steady-state power transfers occur when δ = 0

The graphical representation of Pe and the load angle δ is called the power angle curve. It is widely
used in power system stability studies. The power angle curve is shown below

Maximum power is transferred when δ = 90 degree. As the value of load angle δ is above 90,
Pe decrease and becomes zero at δ = 180degree. Above 180degree, Pe becomes negative, which
show that the direction of power flow is reversed, and the power is supplied from infinite bus to the
generator. The value of Pe is often called pull out power. It is also called the steady-state limit.
The total reactance between two voltage sources E and X is called the transfer reactance. The
maximum power limit is inversely proportion to the transfer reactance.

Equal Area Criteria
The equal area criterion is a simple graphical method for concluding the transient stability of twomachine systems or a single machine against an infinite bus. This principle does not require the
swing equation for the determination of stability conditions. The stability conditions are recognized
by equating the areas of segments on the power angle diagram between the p-curve and the new
power transfer line of the given curve.
The principle of this method consists on the basis that when δ oscillates around the equilibrium
point with constant amplitude, transient stability will be maintained.
Starting with swing equation

where, M = Angular Momentum
PE = Electrical Power
PS = Mechanical Power
δ= Load Angle

Multiplying both sides of the above equation by dδ/dt, we get

or

Rearranging, multiplying by dt and integrating, we have

Where δo, is the torque angle at which the machine is operating while running at synchronous speed
under normal conditions. Under the above conditions, the torque angle was not changing i.e. before

the disturbance.
Also, if the system has transient stability the machine will again operate at synchronous speed after
the disturbances, i.e.,

Hence the condition for the transient state stability is given by the equation

The area A1 represents the kinetic energy stored by the rotor during acceleration, and the
A2 represents the kinetic energy given up by the rotor to the system, and when it is all given up, the
machine has returned to its original speed.
The area under the curve PA should be zero, which is possible only when PA has both accelerating
and decelerating powers, i.e., for a part of the curve PS> PE and for the other PE> PS. For a
generation action, PS> PE for the positive area and A1> PS for negative areas A2 for stable
operation. Hence the name equal area criterion.
The equal area criterion is also used for determining the maximum limit on the load that the system
can take without exceeding the stability limit. This can happen only when the area between the
PS line and the PE curve is equal to the area between the PS line, and the PE curve is equal to the area
between the initial torque angle δ0 and the line PS. In this case, the area A2 is less than the area A1;
the system will become unstable.
The problems associated with the transient stability of the system is because of the following
reasons. These are as follows
•

Sudden change in load

•
Switching off one of the lines which cause a change in the reactance of the system and hence
a change in load conditions.

•
Sudden fault on the system which causes the reduction in output, requiring an arrangement
for clearance for the clearance of the fault rapidly, and study of after fault condition which may
cause part of the system outage.
In each case, the procedure will be to determine the power angle curve for the initial conditions of
the system, for the conditions under fault, and for the after fault condition and plot the curve in per
unit value. Then locate the points for the load initial conditions finding out δo. Then, using equal
area criterion, determine the new angle of displacement δ. The maximum angle δmax which may be
allowed and the corresponding maximum permissible load can also be determined
Stability Constraints in System Operation
Angular Stability and System Operation
Operation under loss of synchronism conditions is not feasible as voltage, torques etc. undergo
large fluctuations and may damage equipment.
How does one prevent loss of synchronism due to disturbances?
Some of the methods used to reduce the possibility of loss of synchronism are:
a. Reducing the magnitude of disturbance: Large disturbances are typically due to faults
which are cleared by line tripping. Reducing the duration of fault is one method of preventing
loss of synchronism. These days, it is possible to clear faults within 3-5 cycles (taking into
account relay and circuit breaker opening times).
b. Planning: (for a "stronger" transmission network). This would mean augmenting the
transmission network with new transmission lines. Increasing the power transfer capability of
transmission lines by compensating transmission reactance with series capacitors and shunt
capacitors.
c. Control: The short term or excess capacity of many equipment can be used to enhance
stability by appropriate controls. For example, excitation systems can allow for short term
boosting of field voltage. Also, capacitors can be switched into the network in series and shunt.
The switching may be done by means of circuit breakers or power electronic controls (power
electronic controllers also allow for continuous control; this will be discussed in later modules).
d. Operation: During operation, it is ensured that the system is operated such that there exists
sufficient "margin" for the system to withstand a credible disturbance (like a fault). This imposes
a constraint on the level of power transfers which are permissible -- for larger levels of power
flow, the synchronous generators are more likely to lose synchronism after a large disturbance. A
system operator continuously monitors a power system and ensures that this is unlikely to
happen. If the system is unlikely to withstand a credible disturbance, then preventive control
actions like reducing the power transfer levels are taken. This may be achieved by re-scheduling
power generated at various generators.

Line Loadability and Stability Constraints:
We mentioned in the previous slide that during operation, it is ensured that the system is operated
such that there exists sufficient margin for the system to withstand a disturbance. It is ensured
that phase angular difference across transmission paths is not too large. Thus angular stability
puts a limit on the levels of power which can be transferred securely. One of the constraints for
long distance AC transmission (other than thermal / voltage constraints) is the large phase
angular difference which is required to transmit a given amount of power.

POST MCQ
1. The critical clearing time of a fault is power system is related to
a. Reactive power limit
b. Short circuit limit
c. Steady-state stability limit
d. Transient stability limit
2. Which portion of the our system is least prone to faults?
a. Alternator b. Transformer c. overhead lines d. Underground cable
3. How can we check upon the transient stability of a power system?
a. By checking variation in load angle
b. By checking variation of real power with load angle
c. Checking variation in load angle and real power
d. Checking variation in load angle or real power
4. The measure to improve the transient stability of the power system during the unbalanced or
unsymmetrical fault can be taken as ________
a. Single pole switching of CB
b. Excitation control
c. Phase shifting transformer
d. Increasing turbine valve opening
5. There is 2-machine model having losses too, with their transfer impedance being resistive. The
maximum value of sending power P1max and maximum receiving end power P2max will take
place with power angle ‘δ’ such that
a) Both P1max and P2max will occur at δ<90
b) Both P1max and P2max will occur at δ>90
c) P1max occurs at δ > 90 and P2max will occur at δ<90
d) P1max occurs at δ < 90 and P2max will occur at δ>90

Conclusion
Power system stability involves the study of the dynamics of the power system under disturbances.
Power system stability implies that its ability to return to normal or stable operation after having
been subjected to some form of disturbances. By using concepts like Increasing System Voltage,
Reduction in Transfer Reactance and using high speed circuit breaker etc. we can improve the
stability of the system
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Assignment
1.
2.
3.
4.
5.

What are the methods to solve swing equation?
What are the assumptions made in swing equation?
State the assumptions made in stability studies.
State equal area criteria
Write the expression for maximum power transfer

CONTROL OF FREQUENCY AND VOLTAGE
AIM
The aim of this control is to maintain the system voltage between limits by adjusting
the excitation of the machines. The automatic voltage regulator senses the difference between
a rectified voltage derived from the stator voltage and a reference voltage. Maintaining a
consistent electrical frequency is important because multiple frequencies cannot operate
alongside each other without damaging equipment. This has serious implications when
providing electricity at a national scale.
PRE MCQ
1. The frequency of the power system control the
a) Active power
b) Reactive power
c) (a) and (b) both
d) None of them
2. The change in real power produces little effect on receiving end voltage because
a. The voltage drop associated with this change is in phase with reference voltage
b. The voltage drop associated with this change is in quadrature with reference
voltage
c. The voltage drop associated with this change has no relation with reference voltage
d. The voltage drop associated with this change is 180 degree with reference voltage
3. The change in reactive power produces large effect on receiving end voltage because
a. The voltage drop associated with this change is in phase with reference voltage
b. The voltage drop associated with this change is in quadrature with reference
voltage
c. The voltage drop associated with this change has no relation with reference voltage
d. None of above
4. The voltage of a particular bus can be controlled by controlling the
a. Active power of the bus
b.Reactive power of the bus
c. Phase angle
d.All of the above

FREQUENCY CONTROL
If the system consists of a single machine connected to a group of loads the speed and
frequency change in accordance with the governor characteristics as the load changes. If it is
not important to keep frequency constant no regulation control is required. The frequency
normally would vary by about 5% between light load and full load conditions. On the other
hand, if constant frequency is required the operator can adjust the speed of the turbine by
changing the governor characteristic as and when desired. If a change in load is taken care of
by two machines running in parallel as shown in Fig. the complexity of the system is
increased.
The possibility of sharing the change in load is that both S1 and S2 would regulate
their generations to maintain the frequency constant. This is known as parallel frequency
regulation. The third possibility is that the change in a particular area is taken care of by the
generator in that area thereby the tie-line loading remains constant. This method of regulating
the generation for keeping constant frequency is known as flat-tie line loading control. This
arrangement has the advantage that load swings on station S1 and the tie-line would be
reduced as compared with the flat frequency regulation. Automatic equipment permits
various types of system control. The various methods discussed above can be performed with
the help of automatic control equipment. Besides these, two other types of controls are widely
used in automatic arrangements. They are (i) Selective Frequency Control and (ii) Tie-line
Load-bias Control.

The common method of operating a large interconnected system assigns frequency control to
a central system, the other systems are then controlled on the basis of system frequency and
tie-line loading. The tie-line loading as the basis of automatic control is used in three different
ways. One of these is known as Selective Frequency Control. Here each system in the group
takes care of the load changes on its own system and does not aid the other systems in the
group for changes outside its own limits. The most commonly used method is the tie-line load
bias control in which all power systems in the interconnection aid in regulating frequency,
regardless of where the frequency change originates. The equipment consists of a master load
frequency controller and a tie-line recorder measuring the power.
In a large interconnected system, as has been stressed previously that manual
regulation is not feasible and, therefore, load frequency equipment is installed for each
generator. Similarly, for voltage control also voltage regulation equipment is installed on
each generator. Figure gives the schematic diagram of load frequency and excitation voltage
regulators of a turbo generator. The controllers are set for a particular operating condition and
they take care of small changes in load demand without voltage and frequency exceeding the

pre-specified limits. If the operating conditions change materially the controllers must be reset either manually or automatically.

It is known that small changes in load depend upon the change in rotor angle δ and is
independent of the bus voltage whereas the bus voltage is dependent on machine excitation
(i.e., on the reactive generation Q, and is independent of rotor angle δ. Therefore, the two
controls, i.e., load frequency and excitation voltage controls are non-interactive for small
changes and can be modelled and analysed independently. Besides, the load frequency
controller is slow acting because of the large time constant contributed by the turbine and
generator moment of inertia, and excitation voltage control is fast acting as the time constant
of the field winding is relatively smaller, thus the transients in excitation voltage control
vanish much faster and do not affect the dynamics of load frequency control. We will
consider here only the load frequency control aspect of regulation. It is to be noted here that
the regulator designed for control should not be insensitive to fast random changes, otherwise
the system will be prone to hunting, resulting in excessive wear and tear of control equipment
and the rotating machines. The main objective of the load frequency controller is to exert
control of frequency and at the same time of real power exchange via the outgoing lines. The
change in frequency and the tie-line real power are sensed which is a measure of the change
in rotor angle δ, i.e., the error Δδi to be corrected. The error signals, i.e., Δfi and ΔPtie are
amplified mixed and transformed into a real power command signal ΔPci which is sent to the
prime mover to call for an increment in the torque. The prime mover, therefore, brings
change in the generator output by an amount ΔPGi which will change the values of Δfi and
ΔPtie. The process continues till the deviation Δfi and ΔPtie are well below the specified
tolerances.
SPEED GOVERNING SYSTEM
1. Speed Governor: This is a fly-ball type of speed governor and constitutes the heart of the
system as it senses the change in speed or frequency. With the increase in speed the flyballs
move outwards and the point B on linkage mechanism moves downwards and vice-versa.

2. Linkage Mechanism: ABC and CDE are the rigid links pivoted at B and D respectively. The
mechanism provides a movement to the control valve in the proportion to change in speed.
Link 4 (l4) provides a feedback from the steam valve movement.
3. Hydraulic Amplifier: This consists of the main piston and pilot value. Low power level
pilot valve movement is converted into high power level piston valve movement which is
necessary to open or close the steam valve against high pressure steam..
4. Speed Changer: The speed changer provides a steady state power output setting for the
turbine. The downward movement of the speed changer opens the upper pilot valve so that
more steam is admitted to the turbine under steady condition. The reverse happens when the
speed changer moves upward.

.

VOLTAGE CONTROL
When power is supplied to a load through a transmission line keeping the sending end
voltage constant, the receiving end or load voltage undergoes variations depending upon the
magnitude of the load and the power factor of the load. The higher the load with smaller
power factor the greater is the voltage variation. The voltage variation at a node is an
indication of the unbalance between the reactive power generated and consumed by that
node. If the reactive power generated is greater than consumed, the voltage goes up and vice

versa. Whenever the voltage level of a particular bus undergoes variation this is due to the
unbalance between the two vars at that bus.

From the above it is clear that the load voltage V2 is not affected much due to the real
component of the load P as it is normal to the vector V1 whereas the drop due to reactive
component of load is directly subtracted from the voltage V1. Assuming the voltage drop due
to real power negligible, the voltage drop is directly proportional to the reactive power Q.
The relation is given by

In order to keep the receiving end voltage V2 fixed for a particular sending end voltage V1,
the drop (Q/V1)X must remain constant. Since, in this the only variable quantity is Q, it is this
reactive vars which must be locally adjusted to keep this quantity fixed i.e., let Q be the value
of reactive vars which keeps V2 to a specified value, any deviation in Q at node 2 must be
locally adjusted. The local generation can be obtained by connecting shunt capacitors or
synchronous capacitors and/or shunt inductors (for light loads or capacitive loads).
METHODS OF VOLTAGE CONTROL
The methods for voltage control are the use of (i) Shunt capacitors; (ii) Series capacitors;
(iii) Synchronous capacitors; (iv) Tap changing transformers; and (v) Booster transformers.
The first three methods could also be categorised as reactive var injection methods. In earlier
times the voltage control was done by adjusting the excitation of the generator at the sending
end. The larger the reactive power required by the load the more is the excitation to be
provided at the sending end. This method worked well in small isolated system where there
was no local load at the sending end. Also, there are limits for the excitation as well.
Excitation below a certain limit may result in unstability (if this machine is connected
to a synchronous load) of the system and excitation above certain level will result in
overheating of the rotor. Therefore, in any case, the amount of regulation by this method is
limited by the permissible voltage rise at the sending end and by the difficulty of designing
efficient generating plant when the range of excitation is so wide. Before we discuss the
various methods in detail for voltage control it seems imperative to know the various sources
and sinks of reactive power in a power system.
Sources and Sinks (Generation and Absorption) of Reactive Power
Transmission Lines: Let the transmission line be loaded such that the load current is I
amperes and load voltage V volts; assuming the transmission line to be lossless, the reactive
power absorbed by the transmission line will be
I^ 2*ωL
where ω is the supply angular frequency and L the inductance of the line. Due to the shunt
capacitance of the line, the reactive vars supplied by the line are
V ^2*ωC

where C is the shunt capacitance of the line. In case the reactive vars supplied by the line are
equal to the reactive vars absorbed,
I *2ωL = V* 2Ωc

Dimensionally the ratio V to I is the impedance and, therefore, Zn is called the natural
impedance of the line and the loading condition in which the vars absorbed are equal to the
vars generated by the line is called the surge impedance loading (SIL) and it is here where the
voltage throughout the length of the line is same i.e. if the transmission line is terminated by
a load corresponding to its surge impedance the voltage at the load is constant.

Automatic Voltage Regulators:
The automatic voltage regulator is used to regulate the voltage. It takes the fluctuate
voltage and changes them into a constant voltage. The fluctuation in the voltage mainly
occurs due to the variation in load on the supply system. The variation in voltage damages the
equipment of the power system. The variation in the voltage can be controlled by installing

the voltage control equipment at several places likes near the transformers, generator, feeders,
etc., The voltage regulator is provided in more than one point in the power system for
controlling the voltage variations.
In DC supply system the voltage can be controlled by using over compound
generators in case of feeders of equal length, but in the case of feeders of different lengths the
voltage at the end of each feeder is kept constant using feeder booster. In AC system the
voltage can be controlled by using the various methods likes booster transformers, induction
regulators, shunt condensers, etc.,
Working Principle of Voltage Regulator
It works on the principle of detection of errors. The output voltage of an AC generator
obtained through a potential transformer and then it is rectified, filtered and compared with a
reference. The difference between the actual voltage and the reference voltage is known as
the error voltage. This error voltage is amplified by an amplifier and then supplied to the
main exciter or pilot exciter.

Thus, the amplified error signals control the excitation of the main or pilot exciter through a
buck or a boost action (i.e. controls the fluctuation of the voltage). Exciter output control
leads to the controls of the main alternator terminal voltage.
Application of the Automatic Voltage Regulator
The main functions of an AVR are as follows.
1. It controls the voltage of the system and has the operation of the machine nearer to the
steady state stability.
2. It divides the reactive load between the alternators operating in parallel.
3. The automatic voltage regulators reduce the over voltages which occur because of the
sudden loss of load on the system.
4. It increases the excitation of the system under fault conditions so that the maximum
synchronising power exists at the time of clearance of the fault.

POST MCQ
1. Turbine speed governing system consists of
a. Flyball speed governor
b. Hydraulic amplifier and Linkage mechanism
c. Speed changer
d. All of above

2. Calculate the value of the short circuit ratio if Voc=78 V, Isc=15 A with field current = 5 A.
a. 5.2
b. 4.8
c. 3.2
d. 1.8

3. In which of the following frequency control method tie line may be overloaded
a. Flat frequency control
b. Flat tie line control
c. Parallel frequency
d. All of the above
4. The frequency of the power system control the
a. Active power
b. Reactive power
c. (a) and (b) both
d. None of them

Conclusion
The quality of power supply is affected due to continuous and random changes in load
during the operation of the power system. Load Frequency Controller and Automatic Voltage
Regulator play an important role in maintaining constant frequency and voltage in order to
ensure the reliability of electric power
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What are the main parts in speed governing mechanism?
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MONITORING AND CONTROL

Aim:
Power system monitoring is an essential prerequisite to the more complex tasks of security
assessment, contingency analysis, restorative control and optimal operation. The implementation of
these three activities in combination with a dedicated data base management system provides
the required solution. Power System Monitoring and Control presents a comprehensive overview of
the basic principles and key technologies for the monitoring, protection, and control of contemporary
wide-area power system.
Pre MCQ:
1. Power system security means
a. Security of power system when load unbalanced
b. Practices designed to keep the system operating when the components fail
c. Secure the all the generating station against the failure
d. Secure the all the transmission line against the failure.
2. Three major function of power system security
a. Economical operation, Economical Dispatch, Load scheduling
b. State Estimation, Economical Dispatch, Generation Scheduling
c. System Monitoring, Contingency analysis, Security constrained OPF
d. None of above
3. Power system monitoring is usually done by
a. ETAP
b. SCADA
c. Matlab
d. PSPM
4. SCADA means
a. Supervisory Control And Data Acquisition
b. System Control And Data Acquisition
c. Super Control And Data Acquisition
d. None of above
5. Contingency analysis are used to study
a. Load flow study
b. State Estimation
c. Economical operation
d. Outage events

Theory
Energy Control Centre
The energy control center (ECC) has traditionally been the decision-center for the electric
transmission and generation interconnected system. The ECC provides the functions
necessary for monitoring and coordinating the minute-by-minute physical and economic
operation of the power system. Maintaining integrity and economy of an interconnected
power system requires significant coordinated decision-making. So one of the primary
functions of the ECC is to monitor and regulate the physical operation of the interconnected
grid.
Most areas today have a two-level hierarchy of ECCs with the Independent System
Operator (ISO) performing the high-level decision- 3 making and the transmission owner
ECC performing the lower-level decision-making. A high-level view of the ECC is
illustrated in Fig. 1 where we can identify the substation, the remote terminal unit (RTU), a
communication link, and the ECC which contains the energy management system (EMS).

The EMS provides the capability of converting the data received from the substations to the
types of screens observed in the fig

ECC Components
The system control function traditionally used in electric utility operation consists of
three main integrated subsystems: the energy management system (EMS), the supervisory
control and data acquisition (SCADA), and the communications interconnecting the EMS
and the SCADA (which is often thought of as part of the SCADA itself). Following figure
provides a block diagram illustration of these three integrated subsystems.

We distinguish EMS from distribution management systems (DMS). Both utilize
their own SCADA, but for different functions. Whereas EMS/SCADA serves the high
voltage bulk transmission system from the ECC, the DMS/SCADA serves the low voltage,
distribution system from a distribution dispatch 7 centre. We are addressing in these notes
the EMS/SCADA.

SCADA

Supervisory control indicates that the operator, residing in the energy control center (ECC),
has the ability to control remote equipment. Data acquisition indicates that information is
gathered characterizing the state of the remote equipment and sent to the ECC for monitoring
purposes.
The monitoring equipment is normally located in the substations and is consolidated in what
is known as the remote terminal unit (RTU). Generally, the RTUs are equipped with
microprocessors having memory and logic capability, together with some form of telemetry
to provide the communication link to the ECC.
Relays located within the RTU, on command from the ECC, open or close selected control
circuits to perform a supervisory action. Such actions may include, for example, opening or
closing of a circuit breaker or switch, modifying a transformer tap setting, raising or lowering
generator MW output or terminal voltage, switching in or out a shunt capacitor or inductor,
and the starting or stopping of a synchronous condenser.
Information gathered by the RTU and communicated to the ECC includes both analog
information and status indicators. Analog information includes, for example, frequency,
voltages, currents, and real and reactive power flows. Status indicators include alarm signals
over-temperature, low relay battery voltage, illegal entry) and whether switches and circuit
breakers are open or closed. Such information is provided to the ECC through a periodic scan
of all RTUs. A 2 second scan cycle is typical.
Communication technologies
The form of communication required for SCADA is telemetry. Telemetry is the measurement
of a quantity in such a way so as to allow interpretation of that measurement at a distance
from the primary detector. The distinctive feature of telemetry is the nature of the translating
means, which includes provision for converting the measure into a representative quantity of
another kind that can be transmitted conveniently for measurement at a distance. The actual
distance is irrelevant.
Telemetry may be analog or digital. In analog telemetry, a voltage, current, or frequency
proportional to the quantity being measured is developed and transmitted on a
communication channel to the receiving location, where the received signal is applied to a
meter calibrated to indicate the quantity being measured, or it is applied directly to a control
device such as a ECC computer.
Forms of analog telemetry include variable current, pulse-amplitude, pulse-length, and pulserate, with the latter two being the most common. In digital telemetry, the quantity being
measured is converted to a code in which the sequence of pulses transmitted indicates the
quantity. One of the advantages to digital telemetering is the fact that accuracy of data is not
lost in transmitting the data from one location to another. Digital telemetry requires analog to
digital (A/D) and possible digital to analog (D/A) converters.

The earliest form of signal circuit used for SCADA telemetry consisted of twisted pair wires;
although simple and economic for short distances, it suffers from reliability problems due to
breakage, water ingress, and ground potential risk during faults.
Improvements over twisted pair wires came in the form of what is now the most common,
traditional type of telemetry mediums based on leased-wire, power-line carrier, or
microwave. These are voice grade forms of telemetry, meaning they represent
communication channels suitable for the transmission of speech, either digital or analog,
generally with a frequency range of about 300 to 3000 Hz.
Leased-wire means use of a standard telephone circuit; this is a convenient and
straightforward means of telemetry when it is available, although it can be unreliable, and it
requires a continual outlay of leasing expenditures. In addition, it is not under user control
and requires careful coordination between the user and the telephone company. Power-line
carrier (PLC) offers an inexpensive and typically more reliable alternative to leased-wire.
Here, the transmission circuit itself is used to modulate a communication signal at a
frequency much greater than the 60 Hz power frequency. Most PLC occurs at frequencies in
the range of 30-500 kHz. The security of PLC is very high since the communication
equipment is located inside the substations. One disadvantage of PLC is that the
communication cannot be made through open disconnects, i.e., when the transmission line is
outaged. Often, this is precisely the time when the communication signal is needed most. In
addition, PLC is susceptible to line noise and requires careful signal-to-noise ratio analysis.
Most PLC is strictly analog although digital PLC has become available from a few suppliers
during the last few years.
Microwave radio refers to ultra-high-frequency (UHF) radio systems operating above 1 GHz.
The earliest microwave telemetry was strictly analog, but digital microwave communication
is now quite common for EMS/SCADA applications. This form of communication has
obvious advantages over PLC and leased wire since it requires no physical conducting
medium and therefore no right-of-way. However, line of sight clearance is required in order
to ensure reliable communication, and therefore it is not applicable in some cases.
A more recent development has concerned the use of fiber optic cable, a technology capable
of extremely fast communication speeds. Although cost was originally prohibitive, it has now
decreased to the point where it is viable. Fiber optics may be either run inside underground
power cables or they may be fastened to overhead transmission line towers just below the
lines. They may also be run within the shield wire suspended above the transmission lines.
STATE ESTIMATION:
Analog measurements Required
• Voltage magnitude
• Current flow magnitude & injection
• Active & reactive power
- Branches & groups of branches
- Injection at buses
- In switches
- In zero impedance branches
- In branches of unknown impedance

• Transformers
- Magnitude of turns ratio
- Phase shift angle of transformer
• Synchronized phasors from
Phasor Measurement Unit

Why do we need state estimation?
•

•

Measurements correctness
• Imperfections in - Current & Voltage transformer - Transducers
• A/D conversions
• Tuning - RTU/IED Data storage - Rounding in calculations - Communication
links
Result in uncertainties in the measurements

How can the states be estimated?
• Minimum variance method - Minimize the sum of the squares of the weighted deviations
of the state calculated based on measurements from the true state
• Maximum likelihood method - Maximizing the probability that the estimate equals to the
true state vector x
• Weighted least square method (WLS) - Minimize the sum of the weighted squares of the
estimated measurements from the true state
States In Power System Operation
System operation in steady state is governed by equations which express:
(1) Real and Reactive power balance at each node (Equality Constraints )
(2) Limitations of physical equipment, such as currents and voltages must not exceed
maximum limits (Inequality Constraints)

Normal: All constraints (EQ and INEQ) are satisfied, but enough power generation reserve is
available. In case of any generator outage, the reserve from other generators can supply the load
without any interruption.
Alert: All constraints (EQ and INEQ) are satisfied, but reserve power generation is zero. As a result,
in the event of a loss of generator, the remaining generators cannot supply the load, load shedding as
to be resorted to. The operator in an EMS monitors this situation continuously so as to take effective
decision for preventing the power system from going into emergency or islanding mode. The power
system can be bought back to the normal state through preventive control actions.
Emergency: In this state, the equality constraint if violated, while the inequality constraint is
satisfied. Corrective control is used to bring the system back to normal operating state directly ot
through alter state.
In-extermis or islanding: In this state the power system enters in to an islanded mode of operation,
where both EQ and INEQ states are violated. Once the system comes to this state it cannot go back to
the emergency mode. In this state the large power system is separated into small areas or islands,
where the loads are supplied from local generations. All the tie lines connecting the areas are open
and they work in an independent mode of operation. System reliability is more important in this stage
than economic operation.
Restorative Mode: In this mode the, the power system has to be restored through several steps by
switching generators and transmission lines. This is a difficult task and requires strategies for
bringing on the generator and synchronizing it to the grid. Improper sequence will cause tripping.

Conclusion
Power system monitoring is an essential prerequisite to the more complex tasks of security
assessment, contingency analysis, restorative control and optimal operation. The implementation of
these three activities in combination with a dedicated data base management system provides
the required solution.
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What are the various operating states in power system?
What is the function of SCADA
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POWER SYSTEM ECONOMICS AND MANAGEMENT

Aim and Objectives
Planning operation and control of interconnected power systems presents a variety of
challenging problems. An important problem in this area is the economic operation of the
system, which means, that every step in planning, scheduling and operation of the system, unitwise, plant wise and inter connection-wise must be optimal, leading to absolute economy. In
this, the transmission losses too play an important role.

Pre MCQ
1. The cost of generation is theoretically minimum if
a. The system constraints are considered.
b. The operational constraints are considered.
c. The system constraints .and operational constraints are considered
d. The constraints are not considered
2. In which of the following power plants the maintenance cost is usually high
a. Thermal power plant
b. Diesel engine power plant
c. Nuclear power plants
d. Hydro- electric power plants
3. If the penalty factor for bus 1 in a two-bus system is 1.25 and if the incremental cost of
production at bus 1 is Rs. 200 per MWhr, the cost of received power at bus 2 is
a. Rs. 250/M Whr.
b. Rs. 62.5/MWhr.
c. Rs. 160/MWhr.
d. None of other options
4. Which of the following generating station has minimum running cost
a.
b.
c.
d.

Nuclear
Hydro
Thermal
Diesel

5. Operating cost consist of
a. Fuel cost
b. Maintenance cost
c. Fuel cost and Maintenance cost
d. None other options

Theory
Basic Pricing Principles:
Energy economics is a part of applied economics that deals with the basic economic issues of
assigning energy resources using economic principles, tools, and business models. Normally,
microeconomic aspects of energy demand and supply, macroeconomic aspects of the budgeting and
investment of energy projects and energy economy interactions, and the policy framework of the
energy sector are important aspects of energy economics. The main objective of this chapter is to
present overview of fundamental economic principles, business models and tools that can be used
to investigate the issues during implementation of energy sector projects.
Cost concept
The cost concept can be defined as the expenses incurred on a definite thing or activity. Cost
is defined as the monetary measure of the amount of resources utilized for some specified
objective. Many parameters related to costs need to be analyzed when assessing a set of
feasible alternatives, such as initial or capital investment, building renovation or new
construction, labour, materials and spare parts, training and workshops, hardware, accessories
and software, technical support, and general support costs. Costs can be classified in a
number of ways: operational and non-operational costs, direct and indirect costs, fixed and
variable costs, etc. Several costs are discussed in the following section.
Fixed and variable costs
Costs that are independent of output are called fixed costs. These are fixed throughout the
relevant period, whereas costs that are dependent of output are called variable costs.
Total Cost= Fixed Cost + Variable Cost

Cost Curves in Power System

Fig: Thermal unit input-output characteristic
•
•
•

The characteristic in practice may not be such a smooth idealized curve and from the
practical data such an idealized curve can be interpolated.
Steam turbine generating unit characteristics may have minimum and maximum limits
in operation.
They may be determined by factors such as steam cycle used, operating temperatures,
material thermal characteristics

The Incremental Heat Rate Characteristic
From the input output characteristic the incremental heat rate characteristic can be obtained
which is the ratio of the differentials.

By calculating the slope of the characteristic in at every point the incremental fuel rate
characteristic can be plotted. This characteristic in fact tells about the thermal efficacy of the
unit under consideration that can be used for comparison with other units in performance

Utility functions:
In economics, utility function is an important concept that measures preferences over a set of
goods and services. Utility represents the satisfaction that consumers receive for choosing and
consuming a product or service.
Utility is measured in units called utils, but calculating the benefit or satisfaction that
consumers receive from is abstract and difficult to pinpoint. As a result, economists measure
utility in terms of revealed preferences by observing consumers' choices. From there,
economists create an ordering of consumption baskets from least desired to the most preferred.
Understanding Utility Function
In economics, the utility function measures the welfare or satisfaction of a consumer as a
function of consumption of real goods such as food or clothing. Utility function is widely
used in the rational choice theory to analyze human behavior.
When economists measure the preferences of consumers, it's referred to ordinal utility. In
other words, the order in which consumers choose one product over another can establish that
consumers assign a higher value to the first product. Ordinal utility measures how consumers
rank one product versus another.
Economists take the utility-function concept one step farther by assigning a numerical value
to the products that consumers choose or choose not to consume. Assigning a value of utility
is called cardinal utility, and the metric used to it is called utils.
For example, in certain situations, tea and coffee can be considered perfect substitutes for each
other, and the appropriate utility function must reflect such preferences with a utility form of

u(c, t) = c + t, where "u" denotes the utility function and "c" and "t" denote coffee and tea.
Economists might conclude that a consumer who consumes one pound of coffee and no tea
derives a utility of 1 util.
Wholesale electricity market
A wholesale electricity market exists when competing generators offer their electricity output
to retailers. The retailers then re-price the electricity and take it to market. While wholesale
pricing used to be the exclusive domain of large retail suppliers, increasingly markets like New
England are beginning to open up to end-users. Large end-users seeking to cut out unnecessary
overhead in their energy costs are beginning to recognize the advantages inherent in such a
purchasing move. Consumers buying electricity directly from generators is a relatively recent
phenomenon.
Buying wholesale electricity is not without its drawbacks (market uncertainty, membership
costs, set up fees, collateral investment, and organization costs, as electricity would need to be
bought on a daily basis), however, the larger the end user's electrical load, the greater the benefit
and incentive to make the switch.
For an economically efficient electricity wholesale market to flourish it is essential that a
number of criteria are met, namely the existence of a coordinated spot market that has "bidbased, security-constrained, economic dispatch with nodal prices". These criteria have been
largely adopted in the US, Australia, New Zealand and Singapore
Power System Structure
Power systems traditionally have been what are known as "vertically integrated utilities". In
this type of structure, one utility handles the all functions of generation, transmission and
distribution within a certain geographical area. The operation and coordination of such a system
is somewhat simple, since all functions are controllable by a system operator. The operational
objectives were to provide quality power (voltage and frequency nearly constant) to a
consumer, while ensuring reliability and overall economy (low cost).The price of power was
"regulated" and based on actual costs. An alternative is to treat power as a tradeable
commodity. The functions of generation and in many cases, distribution, are open to private
participation. While the "technical objectives" are similar to those in a vertically integrated
utility, the price is not regulated, but depends on market forces and competition between the
participants. In a generation deficit scenario, price may still need to be regulated. Alternatively,
the amount of loads should be price sensitive or else prices will spiral upwards. The cost of use
of transmission lines (to which all players will have "open access" subject to the transmission
constraints) would also be regulated. Therefore a "regulator" would still be required. However,
a regulator would be an independent body. An independent system operator would perform the
co-ordination functions required to operate the system reliably and ensure that voltage and
frequency are within limits. The real and reactive power resources required to maintain voltage,
frequency and reliability may be "purchased" and charged to all the players in a fair manner.
We shall discuss these structures and their impact on power system operation in the following
lectures. We begin by considering in detail, a vertically integrated utility
Structure of a traditional Vertically Integrated electric industry
The electric power industry has over the years been dominated by large utilities that had an
overall authority over all activities in generation, transmission and distribution of power within
its domain of operation. Such utilities have often been referred to as vertically integrated
utilities. Such utilities served as the only electricity provider in a region and were obliged to
provide electricity to everyone in the region. The typical structure of a vertically integrated

electric utility is shown in figure below. In the figure, the money flow is unidirectional, i.e.
from the consumer to the electric company. Similarly, the information flow exists only between
the generators and the transmission systems. In vertically integrated utilities , it was often
difficult to segregate the costs involved in generation, transmission or distribution. So, the
utilities often charged their customers an average tariff rate depending on their aggregated cost
during a period.
The state electricity boards (SEB) in India were examples of a vertically integrated utility; they
are now being restructured.
The reasons for restructuring
The reasons for initiating the idea of deregulation ( we will henceforth use the word
deregulation to describe changes in power system structures; however, it will be clear that
these changes involve changes in regulations rather than deregulation! In some countries,
these changes are also described as "liberalisation") in power industry are many. Following
are the main reasons:
1. The need for regulation changed.: More fundamental than any other reasons for change
was the fact that the basic needs for regulation of electric industry had died away before the
end of 20 th century. First, the original need for regulation, which was to provide risk free
finance to build the infrastructure, did not exist anymore. Second, most of the the major
electrical infrastructure was paid for, decades ago. The revenues gained by the electric
utilities was invested to renew their system, and the level of risk in doing so was less as
compared to that existed in the initial era. Being a proved technology, the risk involved in
investing money in such a technology was nullified. The electricity could now be thought of
as an essential commodity, which can be bought and sold in the marketplace in a competitive
manner, just like other commodities.
2. Ideological Reason: Privatization Usually the motive was the government’s firm
conviction that private industry could do a better job of running the power industry. This
belief, of course came from better privatization experiences of the other industries.
Deregulation does not necessarily have to be a part of privatization efforts.
3. Cost is expected to drop: Competition is expected to bring innovation, efficiency, and
lower costs.
Purchasing agency:
The integrated utility no longer owns all the generation capacity. Independent power
producers (IPP) are connected to the network and sell their output to the utility that acts as a
purchasing agent. Figure shows a further evolution of this model where the utility no longer
owns any generation capacity and purchases all its energy from the IPPs. The distribution and
retail activities are also disaggregated. Discos then purchase the energy consumed by their
customers from the wholesale purchasing agency. The rates set by the purchasing agency
must be regulated because it has monopoly power over the discos and monopsony power
toward the IPPs. This model therefore does not discover a cost-reflective price in the same
way that a free market does.

Wholesale competition:
no central organization is responsible for the provision of electrical energy. Instead, discos
purchase the electrical energy consumed by their customers directly from generating
companies. These transactions take place in a wholesale electricity market. The largest
consumers are often allowed to purchase electrical energy directly on the wholesale market.
This wholesale market can take the form of a pool or of bilateral transactions. At the wholesale
level, the only functions that remain centralized are the operation of the spot market, and the
operation of the transmission network. At the retail level, the system remains centralized
because each disco not only operates the distribution network in its area but also purchases
electrical energy on behalf of the consumers located in its service territory.

This model creates considerably more competition for the generating companies because the
wholesale price is determined by the interplay of supply and demand. On the other hand, the
retail price of electrical energy must remain regulated because small consumers cannot choose
a competing supplier if they feel that the price is too high. This leaves the distribution
companies exposed to sudden large increases in the wholesale price of energy

Retail competition:
The ultimate form of competitive electricity market in which all consumers can choose their
supplier. Because of the transaction costs, only the largest consumers choose to purchase
energy directly on the wholesale market. Most small and medium consumers purchase it from
retailers, who in turn buy it in the wholesale market. In this model, the “wires” activities of
the distribution companies are normally separated from their retail activities because they no
longer have a local monopoly for the supply of electrical energy in the area covered by their
network. In this model, The only remaining monopoly functions are thus the provision and
operation of the transmission and distribution networks. Once sufficiently competitive
markets have been established, the retail price no longer has to be regulated because small
consumers can change retailer when they are offered a better price. From an economics
perspective this model is the most satisfactory because energy prices are set through market
interactions. Implementing this model, however, requires considerable amounts of metering,
communication and data processing. The cost of the transmission and distribution networks is
still charged to all their users. This is done on a regulated basis because these networks
remain monopolies

Demand Side Management
The term Demand Side Management (DSM) is used to refer to a group of actions designed to
efficiently manage a site’s energy consumption with the aim of cutting the costs incurred for
the supply of electrical energy, from grid charges and general system charges, including taxes.
The aim of these optimisation actions is to modify features of electricity consumption with
reference to the overall consumption picture, consumption time profile, contractual supply
parameters (contractual power and grid connection parameters) in order to achieve savings in
electricity charges.
As a result of the high penetration of renewable sources and the decentralisation of production
sources, grid managers in many countries are now encountering increased instability on the
grid and consequent disruptions to services. To limit these impacts and ensure a balance
between energy consumption and the amount of power fed into the grid, grid managers can
now utilize generation and consumption systems that offer so-called “grid services”, in return
for payment, thus increasing the costs for the electrical system.
In order to engage in Demand Side Management, the first requirement is to carry out an indepth analysis of onsite consumption: this clarifies the peculiarities of each individual site and
whether consumption habits can be optimised without resorting to additional instruments.
Whenever a change in habits is not feasible or simply not sufficient to achieve the desired cost
reductions, the on-site installation (prior to the meter) of the following can be evaluated:
• Batteries (BESS - battery energy storage systems)
• Renewable source systems (photovoltaic, wind)
• Cogeneration systems

It will then be necessary to acquire an Energy Management System, which is a dedicated
computer system that will:
• Monitor and check all the assets involved (consumption site, battery, production
systems)
• Optimise in real time the contribution of the batteries and production systems to cut
costs associated with intake from the grid and minimise battery aging
• Use the assets involved to supply services to the grid.
Transmission and Distribution Charges
Energy delivery charges include two components: transmission and distribution. Transmission
charges cover the cost of moving electric energy from generating facilities through highvoltage transmission lines to distribution utility substation transformers. Distribution charges
cover the cost of moving electric energy from these transformers through local, lower-voltage
lines that carry electricity to the customer’s meters.
Rate riders are added to transmission and distribution charges which create variations in
average monthly charges year over year. Rate riders are used to reconcile expected costs with
actual costs of operation.
Transmission rates are approved and regulated. The transmission charge on an electricity bill
is based on how much electricity the customer has used.
Distribution costs vary with location and consumption. Distribution charges are higher for
customers in rural than for customers in urban areas because of the low population density and
longer distances between customer sites (excluding subsidy given by local governments).
Ancillary services
Ancillary services are the services necessary to support the transmission of electric power from
generators to consumers given the obligations of control areas and transmitting utilities within
those control areas to maintain reliable operations of the interconnected transmission system.
Ancillary services are the specialty services and functions provided by the electric grid that
facilitate and support the continuous flow of electricity so that supply will continually meet
demand. The term ancillary services is used to refer to a variety of operations beyond
generation and transmission that are required to maintain grid stability and security. These
services generally include, frequency control, spinning reserves and operating reserves.
Traditionally ancillary services have been provided by generators; however, the integration of
intermittent generation and the development of smart grid technologies have prompted a shift
in the equipment that can be used to provide ancillary services.
Types of ancillary services
Six different kinds of ancillary services:
• scheduling and dispatch
• reactive power and voltage control
• loss compensation
• load following
• system protection
• energy imbalance

Regulatory Framework
It means a specification of the amount of planned eligible costs of the electricity system
operator by individual year of the regulatory period, planned network charges, planned other
revenue from performing the function of electricity system operator, and network surplus or
deficit from previous years;
Economic Dispatch
Economic dispatch is the short-term determination of the optimal output of a number of
electricity generation facilities, to meet the system load, at the lowest possible cost, subject to
transmission and operational constraints.
Short Term Hydro Thermal Scheduling using B-Coemcients for Transmission losses
Let the total number of generating stations be 'n'. Out of these n stations, S stations are steam
power stations and the remaining H stations are hydro electric generating stations so that
S+H=n
Let the water input rwate at the jth hydro plant be assumed as Wj m3/sec
The total transmission losses in the lines of the system are given by

Post MCQ
1. Heat rate curve is defined as
a. Fuel i/p to the power o/p
b. Power o/p to the fuel i/p
c Both
d. none of the above
2. Optimal operation of generator is
a. To maximize the total cost
b. To minimize the total cost
c. Both
d. all the above

3. The fuel cost is included in
a. Annual fived cost
b. Annual operating cost
c. Both (a) & (b)
d. None
4. The penalty factor
a. is always less than 1.
b.is always more than 1
c. may be more or less than 1.
d. is equal to 1 or less than 1.
5. Equality constraints are
a. Generator constrains
b. Current constraints
c. magnetic constraints
d. none of the above

Conclusion
The purpose of the economic dispatch is to schedule the outputs of all available generation
units in the power system such that the fuel cost is minimized while system constraints are
satisfied. Economic load dispatch in electric power sector is an important task, as it is required
to supply the power at the minimum cost which aids in profit-making. As the efficiency of
newly added generating units are more than the previous units the economic load dispatch has
to be efficiently solved for minimizing the cost of the generated power.
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What is unit commitment?
What is load dispatch?
What is cost curve?
What is whole sale market?
What is demand side management?

