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1. (a)

(b)

Write a one-page essay on The UK Energy of Today' including insights into production
of primary fuels, energy consumption, electricity production and consumption, and use of

renewable energy sources. (8]

Outline the principle of operation of a steam turbine. What are the ways to increase steam-
plant efficiency? [6]

(c) A large hydropower station has a head of 324m and an average flow of 1370 m’/s. The

reservoir of water behind the dams and dikes is composed of a series of lakes covering an
area of 6400km?. Calculate (i) the available hydraulic power (ii) the number of days this
power could be sustained if the level of the impounded water were allowed to drop by
1m. Assume no precipitation or evaporation and neglect water brought in by surrounding

rivers and streams. [6]
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2.(a) Describe the principle of operation, main characteristics and use, advantages and research
needs of microturbines. [8]

(b) Calculate the number of wind generators required to produce the equivalent of a 600MW
combined cycle gas-turbine (CCGT). Assume average wind speed is 27.8m/s, circular
blade diameter is 20m, and conversion efficiency is 45%. Air density is 1.201 kg/m’.
Under what assumption(s) would the calculated number of wind generators be adequate
to replace a 600MW CCGT. [5]

(c) Explain the difference between a base-load and a peak-load generating plant. [3]

(d) The demand of an area regularly varies between 60MW and 110MW in the course of one
day, the average power being 80MW. To produce the required energy, consider two
options:

(i) Install a base-power generating unit and a diesel-engine peaking plant.
(ii) Install a base-power generating unit and a pumped-storage unit.

What are the respective capacities of the base power and peaking power plants in each
case?
[4]
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3. (@) The Nord Pool is regarded as the most successful example of electricity industry re-
regulation to date. Describe its main characteristics including market structure and

operation, pricing mechanism and congestion management. 8]

(b) The example system shown in Figure 3.1 is used to illustrate the pricing mechanism in the
England and Wales Pool. Generators G1 and G2 have marginal cost functions
MC(Pg,)=3+0.02Pg, [£/MWh] and MC(Pg;)=8+0.07Pg, [£/MWh] respectively. Their
maximum generation is 200MW. The perfectly inelastic loads L1 and L2 are 40MW and
150MW respectively.

(i) Ilustrate the ideal (unconstrained) dispatch and calculate the
system marginal price (SMP).

(ii) Assuming there is a transfer limit of 100MW/line, explain the re-
dispatch needed in order to preserve system security.

(iii) Calculate price adjustments, new demand charges and generating
payments from the Pool in [£/h] corresponding to the change in
dispatch. Assume that pool purchase price is equal to the system
marginal price.

[12]
140MW 5"1‘;‘” 50MW
S :

50MW
uf 1

40MW 150MW

Figure 3.1
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4.(a) Discuss various technical benefits of FACTS technology? [4]

(b) What are the basic differences between thyristor based FACTS controllers and converter

(©)

(d)

(e)

based FACTS controllers? 2]

Items in column I have one matching item in column II. Associate with item in column I
the relevant item from column II. e.g. if item (A) in column I relates to item (C) in

column II, then write A— C [6]
I 11
A: STATCOM A: Series facts device
B: Subsynchronous resonance | B: Turbine shaft condition with series
(SSR) compensated line
C: Loop flows C: Provides constant current at widely

varying ac system voltage
D: Thyristor Controlled Phase Shifter | D Controls of Impedance, angle and

(TCPS) power flow simultaneously

E- Unified Power Flow Controller | E: Ensures flat voltage profile through
(UPFC) out the length of the line

F: Surge Impedance Loading (SIL) F: Inherent problem in interconnected

system without any control

What is the usefulness of a St. Clair Curve in the context of power transmission?
Briefly discuss the factors that influence power transfer capability of transmission lines of
various lengths. [5]

What are the structural and functional differences between a Thyristor Controlled Series
Capacitor (TCSC) and a Static Synchronous Series Compensator (SSSC)? [3]
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5. (a) What is meant by redundancy factor in state estimations? In an ‘N’ bus, ‘B’ branch
power system, what would be the redundancy factors if voltage magnitude, real and
reactive injection at every bus and line real and reactive power in both directions are

measured? (4]

(b) In a state estimation system, ‘2’ is the vector of measured variables. The vector of state
variables is ‘X’. ‘e’ is the error involved with the measurement and the error is assumed
to have Gaussian random variation with zero expectation. Using the weighted least
squares estimate approach, establish that

x=G 'H™wz, E@{)=x,
where ,
z=Hx+e, G=H'WH
W = diag(w;, W, ... wy) weighting factors w;

[10]
(c¢) The simple DC network in Fig. 5.1 shows measurements (z) and unknown (x) where,
1
e
X = ,Z = I,
V 2 -
V m
The weight matrix W is diag (1000,1000,1000). Evaluate H, and G. [6]
I I
5Q 5Q

Q A

Fig 5.1: A simple DC power network
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6. () What is Optimal Power Flow (OPF)? [3]

(b)  Describe the difference between the control (u) and state variables (x) in the context of
OPF. [3]

(c) For the three-bus power system shown in Fig. 6.1, the following are known:

X;, =0.05 pu,x;; =x, =0.1pu

0,=0.0,P,=30pul,|=V,|=;|=10pu

F (P F,(P,)
where X is the reactance of line connecting bus i’ and j’, 8, and |Vi | are the
angle and magnitude of the voltage at bus ‘i, F,(P,)and F, (p,) are the
generator fuel cost characteristic functions for units 1 and 2 respectively.

Using the concept of DC load flow, establish the Lagrange function L involving the
objective function f (x,u,p) and the constraints g(x,u,p). Identify the control (u),

state (x) and fixed (p) parameters. Obtain the relevant expressions for
of of og % .
dx '0u’9x du

Show that:

VI -0 = oF (P,) _ OF (P,) within the limit of the power output of the
" oP, oP,

generators.

[14]

Fig. 6.1:  3-bus simple power system
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4 (a): Various benefits of FACTS technology include the following:

*  Control of power flow as ordered and suit to follow a contract. This is very important from the
present day operating scenario of the power system. Contracts are agreed between the
suppliers (generation companies) and the distribution companies based on the bidding on the
market. This does not take care of transmission constraint that is the responsibility of the
transmission operators. FACTS can ensure contracted service by properly controlling power
flow in the lines.

* Increase the loading capability of lines to their thermal capabilities including short term and
seasonal

* Increase the system security through raising large and small signal stability margin and
limiting short circuit current. '

* Provide secure tie line connections to neighbouring utilities and reasons thereby decreasing
overall generation reserve requirements on both sides. Phase angle regulator at times become
handy to create power flow conditions amongst neighbouring utilities through tie lines.

* Providing greater flexibility in siting new generation

o  Upgrade of lines

* Reduce reactive power flows thus allowing lines to carry more active power. FACTS devices
can generate reactive power to supply local requirement thus eliminating the need of var
generation by the generators
Reduce loop flows

e Increased utilisation of lowest cost generation [4]

(b) Thyristor based controllers such as TCSC and SVC can introduce variable series capacitance
and shunt capacitance respectively within the control range. The reactive power compensation is
dependent on line current and bus voltage respectively for TCSC and SVC. At high current and low
voltage network conditions, they are not very useful; rather they are taken out of service. The convertor
based facts controllers operates on the principle of synchronous voltage source and hence their actions
are virtually independent of the network operating condition. They can be used during contingency
conditions also with proper control. [2]

(c) A—C; B->B; C-F; D—A; E-D; F—E 6]

(d) The St. Clairs Curve provides loadability limits of lines at various transmission distances. This is
very useful to planner and system operators. These curves are drawn on the basis single conductor line
with 60 Hz operating frequency. For 50 Hz, a correction factor of 1.2 is to be multiplied. For bundle
conductors the actual loadability would be little higher than the value produced by the curve as the
surge impedance loading tends to increase because of increased surge impedance. [1]

Various factors that affect the line loadability are thermal, voltage regulation, and stability. For short
lines of length less than 50 miles thermal characteristic is the limitation. This is restricted by sag and
minimum ground clearance due to expansion of the conductors at high current and also irreversible
change in mechanical strength at annealing temperature. Approximately a line of 50 miles can be
loaded to 3 times the surge impedance loading of the lines. The thermal loading is not fixed and is
dependent on atmospheric condition such ambient temperature, wind velocity, condition of the
conductors and recent loading history. Accordingly the transfer capability varies and there can be short-
term (of the order of few minutes) overload capacity and normal load capacity.

For lines of length between 50 to 200 miles, the reactive power generation and absorption capacity of
the line dictates the amount of loading. Reactive power management of the line is the important issue
and maintaining an acceptable voltage profile is important. At higher loading with no shunt
compensation voltage at the receiving end tends to be unacceptably low. The problem can only be
overcome with controlled compensation.



For long distance transmission (length beyond 200 miles), the relative angular separation introduced by
the equivalent machines at both end is higher. The distributed inductance and shunt capacitance of the
line introduces 11-12 degree phase shift per 100 miles of transmission length. This means longer the
line length, higher is the angular shift introduced between sending and receiving end voltage and hence
lesser is the relative angular separation available for power transfer. It is not possible to load line even
close to its SIL values for line longer than 300 miles. Compensation is necessary to enhance loadability
of the line. [4]

(e) TCSC is a thyristor based controller series compensation device. It can be realised as part fixed and
part controllable through thyristor. Some time it can be part fixed capacitor and thyristor controlled
reactor and capacitor type. The commutation is natural. SSSC is voltage sourced based converters. The
voltage is a balanced and of system frequency. The magnitude is controllable. Forced commutation
(GTO) is used. It is placed in series with the line.

The amount voltage drop across a TCSC is function of line current and hence the reactive power
generated by TCSC is function of line current. The power transfer is increased by a fixed percentage of
the value of the uncompensated line for the same angle. The injection of voltage of SSSC is
independent and controllable and does not depend on line flow but it can be operated in constant
impedance mode if required. The angle of the voltage to line current is fixed either at +90 degree or —
90 degree. When at +90 degree it can behave as controllable inductor as opposed to capacitor at —90
degree. So compensation in both directions is possible. The amount of power transferred is increased
by a fixed percentage of the maximum power transfer value of the uncompensated line. The short term
overloading capability is very useful during high current condition and comes as a very useful benefit
in first swing stability performance of the network. At fault, the voltage developed across the series
capacitor is dangerously high and can be damaging to the costly thyristor switches if over-voltage
protection arrangement does not act. The TCSC cannot be useful during contingency (faults)
conditions. [3]

5 (a) The ratio between the number of measured variables to number of state variables or unknown
variables to be estimated is known as redundancy factor in the context of power system state
estimation.

Angle at one of the N buses has to be taken as reference for all other angles and magnitudes. This
means in an N-bus system number of state variables to be estimated is 2N-1. If lV‘_|_ P,,Q,are

measured at every bus and the flows P;,P,;.Q,.0 ;are measured in every line, the measurement
set is full and the number of measurement . = 3N + 4B rows, where B is the number of

branches. The redundancy factor is 3N + 4B o approximately 4.5 in a large fully monitored
2N -1
power system with an average of 1.5 branches per bus. [4]

(b) Lets take a system with ‘m’ measurement and n state (unknown) variables.
The error

€=Z—Zy,..=2Z—Hx (4v.1)

The elements of ‘H’ come from circuit parameters.

The true values X,..X, can never be determined through measurement. We can determine the best

estimate X I X » as we shall see soon. The etrors are also estimated ones, having the relationship:

e=z-Hx 42
Quantities with hats are denoted as estimate of those without hats.

Equation (4b.2) can be manipulated to
é=z-z2=e-H(X-x) 43
In least square weighted estimate, the objective function is:

It



n
- 2 _ 2 2
f—ijej =w,e; + w,e; + ..+ w

2 (4b.4)

2
m-1€m-1 + W €m

The best estimates of the state variables are those values that cause the objective function f to take on

its minimum value. According to the usual necessary conditions for minimising f, the estimates

X ] X , are those values of X; ... X, which satisfy the equations:

0 e de _ Oe
or 2 e Lt w,e,—>+ .. +w,__,e _ mol 4 m =0
1%1 m=1"m-1 m>m

Ox, |, X, Ox, ox, Ox, ||,

X X
? i de de de, |
of =2|we, —-+w,e, —*+ .. +w,_,e,_,—L+w, e, m =0
Ox Ox Ox

k1% L k k k k dlg
0 i Oe de de  _ de |
f =2lwe —L +w,e,—Z + ... +w__,e _ m=l 4 w e m =0
a 1*1 2% 2 m-1¥m-1 a m>m a
x” X L n n xn xn_i
(4b.5)

The true values are never known, the unknown actual error can then be replaced by the estimated error.
In vector matrix form, the set of equations in (4b.5) become

[T [wJe]=[0] (b6
The equation (4b.6) can be expressed with the help of é=z— HX
H'We=H"W(z-Hx)=0 (4b7)

This can be expressed as: ¥ = G "TH T Wz
Where G = HY WH (7]

FON

=G 'HTW (Hx +e)
=G7!Gx + G 'HTWwWe
-x=G 'HTwe

An expression for the difference (4b.8)

>

53

Taking expectation on both side in (4b.8)

E(x-x)=E(G '"H We)

EE)-x=G 'H'WE(e)=0

E(x)=x

The standard relation of £ (ax + b) =akF (x) + b is made use of where a, b are constant. The

error being random gaussian variable with zero expectations, E (e) =0
Hence, the expected value of the estimate is the true value of the unknown [ 3]

(c) The Kirchhoff’s voltage law can be applied to establish relationship between the measurement and
the unknown with error for the system shown in Fig. 5.1. Leaving the error aside, assuming true
measurement and true value of unknown, the following equation can be written:
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51,+V, =V,
51,+V, =V, (4c1)
Von= 5(11 +[2)

Manipulating and expressing in matrix form

5wl

2 )
< L 4c2

L|_| 75 5 ([, ] @ed)

I, L2,
515

Expressing Vm as function of VI , V2> one obtains,

N ER e

m
I
15 15 (4c.4)
1 2
zZ=|-— — Ix > z = Hx
15 15
L I
3 3
133 .33 93 .33
1000 G = HTWH =|: ] (6]
W - 1000 93 .33 133 .33

1000

6 (a) In economic dispatch, we formulate a single function that holds total generation equals total load
plus losses. This indirectly says about the generation must obey the power flow constraint. The
formulation of the economic despatch as minimising generation cost as objective function with power
flow equation as constraints is known as OPF. The objective of OPF need not be restricted to
minimising generation costs, rather can be one different from this such as minimising transmissions
losses, minimum shift of generations and transformer tap movements from optimum operating point. In
view of deregulated nature of power system in recent days it can even include minimising congestion
in the system or maximising available transfer capability (ATC). Irrespective of the objective functions
the OPF must produce a solution that would ensure entire set of power flow constraints at the solution
point. This makes economic despatch calculation as an OPF. 3]

The generator power output (other than reference generator) , generator voltage, transformer tap
position and phase shifter phase angle, switched capacitor setting, reactive power injection from a static

var system, DC line flow etc. are control variables in OPF. Generator phase angle (other than reference
generator), load bus voltage magnitude and angles are state variables. (3]

(b) In respect of sample power system in Fig 6.1,

The Lagrange function is
L=f(xup)+r"g(kxup)

where f(x,u, p)=F,(P,)+ F,(P,(V,| V.| [¥;].0,.0,.6,)):
AT = [’11 Az]

[0

P GV1|,|V2|.|V3|,91,92 "93)‘ P,

1|V2|:|V3]»91:92:93)" Pz} _ [0}

o

| 4



P, LWV, LV;6,.6,6,)=-200,~-100,

(up)o| 1002100, - P, 0
X,u, = =
EWNWPRI= 106, +200,-P, | |0

(4]

In this formulation,
u="r, x=[6,6,Tp=[V,|F,V,6,6,6, P ] arecontol st and fixed
parameters respectively. 1]
of _ |20 10F, 555 g,
dx 10 { 8P, 34 ~ 0P,

og |30 -104,08 |- [3]

ox - 10 20 du 0

of g\ [(ag\" ) (ot
vie, = 2L _ [ 28 og of
du du dx 0x
Substituting the value in the expression for VL and simplification would lead to

_ 9F(P,) _ 8F (P,)and equating to zero yields oF (P,)  oF (P,) (6]
0P, 0P, aP, @aP,

VL,



