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Question 1 [Compulsory]

(@

(b)

©

Electrical Energy Systems

Explain the usefulness of using a Per-Unit (PU) system in the analysis of power

systems [2]
A 33/11kV, 15MVA transformer has a leakage reactance of 4Q) as seen from the
HV side
()] Calculate the leakage reactance as seen from the LV side. [2]
(ii) Calculate the PU impedance at the HV side and show that it is the same

as the PU impedance as seen from the LV side. [2]
For the transmission circuit and its phasor diagram given in fi gure 1.1:
()  Showthat 7r=ys—| Xt X0s | X —RQ; [2]

Vs . Vs

(ii) Write the expressions for AV and §V. [2]
(iii) ~ How does the expression given in, (c)(i) change if the active and reactive

powers are specified at the receiving rather than at the sending end? [2]

P+Q I——:’R |:j)(
1
[ ]
O— O
Sending end Receiving end
_ lavi
Figure 1.1 A transmission circuit and its corresponding phasor diagram
— The question continues on the following page —
page 1 of 7



(d)
(i) List three purposes of load flow calculations in a power system.

(i) ~ What makes the load flow problem non-linear? Explain the main steps of
the Gauss-Seidel method.

(¢)

(i) Under unsymmetrical fault conditions on a three phase power system,
explain why positive and negative sequence currents do not flow through
the neutral circuit.

(ii) For a 3-phase fault on the 33 kV busbar shown in figure 1.2, calculate the
short circuit current (in amperes) in the fault and the symmetrical fault
level (in MVA) at the 33 kV busbar.

Generator 33kv

Transformer

Figure 1.2 A generator and its transformer

The ratings and p.u. reactances of the each element of the plant are given in
Table 1.1. In this table, the p.u. values are based on the individual ratings of each
element of the plant.

Table 1.1
Generator Transformer
Rating (MVA) 125 150
Rating (kV) 11 11/33
X1 (positive phase sequence) (per unit) 0.25 0.12

[2]

2]

2]

(2]
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Question 2

(2) Explain how the active and reactive power outputs of a synchronous generator
are controlled.

(b) What determines the maximum reactive power that a generator can export and
import?

(c) A turbo-generator feeds into a very strong network that maintains the terminal
voltage of the generator at 1 p.u. The synchronous reactance of the generator is
equal to 1 p.u. Initially, the generator runs overexcited with E=1.5 p.u. with real
power output of 0.25 p.u. Calculate:

(i) The power angle and reactive power output for this initial operating
condition.

(ii) The active and reactive power delivered to the system when the turbine
torque doubles. 3

(i)  The active and reactive power delivered to the system for an increase in
the field current of 20% (from the initial condition).

(iv)  Based on your results of parts (i), (ii) and (iii), discuss the extent of
coupling between the two basic control inputs.

(3]

[3]

[4]

(4]

[4]

[2]
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Question 3

(a)

(b)

Explain why in very high voltage ac power systems active power demand can be
provided by remote sources while reactive power demand is usually met more
locally. [4]

A simple power system is composed of a generator unit supplying a load over a
100km 400kV overhead transmission line as shown in Figure 3.1. Line
parameters are given in Table 3.1.

| l

] 600 MW +210 MV Ar

Figure 3.1. A 400 kV system

™~

Table 3.1. Line parameters per km

Series resistance Series reactance Shunt susceptance
r [(Y/km] x [Q/km] b [uS/km]
0.027 0.304 3.00

If the desired voltage at the load busbar is 400 kV, calculate the following (using
base values of Vb=400 kV and Sb=100 MVA):

(i) Voltage magnitude and phase angle at busbar 1. [6]
(ii) Active and reactive losses in the line. [5]
(i) Active and reactive output of the generator at bus 1. [5]
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Question 4

A generator connected to a 33 kV circuit supplies a load %onnected through a 33 kV
distribution line te-a-3=phasetoad, as illustrated in figure 4.1. The system is a balanced 3-
phase system and its frequency is 50 Hz.

Distribution line details:
R =0.3267 /km

X =0.4356 Q/km

B =0.0 S /km /phase
Length = 10 km

1 2

o——=
I | S;=10 MVA,
0.8 p.f. lagging

V=33 £0°kV

Figure 4.1. The simple power system

Determine:
(2) The per unit value of distribution line impedance, voltage at generator terminal

node and load. (Use a 33 kV, 100 MVA base). [4]
(b) Calculate the magnitude of the voltage at node 2 using Gauss Seidel load flow

algorithm. Perform 3 iterations. [12]
() Compute the losses and voltage drop across the distribution line. [4]
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Question 5

(a)
(b)

(©)

(d)

(®)

i} o=

Electrical Energy Systems

Explain briefly how the method of symmetrical components may be used to
represent a 3-ph system of unbalanced voltages.

Determine all three symmetrical components of a balanced set of currents with a
positive phase sequence.

Show that there is no positive or negative sequence current in the neutral
connection of a three phase system, that the neutral and zero sequence currents
are proportional to each other, and that there cannot be a zero sequence current if
there is no neutral connection.

Determine the phase voltages corresponding to the following sequence
components:

¥ = 20./80° pu
yl= 100£0°pu

V2 =30£180°pu

For the system shown in figure 5.1, sketch the zero sequence network.

T
L

)
AA
)

Ay

Figure 5.1 A simple power system

-~ Pa ]

[4]

[4]

[4]

[4]

[4]
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Question 6

Consider the simple three phase power system presented in Figure 6.1.

33kV/132kV A B

aD—
A

Figure 6.1 Three phase power system

A

The system’s sequence impedances, for a 100MVA base, are given in Table 6.1

Table 6.1
Positive Negative Zero
Generator 0.5 0.666 0.8
Transformer 0.3 0.3 0.3
Line 0.115 0.115 0.172
(a) Sketch positive, negative and zero sequence circuits and place appropriate
sequence impedances in these circuits. [3]
(b) Show how these circuits should be linked for the evaluation of a single line to
ground fault at bus bar B. [4]
(c) Determine the fault current. (4]
(d) Determine the phase currents through the transmission line A-B. [3]
(e) Determine the phase currents through the generator (i gnore phase shift across the
transformer windings, i.e. assume that the phase shift is zero in this case). [3]
® Determine the fault level at bus B. [3]

Electrical Energy Systems
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SOLUTIONS L¢¢ 7

Question 1: [compulsory]

(2)

(b)

(c)

Electrical Energy Systems

For full mark the following points need to be elaborated

+  Multiple voltage levels: 400kV, 275 kV, 132 kV

* Impedance of transformers depends on side

»  Normalised quantities help understanding

ET-(3

A 33/11kV 15MVA transformer has a leakage reactance of 4C as

seen from the HV side
_ U 33%.10°
(1) Z.fmse v T o= 6
S, 15-10
Xfw
Z

base hv

1

4

2 005515
26 Py

=

X s Ue’vg _ Ufzv
U

5,

(i) X, = 0.4444Q, 7,

hv 2 aselv —

hv
in per unit
_0.4444
8.06

=0.0551pu

=72.6Q , in per unit

_117-10°

T 15-10°

2]
=8.06Q2

2]

For a transmission circuit given in Figure 1.1 and the corresponding

phasor diagram below, show:

}:P\ZQ\
Vs*
V,=V,-(R+jX)-I
i . o o
® ,=VS—(R+jX)-(H—_jQi
Vo=V, =V, =20 =7,
— — RR+XQ, . XP-RO,
; i ( Vs ) j( Vs
i av-FBtX0. 5 AP RO,
Vs I/S

2]

2]
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== RP,+XQ,. _XP. —-RQ.

i) V=, (o 2y e R 2
(d)

(i) A brief discussion of three of following topics will give a

full mark:

* Given loads and generations in the system, calculate
the voltage at each bus

e Using these voltages, calculate the flows in each
branch

e Applications

© Analyse the behaviour of the system for
hypothetical situations

o Initialise other calculations
¢ Central problem of power system analysis

» Effects of rearranging circuits and incorporating new
circuits on system loading

¢ Effects of temporary loss of generation and
transmission circuits on system loading

* Effects of injecting in-phase and quadrature voltages
on system loading

e Optimum system running conditions and load
distribution

e Improvement from change of conductor size and
system voltages 2]

(ii) In power system analysis we choose to describe load in
terms of power injected (or absorbed) rather than in
terms of impedances. So voltage is non linear function of
power.

The Gauss-Siedel method

Step 1: Guess initial values of voltage V_j’for load buses.
If no specific information is available we generally

assume that V_f=].l] p.u.

Step 2: Compute V,"' = V_~ ={R+jX)- (Pf. _:'QL )
L
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Step 3: If [V - V_j > ¢, where ¢ is predefined tolerance,

the iterative procedure has not yet converged. Let i =i +1
and go back to step 2.

Step 4: If the convergence condition is satisfied the
computation stops. Given voltage phase angles and
magnitudes, power flows can be computed.

2]

(e)
(i) Positive and negative sequence currents do not flow in
the neutral circuit because they are balanced
12]
(ii) Per unit conversion
Generator Transformer
Rating (MVA) 125 150
Rating (kV) 11 11/33
X1 (positive phas_e sequence) 0.25 0.12
(per unit)
100-10° 100-10°
System base (100 MVA) 0.25)- ————=02pu. | (0.12)-————=0.08 p.u.
! ( 125-10° ik 125-10°

Three- phase fault at 33 kV

Jo2 J0.08

33 kV

x=x, +x,=028pu.
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o,
.>1|._.'—‘

= j0.28p.u

j0.28

| 1p.u

4
L= Z‘*’ =-j3.5714pau.

th

S
1. b_=1749.54

}_‘ngV},
:If

I -1, =-j6248 4
Fault level (MVA)
FL=+3-1,-V, =-35TMVA 2]
SOLUTION to Question 2:
(a) Increasing a torque on the rotor shaft increases the rotor angle (&)
and results in more active power exported to the network. Increasing
the field current and hence increasing the magnitude of £  results
in export of reactive power. [3]
(b) The reactive power is limited by:
. Excitation limit
. MVA limit
. Primer mover limit
L Under excitation limit [3]
(©)

Electrical Energy Systems

(@

s B
§=sin™ (~e—e) = 9.5941°

[

V
Qin.r'rr'.m‘ = _AX,; ) (E - COS 5 - V; ) - 0-4790 p.u

5
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(ii) 8, =sin"'(2-sin &) =19.47°

P:M-siné

e

.

~

X

5

Q:(—’J-(E-coséz ~¥,)=0.4142p.u

(iii) E,=12-E

, =0.5000p.u

-E
P= EX—"‘E-sin 0 =0.3000 p.u

&

Q= % (E,,, -c0osd—V,)=0.7748 p.u
(1v)
Active/Reactive power P (p.u) | Q(p.u)
Case (i) 0.25 0.4790
Case (ii) 0.5 0.4142
Case (iii) 0.3 0.7748

[4]

[4]

[4]

From the results shown above it is evident that in case when turbine torque
doubles the active power increase while reactive power is slightly decreases
compared with initial working condition. In case when a field current is
increased for 20 % the active and reactive power are increased. Therefore, it
can be concluded that these two controls are almost independent.

SOLUTION Question 3:

2]

(a) Bringing reactive power from a longer distance increase the current in

transmission lines, which leads to an increase in reactive losses (77X ),
that directly contributes to a voltage drop, as in HV networks X is
significantly larger than R. In other words reactive power can be
transported only at the expense of increased voltage drops. However, the
magnitude of voltage drops need to be limited.

(b)
R=r"L=0.027*100=2.7 Ohm

Electrical Energy Systems

[4]
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X=x"L=0.304*100=30.4 Ohm
B=b’L=3.00*100=300 e-6 1/Ohm
VZ 2
Vo= 400KV, Sb=100MVA = Z, =< = 410% = 160002
b

Per unit values:

poat o TR
Z, 1600

s SO G
Z, 1600

b=B-Z, =300-10"°-1600 = 048

P, =6
Q, =21

@ =Y -3: 024

Q,, = 24MVAr

P,=P,=6

Q,=Q,-Q,, =21-024=186

P;r+Q;x+jP2‘x—Q;r _
v, v,

AV = (6-0.0016875 +186-0.019) + j(6-0.019 — 186 -0.0016875)
AV = 0.04546 + j0.11086

V,-V,=AV=

() V, =1.04546 + j0.11086

|V,| =1.05132
[V,|=42053kV (6]
(ii) Series losses:

: AVY AV [0.04546 + j0.11086["
S =RV = B 2| et _
: z Z. 00016875+ j0019

s€ s

S,. = 00666+ j0.749

Reactive shunt ‘gains’:
Node 2: Q,, = 0.24
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Node 1: Q,, = V? -g =11053-024 = 02653

Total line losses:
S; =8, —]JQ,, — JQ, =0.0666+ j0.749 — j0.2653 — 10.24 = 0.0666 + j0.243

(5]

(iii) Injection at bus 1

S, =S, +S; = 6+ j2.1+ 00666+ j0.243 = 6.0666 + 2.343

S, =606.66MW + j2343MVAr [5]
SOLUTION Question 4
1 2
L
)
S;=10 MVA,

0.8 p.f. lagging
Vi=33 £0°kV

Figure 4.1. The simple power system

(a) Use a single representation of the system
MVA Base = 100 MVA
VBase =33 kV

Zbase =(33-10°)*/10° =10.89 Q/ pu.

Impedance of distribution line

R=0.3267*10 =3.267 Q
R=3.267/10.89=0.3 p.u.
X=0.4356* 10 =4.356 Q
X =4.356/10.89=0.4 p.u.

Load
Ploaa=10x0.8=8 MW
Proag = 8/100 = 0.08 p.u.
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le.-ad—lo (1 08)05_6MVA1'
Quroaa = 6/100 = 0.06 p.u

[4]
(b) Iteration 1

Vo =¥ —(R+jx)- 524
Vz

s=1=(D3+ j0.4)-—(0'08_1j 005

=1-(0.048+;0.014)
=0.952-;0.014 p.u.

Iteration 2

V=¥, - R+ jx)- L2 )

(0.08— 70.06)

=1-(0.3+ j0.4)-
(03+709) 59527 j0.014

=0.9494 -7 0.01396 p.u.

[teration 3
V=¥, —(R+ jx)- L)
Va
(0.08 - ;0.06)

=1-(0.3+ j0.4)- _
0.9494 +j 0.01396

=0.9492 - 0.014 p.u.
V> =0.9492-j0.014
=0.9493 £ - 0.845 deg
=31.3269 kV £ - 0.845 deg
[12]
(©)
Voltage drop = ?, ~¥3

=1-(0.9492 -7 0.014)

=0.0508 + 0.014 p.u.
=1.738kV £ 15.4 deg

Electrical Energy Systems page 8 of 16



Electrical Energy Systems

Losses = I*-(R+ jX)

2
MZ—-(R+J'X)

- oy 103+ j0.4)
0oa03F T

=0.0033 +;0.0044 p.u.
= 0.33MW +0.44 MVAr
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SOLUTION Question 5

®—

®
o A4 @0
zn7k = Q) l‘?LA A
Ak

we

e

a) Any set of three-phase voltages (or currents) can be decomposed into the
sum of three components

* A positive sequence component
-Set of three voltages of equal magnitude, separated by 120° in the positive
phase sequence

* A negative sequence component
-Set of three voltages of equal magnitude, separated by 120° in the negative
phase sequence

* A zero sequence component
-Set of three voltages of equal magnitude and phase

[4]
b)
_" 11 1 1) (1,
M=={1 a &*||1,
P 3] a a }ﬁ

Positive sequence current:

Vi :-l—(f_u+a-a+a2-]_<.)

( +a~a2-1{,+a2-a-1_[,)

L...:]-—~ wi—- u|—-

Lsd ),
=X

1+1+1)-1,

1
™~

o
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Negative sequence current:

;zzg(zmw—w.z)

L va ot T raa )

=%(1+ a+az)- L,

=0
Zero sequence current:

I_":%(K+Z+f:)

=T, +a® T, +a T,

—

—_—

=—(1+ar.2 +ﬂ)»fu

1l
<o W

[4]

c)

LT +T+T,
Sl N R M R Y

= 13+E+E + E+E+E)+(1§+E+E
0 0

=3.71°

= There is no positive or negative sequence current in the neutral connection
«  The neutral and zero sequence currents are proportional
» There can not be a zero sequence current if there is no neutral connection

[4]

d)

v 1 1 1)(r°
Vie |=|1 @ a || 7
i’/’_“nlaalV_2
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V) (1 1 1) (20280 ) ( 20480° +100£0° +30.180° 73.47 + j19.70
Vio |=|1 @ @ |-| 100£0° |=|20480° +100£240° +30.£30° |=| —31.53— j92.89
V] \I a a*)|30£180° | |20£80° +100£120° +30260° | |-31.53+ j132.3

=| 98.09£251.3°

76.07 £15.01°
135.98/103.4°

[4]
€)
R T
) MM MM
P M o —!‘
Q S
{?:Zn }
Reference node

(4]
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Solution of Question 6

33KV/132kV A B
©O—(D—
JAN

Figure 6.1 Three phase power system

a)
j05 pu j03pu  j0.115pu
AR BA Y I-"Y"Y"'f]

B G4 S LA o

[ A

i
'\
{ | VI=1.0p.u.
p

o Positive sequence equivalent circuit

joee6p.u j03pu j0.115p.u

A B

Negative sequence equivalent circuit
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jQ,S p-U. j0.3pu j0172pu
[ il PRI R

A B

b)
j0.5p.u. j0.3p.u. j0.115 p.u.

MM T “'WI/..B
|

3
() vi=1pu.

j0.666p.u. jo3pu.  jO.115p.u.

) ’WW_P“LJWWZ?
Z

jo.8p.u. j03p.u. jO.172pug

. I[J”‘”LJW"L/_
| 7

| N

Electrical Energy Systems

Zero sequence equivalent circuit

j0.915 p.u.

j0.472 p.u.

(3]
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c)

=[] =[r] - 0.915 1 1.1621 Toary 0P
Sp _100-10° o i 4

V3.¥,  W3-132.10°

i;|=3%0405 =1215pu.

Iy =

7,]=1215-437 = 5314

(4]
d)
j0.5p.u. j0.3p.u. j0.115p.u. 10915“
MM mz A
? Vi=1pu / C{fv‘ﬂpu
j0.666p.u. j0.3p.u. j0.115 p.u. j1. 081 p.u.
r\'w N JY‘(‘q_— vav\']_ fVW L_L
i o.i % i %:. wpifu%'u'B j0.472 p.u.
F s e
| .
v
I,=1=1,=—=— - =—-;0.405 pu.
Z, J-(0.915+1.081+0.472)
i3
;oo Sy _ 10030° .

T B

I,=1I,=1,=—j0.405-437=—j177.2
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L[t ¥l & 1 t][=ia172] [«j592
I,|=|1 & a||L|=[1 & al||-j1772|=] 0
I 1 a a° I, 1 a a*||=41772 0

[3]

¢) Assumption: Transformer phase shift across transformer is ignored.

.8y _ 100-10°
=, +3.33-10°

=17504

I,=0
I, =1, =-j0.405-1750 =~ j709 4

1 1 1 Iy 1 1 1 0 Jjl418
=1 a* a |-|I,|=|1 &® a |-|-j709|=|- ;709
1 & a2 1 a a*||-j709| |- ;709

ga

1418 & %
Y Y Y Y
(3]
B
FL=A3 Vw1, =/3-132-531=121.4 MVA4 [3]
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