SOLUTIONS:

EXAMINATION IN 2C1134 Electrotechnical design
December 2004-12-16

Solution to problem 1:
The thermal resistance between conductor and lead jacket for 1 m of the cableis:

R = 1fdx  170%0® gy 1 [ 15+03+7+0.25
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The thermal resistance between the lead jacket and the surroundings for 1 m of the cableis (lead is

considered to be an ideal good thermal conductor):

j: 0.324[K /W]
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The derived expression for the over temperature relative ground temperature of a surface of
temperatureis (see EQ. (4.308) in “Electrotechnical modelling):

AT = P-[i n2—L1]

2t N

For 1 m of the cable we can identify the corresponding thermal resistance for L,=0.9m and the given
radius of the cable by considering the thermal Ohm'slaw AT =T,-T, =R, -P .

We get

Ria

1 ( 2-800

= In = 0.706[K /W]
27-09 \15+0.3+7+0.25+2.5+4.4

The sum of the thermal resistances are
0.324+0.129+0.706=1.159 [K/W]
The cable power dissipation P for a current Jis per meter and at 50° C (30° C temperature rise)

P =0.0287-10"°(1+30-0.00393) J* = 3.21-10°J?

Now AT =T, -T, = R, - P gives

30
1.159-3.21-10°°

(50-20)=3.21-10°J?-1.159 = J :\/ =898[ Al

ANSWER: The maximal load current is 898 A



Solution to problem 2:

I
To determine the reflection coefficient B one needs to find the characteristic impedance Z = \/:
C

.,where | and ¢ are the inductance and capacitance per meter of the cable. The inductance is given and

rr 1
is %(ln—l+zj [H /' m] . The capacicitance per meter of a coaxial is according to the
I’.O
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compendium
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- It isnow straight-forward to obtain an expression of the characteristic

Theinner and outer radius of are given and 2 and 10 mm respectively, which yields a cable impedance
of 73.34 Q. Now the reflection coefficient can be determined according to

=20 0133 _ 4 15006~ -0.189
Z,+7Z, 50+73.34

The wave propagation time from point A to the 50Q2 termination can be designated t . The wave

1
propagation speed v in the cableis V=—= . With the cable data one gets
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The wave propagation time t from point A to the cable termination then is given by

30
0=v-7 = 7=—>—5=0152us
1.97-10
A reflection diagram then gives the voltage variation at A when aramp of steepness 100 kV/us arrives

directed towards the termination.
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Solutionsto problem 3

The hysteresis loss density during each cycle in the core material is Uj HdB, whichisthe area

circumscribed by the the hysteresis |oop. According to the given magnetization curve thisareais
2-(100-1.7)/2=100- B =170 [Jm?].

o w*B%d? W
At the frequency f the eddy current loss density is pe(t) =

— | .wherew=2r-f, dis
12p }

m3
the lamination thickness, B the peak magnetic flux density and p isthe core material resistivity.

In this case we will identify the frequencies where hysteresis and eddy current losses are the same for
the different lamination thicknessnes 0.5, 0.3 and 0.1 mm.

Wethen get f, , f,, and f5 according to
(2rf,)” B%d? _ ¢ _12:100-p _  100-12.05-10°

f,-B-100= . = —— ~=3576
12p (27)"Bd? (27)-1.7-(05-10°)
. 27 )’ B2d? .100- 12.05-10°
£ .6.100= ”122) i o - 12100p 100120510 w0
P (2r)"Bd, (27) -1.7-(0.3-107)
A 27 f,)? B%d? .100- 12.05.10°
f3-3-100=(7[3)—3 _ f,-12:200-p _  100-12.05-10 894,00

12p (27)°Bd? (21)° 1.7 (0.1-107)
ANSWER: The frequencies corresponding to 0.5, 0.3 and 0.1 mm are 36, 99, and 894 Hz.
Solution to problem 4

The charges (rms-value) on the conductors are determined by the phase voltages and the capacitance
matrix

o 783 -167 -0.79 1 . 7.58+ j0.64
q, |=|-167 811 -167|-10".|a? -145000'T= —-4.09-j7.09|-10" C/m
O, | |-079 -167 7.83 a 3 13044 j6.89
a:_1+j£

2 72

Formula (3.7) in the compendium gives

S H

E=2)

2 2
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By insertion of charges, H=12 and x-values 10, 14 and 18 the electric field adds up to:

E =-393+j378 V/m with absolute value 545 V/m (rms).

ANSWER: The electric field at ground at 10 m horizontal distance from the outer phase
is545 V/m (rms).



Solution to problem 5
The voltage across the two-layered capacitor can be written as

E, isthe field-strength in the oil and E; is the field-strength in the oil-impregnated paper.
The continuity of the displacement field across the boundary between the oil and the paper yields

grlEl = gr2E2

d;=2mm, d,=8mm
€= 2.1, €= 38

2.1
Thefield in the paper is E, = 38 E, = 0.553E; . This means that the oil will breakdown first

because when the field in the oil reach the breakdown strength 15 kV/mm, the field in the paper will be
8.3 kV/mm which is below the breakdown field-strength of the paper.
Thus breakdown of the oil will occur at a voltage of

£
r2 -
Note! After the breakdown of the cil, the full voltage will fall above the paper and the field-strength in
the paper will be 96.3/8 = 12 kV/mm > the breakdown strength and the whole insulation will
breakdown.

In the laminated case with 100 laminates the breakdown strength of the oil and the paper will
be:

15

, =—————==59.7 kV/mm
Eooi (leooJo.g
2
10
e =————==39.8 KV/mm
EbPap (8/100}03
8
Upg = Epgy +L Eyyd, =59.7- 2+ 0.553-59.7-8 = 383.5kV : Ans
€2 -
ANSWER: The breakdown voltage will increase from 93.6 kV to 383.5kV with oil barriers
in-between each layer.

Solutionsto problem 6

The equations that relate voltage-drops along conductors to phase currents are given by:
U 1 le ZlZ ZlS I 1
U, (=1Z2u 2y Zy| |,
U 3 ZlS 223 233 I 3



The impedances are given by the formulas below. The conductors are designated 1,2,3 from left to
right.

-7
2y =2y, =24 =00 1+|n[9j L= jor 720 £+In(%] .70-10° = |57.2Q
2r\ 4 a 2

4 0.015
47107 In[ 5097)

]L: jor .70-10° = j31.4Q

( D
2z d12 = dzs

—7
4710 In[5097j-70-103 — |28.4Q
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D is the equivalent depth given by Carson’s expression: D = 658 \/g = 658, /% =5097m

In this problem the voltage drops along the conductors 1 and 2 are equal to the phase voltages, because
the lines are short-circuited to ground. (Thisis not the case when a phase-to-phase fault without ground
connection occurs.) The (inductive) current in conductor 3 is equal to zero sincethat lineis
unconnected.

The voltage at the end connected to the stiff network:

UOl:@kV’UOZZ%aZkV’ anz_akv, a:e12ﬂ/3

V3 V3

The currents |, and |, can be obtained from this simplified equation system.

{Um} _ {Zn ZlZ:|-|:I1:|
Ue Zn Zp P

Cramer’srule, e.g. gives:

220

U01 le
U Z u,Z,-U,”Z .
|, = 02 2| _You‘e 02412 :(1_52—J4_O7)kA:|I1|=4.34kA
211 le anzz - 212221
221 Zzz
Zn U01
Z U Z,.-U,”Z .
|, =122~ _YeZu=Uqg 2L = (-2.76+ j3.35)kA = |1,| = 4.34kA
le Z12 anzz - Z12221
Z21 Zzz

The current in the fault location is given by |I1 +1 2| =1.43kA

ANSWER: The currentsin the two short-circuited conductors are 4.34 kA and the current to
ground is 1.43 kA



