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International Student Competition
on Electrical Power Engineering in Honor of A.F. Diakov

In memory of Anatoly Diakov. Instead of a Preface

The annual International Student Competition on Electrical Power Engi-
neering in 2015 was named after outstanding Russian power engineer Anatoly F.
Diakov.

The name of Anatoly Dyakov is iconic in the Russian Electrical Power En-
gineering sector. He had been working in this sphere for more than 55 years.

AEEST aoae ez After his graduation from the Electrome-

- . - o« chanical Faculty of North-Caucasus Mining and
Metallurgical Institute in 1959 he started working
as an electrician at the Bashkir copper and sulfur
plant and became the Minister of Fuel and Energy
of the Russian Federation in 1991. After the reor-
ganization, he was appointed the President of the
Russian joint-stock company of energy and elec-
trification (RJSC "UES of Russia") on December
1%, 1992,

He devoted more than 30 years to
the active work in International Coun-
cil on Large Electric Systems
(CIGRE). He had been representing
Russia in CIGRE Administrative
Council and Steering Committee since
1987, as well as headed the Soviet
(Russian since 1992) CIGRE National
Committee in 1989-2009. Since 2009
Anatoly Diakov had been RNC CIGRE Honorary Chairman and also served as
the Chairman of RNC CIGRE Technical Activities Committee.

During all these years, Anatoly Diakov was in charge of scientific and
technical activities of the Partnership, and examined promising areas of CIGRE
RNC scientific research. He actively attracted Russian scientists and experts to
participate in a variety of events organized by CIGRE, where scientists shared
their best experience, discussed the most relevant challenges in the development
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of electric power systems, the design and operation of high-voltage equipment
as well as the development and implementation of new control systems. He
worked hard in research committees and working groups, symposia, colloquia
and CIGRE Sessions. In his scientific work Anatoly Diakov gave much attention
to the development and implementation of the system that improves the reliabil-
ity and survivability of the United Power System of Russia.

In recognition of his outstanding

munity he was awarded the status of
"Distinguished Member" in 2000, and in
2014 he was awarded the title of "Hon-
orary Member".

It is difficult to overestimate the
contribution of Anatoly Diakov to the
preservation and support of research activities in our home electrical engineer-
ing. Being the professor, the Doctor of Engineering Sciences, the author of
about 400 scientific papers, a lot of patents and copyright certificates, Anatoly
Diakov was an active participant in leading Russian electrical power engineering
organizations. He had the positions of the Corresponding Member of the Rus-
sian Academy of Sciences, the Chairman of the Scientific Council of the Rus-
sian Academy of Sciences on the problems of reliability and security of large-
scale power systems, the academician (both as a Secretary and a member of the
Presidium of the Russian Academy of Electrotechnical Sciences), the Head of
the Department of Relay Protection and Automation of Power Systems in Mos-
cow Power Engineering Institute, the Chairman of the Technical Board, the
President of non-profit partnership "Scientific Council of United Power Sys-
tem", and the Scientific Director of OJSC "United Power System Engineering
Center".

Professor Diakov was actively involved in the life of the industry, carried
out successful research, and did a lot of organizational work. His highest level of
professionalism, dedication and enthusiasm, lively and inquisitive mind, inex-
haustible optimism and energy will always remain in the memory of his col-
leagues, students, and partners, all those who were fortunate to know Anatoly
Diakov and work with him.

Dr. Diakov was also concerned with developing and implementing projects
aimed at education and training of a new generation of Russian power sector spe-
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cialists: young scientists, engineers, designers, managers, and other professionals
with international competitiveness who are able to make a significant technologi-
cal breakthrough in the Russian power engineering industry. He stood at the ori-
gins of the program " RNC CIGRE Youth Section " and highly supported its de-
velopment.

The Competition Preparation and Carrying Out

The International Student Competition on Electrical Power Engineering in
honor of A.F. Diakov is held annually under the program of RNC CIGRE
Youth Section at the premises of lvanovo State Power Engineering University
(ISPEV). Its main objectives are to promote students' interest in the topics of
CIGRE research, develop creative thinking, increase the effectiveness of educa-
tion, and involve students in research work. The event also helps to bring out
talented young people as well as to encourage and support those of them who
achieved the best results.

The history of the student competitions on electric power disciplines in
ISPEU dates back to the 1960s, when first competitions on Theoretical Basics of
Electrical Engineering were organized. In 2010 it was decided to hold a compe-
tition on electrical power engineering for senior students under the "Electrical
Power Engineering and Electrical Engineering" study program. The tasks were
formulated on the basis of those offered in the obligatory courses taught to stu-
dents. In 2012 the Competition on Electrical Power Engineering in Ivanovo
State Power Engineering University took on the All-Russian status, and since
2013 it has been an international-level event.

The Competition is included in the RNC CIGRE Youth Section events
plan and is usually held in November. The participants are senior bachelor stu-
dents and the first-year master's students pursuing their degrees in Electrical
Engineering. Detailed information about the Competition is available on the
websites of RNC CIGRE and ISPEU, and is also sent out to technical higher
education institutions of Russia and former Soviet Republics as well as to other
countries. Eighteen universities announced their participation in the Competi-
tion in 2015.

In accordance with the Terms and Conditions of the Competition, the lec-
turers of participating universities were involved in the task preparation. Based
on the education standards for teaching electrical engineering disciplines, tasks
of two complication levels for each of the following subjects were prepared:

« Theoretical Basics of Electrical Engineering,

5
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 High-Voltage Engineering,

« Relay Protection and Control,

e Electrical Equipment of Power Plants and Substations,
e Electric Grids and Electric Power Systems,

e Electric Power Supply.

The International Student Competition on Electrical Power Engineering in
honor of A.F. Diakov was held in November 17-21, 2015.

On the first day of the Competition, after the meeting the participants and
helping them with their accommodation, a tour about ISPEU was organized. It
included a visit to a full-scale simulator of a nuclear power unit, training and re-
search laboratories for students in the field of electrical and power engineering,
libraries, the university sports center and the museum.

The Competition opening ceremony took place on November 18", 2015 in
the main building of ISPEU. A welcoming speech to the participants of the
Competition was made by the Vice-Rector of ISPEU Vladimir Tyutikov, the
Deputy Head of RNC CIGRE Youth Section Committee Arkady Makarov, the
representatives of the administration of the Ivanovo region, and the heads of the
participating teams.

The welcoming speech of Vladimir Tyutikov, the The welcoming speech of the team of Technical
Vice-Rector of ISPEU University of Darmstadt (Germany)

The teams of the following higher education institutions took part in the
Competition:

1. Belarusian National Technical University (Republic of Belarus);
2. Vologda State University;
3. Vyatka State University;
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Donetsk National Technical University;

Ivanovo State Power Engineering University;

Irkutsk National Research Technical University;

Kazan State Power Engineering University;

National Research University "Moscow Power Engineering Institute™;

© © N o 0 &

Nizhny Novgorod State Technical University;
10. Peter the Great St. Petersburg Polytechnic University;
11. Novosibirsk State Technical University;

12. The Branch of National Research University "Moscow Power Engineer-
ing Institute” in Smolensk;

13. North-Caucasus Federal University;

14. Samara State Technical University;

15. National Research Tomsk Polytechnic University;
16. Ulyanovsk State Technical University;

17. Ural Federal University;

18. National Research South-Ural State University;

19. Technische Universitdt Darmstadt (Technical University of Darmstadt,
Germany).

A total of 120 students took part in the individual championship.

Four hours were given to solve the offered problems. In accordance with the
Terms and Conditions, the heads of the teams were included in the jury. A blind
review of all the works was carried out by experts from lvanovo State Power En-
gineering University and other participating universities.

e =y
: s i

7
7% e

The Competition participants in room B-301 The Competition participants in room B-316
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The Experts are checking the works
Based on the results of the team championship the following higher educa-
tion institutions achieved the results presented below:

# Higher education institution Place
1. | Ivanovo State Power Engineering University 1
2. | Belarusian National Technical University 2
3. | National Research University "Moscow Power Engineering Institute™ 2
4. | Peter the Great St. Petersburg Polytechnic University 3
5. | National Research South-Ural State University 3
6 The Branch of National Research University "Moscow Power Engineering 3

" | Institute™ in Smolensk
7. | National Research Tomsk Polytechnic University 4
8. | Vyatka State University 4
9. | Ulyanovsk State Technical University 4
10. | Ural Federal University 4
11. | Irkutsk National Research Technical University 4
12. | Novosibirsk State Technical University 4
13. | Technical University of Darmstadt 5
14. | Kazan State Power Engineering University 5
15. | Vologda State University 5
16. | Nizhny Novgorod State Technical University 5
17. | Samara State Technical University 6
18. | Donetsk National Technical University 6
19. | North-Caucasus Federal University 6

The results of the individual championship are as follows:
Name: ] Higher education institution
1% place
Oleg Soldatkin \ Ivanovo State Power Engineering University
2" place
Andrey Karpechenko Belarusian National Technical University

The Branch of National Research University "Mos-

Evgenia Bulicheva . . . .
g cow Power Engineering Institute™ in Smolensk
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3" place

Evgeny Gorshkov

National Research South-Ural State University

Victor Buslov

Moscow Power Engineering Institute

Aleksandr Habarov

Peter the Great St. Petersburg Polytechnic University

The winners of the Competition in team and individual championships were
awarded with the diplomas and cups as well as with scientific books from RNC

CIGRE.
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Oleg Soldatkin, the student of lvanovo State
Power Engineering University, is receiving his
diploma for the 1* place in the Competition
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Evgenia Bulicheva, the student of the Branch
of National Research University "Moscow
Power Engineering Institute” in Smolensk, is
receiving her diploma for the 2™ place in the
Competition

The trip to the Youth Day of the International Forum on Energy Efficiency
and Energy Development "ENES-2015" held in Moscow's Gostiny Dvor was or-
ganised for the participants of the Competition on November 20", 2015. Many of
the participants were about to graduate from their universities and will start work-
ing at real power engineering objects soon. That is why the visit to the Forum was
a great chance for them to meet the representatives of the electrical power engi-
neering industry. At the Forum, the students had the opportunity to address their
questions to Anton Inyutsyn, the Deputy Minister of Energy of the Russian Fed-
eration, as well as to take part in a round table discussion on the development of

electrical power engineering.
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The International Student Competition on Electrical Power Engineering in
honor of A.F. Diakov has become a significant annual event for Russian power
engineering universities. The participating institutions have confirmed their de-
sire to send their teams to the Competition in 2016. The representatives of other
universities are likely to come to the event as well.
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Tasks of the Competition ""Electrical Power Engineering"
in 2013-2015

1. Theoretical Basics of Electrical Engineering

Task 1.1

Figure 1.1 shows the single-phase
equivalent circuit of a 220 kV three-phase

Rconductor Xconductor

KXM cable line connected to a load with the fol-

ME, 2 Zia  lowing impedance:
Raies Xsios Z.. = 96.61 +j51.21 Ohm. The cable core

L L JT_ . conductor and shield have the following
Fig. 1.1 parameters: Reonductor = 5 Ohm:;

Renietd = 20 Ohm; Xconductor = 25 Ohm; Xghielg = 20 Ohm. The mutual inductance
between the core conductor and the shield is X;, = 2.5 Ohm.

Determine whether there is a need to ground the shield on the load side if
the potential on the ungrounded end of the shield should not exceed 25 V with
respect to ground, and the induced current in the shield must not exceed 10% of
the core conductor current. Calculate the active power losses in the three-phase
cable line under the chosen method of shield grounding.

Solution

1. To define the induced voltage at the ungrounded end of the shield we
first calculate the current in the conductor by using the second Kirchhoff law for
the loop made up of the voltage source, conductor and load:

E ~ 220000/+/3 .
conductor Z.. + jX 96.61+ j51.21+5+ j25

=800 — j600 =1000e"**%" A,
Then the induced voltage at the end of shield can be found as:
Ui =1 X,, =1000-2.5=2500 V, which is more than 25 V.

| =
+ TR

‘conductor conductor

conductor

2. Now it is necessary to find the induced current in the shield when it is
grounded on both sides. For this purpose, we denote direction of currents and
starts of inductances so that the effect of currents in them was a counter (on the
principle of Lenz) (see fig. 1.2).

11
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Reonductor % Xeonductor The equation for the second Kirch-
AN /Y Y . . . . .
— Xy hoff's law for the circuit with the shield is:
conductor . . . .
<’I‘> EA * § Zload 0= Ishield (Rshield + sthield )_ Iconductor JXM !
Rshield I‘_ Xshield . i »
shield SO Ishield — conductor_J M —
me ' (Repieta + X sieta )
Fig. 1.2 X
g = Ishield = Iconductor 2 = 2 -
shield + X shield
= auctor 25 0.0881 . yeor» WHich is less than 0,1leonguctor- SO, the shield
207 + 207

should be grounded on both sides.

3. We determine the active power losses. For this purpose we should solve
a system of equations complying the second Kirchhoff law with respect to the
currents in the conductor and shield:

E = Iconductor (Zload + Rconductor + chonductor ) - Ishield JXM ' —
0 = Ishield (Rshield + JXshieId ) - Iconductor JXM '
E + lgieid JX

= =
conductor -
Zload + R + JX

| conductor
E ) jXM
(Rshield + X shietd )(Zload + Roonductor + JX conductor ) + Xy
Hence, leonductor = 999.78 A, lghielg = 88.37 A. Then, we can finally determine
the active power losses as a sum of losses in the conductor and shield:

AP =3AP, +3AP, g =312 R + 3l Gt Repiers =

conductor conductor © “conductor

=3.999,78% -5+ 3-88,38% - 20 =15462062 W
Answer: the shield should be grounded; AP = 15.462 MW.

conductor

= i =

12
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Task 1.2
A A person touched one wire of a
B three-phase transmission line rated at 10
c kV and 50 Hz (fig. 1.3). The person's re-

iz 7.
Fig. 1.3

sistance IS Rpya, = 1000 Ohm, the self-
capacitance of each phase with respect to
ground is Cy; = Cy = C33=0.256 pF, and
the mutual capacitance between phases is
C1p = Cy13=Cy3=0.115 pF.

Calculate the current flowing through the person and determine whether he
will die provided that the fatal current is 100 mA or more. The conductivity of in-

sulation between the wire and the ground can be neglected.

Solution

To find the current that will pass through a person, E, Xc
we should create an equivalent circuit that takes into Z )|<|
account the partial capacitance of each phase with re- -~ Es HC 1
spect to ground (see fig. 1.4). Mutual partial capacities E. Xe |,
will not affect the desired current, as they are connected - —i
to the three-phase voltage source in parallel with the Riman
self-capacities. Fig. 1.4

Using the Thevenin’s theorem on, we will trans-
form the scheme with respect to the points ¢ and n (Fig T

. E . man
15) equiv §
. . . 150 XCe iv Rman
EeQuiv :Unoload = EC :%enzo :57735 V’ q
X X 1 B 1 B Fig. 1.5

cav 3 onf .C,,+3 2r-50-0.256-10°-3

=4144.7 Ohm.

The current in the circuit is obtained by the formula

Iman = EC = 5773’5 =1.354 A.

YR+ Xy \1000° +4144.7°

Answer: the deadly current of 1.354 A will pass through a man.

13
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Task 1.3
Riine XL ine A symmetrical load is con-
AN Y Y Y .
Riire XLine Riont Riond nected t[o g sy_mmetrlcgl three-
B R X phase circuit with the line volt-
Ce W MW age U.in.=380 V and impedances
| Rioad of Rine=XLine=10 Ohm (fig. 1.6).
Fig. 1.6 Determine the value of the

load resistance R, qaq Causing the maximum power dissipation (P ,o¢ = max), and
find the value of this power.

Solution
We transform the scheme to the following:

RLine XLine RlLoad RLoad — . — 2
AN Y'Y Y, 3 - I:QiLoad ’ I:)Load _3|Line ) I:\)lLoad

U | .

Load — > >
Fig. 1.7 \/( Riine + RlLoad) + X e
In order to have the maximum power consumption let us take the derivative
of the power with respect to the load resistance, and set it to zero.

dPLoad . RLineZ + 2RLine ) RlLoad + RiLoad2 + XLineZ - RlLoad ) 2(RLine + RiLoad )

phase

dR 2 2
Load (( RLine + R:lLoad ) + XLinez)
dI:)Load — RLine2 + 2RLine ) RlLoad + RlLoad2 + XLine2 B 2]eLine ) RlLoad B 2RlLoad2
2
dRLoad (( RLine + RlLoad )2 + XLinez)
dI:)Load _ RLine2 + XLinez - RlLoad ? ) RLineZ + XLineZ B RlLoad2 =0

IRicas (( Ruine + Ritoad )2 + XLine2 )2 | (( Riine + RiLoad )2 + XLine2 )2

I:\):I.Load = \A RLine2 +XLine2 :10\/5 Ohm’

Do - = 380/ @ =8.395 A,
\j( RLine + RlLoad ) + XLineZ \//(10 +10\E> +:|.02

=31, 2 Ry Py =8.3952-3-10-4/2 =2.990-10° W.

Line

P

Load

Answer: R, =102 Ohm, Pjosq=2990 W.

14
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Task 1.4

The readings of two identical power
* meters connected to an induction motor

Ae—s={W, — (IM) with the line voltage of 380 V are
Be T [*;Wz‘ @ 2670 and 398 Watts (fig. 1.8).

- Determine the resistance and reac-
Fig. 1.8 tance of the IM winding connected in

wye.
Solution

The total power is equal to
P=R,,+R,,=2670+398=3068 W

Q=+3(R,,—Ry,)=(2670—398)-/3=3930 W

As P :\E'ULine ) Iphase COSo, Q :\ﬁ'ULine ) Iphase 'Sin¢
Hence, E:Ctg¢:%20.7806, @p=52°
Q 3930

P 3068
| e = . ~7.58 A
J3U, .cosp +/3-380-c0s52°
7 — U ~~ phase. e152 380/\F

| 7.5

SN (08520 + jsin52°) =17.81+ j22.81 Ohm.

phase

Answer: R=17.81 Ohm, X =22.81 Ohm.

Task 1.5
A symmetrical three-phase resistive

A a receiver with the phases connected in a
B <)_b,_ R "triangle™ is connected to the secondary
c winding of a transformer (A/Y) 6.0/0.38
1 KV (fig. 1.9). Preceiver = 6 KW.
Fig. 1.9 Determine potentials a, b and ¢
relative to the ground if the line
conductor from the transformer to point b is broken.

15
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Solution
A . R In case of a wire break in phase B the
”@ magnitude of the phase voltage of the trans-
N S B (0B RN former secondary winding will not change.
i \_@ c c R Basing on this fact we form the equivalent cir-

Fig. 1.10

cuit of the transformer secondary winding
(fig. 1.10).

After the break, phases A and C of the receiver will be at the line voltage,
which corresponds to the movement of point n to the middle of the vector U, in

the vector diagram. (fig. 1.11).

So, if ¢, =0,
. = 380
¢a=EA=%
.= 380
¢.=Ec NG
.1
¢b:UnN :EE
Answer: ¢, =

o | R

[ S——

Fig. 1.12

then R
=220 V;
nb 60" Uns
eleO” :220ej120’ V N
! Uca
&% =110e'™ V. c Che B
Fig. 1.11
220 V, ¢, =220e"* V, ¢ =110e'° V.
Task 1.6
R A resistive receiver, which is connect-
tU ed to a single-phase circuit with a voltage U
~B R Is shown in Fig. 1.12. A symmetrical three-
Co— phase resistive receiver, which is connected
Fig. 1.13 to a three-phase circuit, the line voltage of

which is equal to the voltage in the single-

phase circuit, is shown in Fig. 1.13. The wire length, the material, and the current
density in the wires of single-phase and three-phase circuits are equal.

Determine the ratio between the masses of single-phase and three-phase
power supply circuits wires if the capacities of single-phase receiver and three-
phase receiver are equal.

16
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Solution

The mass of one wire with cross-section S, length I, and the material densi-

ty p can be determined by the equation:
m=1-S-p.

Then, the weight of power supply wires of considered receivers is respec-
tively:

m, =2-1S, - p; m, =3-1S, - p.

Since the current densities in the conductors are equal by the conditions of
the task (5, =0, =5), then:

Ll g b S

S1 SZ |2 SZ

In order to find the ratio of the currents we form the equivalent circuit
(fig. 1.14) and determine the power consumed by the receivers.

2 2
A R |31=|12R1=U—=P2—3|§R2=3U—,
. 3R
l; UI I, R ' i
] R B A Therefore,
C Rl:szllzﬁIZ’
Fig. 1.14 So the ratio is equal to:
Il Sl
a2 3,
I2 SZ f

Hence, we find the ratio of the masses of wires:

m _218:p N3_ 2 g

m 31S,.p 3 3

Answer: m_ 1.155.
m2

17
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2. Relay Protection and Control
Task 2.1

A three-zone distance protection with the operating circles passing through

the origin (see fig. 2.2) is installed on 110 kV transmission line L1 (fig. 2.1). An
equivalent circuit and parameters of the network elements are shown in fig. 2.3
(in Ohm for impedances and kV for voltage sources).

Assume Z is equal to X for all network elements (all resistances are to be ne-

glected).
S1 ]
o0 X A I
Z trip
Zioad.min
E: Zs
66,4 8,1 6
I Wv—@—{ll >
Pmax.sensitivity R
ZTmax/ZTmm sc3
130/57 .
Fig. 2.2
A
Fig. 2.3

Reference data:

Line impedances: Z,; = 12 Ohm, Z,,= 16 Ohm,
Transformer impedances: Z min =57 Ohm, Zt jma = 130 Ohm,

Power system impedances: Zs; = 8.1 Ohm, Zs, = 6.6 Ohm,

Minimum load impedance seen by the protection Z,aq.min is 287 Ohm,

The relay characteristic angle (maximum sensitivity angle) @max sensitivity 1S
65°,

Power factor angle (load impedance angle) ¢joqaq IS 30°,

Safety factor Kis 1.2,

Impedance relay drop off/pick up ratio Kgropoft IS 1.5,

Minimum sensitivity factors required; on the protected line
K" sens min main 1S 1.5; in the remote backup zone K™

sens min remote 1S 1.2.

Goal:
Set the trip value Z"'y;, for the third zone (providing backup for adjacent
components) based on the following criteria:

18
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1) ensure sensitivity for faults on the protected line as well as in the remote
backup zone (assume a zero value for the fault impedance);
2) ensure non-operation without faults.

Solution

1. The selection of the trip value to ensure the protection reliability without
faults.

In order to ensure non-operation without faults the value of Z;, is selected
such that the relay drops off after an external short circuit is cleared causing the
motors to accelerate and draw more current from the network:

Ztrip < K ZIoad.min

* Ndropoff C05(¢max.sensitivity _¢|oad)
287 287

Zuip = 1.2-15.c0s35° 1.2-1.5-0.819

2. The selection of the trip value to ensure the protection security for faults
in zones of remote backup.

2.1. Ensuring the sensitivity at the end of the adjacent line (K2).

=194.7 Ohm

Z
2
Ztrip 2 Ksens min remote (ZLl + K )
T

Determine the current distribution coefficient in case of short circuit at K2:
Currents on Fig. 2 Place of short circuit Expression Calculation

1, /1, K, I, =1, K, =1

Zyio 21.2-(47+6T3) —132 Ohm

2.2. Ensuring the sensitivity after the transformer (K3).

ZTmin
KT

Determine the current distribution coefficient in case of a short circuit at
K3:

Ztrip 2 Ksens min remote (Z ut

Currents on Fig. 3 | Place of short circuit Expression Calculation
1 1
3 — K; =—————==0.558
/13 Ks® b stz | T 81T
5

Zyip 21.2(47 +

U )=179 Ohm
0.558

2.3. Ensuring the sensitivity in zones of local backup.
Zivip 2 Ksens min main - £11

Zyip 21.2-47=56.4 Ohm

3. Choice of the setting.
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The maximum value selected as the desired setting isz!' =194.
Answer: Z";, = 194 Ohm.

Task 2.2

T 5 To protect a two-winding step-down trans-

é Uraes = 110kv  former T, current transformers TA are connected
I KA1 in delta, and current relays KA in wye (fig. 2.4).

The value of short circuit current seen from
the protection side is 19« =4200 A.

The transformation ratio of current trans-
formers is K, = 600/5.

The relay impedance is Zay = 0.001 Ohm.
The current transformer secondary wire imped-
ance is Ryire = 1 Ohm.

The positive directions of both the short-
circuit currents and currents in the relays are
shown in fig. 2.4.

Neglect the influence of transformer T load.

Fig. 2.4 Goal:
to draw a phasor diagram of currents in the current transformers and relays in a
case of a line-to-line short circuit K ., to determine the currents and to calcu-
late the current transformer load impedance.

Solution

1. Phasor diagram of short circuit currents (on the protection side):

C )
IA_IK
I, =0
T 7@
IC__IK
- (2) . 3
IC__IK IA_IK
- ® >

2. Currents magnitudes on the protection side:

I /=12 =4200 4
I,|=0
I.|=1% =4200 4
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3. Phasor diagram of the CT secondary currents:

Ic Ia
- L L

4. CT secondary currents magnitude calculation.
With the assumed directions established in the diagram of fig. 1, the CT

primary and secondary currents are in-phase, and the secondary current magni-
tudes are calculated as follows:

o
ol 4200 o
K, 120

I,[=0

.l

[ [=Lel o420 55
K, 120

5. Phasor diagram of currents in the relays.

If the CTs are connected in delta, and current relays in wye, the currents
phasors in the relays follow Kirchhoff’s current law:

Ip3:Ic_Ia

Therefore,

pl:Ia_Ib

p2:|b_|c

plzla_lbzla

=0, —1, =

=11, =1 +I =2l
The phasor diagram of currents in the relays is shown below:
I'

P3 I Pl

- - : <
| *-————- *-————- » |

The currents magnitudes are:

=T, = 1,|=|I,|=354
| =|i, T =|-1.|=354
| =[T. —1,|=[21,|=704
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6. Current transformer load impedance.
The load in phase A is determined by the following expression:

ZB — $ — I.Rl(r Wire+ZR) _ I.R3 (r Wire+ZR) — 3.I‘a (r

wire
Ia Ia Ia

+Z:)

Z, =3-(1+0.001) =3.003 Ohm
The load in phase C is equal to that in phase A.

Task 2.3

A restrained differential current protection is installed on a transmission
line L1 (fig.2.5). The operating characteristic is shown in fig. 2.6.

Lie
Differential
protection
Sl SC2 Ch Sc3 scl S2 region of operation
Ol A
region of
Iy I, I o nonoperation
min.operating -
Fig. 2.5 I

I10=lhom

Fig. 2.6
e =T+ 1] br = 0.5+(| | +[12]).
Rated current I, is 300 A.
Fault currents, flowing through the protection: lscimax = 1230 A, lscomax = 1470 A.
The currents through the protection in system S2 shutdown mode:
Iscamin = 1190 A, in system S1 shutdown mode lscamin = 1340 A.
Depredation factor Kgepr is 1.5;
coefficient taking into account the transient Kyans IS 2;
current transformers error ¢ is 0.1;
current transformers uniformity coefficient Kyy,; is 0.5;
minimum permissible sensitivity factor Kyin. sensitivity 1S 2.

Goal:
1. To calculate the operating characteristic restraining coefficient of trans-
mission line differential current protection.
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2. To assess the sensitivity of protection.

Solution
1. The analysis of the operating characteristic:
lgis
region of
operation : Kdepr'lunbalance max
. I
Lo o region of I
trip min I nonoperation¢

ITO |K2max IT
i :‘Il"' |2‘ :||1_ |2| = lynbalance max

=05 ) =05 1o o) =

2. The calculated expression of the restraining coefficient
According to fig. 2.6:

Kdepr * Tunbalance max(K2) — "trip min

I K2max(ext) — I rated

3. The determination of the unbalance current to calculate the minimum
current setting
I

unbalance( |, yeq ) — Kirans € * Kuni * lrated

2-0.1.0.5-300=30 A

unbalance( |, eq ) —

4. The determination of the maximum unbalance current. Since the maxi-
mum unbalance current is determined by the maximum current of external short
circuit, then we choose Iy, as the biggest one:

Iunbalance max = Ktrans €+ Kuni - IK2

| ybatance max = 2 0.1-0.5-1470 =147 A

5. The determination of the minimum current setting

I Iunbalance( lrated )

I =15-30=45 A

tripmin — Kdepr

trip min
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6. The determination of the restraining coefficient
1.5-147-45

T o=
1470-300
7. The evaluation of the sensitivity of the protection is carried out with a

minimum of internal short-circuit current. As lxs < Iks , the calculated current is

0.15

s
|t :‘|1+ |2‘:“1_0‘: Lint min

=05 (1f+[) 05 (i +0)-05

| .

Ksens = ISC& 2 Kiin sensitivity
trip min

Keens = % =26.44>2.

Task 2.4

T 0.4 kv

10.5 kv VAT
' H | @ : —
System i lioad1
L1 sC,
.
sC 41~ D%
7
i lioad2
>
4 SCs

SC, liads

A QW
N

(o]
%)
A

-

w

Fig. 2.7

Microprocessor-based inverse time phase protections are installed on 10 kV
lines. Inverse time characteristics are determined by the equation:

'%, where 17 {'SC—mJ L =0.02; f=0.14.

ttrip =
L — operating

Protections are made in a two-phase design.

Protections 1, 2, 3 have smoothly-dependent characteristics with the fol-
lowing operating currents:

Iovercurl =253 A; I0vercur2 =119.2 A; IovercurS =134 A.

Protection 4 has definite minimum inverse operating time (cut off + over-
current protection) with the following operating parameters:

leutoff4 = 1500 A; lovercura = 75 A; ky = 1.
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A circuit breaker (lcuorice = 1000 A) with the following operating character-
istic is installed on low voltage side of transformer 7' (10.5/ 0.4 kV):

teutorice = 0,04 s, if 1 > 10 lom,

tovercurCB = 8 S, if I < 10 Inom-

Short-circuit currents on 10.5 kV side are:

1Dsc1max = 3180 A, 1D5c1min = 1500 A,

1Pscmin = 1000 A, 1Pscamin = 700 A, 1¥seqmin = 350 A.

Load currents on 10.5 kV side are:ljpaqr = 80 A, ljgagz = 50 A, ljpaq3 = 40 A.

Selective time interval At is 0.3 s.

Minimum permissible sensitivity factor in local backup protection is Ky,
sensitivity = 1.9; In remote backup protection Kpin. sensitiviy = 1.2.

Goal:

1. To coordinate operating characteristics of inverse time overcurrent pro-
tections 1, 2, 3: calculate the coefficients k of the characteristics.

2. To assess the sensitivity of protections 1, 2, 3 in local backup and remote
backup zones and the need for schemes with 3-phase relays to increase the sen-
sitivity.

Solution

1. Selecting the operation time characteristics
Protection 2

! U . 0,4
I cutoffcB — IcutoffCB ﬁ | culoffCB ::]_OOOOﬁ =381 A
I 1
I*z cutoffCB |*2 _ 381 :32
Ic32 1192
tfrip2 - tovercurCB +At ttripz =8+0.3=835s
R ) o _BAE2 L,
8 ? 0.14 '
Protection 3
|
|*4: cutoff 4 |*4:@:20
Iovercur4 75
—k 2 1.0.14
tripd = |34—1’ ttrip4 :m =227S
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ttrip3 2 t[rip4 + At
I

__cutoff 4

o ==
overcur3

 2.57(11.5%%-1)
0,14

+ IIoad3

Ky =0.92

Protection 1

Coordination with protection 2:

|(3)
| _ _ Kilmax
*9 -
covercur?2

1,4-0.14
twipz = 5 =00z 1 - 29'S
| — I}(<31)max + IIoadZ + IIo.a1d3
*1
Iovercurl
o = 3.2(12.9%92 _1) 10

0.14

Coordination with protection 3:

|(3)
| _ _ Klmax
*3 - I
overcur3

0.92-0.14
e s
23.73°92 1

(©)]
| _ IKlmax + IIoadl

*1 I

tirips =

overcurl

| 2.3(12.9%%2 1)
0.14

We accept that:

Protection 2 isk, =1.4.

Protection 3 is ks = 0.92.

Protection 1 is k; = 1.2.

Kk, =0.86

2. The evaluation of sensitivity

The evaluation of sensitivity of local backup protection is made during the
fault on the opposite substation busbars and the minimum current through the
protection. The evaluation of sensitivity of remote backup protection is made dur-
ing the fault on the opposite substation busbars of the adjacent element and the
minimum current through the protection.

typs =227 +0.3=2.57 5

1500+ 40

o= =115
134

1, =180 2667

1192
typs =2.9+0.3=3.2'

3180+50+40

0= 12.9
253.2

1, =3280 2373

134
typs =2+0.3=23's

3180+80

0= =129
253.2
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Protection 2
12 350
K ns2 = —~4mn__ 2K‘min nsitivit KsensZ B S
- \/gl overcur 2 e ﬁ -119.2
The required sensitivity of protection 2 of local backup protection is pro-
vided.

=1.65>1.5

Protection 3

(2)
Ksens3 = I K2min 2 Kmin sensitivity Ksens3 = @ = 74 > 15
overcur3 135
I I(<2:3min 700
KsensS = |— 2 Kmin sensitivity Ksens3 = E =52>12

overcur3

The required sensitivity of protection 3 of local and remote backup protec-
tion is provided.

Protection 1

)
Ksensl = m Z Rmin sensitivity Ksensl = @ =9.9>15
overcurl 2532
(2)
Ksensl = m 2 Kmin sensitivity Ksensl = @ =3.95>1.2
I overcurl 253 2
1 350

Ksens = —Amn_ —Kmin sensitivi Ksens =—=————=0798<12
1 \jgl overcurl " 1 % +253.2

Three relays protection scheme:
_2:350
ot [3.253.2
The required sensitivity of protection 1 of local backup protection is provided.
The required sensitivity of protection 1 of remote backup will be provided with the
usage of three relays protection scheme.

=16>1.2
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Task 2.5
A restrained differential current protection is in-

) UC oy stalled on a transformer (fig. 2.8). The operating charac-
- teristic is shown in fig.2.9.

. Calculate the operating characteristic restraining co-
'1l & efficient and assess the sensitivity of protection.
e “rovcton | i+

A D

& sc.
,ZT B region_ of

T operation
SC,

region of
l oo nonoperation
Fig. 2.8 |
ITg» IT«
Fig. 2.9

Reference data:
| it :“1“.2‘ v 7 :0'5'(“1“".2‘)
Minimum operating current Ipg« is 0.3 pu.
Restraining start current lyo« is 1 pu.
Maximum external through fault current ley max+ 1S 3.5 pu.
Minimum internal through fault current liy min< 1S 2.5 pu.

Depredation factor Kgep is 1.3, the coefficient taking into account the transient
Kirans 1S 2, current transformers error ¢ is 0.1, current transformers uniformity
coefficient Ky is 1, the under voltage control error AU- is 0.16 pu, the error of
flttlng Afﬁt is 0.02, Khin. sensitivity is 2.

Goal:
1. To calculate the restraining coefficient of operating characteristic;

2. To assess the protection sensitivity.
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Solution

1. The analysis of the operating characteristic

lgifex

region of

operation Kdepr*lunbalance max*

o region of

I
I
I
nonoperation .

I lext. max* |-

Idil"f :‘Il + IZ‘:|I1_ |2| = Iunbalancemax
Iy = 0'5'(“1“"“2‘): 0'5'(|ext.max + Iext.max) = lext.max
2. The calculated expression of the restraining coefficient

According to fig. 1:

Kdepr * Tunbalance max* — IDO*

ext.max* — 'TO*

3. The determination of the unbalance current 30%

| unbatance maxs = (Ktrans & Kypj + AU + Af g ) lext.maee

I inbatance maxe = (2-0.1-1+0.16+0.02) - 3.5=1.33

4. The determination of the restraining coefficient

S 1.3-1.33-0.3

> —0.57
T 35-1

5. The evaluation of the protection sensitivity
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L gise .
aiff region of

operation

Iint.min*

region of

I oo nonoperation

ITo 0.5*lint min* IT-
| it :‘|.1+ |'2‘:||1—0| = lint.min
It =0.5-(|iy]+[15])= 05+ (Linein +0) = 0.5+ line i
|

_ _int.min*
Ksensitivity = ";& 2 Kinin sensitivity
DO*
2
Ksensitivity = ﬁ =6.67>2

Task 2.6

The directed and undirected definite time stepped current protections are
installed on 35 kV lines (fig. 2.10).

«B» «Cx» «D» «E»

4 5 9 10 X1
XIV

System

VI VI

Fig. 2.10

Reference data: I(S)SC1maX = 2.8 kA; |(2)8C1min =1.8 kA; I(Z)SCZmin =1.2 kA;
I(Z)Scsmin =0.63 kA; Idynamic current max — 0.2 KA.

For prOIeCtion: At. = 0.5 S, Kre-acceleration - 1-5; Kreset = 095’ Kovercurrent = 1-2;
Kcutoff =13.
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Time settings for outgoing lines | —XIV:

G|t |t | Uv | tv | tw | tun | tuin | tix ta | W | tan | tav
1 /11/09|27(05121] 0 (05|22 18 08|15 | 1
Goal:

1. To determine which protections should be directed.
2. To select the time settings for 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 overcurrent pro-

tections.

3. To select leyofrt and lovercurrents. Write an approach for setting choice
4. To assess the sensitivity of overcurrent protection 1.

Solution
1. The following protections should be directional ones: 3, 5, 6, 7.

2. The selection of 1, 2, 3, 4, 5, 6 overcurrent protections time settings

Since the overcurrent protection performs remote backup, the operating
time of each protection is calculated as the sum of the operating time of the ad-
jacent (previous) element and the selective interval A t. If there are several adja-
cent elements, the biggest operating time of these elements is chosen.

Task to be carried Calculated condi- | Calculated expres- . Assumed
. . Calculation
out tion sion value
t3= 0
ts= 0
t10: tan +At 1.5+0.5=2 t10:2
t10: txiv +At 1+0.5=1.5 (5%)
t9= tx|| +At 0.8+0.5=1.3
tg:2.5
to= 1y +At 1.8+0.5=2.3 (S(V)
0
\ o orsefion e | tety+At | 2+05=25
_on-operatlon ur- time of adjacent te= tyy +A © 05+0.5=1 to=1
ing external faults elements protec-
tion operation ts=tun +At 0+0.5=0.5 (5%)
t-= 1ty +At 2.1+0.5=2.6
t-=ty +A t 0.5+0.5=1 t7:2.6
t=t; +At 0+0.5=0.5 (5%)
t=1t +At 1+0.5=1.5
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te=tx +At 1.5+0.5=2

te=tix +A t 2.2+0.5=2.7 | t=3.0
te=ts +A t 0+0.5=0.5 (5%)
te=t +At 2.5+0.5=3

t=tx +At 1.5+0.5=2

ty=tx +At 2.2+0.5=2.7 | t,=3.1
t,=t; +At 2.6+0.5=3.1 | (5%)
ty=tg +At 2.5+0.5=3

t,=ty +At 2.1+0.5=2.6

t,=ty +At 0.5+0.5=1 | t,=35
to=tg +At 3+0.5=3.5 (5%)
t=tg +At 1+0.5=1

ti=ty +At 2.7+0.5=3.2

ti=ty +At 0.9+0.5=14 | t;=4
ti=t, +At 3.1+0.5=3.6 | (10%)
ti=t +At 3.5+0.5=4

2. The selection of lyoir1 and lovercurentt

The cutoff current setting is calculated to ensure non-operation during ex-
ternal faults, so it offsets from maximum current through the protection during
the fault on the opposite substation busbars:

Icutoﬁ‘l = Kcutoff : Iég)lmax
Icutoffl =1.3.-2.8=3.64 kA

In order to non-operate during the modes without faults the overcurrent
protection time setting is chosen from the condition of immediate sustainable re-
turn of protection to its initial state after external short circuit clearance by pre-
vious line protection:

I _ Kovercurrent :
overcurrentl — K

K

re—acceleration | | .
operating max
reset

1.2-15
Iovercurrentl =———-0.2=0.379kA

0.95
3. The evaluation of the sensitivity of overcurrent protection 1.
3.1. The evaluation of sensitivity of local backup protection is made during
the fault on the opposite substation busbars and the minimum current through
the protection:
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1§

— min

Ksensitivity - | 2 Kmin.sensitivity
overcurrentl

=15

1.8

Ksensitivity = 0379 =4.75>215

K

min .sensitivity

3.2. The evaluation of sensitivity of remote backup is made during the fault
on the adjacent element opposite substation busbars i.e. in the case, when the
fault occurs at the points K2 and K3 and the minimum current through the pro-
tection:

1§
Ksensitivity = % 2 Kmin.sensitivity
overcurrentl
Kmin sensitivity = 1.2
12
Keensitivity = =2 = 3.2>1.2
sensitivity ~ 5"379
Iéczi)3min
Ksensitivity = |— 2 Kmin.sensitivity
overcurrentl
Kmin sensitivity = 1.2
0.63
sensitivity — F =1.68>1.2

The calculations showed that the required sensitivity of overcurrent protec-
tion 1 is provided.

33



Electrical Power Engineering - 2015

3. Electric Power Supply
Task 3.1

A substation is equipped with two two-winding transformers TDN-
16000/110.

Voltage deviations at the 110 kV bus were V1 = - 5.63 % during on-peak
hours and V2 = - 0.18 % during off-peak hours.

The corresponding voltage losses in the transformers were AUt = 4.5 %
and AU, = 1.54 %.

The transformer reference data are:

Urated HV = 115 kV;

Uratea Lv = 11 KV;

Load tap changer has a regulation range of + 9 x 1.78%.

Determine the transformer ratios for the on-peak and off-peak periods if
counterload voltage control (voltage level control based on load current) is used
at the 10 kV side.

Solution
On-peak conditions

1. The voltage on 110 KV substation busbars at on-peak conditions is
U; =110-5.63-110/100 = 103.8 kV

2. The voltage losses in transformers are equal to
AU+1=4.5-103.8/100 = 4.67 kV

3. The voltage on 10 kV busbars, corrected to higher voltage side, is
Uy, = U; — AU, =103.8 - 4.67 =99.13 kV

4. The number of transformer-tap under Ujgesireq IS 1.05-10 = 10.5 kV
N1= 100 [ (U2 - Uvv rated / Unv rated Uzgesired ) =11/ AK =
=1001[(99.13-11/115-10.5) - 1] /1.78 =-5.5
We assume n; = —6.

5. The tap voltage is
Uip= 115 (1 - 6x1.78/ 100) = 102.7 kV

6. The voltage on 10 kV busbars if n; is -6, K; is 102.7 /11 = 9.336,
hence, Uyeq 1S Usy/ Ki=99. 13/ 9.336 = 10.62 kV.
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Off-peak conditions

7. The voltage on 110 kV substation busbars at off-peak conditions is:
U; =110-0.18:110/100 = 109.8 kV

8. The voltage losses in transformers is equal to
AUr;=1.54-109.8/100 = 1.69 kV

9. The voltage on 10 kV busbars, corrected to higher voltage side is
Uy = Uy — AUT; = 109.8 — 1.69 = 108.11 kV

10. The number of transformer-tap under Upgesireq IS 1.0510 = 10.5 kV
N1= 100 [ (U2 * ULy reated I Upv rated” Uzgesised ) -1}/ AK =
=100 [(108.11-11/ 115-10)— 1] /1.78 = 1.92
We assume ny = +2.

11. The tap voltage is
Uip= 115 (1 +2x1.78/ 100) = 119.1 kV

12. The voltage on 10 kV busbars if n; = +2, Ky=119.1 /11 = 10.827
Uyrea= U2t/ K= 108.11/10.827 =9.99 kV = 10 kV.

Answer: at on-peak conditions Ky = 9.336; at off-peak conditions
Kr =10.827.
Task 3.2

A factory is fed through a 110 kV double circuit transmission line. The
type of the phase conductors is ACSR with the steady-state thermal rating (am-
pacity) of [ = 380 A corresponding to the maximum wire temperature of T = +
70 °C and the ambient temperature of Ty, = + 25 °C. The maximum load of the
factory Ppaxis 40 MW, tgo is 0.5.

Determine:

- Whether one circuit of the transmission line can carry the full load current
in a case of an accident on the other circuit i.e. determine the transmission line
thermal capacity (maximum active power that can be transmitted and wires will
not be overheated) in case of an emergency shutdown of one circuit;

- The steady-state temperature (T) of the wires of one circuit in the post-
emergency operation mode (with only one of the two circuits is in service).

Solution

1. The transmission line current capacity:
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B-U,, By, \3:110

Check the line cross section for heating
ladmissible= 380 A, which is more than | = 235 A.

,/2 2 402 +(40-0,5)°
| = Sm _ Pm“QmaX:\/ +( ) 12w A

2. The transmission capacity of one circuit of double-circuit line
Padmissible = \/3'Urated'IadmissibIe'COS(P :\/31 10-380 -0.894 = 64.725 MW.
The operation under such post-fault conditions is admissible, because P,q.
missible= 64,725 MW is more than P,= 40 MW.

3. The conductor temperature in the post-fault conditions is determined by
the expression:
T = [I° (TagmissileTair) + I aamissivte Tair] / I acmissible =
= [235%(70 — 25) + 3807 - 25]/ 3807 = 42.21 degrees.
orT= Tair + I2'(Tadmissible_Tair)/ I2admissible =25+ 2352 ) (70 - 25)/3802 =42.21 de-
grees.
ANnswer: Pagmissinle = 64.725 MW; T =42.21 degrees.

Task 3.3

It is necessary to connect electric arc furnace (EAF) with the transformer
with capacity of S,y = 4 MVA to an existing main step-down substation (fig.
3.1), and to find the operation mode of main step-down substation transformers
so that voltage fluctuations caused by the operation of furnace would not exceed
the permissible. The permissible peak-to-peak amplitude of voltage change
OUi perm 1S 1.6 %. (S1 =S, = S3=Sy).

Goal:

1. To determine the peak-to-peak amplitude of voltage change dU, at the
connection point of EAF, if it is connected to one of the split secondary wind-
ings of the transformer T1 if transformers T1 and T2 and their split secondary
windings operate separately, assume windings splitting ratio Kgyir = 4;

2. To determine the peak-to-peak amplitude of voltage change (86Uy), if EAF
is connected to 10 kV busses and transformers T1 and T2 and their split second-
ary windings operate in parallel;

3. To select the working mode of main step-down substation transformers to
reduce voltage fluctuations in 10 kV net.
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Ssc1 = 1600 MV-A
110 /

- TRDN-25000/110
(TPZIH-25000/110)

T2
Usc = 10,5%
5C

Sl Sg
SZ | SA
I

Sh=4 MW-A

EAF-5
(ICT1-5)

Fig. 3.1. The network scheme

=
=

Solution

The peak-to-peak amplitude of voltage change is determined by the equa-
tion:
Sn
oU, = 15

sC

100%

The scheme of separate operation of transformers T1 and T2
The equivalent circuit for computation of 122 and its computation

m / Ssc = 1600 MVA
110 Y Es/6.07
Ty > Ts Xs/0.069
10
(10 ] T ] i
1 ' Xruv /0
Ss J
S, Xrv !/ Xt/
0.926 0.926

|10
SC

The parameters of the equivalent circuit are
U, =105 kV

base
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B, = 105607 v
3 B
2 2

xy =D 105 _ 0689 0,069 Ohm
S 1600

’ K
xTHV:Ui,U base,(l_ Ihtj 0 Ohm

100 S
2 K ) 2
Xriy ~Yse Do [ B | 1051057 4 556 Ohm
100 S, | 2 ) 100 25 2
Es/6.07 X, = Xg + % 1y =0.069+0.926 =0.995 Ohm
18 =L = 20 6.1 kA
X, /0.995 x, 0,995

S —3.U,, -1 =3105-6.1=110.8 MVA

The peak-to-peak amplitude of voltage change:

51 100% = —*—100% = 3.6%
su 110.8

The scheme of the second mode.
/ SSC = 1600 MVA

oU, =

110

N

The equivalent circuit and parameters:

ES /6.07 Ubase =10.5 kV
E, = U _10.5_ 07
X/ 0.069 B B
2 2
X :US—b izc?o —0.0689 = 0.069 Ohm
X7/0.23 s
2 2
y X = 1 Us Ulhee 1105105 .0
1%c 2 100 S, 2 100 25
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X, =X, + X =0.069+0.23=0.299 Ohm

Es/6.07 o E, 607

v_oZs o220 2203 kA
x, 0.299

S ={3.U,, 12 =43-10.5-20.3=368.8 MVA

1sc The peak-to-peak amplitude of voltage change:

oU, = So -100% = i~100% =1.08%
368.8

t T ol0
Ssc

X2 10.299

Task 3.4

The substation is supplied by 10 kV power transmission line 5 km in
length. The line wire is AC-50/8 (r, = 0.603 Ohm/km; xo = 0.388 Ohm/km).
Transmitted over the transmission line power is 1200 + j-1050 kVA.

Determine the capacity of the capacitor bank, which must be installed on
the substation 10 kV side to decrease the voltage loss to a value of 5% of the

rated voltage.

110
TDN-10000/110
automatic (T/IH-10000/110
transfer switch 10
AN
STD R %K_J Lo STD
QCB:’) Stotal QCB:’)

Fig. 3.2. The network scheme

Solution

1. The line voltage loss without installing a capacitor bank:

AU, = Pline*Ruine + Quie X _ 1200-0.603-5+1050-0.388'5 _ o o

U, 10
As a percentage of the nominal voltage:
AU ;. 565.5

AU e = = -100% = 5.65 % > 5%
U,o, 10000

2. The desired voltage loss is:
AUl —0.05.U, . =0.05-10000 = 500V

3. The power of the capacitor bank to provide the desired voltage loss
should be:
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AU e — AU ™). U 565.5—500)-10
Qs =( e R _ (565 )10 _ 557 6 kvar
X e 0.388-5

We choose capacitor banks UKL56-10.5-450 (YKJI56-10.5-450) with
Qcg = 450 kvar.

4. The line voltage loss after installing the capacitor bank:

AU = Pline - Riine + (QLjine —Qcg)* Xiine _ 1200-0.603-5+ (11050 —450)-0388-5_ .,
1

As a percentage of the nominal voltage:

AUy = 2Vtine 4782 45000 4 78206 < 5%
U,o, 10000

Answer: after installing the capacitor bank UKL56-10,5-450
(YKJI56-10,5-450) with the power of 450 kvar line voltage the loss will be less
than 5% of nominal voltage.

Task 3.5

A new electric arc furnace DSP-5 is
connected to the main step-down substation

/l(3)501 =8 kA

z TRDN-25000/110 10 kV buses (fig. 3.3).
(TPH-25000/110)
USC = 10.5% Goal

e to determine the range of voltage var-
lation at DSP-5 connection point (10 kV bus
section) for operating mode of transformers
T, and T,, shown in fig.3.3;

e to draw a conclusion on the admissi-
bility of voltage fluctuations if the length of
the melt period is 10 min and the rate of the
occurrence of voltage changes is 0.3 ¢™.

Solution

1. The equivalent circuit for the calculation of the short-circuit current at
the main step-down substation 10 kV bus section at point SC, is shown in Fig.
3.4.
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Es The parameters of the equivalent circuit (fig. 3.4) in actual
values (Upase = 10.5 kV) are:
Xs E, =105 KA
1¥c, X = Lf = \ELIJ"Z O " \/@10;;15 =0.069 Ohm
X . g, U 8.
X, = Use Upe (105 105° =0.463 Ohm
SC, 100 S, 100 25
Fig. 3.4 The parameters of the equivalent circuit in relative units
(Spase = 1000 MV*A; Upaee = 10,5 kV) are: E, =1 p.u.
 Spase Space _ 1000

X, = base — = =0.628 p.U.
* Se By, U f3-8:115 P

Uy S 10.5 1000

T 100 S, 100 25

=4.2 p.u.

2. The calculation of the short-circuit current at the main step-down substa-
tion 10 kV buses:

E E 10.5

I = S = S = :11.4 kA, Or
BX, B(X+X)  V3-(0.069+0.463)

lsc :E'I = Es Shwse __ 1 1000 =114 kA

Xy "™ (Xe+X;) V3-U,, (0.069+0.463) 3105
Then, short circuit power is equal to
Sscr = V3 Uy, - lsc, =/3-10.5-11.4 = 207.326 MVA

3. The calculated range of voltage fluctuation:

oU, = S, -100% = 4 -100% =1.93 %.
07.32

SC2 2

The rate of voltage changes occurrence
F=0.3-60=18 min™

4. The permissible peak-to-peak amplitude of voltage change is determined
in accordance with GOST 13109-97 (I'OCT 13109-97). The permissible peak-

to-peak amplitude of voltage change depending on repetition voltage variations
frequency is U, e =1.6 %.

5. The assessment of the admissibility of voltage fluctuations is

U permiss > 0U,, (1.6 % < 1.93 % - fluctuations are not permissible).

Answer: voltage fluctuations are not permissible assuU <dU,,.

t permiss
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4. Electric Grids and Electric Power Systems
Task 4.1

It was decided to install a capacitor bank (CB) with the capacity of 400
kvar on the 0.4 kV bus of a substation with a flat load profile (fig. 4.1). The cost
of the CB is 120 000 rubles.

The transformer (T) operates 5000 hours per year, and the price of electrici-
ty Py is 3 rubles per kWh.

Determine the costs caused by additional losses of electricity in the trans-
former before the CB installation. Calculate the CB payback period. Battery
heating can be neglected.

Srated = 1000 kVA

< Usc = 5%

& APec = 10 KW
— QCB = 400 kVaI’

500 + j600 KVA
Fig. 4.1

Solution

1. The load power losses in the transformer before the installation of the
capacitor bank:

AP = APsc * (S / Srawed)’ = 10 - (781 / 1000)* = 6.1 kKW,
where S=/P?+Q? =/500% +600° = 781 kB- A.

2. The load power losses after the installation of the capacitor bank:

AP = APgc - (S1/ Sraea)’ = 10 - (538,5 / 1000)* = 2.9 kW,
where S=/P? +Q? =/500% + 200? =538,5 kB- A.

3. The loss reduction is equal to
dP=6.1-2.9=3.2kW.

4. The annual power consumption reduction is equal to
dW =dP-T=3.2 - 5000 = 16 000 kWh/year.

5. The cost of power losses compensation in the transformer is
Caw= dW-Pr,, = 16000 - 3 = 48000 rub.

6. The capacity bank payback period is
Tpp = K/ Cay =120 000 / 48000 = 2.5 years.

Answer: Cy, = 48000 rub, Ty, = 2.5 years.
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Task 4.2

Two transformers T1 (S;aeq =1600 KVA) and T2 (Siaeq = 630 kKVA) operate

separately, their total load is 1150 k\VA under cos ¢ = const (fig. 4.2). Determine

loads S; and S, such that the sum of the active power losses in the two transformers
is minimal.

—

Srates, KVA | 1600 | 630
APno_|oad, kW 3.65 1.9

0,4 APsc, kW 18 7.6
S, S,
I\ J
Y
S =1150 kVA
Fig. 4.2
Solution

Method 1
1. The sum of the load losses in two transformers is

2 2
AP :[S _52j - APy, 2 APy,

2
rated1 rated 2

2. We equate the first derivative to zero:

S-S S
22722 AP, +2 2

rated1 rated 2

'Apscz =0

3. We transform the expression to the following:
S-S, — APsc, . Sratedl2 _E 1600°

S, APy, S... 18 6307
4. Then the loads of transformers will be equal to
T2:S,=308,86 kVA =309 kVA.
T1:S;=S-S,=1150-309 = 841 kVA.
Method 2
1. It is known that the load losses will be minimal when the transformers
operate in parallel. The currents in this mode of operation are distributed
inversely proportional to the active resistance of the transformers:
LRl 8 8-S, R AR, Sy 76 1600°

=2.723

1 rated1

I R, S, S, "R ARy Su 18 630
2. Then the loads of transformers will be equal to
T2:S,=308,86 kVA =~ 309 kVA.
T1:S;=S-S,=1150-309 = 841 kVA.

Answer: S; = 841 kVA, S, = 309 kVA.

=2.723
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Task 4.3

Calculate the power flow in a ring network taking into account power loss-

es in a given operating mode (fig. 4.3). Check the current capacity of A-3 power

transmission line cross-section when you turn off A-2 power transmission line,

if the air temperature is 40°C. Charge capacity of power transmission lines can
be neglected.

A AS-95/16 (AC-95/16) 2
25 :
>S,=27+j-18 MV - A

110

AS-95/16 (AC-95/16)
15

AS-95/16 (AC-95/16)
12

S,=22+j-12MV -A
Fig. 4.3
The reference data for the power transmission line are:

ro = 0.301 Ohm/km; X, = 0.434 Ohm/km; b, = 2.611-10°® mho/km.
Admissible continuous current at the temperature of 25°C Logmissibie 1S 330 A.

Solution

1. Let us open the ring network (fig. 4.4).
A 1,,=25km l, ,=12 km

»

VI

lL,=15km A

&

3
I }
S

“—0

-

Fig. 4.4

We define the power flow in the ring network using lines length because
cables cross-section are the same:
Sy-(lg+1_)+S;-1;_,  (27+j-18)-(12+15)+(22+ j-12)-15

o, + s +15 4 25+12+15
=20.365+ j-12.808 MVA
Sy (g +1,,)+S,-1,, (22+j-12)-(12+25)+(27+ j-18)-25 _

I, + 1 +15 4 25+12+15
=28.635+ j-17.192 MVA
S,,=S,,—S, =(20.365+ j-12.808) — (27 + j -18) =—6.635— j-5.192 MVA
Node 2 is power partition node.

SA—Z =

S3A=
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2. We form the equivalent circuit (fig. 4.5) and define the parameters of
transmission lines:

L S ze S, 2 &, oz .38 Sha |
S A-2 La2 A-2 23 £32 0.3 3A Zap 3-A g"
A | —>» —> <« “— <— < A

Saz Sip S,
Fig. 4.5

- transmission lines impedance:
Z=Ryl+jxol;
Zas = Rolas + jXo'lap = 0.301:25 +j-0.434-25 = 7.525 + j-10.85 Ohm;
Zso = Rolap + jxola = 0.301-12 + j-0.434-12 = 3.612 + j-5.208 Ohm;
Zz Ao = Rolsp +ix013.4 =0.301-15 +j-0.434-15 =4.515 + j-6.51 Ohm,
3. We determine the power flow taking into account power losses:
- line A-2 (U, = Upgeq = 110 KV)
St ,=S,,=20.365+ j-12.808 MVA

2 2
. Pr,) +(Qa :
ASA2=( AZ)UZ( AZ) '(RA—2+J'XA—2)=
2
2 2
_ (20.365)11—:)92.808) ‘(7.525_'_ i -10.85) =0.36+ j-0.519 MVA

Sk, =S¢ ,—AS, ,=20.365+j-12.808 +0.36+ j-0.519=20.725+ j-13.327 MVA

S', =Sk ,=20.725+ j-13.327 MVA

- line 3-2 (U, = Uyaeq = 110 kV)

S{,=S,,=6.635+j-5192 MVA

(Pr2) +(Q)
U,

(6.635)° +(5.192)°
110°

S),=S,-AS, ,=6.635+j-5.192 +0.021+ j-0.031=6.656+ j-5.223 MVA

—line 3-A (U3 = Uyaed = 110 kV)

St , =S, +S,=6.656+ j-5.223+22+ j-12=28.656+ j-17.223 MVA

() (@)

AS, , = B -

3

Sy, =S¢, —AS, , =28.656+ j-17.223 +0.417 + j-0.601=29.073+ j-17.824 MVA

S", =8P, =29.073+ j-17.824 MVA

— power supply capacity

AS, , =

-(R3_2+j-X3_2):

-(3.612+ j-5.208) = 0.021+ j-0.031 MVA

(Ryp+ X5 ,)=0417+j-0.601 MVA
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S,=S",+S", =20.725+ j-13.327 +29.073+ j-17.824 = 49.798+ j-31.151 MVA

4. Let’s check current transmission capacity of line A-3 cross-section.
- We determine power flow in line A-3 when line A-2 is not in operation
(fig. 4.6):

A . .
2 S|;'3 Z3—2 Sl 2—3

—4———7 = ISQ )

Fig. 4.6

S5,=5,=27+]-18 MVA

e 2 € 2
(P.) +()

u;

27)" +(18)° . .
=—( )1105 ) -(3.612+ j-5.208)=0.314+ j-0.453 MVA
S2, =S¢, —AS,,=27+j-18 +0.314+ j-0.453=27.314 + j-18.453 MVA
S¢ ,=S),+S,=27.314+ j-18.453+ 22+ j-12 = 49.314 + j-30.453 MVA

AS&A = (P;_A )2J2<Q§_A )2 ’
3

(49.314)" +(30.453)°
1107
Sy, =SS ,—AS, , =49.314+ j-30.453 +1.253+ j-1.807 =50.567 + j-32.26 MVA
- We determine current in line (Ua = Uyaeq = 110 kV):
2 2
- \/(P.?ne) +(Qhe) _ J505672+32.267
" JB-U, J3:110-1
- We determine the permissible current at the temperature of +40°C:
I Ipermiss = Ipermiss ’ \/(Tpermiss _Treal)/(Tpermiss _TO) =330\/(70_4O) / (70_25) =269.4 A

- We determine the transmission capacity of line A-3 cross-section:
> 1 miss» SO We should increase the cross-section of line A-3.

AS.372 = '(R3,2+ j~X3,Z)=

(RS—A+j.X3—A):

-(4.515+ j-6.51)=1.253+ j-1.807 MVA

=0.315 KA=315A

line
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Task 4.4

The substation is supplied by 10 kV power transmission line 5 km in
length. The line wire is AS-50/8 (AC-50/8) (r, = 0.603 Ohm/km; x, = 0.388
Ohm/km). The power transmitted over the transmission line is 1200 + j-1050
KVA.

Determine the capacity of the capacitor bank, which must be installed on
the substation 10 kV side to decrease the voltage loss to the value of 5% of the
rated voltage.

Solution
1. The line voltage loss without installing the capacitor bank:
AU, = Pline * Riine * Quine * X1ine _ 1200-0.603-5+1050-0.388-5 _ .
U, 10
As a percentage of the nominal voltage, they are:
AU ;. 565.5

AU ooy = = :100% = 5.65% > 5%
U,, 10000

2. The desired voltage loss is:
AU%s™d —005.U,,,, =0.05-10000 = 500V

3. The power of the capacitor bank to provide the desired voltage loss
should be:

AU, . _AUdesired .U _ )
Qe = ( Line ) nom _ (565.5 500) 10 _ 337 6 kvar
X Line 0.388-5
We choose capacitor banks UKL56-10.5-450 (YKJI56-10.5-450) with

Qcg = 450 kvar.

4. The line voltage loss after installing the capacitor bank is:
_ Pline " Ruiine +(QLine —QCB)- Xiine 1200-0.603-5+ (1050—450)-0.388-5

AU e = = =478.2V

u, 10

As a percentage of the nominal voltage, they are:
AU, 4782
U 10000

AU e = :100% = 4.782 % < 5%

nom

Answer: that after installing the capacitor bank UKL56-10.5-450
(YKJI156-10.5-450) with power of 450 kvar line the voltage losses will be less
than 5% of nominal voltage.
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Task 4.5

Two transformers TDN-16000/110 (TIH-16000/110) (APsc =85 kW,
AProad = 19 KW), operating in parallel are installed on a substation. The graph
of load changes during the year is shown in fig. 4.9. The maximum load of the
substation Py is 20 MW. During the year, the lowest load P, is a-Py, value o var-
ies in the range of 0.3 + 0.6. The power factor is not changed during the year and
is equal to 0.9.

Goal:

1. To determine the values of o when it is economically feasible to discon-
nect one of the transformers at the lowest load;

2. To determine the active power and the electricity losses in the trans-
formers for the year if you disconnect one of the transformers at the lowest load
(a=0.3).

P, A
MW | P, =20 MW

P2 = (X'P]_

| t, hour
' >
2000 8760

Fig. 4.9. Graph of active load behavior

Solution
1. The load (Scritical), Whereby the power losses during operation of the sub-
station with one and two transformers are equal, is calculated as follows:

fZ-AP N f2-19
SLoad = Scritical = Snom ) $ =16- E =10.7 MV - A

Then, the active power of the load, whereby the power losses during opera-
tion of the substation with one and two transformers are equal, can be calculated
as follows:

P oad = Peritical = Seriticar - €059 =10.7-0.9=9.63 MW

The coefficient a is then equal to:

_ Puriticar _ 963

222-048
R 20
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I.e. when a is from 0.3 to 0.48 it is economically feasible to disconnect one
of the transformers as power losses will be less.

2. We determine the active power losses in transformers:
- The active power losses in a transformer are determined as follows:

nom

2
S
APT = APnofload + APSC [ Load j

- The active power losses in two transformers in parallel operation are de-
termined as follows:

2
AI:)T = 2'AF)no—Ioad +£'APSC '(Sl_ﬂj
2 Snom

In on-peak conditions the active power losses in the transformers will be:

20/0.9

2
AP, =2.0.019 +%-0.085-( ] =0.12 MW (AR 2transformers = 0-082 MW )
In off-peak conditions (a = 0.3) the active power losses in transformers will
be:

[0.3- 20/ o.9j2
16

AP; =0.019 +0.085- =0.34 MW (AR sransformer =0.015 MW )

3. We determine energy losses in the electrical network:

- the constant losses of electricity:
AWeonst = APeonst * tworking = APro—toad * tworking1 T 2 * APho—ioad * tworking2 =
=0.019-6760+2-0.019-2000 = 204.44 MW -h

- the variable losses of electricity:

AW,

var — AF)var 'tworking = AI:>var 2transformers 'tworkingZ + AI:)varltransformer 'tworkingl =
=0.082-2000+2-0.015-6760 = 265.4 MW -h

- the total losses of electricity:

AW,y = AW + AW, = 265.4 + 204.44 = 469.84 MW - h

Answer: 1) when a 1s from 0.3 to 0.48 it is economically feasible to discon-
nect one of the transformers as power losses will be less;

2) the active power losses in on-peak conditions are equal to 0.012 MW;

3) the active power losses in off-peak conditions are equal to 0.034 MW,

4) the total electricity losses are equal to 469.84 MW-h.
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5. High-Voltage Engineering
Task 5.1
500 kV power transmission line wire-tower body clearance has an average
discharge voltage of 1350 kV under ordinary atmospheric conditions. How will
the dielectric strength of the clearance change if the power transmission line is
located in a mountainous area at the altitude of 1100 m above the sea level?
While calculating, assume that the temperature and humidity corresponds
the normal conditions, and the air pressure depends on the altitude according to
the barometric formula:

_Mgh

P=Pe T

where Py=101.3 [kPa] is the sea level pressure (normal atmospheric pressure); M
= 0.029 [kg / mole] is the molar mass of dry air; g = 9.81 [m/s?] is the accelera-
tion of gravity; R = 8.31 [J/ mole K] is the absolute gas constant; T =t + 273
[K] is the air temperature, where t is the temperature in °C; h is the altitude
above the sea level [m].

Solution

The influence of temperature and air pressure on the spark-over voltage

(discharge voltage) of the gaps is recognized by the relative density of air:
Tg-P
o
PO -T

While Ysov =Usowo -0
Let’s evaluate the air pressure at the altitude of 1100 m above the sea level
by the given dependency:

~0,029-9,81-1100

P=101.3e 8323 —g9.08 [kPal.
5 293-89.08 _
101.3-293
The sparking-over voltage is calculated by the formula
U,,, =1350x0.879 =1186.65 [kV]

0.879

1

Answer: the sparking-over voltage of the gap decreases to 1186.65 kV.
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Task 5.2

While designing the insulator the following requirements on the electrical
conductivity were imposed: the specific cubic conductance should be no more
than 10™? Sm/m, and the specific surface conductivity is not more than 10 Sm.
We consider three samples of insulators: varnished cloth, electric-grade card-
board and glass textolite. Resistances of materials samples were measured by the
three-electrode circuit (fig. 5.1, fig. 5.2). The diameter of the central (measuring)
electrode d, = 66.10° m, ring electrode d, = 70.10° m. The thickness of the sam-
ples for varnished cloth hy,n, is 0.1.10° m, for electric-grade cardboard heycarg 1S
0.2.10°° m, for glass textolite Ny is 0.5.10° m.

The measurement results are:

1. varnished cloth full cubic resistance Royvam = 30-10° Ohm, electric-
grade cardboard Reyp el card = 60-10*° Ohm, glass textolite Reyp grexe = 15-10° Ohm.

2. varnished cloth full surface resistance Rqyam = 12:10% Ohm, electric-
grade cardboard Ry carg = 10-10” Ohm, glass textolite Ry gex = 810" Ohm,

Goal:

1. Choose any megger from the proposed types of devices and write its
designation into the given measurement circuits (Fig. 5.2 — 5.4). Connect the de-
vice terminals with the electrode system on circuits for the dielectric cubic and
surface resistances measurement.

2. Determine which of the proposed insulating materials may be used in
accordance with the conditions of the task.

Note: While calculating dielectrics surface resistances, assume that the
surface resistance measurement with the use of ring electrodes is equivalent to
the measurement when a planar electrode with a width equal to the circumfer-
ence of the electrodes of the central (measuring) electrode is used.

Fig. 5.1. Sketch of a sample of solid dielectric
Foil electrodes pasted on the sample: a) above: 1 —

a central (meter) disk electrode; 2 —a ring elec-
trode; b) below: 3 — an electrode in the form of a
square or a circle having a diameter of at least ds. 4

¢ ) v write terminals
¢_| A labels
- i ,/

&~ - 1
4 3 |:| <« 4 = _ _ write device type

Fig. 5.2. Diagram of dielectric cubic resistance measurement:
1, 2, 3 —electrodes; 4 — dielectric
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2 1 ¢¢ ¢ i v write terminals
\ Q5—| | =27 labels
- ’/ ld 7
-7 - 4
4 3 |:| <« 4 - - _write device type
Fig. 5.3. Diagram of dielectric surface resistance measurement:
1, 2, 3 — electrodes; 4 — dielectric
2, 3 1 3 A2
|[El:N= SRR
a) b)
1550B F 4100 (®

Fig. 5.4. Megger terminal designation diagrams: a — FLUKE 1550B; b — F 4100;
1 — high voltage output; 2 — test lead; 3 — protective lead (shield)

Measurement design

FLUKE 1550B

B
4,‘-4»{;‘_‘7.

Solution

F 4100 (® 4100)

Measuring of the dielectric bulk resistance

A o &

M 3 ;h_\;i & 5 F
|/ 5] ﬁﬁa | 57 ] L Faioo |

Measuring of the dielectric surface resistance

For the three-electrode system the dielectric bulk resistance is:

o =R Suecrose _ R d? _ 3.14-(66 -10°° )2 _ 3.42-10°R, |
h 4h 4h h
where Sgiecrode IS @N area of the measuring electrode
The dielectric surface resistance is:
27 _q 2-3.14
*4n(d,/d,) " n(70-10°/66-107°)
In the approximate calculation the dielectric surface resistance is:
p =R 21 _ R 2-7-dl
d2-d1 d2-d1
where | is a perimeter of the central (measuring) electrode circle.

p. =R =106.7-R,

~1036-R,,
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The specific conductions are: bulk y= S , surface y = 1 .

SN Ps
The calculated values are summarized in the table:

Testing sample | py, Ohm'm ps, Ohm vv» mho/m ¥s, Mho
varnished cloth | 10.3-10" 12.8-10%° 9.75-10% 7.81-10%

electric-grade | ) 5 112 10.7-10° 9.75-10 937101

cardboard

fiber-gl las-

toet gt?ss P1as~ 1 10.3-10° 8.54-10% 9.75-10°M 1.17-10°%

Answer: in accordance to the statement of problem the varnished cloth satis-
fies the requirements.

Task 5.3

High-voltage inputs of three-phase 35 kV electrical installation have a form
of a coaxial cylindrical system with two-layer insulation. The first layer is Bake-
lite (¢=3.5), the second one is silicone rubber (e=7).

Calculate the value of the electric field at the boundaries of the insulating
layers and in the middle of insulation layers of high voltage inputs when exposed
to the rated voltage of industrial frequency.

Reference data:

the radius of the current-carrying rod is 4 mm;

the outer radius of the first layer is 14 mm;

the outer radius of the second layer is 20 mm.

Solution

For multilayer cylindrical capacitor electric field strength in the i-th layer is

determined as:
U

_ k U
Ei=—"1"" ¢ or B, =———
r"”lZ*‘ Inrz—k
it Cy % Mk
by i

k=1 €k
where ry;, Iy, are the outer radii of layers, ry; ryi are the inner radii of layers, &;, &
are inductivities of layers, U, IS the voltage applied to the insulation.
In installations with rated voltage of 35 kV the phase voltage is applied to

the insulation inputs

u,  =mes 3505 (kv)

work — \E

Hence, for the first layer:

&
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20.2 14.12
B = 14 20
In— In— f
35.r| 44 14
35 7
For the second layer:
E - 20.2 _7.06
e 14 20) r
In=— In—
7.or| 44 14
3.5 7
The result is the following:
the 1% layer the 2" layer
r, mm 4 9 14 14 17 20
E,, kV/mm | 3.53 1.57 1.01 0.5 0.42 0.35
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6. Electrical Equipment of Power Plants and Substations

Task 6.1
Figure 6.1 shows the one-line diagram of a network.
Reference data:
1. Spmax = 22 MVA is the maximum power of the load connected to the 10.5
kV busbar;
2. linitforced = 32 KA is the initial (at t=0) RMS value of the forced current af-
ter a three-phase fault has occurred at point K1 (right before the reactor in
fig. 1);
3. linit forced desired = 15 KA 1S a desired initial RMS value of the forced current
after a three-phase fault has occurred at point K2 in fig. 1;
4. tyearance = 0.2 S IS clearing time for a three-phase fault at point K2 (at the
10.5 kV busbar);
5. T = 0.25 s is the time constant describing the exponential decay of the
natural response current after a three-phase fault at point K2.
Goal:
Choose a dual current limiting reactor for internal installation in the circuit
after the step-down transformer (as shown in fig. 6.1).
Check if the selected reactor can withstand electrodynamic forces and
thermal stresses.

K1

10,5
K2
Fig. 6.1. One-line diagram of the network under study
Solution

1. We determine the maximum load current at the 10.5 kV output of power
transformer (common terminal of coupled reactor):
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e = S V3 Ureg = 22000/ V310.5=1211.1 (A)

2. We determine the maximum current in one branch of coupled reactor:

Imax branch =0.5 Imax =1211.1/2 =605.6 (A)

3. We pre-select the coupled reactor RBSG-10-2x630 (PBCI-10-2x630)
according to the rated voltage and maximum current.

Irated branch = Imax branch

630 > 605.6

4, We determine the resulting impedance in case of short-circuit before the
reactor (point K1):

Xresutt = Umean/ \ﬁlperiodico =10.5/ \EX?)Z =0.19 (Ohm)

5. We determine the desired impedance value to reduce the short-circuit
current to the desired value (point K2):

Xresult desired :Umean/\/glperiodico desired :10-5/\/§X15 = 0.405 (Ohm)

6. We determine the desired impedance of reactor:

Xdesired = Xresult desired — Xresult =0.405-0.19=0.215 (Ohm)

7. We choose the reactor according to impedance: RBSG-10-2x630-0.25
(PBCT-10-2x630-0.25),

Xrated branchZXdesired; 0.2520.215

The parameters of the selected reactor are: igynamic = 40 KA is short time
electrodynamic current; lyema =15.75 KA is short-time thermal current; tierma =
8 s is short-time thermal current flow time.

8. We determine the initial RMS value of the short circuit periodic current
after the reactor (point K2):

IperiodicO = Umean/\ﬁ(xresult + Xrated branch) = 10,5/%(019 + 025) =13.5 (kA)

9. We check the selected reactor:

- for electrodynamic stability: igynamic = ishock;

Ishock = \/E IperiodicO Kshock = \/EX13-5X1-9 = 36.16 (kA)

40 > 36.16

- for thermal stability: 1% pnermartiermar =B

By = PPperiodico (tuip + Ta) = 13,5°(0.2 + 0.25) = 82.01 (kA%s)

I hermartinermal = 15.75°x8 = 1984.5 (KA%S)

1984.5>82.01

Answer: the coupled reactor RBSG-10-2x630 (PBCI'-10-2x630) selected
according to the voltage and the maximum current is suitable under the terms of
the electrodynamic and thermal stability.
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Task 6.2
Determine the acceptability of the daily load curve for a transformer by es-
timating the rate of deterioration of the winding insulation. The transformer op-
erates in accordance with the daily load profile outlined in the figure. The transi-
ents are to be neglected (assume that the temperatures at all points inside the
transformer undergo step changes to their steady-state values corresponding to a
given power level). The ambient temperature is constant and equal to +10°C.
The power factor is constant and equal to cosg=0.8.

A S, MVA
20— T T T TTTTTTrTTTTTTTTT
———+———4———|———4———+———4———'—r———o———|———o———-|
184--4---b——L__1__ L o L _1__
I I DU D N R [ I IV PR L __1
| | | | | | | | i |
16t~ "7 "~ r~—"T1T- """ - r T
14 | | | | :_ +I- _: | | |
, —_—— —_—— —_—— —— e ——————————
| | | | | | | | | | | |
| | | | | | | | | | | |
2 -9 717" T T T
| | | | | | | | | | | |
| | | | | | | | | | | |
| | | | | | | | | | | |
| | | ! | | | | | | ! |
< I e el s i et e e By el Rl
| | | | | | | | | | | |
| | | | | | | | | | | |
| | | | | | | | | | | |
| | |
% e T iy Ry ey et ety Rl Rl Mty
| | | | | | | | | | | |
| | | | | | | | | | | I t. h
| | | | | | | | | | | [
0 L L L L L L L L L L L L >
4 8 12 16 20 24
Fig. 6.2

The transformer parameters are:

. the type is TDN-16 000/110-U1

. the rated power is 16 MVA.

. the rated voltage of the high voltage winding is 115 kV.
. the rated voltage of the low voltage winding is 11 kV.

. the no-load losses are Pyo-10.g=18 KW.

. the short circuit losses are Psc=85 kW.

. the short circuit voltage is Ucs=10.5 %.

. the no-load current is Ino-10a¢=0.7 %.

O NO Ol WDN B

Solution

The load diagram parameters:

The load S1=19 MVA, duration t;=2 h.
The load S2=18 MVA, duration t2=6 h.
The load S3=14 MVA, duration t3=16 h.
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A S, MVA

20 1 __—I___I___'I'__'I'___I___I___T'S'_’L—I___I___T__T___I
———+———I———I———{———+——S2-——[_-[Sz—l———l———l———-l
18 1 S [ N P —— L _1__
I | A I Ly ___r__1
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0 L L L L L L L L L L L L >
4 8 12 16 20 24

The capacity factors are:
Sl

K, = =19/16=1.1875
rated
SZ

K, = =18/16=1.125
rated
S3

K, = =14/16 =0.875

rated
The ratio of the transformer losses are:
P 85

d=—S—=—=472
P 18

No-Load

The oil temperature exceeding on the ambient temperature in three modes
will be:

1+d-K2Y 1+4.72.1.18752 )"

l901 ='90.nom ( 1+d - j = 5( 14472 J =715 OC.
1+d-K2Y 1+4.72.1.125° )"

l902 = l9O.nom [ 1+d : j =55[ 1+4.72 j =65.74 OC.
14d-K2Y) 1+4.72.08752 )"

oz = nom [ 1+d : J B ( 1+4.72 ] =4533°C

The winding temperature exceeding at the hottest point on the oil tempera-
ture in three modes will be:
Sipy = Siprom - KY = 23-1.1875"° = 30.28 °C.
Gipy = Fip rom - K,Y = 23-1.125"° = 27.77 °C.
s = Gup om - Ks' = 23-0.875° =18.56 °C.
The absolute temperature at the hottest point is:

HP.nom
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Oy =0, + 3, + I, =10+71.5+30.28=111.78 °C.
Opy =0, + %, + 9, =10+65.74+27.77 =103.51 °C.
Opp; =0, + %, + 3y =10+45.33+18.56 =73.9 °C.

The wear of turn insulation during S1, S2, S3 loads are:
t1 (Op1—98) 2 (111.78-98)

F]___ 6 :—‘2 6 :0.409
24 24
(®pp,—98) (10351-98)
=20 8o _oam
24 24
(©ps—98) (72.9-98)
F3:;_?:1' RO 22.2 © —0.041

The general wear of insulation per day is:
F=F+F, +F =0.409+0.472+0.041=0.923

It is less than a unit. Such load diagram is acceptable for the transformer.

Answer: such load diagram is acceptable for the transformer.

Task 6.3

Select the conductive part between the
generator and the main transformer of the unit.
The unit diagram is shown in fig. 6.8.

Note: 1) the unit power is 300 MW; 2) the
short-circuit power of the system is 6.500 MVA,;
3) the auxiliary transformer power is 25 MVA.

auxiliary
transformer

Fig. 6.8. The unit diagram Solution

The short-circuit current from the generator is
o) _ E", | _113 376
P9 X, ® 02 320

The short-circuit current from the system is
o _E", _ 10
S X, % 0.44

=61 KA

.28.9=65.7 kA
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1000 11,5 100

+ . =04
6500 100 400
The generator rated current is 11 KA.

The shock current is: iy, =2 K,,- 183 =[2-1.9-65.7 =176 kA

The impedance X, =X, +X; = 4 p.u.

©)) .4=17266 KA’C

Answer: we choose the current-conducting wire TEKNE 20-12500-400 U1
(TOKHE 20-12500-400 V1), B, =76800 kAZs.

The heat impulse is B, = (1)

Task 6.4

Figure 6.9 shows the power circuit of the motor M.
Reference data:

e The initial RMS value of the periodic compo-
nent of the three-phase short-circuit current at the
point is equal to 1®) criogico =15 KA.

e The time constant of the aperiodic component

Y of the three-phase short-circuit current at the point
T,is 0,06 s.
e A cable with aluminum conductors with pa-
| —_ % per-oil impregnated insulation without armor with
@ sC q = 95 mm?” section is selected under the terms of the

continuous mode.

Fig. 6.9. The scheme of eQOperation time for the primary relay protec-
power plant power distribu-  tion is equal to 0.1 s, for the backup protection is 0.8
tion S

The circuit-breaker total break time tiyiagreax 1S 0.07 S.

e The reciprocal value of the resistance temperature coefficient a is 228 °C.

e The constant characterizing the thermal properties of aluminum b is 45.25
mm*/(kA?s).

e The initial temperature of the cable (pre-load) eiisa is 65°C.

Check out the pre-selected cable on thermal stability and noncombustibility
conditions.

Solution
The criteria for testing cables on thermal stability and noncombustibility
conditions are:
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®SC permissible = ®SC )

where @ is the temperature of conductor at the moment of short circuit clear-
ance; Osc permissible 1S the maximum temperature under the terms of thermal stabil-
ity, either noncombustibility.

1. Thermal stability.

Solution can be accomplished in two ways.

The first way

Determination of the minimum heat resistant cross section is:
B
Omin = C
where By is Joule integral , determined at operation of the main relay protection; C
is the parameter, depending on the thermal properties of conductors.

. . : i - A4-5"°
For cables with paper insulation and aluminum core it is C=90m—r”;2, and

B, =12 (tomeren + Ta) 3 B, =15 -(0.1+0.07+ 0.06) = 51.75KAS.

«\/51.75 -10°

o =— """ =80 2
Ui 90 mm-.

Omin <d, so the cable has thermal stability.

The second way

b-B,
q°

B, is determined at the operation of the main relay protection B, =51.75

KAZs.

Oy =0, - +a-(e“-1). k =

initia

k = w;us =026, O =65-6"%+228-(e*? —1)=152.9 °C.
200>152.9, Oc pemissivie > @sc S0, the cable has thermal stability.
2. Noncombustibility.

Joule integral By is determined at operation of the backup relay protection:
B, =15°(0.8+0.07 +0.06) = 209.25 kAZs,

_b-B, 45.65-209.25
q2 952
Ogc > Oge pemissivie » 615.8>350, so the cable is not resistant to combustion.

k =1.06 O, =65-¢"*+228-(e"* -1)=615.8°C.
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