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Ipeaucaosue.

Hacrosiee mocobue coctaBieHO Ha OCHOBE IMpakTukyma «Teopetnueckue
OCHOBBI DJICKTPOTEXHUKH. TEOpHUsS DIIEKTPOMATHUTHOTO TIOJISD», SIBIISTFOIIETOCS
YETBEPTHIM M3JaHUEM IIHPOKO HW3BECTHOTO PYKOBOJACTBA K JIAOOPATOPHBIM
paboTaM, cojep)KaHWEe € CTPYKTypa KOTOPOTO IIOCTOSIHHO OOHOBJSUTUCH B
COOTBETCTBHHM C COBEPIICHCTBOBAHHUEM METOJUKH MperofaBaHus JIUCIUTLIINHEI,
TEXHUKA W3MEPEHUN, KOMIBIOTEPHON O0OpaOOTKH SKCIEPUMEHTAIBHBIX JTaHHBIX.
JlanHOE K€ PYKOBOJICTBO O0OOIIAET OIMbBIT MPOBEACHUS JTA0OPATOPHBIX 3aHATUN
o aucIiuIuinHe « Teopus 3JIeKTPOMarHUTHOTO TIOJISH» JUIA CTyJAeHTOB MHCTHTYTa

OHCPI'CTUKH U TPAHCIIOPTHBIX CUCTCM Ha AQHTJIUMCKOM SI3BIKE.

B naHHoe mocoOue BONUIO ONHMCAaHWE OJHOM M3 1abOpaTOpHBIX pPadoT,
BBITIOJIHAEMBIX B jabopatopuu TOMII  yHuBepcutera: «JVccnenoBanue
MEXaHUYECKMX B3aUMOJECUCTBHI B CHUCTEME KOHTYPOB C AJIEKTPHUUYECKUMU
tokamuy. CojaepkaHue paboThl BKIIOYAET B ceOsl ONuUcaHUE J1abopaTOpHOU
YCTaHOBKH, TIporpaMmy paboOThl, METOJUYECKHE YyKa3aHusi 10 o0paboTke
HKCIEPUMEHTAJIbHBIX JAHHBIX U BBIMOJHEHUIO AHAJMTUYECKUX M YHCICHHBIX
pacyeToB, a TAaKXe BOIPOCHI I CaMONPOBEPKUA. B MPUIOKEHUH TPUBOIUTCS
dbopma MpOTOKOJIa, B KOTOPOM 3aIMMCHIBAIOTCS 3KCIEPUMEHTANbHBIE JAHHBIE, a

TaK)Ke MOAPOOHBIN CIOBaph TEPMUHOB IO TEME JJA0OPATOPHON PabOTHI.

Jlabopatopus  TOMII  oTtHOcHMTCS K  TIOCIENHEH  YacTH  Kypca
«TeopeTrueckue OCHOBBI DJIEKTPOTEXHUKH», T.€. paccuuTaHa Ha padoTy
CTYJI€HTOB, UMEIOIINX BBICOKUI YPOBEHb IMOJATOTOBKHU IO JTAHHOMY MPEIAMETY U

JIOCTATOYHBIM YPOBEHb 3HAHUN MHOCTPAHHOTO SI3bIKA.

Hacrosiiee mnocoOue CcTaBUT CBOEHM IENbI0 MOMOIIL CTYyACHTaM B
NOATOTOBKE K  BBINOJHEHUIO  JIADOpATOPHOM  paboOThl,  YCIOXKHEHHOM
HEOOXOJMMMOCTBIO 00IaThcsi ¢  mpenogaBaTesnieM, OQOPMIISTH OTYET TI0

JabopatopHOi paboTe Ha aHTTTUHUCKOM SI3bIKE.
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LABORATORY WORK

INVESTIGATION OF MECHANICAL INTERACTIONS IN THE
CIRCUITS SYSTEM WITH ELECTRIC CURRENTS

Introduction

The aim of the work is studying the methods of measurement and calculation
of electromagnetic forces acting in the system of two coils with electric current.
The task of the work includes researching an effect which ferromagnetic and

conducting bodies produced being placed near a coil carrying a current.
Setup Specification.

There are two identical coaxial round coils in the laboratory set up (Fig.1).
Parameters of the coils are as follows: the inner radius R;=4,4cm, the outer radius
R,=7,9cm. The thickness of the coil is 2,5cm. Every coil has the winding of 510
turns. The interaction forces are measured with the aid of laboratory scales (Fig.2).
The force examined equals to the difference of scales readings at current presence
and current absence in the coils. The set up allows to move the upper coil. The
lower coil is motionless. The coils can be connected to the DC source or to the AC
source (Fig.3). The rheostat is applied for correcting the current value. There are
A-meter, V-meter and W-meter in the circuit. They are used for measuring the

current, voltage and power required for calculating parameters of coils.
Work Program.

1. Getting the dependence of electromagnetic force vs the distance between the
coils. Being connected in series the coils are powered by a DC source.
Four cases should be examined in this experiment. It means that above
mentioned dependence is studied at 2 values of current. Anybody will notice

that the force of interaction is directly proportional to the current squared.



Besides the force-distance dependence is measured when the coils are
connected in series aiding and those in series opposing. (Aiding connection
Is the connection when currents in the coils are flowing towards or away
from marked terminals). One of these experiments corresponds to the force
of attraction and the other corresponds to the force of repultion.

Then the examined coils should be connected to the AC source, and the
force-distance dependence is measured at aiding or opposing connection
and at some value of current.

2. Next experiment is the dettermination of the sign of mutual inductance M .
We don’t know beforehand the sign of mutual inductance. And you should
find it out experimentally as follows: set an arbitrary distance between the
coils connecting in series aiding, measure the current, voltage and power at
the terminals of the circuit 7’, U’, P’. Then you will change the kind of
connection (arranging the series opposing connection ). As a result, you will
obtain the current, voltage and power at the terminals of the circuit 77, U”’,
P>’. All these data (/°, U’, P’, I’’, U’’, P’”) anable you to calculate equivalent
empedances z’, z”’, resistance R, reactances X’, X’’, inductances L, L’
according the formulae:

Z=g Rzﬂ X=+z?—r? L=£
I’ 2’ ’
And then you can calculate M as follows:

L-L
M= (1)

M may have plus or minus sign.

3. At the next experiment you obtain the dependence of mutual inductance |M|
vs the distance z. You apply another circuit this time (Fig.4). The upper coil
is connected to the source of alternative voltage through A-meter and lower
coil — across the high-voltage V-meter. The voltage of mutual induction is
U, = oMI; (where o is angular frequency, |y is the current in the upper

coil), hence



U;
(1)11

M| = (2)

4. The dettermination of 2" coil’s parameters: the resistance R, and
inductance L,. In this case experimental circuit (Fig.3) contains only one coil
(2" coil). You will take readings of V-meter, A-meter and W-meter and
calculate z,, R,, X,, L, of the coil.

5. The next experiment is finding out the dependence of electromagnetic force
vs the distance when one coil is short circuit and the other is connected to
the source of alternative voltage.

6. The final part of the labwork is measuring the force of interaction between
the coil with DC and ferromagnetic disk. Varing the distance between the
lower coil and the disk you should take scails readings . The disk itself is
attached to the upper coil. Magnetization of ferromagnetic material leads to
the appearance of attractive force between the coil and the disk. The
emergence of this force can be explained using the method of images.
Reflecting the coil in the near plain of the disk, we obtain the problem of
calculation of electromagnetic force acting in the system of two coils at
aiding connection (Fig.5).

Repeat this experiment, connecting the coil to the source of alternative
voltage. Anybody will notice that the force of interaction is less then that in
first case because of eddy currents, being induced in the disk. Eddy currents
create repulsive force.

7. The similar experiment should be done with aluminium disk and the coil with
AC. Eddy currents occur in the aluminium disk. The repulsive force, created
by eddy currents, acts on the coil disposed near the disk.

Theoretical Calculation of Electromagnetic Forces

In order to find the mecanical force due to a magnetic field one can use the
expression[ 1 ]:



- () @

ag i=const

So, the force equals to the derivative of the magnetic energy W,, with respect to the
varying coordinate g. The magnetic energy of the system of two coupled coils with

currents i; and i, equals

W,, = 0,5L;i;%> + 0,5L,i,% +Miji, | (4)

where L; and L, are the inductances of first and second coils respectively, M is
the mutual inductance. From (3), (4) it follows that the force of interaction of two
coupled coils, connected in series (i; =1, ), may be calculated as

f=25 5)
where z is the distance between coils (Fig.1).
(L; and L, don’t depend on the coordinate z).

The mean value of electromagnetic force F, is expressed by the formula :

oM
Fzmzlza_Z’ (6)

where | is the RMS of alternating current flowing in the coils.

The mutual inductance M as a function of varying distance z, is obtained
experimentally. The experimental curve M(z) should be differentiated graphically.

The mean value of the force F,, acting on the coil, supplied by sinusoidal voltage
when the second coil is short-circuit, may be calculated as follows:

2 0:ML, oM
Epm = =1 R%Jr—wzi%g (7)
where |, is the RMS of alternating current flowing in the first coil,
R, is the resistance of the second coil,

o is a angular frequency of the current.



Experimental Data Handling in the Report of the Labwork.

All functions obtained experimentally, should be represented as the graphs.
Calculated dependences should be plotted too and be compared with experimental
ones. The distance dependence of the force, acting on the coil with DC at the
presence of ferromagnetic disk, should be compared with the distance dependence
of the force of interaction of two coils with DC, connected in series aiding.

Fig. 1
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Using Software Qfield for Research of Electromagnetic Forces.

Class of problem

The first step is create the problem. We should choose Magnetostatics formulation
of the problem for DC source and AC magnetic formulation for AC source. Both

formulations use vector magnetic potential A.

The geometric models of the systems

Since the coils and disks have axial symmetry, we can consider a 2D
axisymmetric models of the systems. The geometric model of the two coils is

shown in Fig.6, the coil and the disk model is shown in Fig.7.
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Fig.7

In these figures, the line ab is a line of axial symmetry. On this axis the
vector magnetic potential A is zero. Artificial outer boundary of the models is a
semicircle (dashed line). The radius ry of the semicircle in Fig.6 should be
approximately 10 times greater than radius R, shown in Fig.1 and the radius ryin
Fig.7 should be greater than radius R;shown in Fig.5. We accept that the vector
potential is zero on artificial outer boundaries. To simulate a short circuit of one of
the coils, we use position “Electrical circuit” in the menu of the problem. In the

resulting electrical circuit we set short circuit of the coil.

Initial data for calculation

Magnetomotive force MMF=Iw (I is measured current, w=510).

Current frequency: 50 Hz.

The relative magnetic permeability of air, copper windings and aluminum disk
n=1.

The relative magnetic permeability of the steel disk u = 1000.

Electrical conductivity of steel c = 10,000,000 S / m.

The electrical conductivity of aluminum ¢ = 37000000 S / m.

The coils are wound with insulated wire, so the conductivity of the material of the

coils in the transverse direction is zero.
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Results
The calculation results may be presented as: Field Lines, Vectors, Color Map. The
example of the Vectors for adding coils is shown in Fig.8a, for opposite coils in
Fig.8b.

Fig.8
Inductances can be found with using “Integral calculator”. To find the inductance
you should use the flux linkage or stored energy of the magnetic field. The results
obtained in these two ways should be compared. Also “Integral calculator” allows
us to find mutual inductance of the coils if we use formula (1).

You can find the mecanical force, if you click the "force™ item in the menu
of "Integral values". To use this item you should previously surround the force
object with an outline located close to the object. For example, in Fig.8a the
contour cdef is necessary for calculating the force acting on the left coil.

Software Qfield allows to investigate in detail the influence of various
factors acting on electromagnetic forces such as properties of materials of coils and
discs, their geometric dimensions and source frequency.

The amount of calculations sets the teacher.

Questions for Self-Examination

1. How does the electromagnetic force change if the current in the coils,
connecting in series, doubles?

2. What factors does the force of interaction between the coils depend on?

3. How could you explain the emergence of the interaction between the coil with
DC and the ferromagnetic disk near the coil?

11



Supplement 1.

The Protocol of the Laboratory Work

The Department of Theoretical Electroengineering and Electromechanics

The Laboratory of Electromagnetic Field Theory

The Protocol of the Laboratory Work

« INVESTIGATION OF MECHANICAL INTERACTIONS IN THE CIRCUITS SYSTEM WITH
ELECTRIC CURRENTS»

201
Fulfilled by students of gr. , team Ne
(surname) . (surname ) (surname)
Checked by

1. The force of interaction at series connection of the coils

la. aiding connection. I = ...... A. (DC)

z,cm

P, gr

Py gr

P-Py

1b. opposing connection. I = ...... A. (DC)

z,cm

P, gr

Py gr

P-P,
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lc. aiding connection. I =

A. (DC)

z,cm

P, gr

P() ar

P-Py

1d. opposing connection. I =

A. (DC)

z,cm

P, gr

Py gr

P-Py

le. opposing/ aiding connection. I = ......

A. (AC)

z,cm

P, gr

Py gr

P-Py

2. Mutual inductance sign determination. z=....... cm. (AC)

aiding connection.

opposing connection

U,V

r,A

P, W

U’V

I, A

P”, W

3. Determination of the 2™ coil parameters ( R, L)

U, V

L, A

P, W

4. M(z) determination. . I =...A, f=.... Hz.

z, cm

U, v
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5. The force of interaction when the 2™ coil is short circuit, I; = .....A, (AC)

z,cm

P, gr

P() ar

P-Py

6. The force, acting on the coil in the presence of ferromagnetic disk.

z,cm

P, gr

Py gr

P-Py

7. The force, acting on the coil in the presence of ferromagnetic disk.

z,cm

P, gr

Py gr

P-Py

8. The force, acting on the coil in the presence of aluminium disk.

z,cm

P, gr

Py gr

P-Py

14




Supplement 2.

Glossary of Terms.

NMOCTOSTHHBII ¥ epeMeHHbI CHHYCOHIAIbHBIN TOK (HANIPSKeHNe)-
direct current (voltage) - DC and alternating sinusoidal current (voltage) - AC
AeiicTBYIOIIee 3HAYeHHe mepeMeHHoro Toka — RMS (root-mean-square) of the AC
yacrora - frequency
yrioBasi yacrora - angular frequency
3JIeKTpOMarHuTHas cuia - electromagnetic force
3HaKk cuibl- the sign of the force
oTTaJIKMBaromas cuia- repulsive force
cuiia mpuTsLKeHus- attractive force
BUXpeBbIe TOKHU -eddy currents
sHeprus MaruuTHoro mnosst-magnetic field energy
MIPOM3BOJIHAS OT SHEPrUM MarHUTHOTO 1oJIst - derivative of the magnetic field energy
Teso-body
deppomaruutHoe - ferromagnetic
mpoBosiee- conductive
muek-disk
AIFOMUHUEBBIN- aluminum
COOCHBIE AJIeMeHTHI -Coaxial elements
KaTymka- Coil
KpyrJas - round
KoakcualipHas- coaxial
uneHTnyHble (karymku) - identical
cnocod coennHeHus karyuek - method of the coils connection
cornacHoe (coequnenue)-adding connection
BCTpeUYHOE - OppOosite connection
napameTpbl Katyiek - parameters of coils
WHIYKTUBHOCTH - inductance
B3aWMHasl MHIYKTUBHOCT,— Mutual inductance
aKTHBHOE CONPOTHBIIEHHE- active resistance
JabopaTopHbie Bechl —laboratory scales
B3BemuBanue - Weighing, weighting
pasHocth- difference
ctanbHas mranra- steel rod
M3MepuTeILHAs cXxeMa- measuring circuit
peocrar - rheostat
aMrepMeTp - ammeter
BOJIBTMETp - VOoltmeter
BaTTMETp — Wattmeter

15



References

. Teopernyeckue 0CHOBBI YJIEKTPOTEXHUKH. Teopusi Y1eKTPOMATHUTHOTO
noJisi: 1aboparopusiii npaktukym/ JI.P.Heiiman [u ap.]. - CII6.: U3a-Bo
[TonurexH. yH-Ta, 2011.

. K.C.lemupusin, JL.P.Heiiman, H.B.KopoBkun, B.Jl.Ueuypus.
Teopernyeckue OCHOBBI 3JIEKTPOTEXHUKHU. YUEOHHMK ISl BY30B B 3-X
tomax. Tom3. — CIIO, ITutep, 2003.

. KouerkoBa E.IO. Teopernueckne 0CHOBBI 3JIEKTPOTEXHUKH.
HpOTOKOJIbI ﬂaﬁopaToprlx paﬁoT IO TCOPHUMA IJTECKTPOMATHUTHOI'O
noJisi (DIeKTpOHHBIN pecypce): yueoHoe nocodue/ CIIOITIY, 2013.

. Electromagnetic Field Theory Fundamentals. SECOND EDITION.
Bhag Singh Guru and Huseyin R. Hiziroglu Kettering University,
published by the press syndicate of the university of Cambridge The Pitt
Building, Trumpington Street, Cambridge, United Kingdom, 681 pp

. Claycomb J. R. Applied Electromagnetics Using QuickField and
MATLAB . — Laxmi Publications, Ltd. (2010)

16



