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INTRODUCTION

The magnetic circuit is the heart of electromagnetic systems which
are most widely applied in electrical apparatuses and some other devices. In
electrical apparatuses the electromagnetic systems have very different ap-
plications, such as following:

e the electromagnetic actuators are electromagnetic mechanisms
which perform useful work to drive movable parts of the apparatus (for ex-
ample, close and open operations of switches contacts);

¢ the elements to perform measurement, control and regulation
of electric circuit parameters: measuring relays, releases of circuit-
breakers, instrument transformers, chokes, electrical reactors, magnetic
amplifiers etc.;

e the elements to perform measurement and control of non-
electrical parameters: inductive and transformer transducers of travels,
velocities, accelerations and other parameters;

e the elements to perform switching mechanical load: to transmit
torque, to force brake torque (electromagnetic clutches, brake electromag-
nets etc.).

Taking into account the mass production of electrical apparatuses as
well as strong competition in the global and internal markets of electrics,
permanent enhancement of its technological level is vital important. That is
reduction of the mass-and-dimensional indexes, power consumption, im-
provement of speed of response, decrease in technological expenditures etc.

Thus, during the studying electromagnetic systems, the challenge is
to study qualitatively the physical phenomena occurring in magnetic cir-
cuits. In particular, in the computational and graphical task the problem is
to gain initial skills of their design: to have learned to determine the basic
parameters of magnetic circuits and electromagnets as a whole by means of
analysis. It should improve studying special subjects: simulation in elec-
trical apparatuses, electrical apparatuses of control, electrical apparatuses of
a high voltage, electrical apparatuses automated design, terms and final
educational designing and other.
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1. GENERAL DIRECTIONS

For the course work the student is individually tasked by the adviser.
The assignment is executed in a special form confirmed by the university
educational department, and is signed by the adviser. The subject of the
work can be either typical (for example "DC electromagnet calculations™ or
"AC electromagnet calculations™) or non-typical under the mutual agree-
ment between the student and the adviser. The task variants for the typical
electromagnet calculations presented for the work are placed in the appen-
dix.

The explanatory paper on the work must contain:

a) title page;

b) table of content;

¢) body of the explanatory paper containing some sections, for example:

1) Electromagnet winding MMF calculations;
2) Electromagnet winding calculations;

3) Electromagnetic forces calculations;

4) Electromagnet actuation time calculations;
5) Conclusions;

6) The reference list.

The explanatory paper must contain all necessary schemes, drawings,
formulas with defined values which contain; explanations in respect to the
calculations performed as well as deductions about their results. There is no
need to repeat uniform calculations, their results is to be presented as the
tables. The explanatory paper body should not exceed 30-35 pages of the
manuscript text. The explanatory paper will be formed in compliance with
CTII15-96.
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2. DIRECTIONS FOR THE CALCULATIONS
OF DC ELECTROMAGNETS

The calculations of dc electromagnet are to be performed in the fol-
lowing order:

1. In compliance with predetermined dimensions and design of mag-
netic circuit for the initial value of the operating air-gap d, and induction in
it (see table A.1) the magnetic motive force (MMF) of the winding is to be
calculated. In other words, it is necessary to solve the direct task of the
magnet circuit calculations. Proceed as follows:

-to set up an equivalent circuit of the electromagnet magnetic circuit
without taking into account reluctances of the iron subcircuits and the ad-
viser of the WORK should be consulted;

- to calculate permeances of the operating air-gap As, idle air-gaps Ay;,
specific leakage permeance A as well as total permeance of air-gaps Ass;

- to calculate fringe ratio for the operating air-gap o,, and magnetic
flux through it

q)é = B5STGBH '

where S, is the pole face area;

- to determine the derivative of operating air-gap permeance dAs/dd
and electromagnetic force;

- to divide the magnetic circuit along the vertical extent of the core to
some subcircuits (no less than three) and to calculate leakage factors as
well as magnet fluxes for all magnetic subcircuits;

- to determine the magnet inductions for all iron subcircuits

B =21
Si

where S; is the cross-sectional area of the respective iron subcircuit;

- from the magnetization curve to determine the magnetic intensity H;
and magnetic potential drop H;l; across each iron subcircuit;

- the required value of MMF of the electromagnet winding is deter-
mined as the total magnetic potential drops across iron subcircuits as well
as both operating and idle air-gaps

(Iw),, =Z(%]+Z(Hili) (2.1)
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Considerable numeral material of the calculations is to be presented
as the tables for the sake of convenience.

2. The parameters and geometrical dimensions of the magnetizing
winding are to be calculated. Proceed as follows:

- to determine finally MMF of the winding taking into consideration

safety factor (x, =1,3—15)

(w)=x, -(Iw),,;

-to determine the required cross-sectional area of the winding wire
and its diameter;

- from the wire gauge [5] select the type and diameter of the wire
without insulation and determine the précised wire cross-sectional area;

- to calculate turns number of the winding; it may be performed bas-
ing upon permissible current density j..., Which for continuous duty and
given cooling conditions may be accepted in the range 2—4 A/vm?;

U

jaonpo (1+ U‘S‘uon)lacep
where |, , is the average length of the winding turn;
9, is permissible temperature of the winding that in this case may

Jaon
be accepted 105°C;

- to determine width of the winding assuming that its height equal to
height of the magnetic circuit "window" (see tab. A.1);

-to determine précised values of pure resistance and MMF of the
winding.

3. Taking into account the winding MMF, the magnetic flux through
the operating air-gap for its end value §, is to be determined. In other
words, it is necessary to solve reversal task of the magnet circuit calcula-
tions. Then electromagnetic force for this value of operating air-gap is to be
calculated. Proceed as follows:

-to calculate the permeances of operating and idle air-gaps for the
armature end position as well as total permeance of the air-gaps in accor-
dance with the structure of the equivalent circuit;

- to calculate initial approximation of the magnetic flux through the
operating air-gap with not taking into account magnetic potential drop
across iron subcircuits and calculate the magnetic induction in the core; if
the induction derived considerably exceeds saturation induction, then the

W=
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induction is to be accepted equal the saturation one and the initial approxi-
mation of the magnetic flux is to be accepted for this value of the induction;

-to determine first and furthers approximations of magnetic flux
through the operating air-gap taking into account magnetic potential drop
across iron subcircuits; in other words, the nonlinear equation (2.1) is to be
solved by simple iteration method; these calculations are to be performed
with available computer software (MathCad, MathLab etc.); outcome of the
calculations may be accepted as ultimate, when relative difference between
prior and new approximations of the magnetic flux does not exceed 1%;

- basing upon the ultimate magnitude of the magnetic flux through
the operating air-gap, calculate the electromagnetic force.

4. Basing upon the determined parameters of both the magnetic cir-
cuit and the winding, an actuation (response) time of the electromagnet is to
be determined. Proceed as follows:

-to calculate inductance of the magnetizing winding for the initial
value of the operating air-gap

L=w’Ag;

- to determine the pick-up time of an electromagnet accepting safety
factor in the range 1,3-1,5;

- to determine mass of the movable parts and movement time of the
electromagnet accepting that the average magnitude of counteracting force
comprises 70% from the average value of electromagnetic force;

- to determine the actuation (response) time of the electromagnet.



9

3. DIRECTIONS FOR CALCULATIONS
OF AC ELECTROMAGNETS

The calculations of ac electromagnet are to be performed in the fol-
lowing order:

1. In compliance with predetermined magnetic circuit dimensions for
the end value of operating air-gap 6, (in other words, for the tractive arma-
ture position, see table A.2) the winding MMF as well as direct and alter-
nating components of electromagnet force, its minimal value and pulsation
are to be determined. Proceed as follows:

- to set up equivalent magnet circuit of the electromagnet taking into
account reluctance theirs ferromagnetic elements (leakage flux is not taken
into account); the equivalent magnetic circuit is to be agreed with the ad-
viser;

- to calculate reluctances of operating air-gap at &, =9, =9, : for the

pole part non-enclosed with short-circuited turn Rs;; for the pole part en-
closed with short-circuited turn Ry,; reactive reluctance resulted from pres-
ence of short-circuited turn Xsy;

- to determine reluctance of idle air-gaps Rso; accepting that do; = &

- in compliance with predetermined value of induction in the magnet-
ic circuit (see tab. A.2) specific reluctances components pr and px as well
as reluctances of the iron subcircuits are to be determined;

-according to the equivalent circuit the total reluctance of magnetic
circuit Z,;z is to be determined;

-to determine amplitude value of the magnetic flux through the
magnetic circuit

where «, is the space factor of magnetic circuit iron, which can be
accepted in the range 0,85-0,95;

- to determine amplitude value of the winding MMF

Fm = CI)mZMZ ;

- to determine amplitude values of the magnetic fluxes through both
parts of the operating air-gap: non-enclosed with short-circuited turn @y,
enclosed with short-circuited turn ®,,,; these calculations are to be per-
formed with taking into consideration saturation of the pole part non-
enclosed with short-circuited turn [13];
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-to determine direct and alternating components as well as minimal
value and pulsation of electromagnetic force.

2. In compliance with resulting value of the winding MMF as well as
predetermined supply voltage the basic parameters and geometrical dimen-
sions of the electromagnet magnetizing winding are to be determined. Pro-
ceed as follows:

- to determine turns number of the winding

U
W=—r————
444.F.-D
- to determine initial estimate (without taking into account pure resis-

tance) of the current through the winding
F
| =

m .
NER

-to calculate the required cross-sectional area and diameter of the
winding wire basing upon permissible current density j,.,, which for conti-
nuous duty and given cooling conditions may be accepted in the range 2—4
Al

- from the wire gauge [5] select the type and diameter of the wire
without insulation and determine the précised wire cross-sectional area;

- to determine width of the winding assuming that its height equal to
height of the magnetic circuit "window" (see table A.2);

- to calculate active (taking into account active losses in the magnetic
circuit) and reactive impedance of the winding as well as précised value of
the current through the winding for end value of a operating air-gap.

3. For initial value of the operating air-gap &, direct component of
electromagnetic force exerting on the electromagnet armature is to be de-
termined. Proceed as follows:

- to calculate a permeance of the operating air-gap (without taking in-
to account of a permanence resulted from presence of short-circuited turn)
as well as its derivative dA;/do;

-to calculate permeances of idle air-gaps &, and also specific lea-
kage permeance As;

- to calculate the total permeance of the air-gaps as well as the aver-
age value of the leakage factor
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Al
3-Ay
where | is height of the magnetic circuit "window" (see tab. A.2);

-to calculate average value of the magnetic flux amplitude along
height of the core

o, =1+

U
(Dm(c(c = ;
444.-Ff-w
- using average value of the leakage factor to determine magnetic

flux through the operating air gap;
- to calculate the electromagnetic force.
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Appendix A
Initial data for the electromagnet calculations
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Drawing A.1 — DC electromagnet designs
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Drawing A.2 — AC electromagnet designs




Table A.1 — Initial data for dc electromagnet calculations

NeNe  [Magnetic ; ; ; Operating air-| Induction | npjagnetic | Winding

ofva- | circuit Geometrical dimensions, mm 9ap, mm 1 (3=5,), T| circuit voltage

riants | design | a | b | h|h | d]|d;|d, o & | &, S, B material | supply, V
1 2 15 18 10 5 3 0,05 | 2 0,15 0,1 — 24
2 < 3 |20 30 15 8 5 0,1 3 0,1 0,15 S 36
3 i 4 25 40 18 10 8 0,1 4 0,15 0,05 B o 48
4 <C(D 5 1|30 50 20 14 10 0,08 | 5 0,22 0,12 > ;' 110
5 < 6 | 35 60 25 15 12 012 | 6 0,12 0,08 c_E = 220
6 = 8 [4050( 75 30 18 15 0,06 | 7 0,18 0,2 2 S 110
7 S 10 | 60 90 35 22 18 0,1 8 0,15 0,15 S o 48
8 a 10 | 70 | 100 | 40 25 20 0,15 | 10 0,2 0,1 % 36
9 8 80 40 24 20 0,08 | 8 0,15 0,06 24
10 2 |15 36 20 5 3 0,05 | 2 0,15 0,1 — 24
11 o 3 20 60 30 8 5 0,1 3 0,1 0,15 2 36
12 - 4 25 80 36 10 8 0,1 4 0,15 0,05 B o 48
13 1:) 5 |30 | 100 | 40 14 10 0,08 | 5 0,22 0,12 > (;I\ 110
14 < 6 | 35 | 120 | 50 15 12 012 | 6 0,12 0,08 c_E = 220
15 = 8 | 40 | 150 | 60 18 15 0,06 | 7 0,18 0,2 25 110
16 S 10 | 50 | 180 | 70 22 18 0,1 8 0,15 0,15 S o 48
17 a 8 | 70 | 190 | 80 25 20 0,15 | 10 0,2 0,1 % 36
18 8 80 | 200 | 90 24 20 0,08 | 8 0,15 0,06 24
19 2 36 20 5 3 0,05 2 10,15 0,1 24
20 o 3 60 30 8 5 0,08 3 01 0,15 > 36
21 |4 80 | 36 10 8 0.1 4 015 0,05 = 48
22 é 5 100 | 40 14 10 0,12 5 10,22 0,12 g g 110
23 2 |6 120 | 50 15 12 018 | 6 0,12 008 | « 220
24 s |8 150 | 60 18 15 02 | 7 018 02 | =223 110
25 S 8 200 | 70 22 18 0,22 8 0,15 0,15 § 48
26 a 10 250 | 80 25 20 0,25 10 0,2 0,1 n 36
27 10 300 | 90 24 20 0,28 | 12 0,15 0,06 24

qT



Continuation of table A.1

NeNe  [Magnetic ; ; ; Operating | Induction | pagnetic | Winding

ofva- | circuit Geometrical dimensions, mm air-gap, mm| 3=5,), T | circuit voltage
riants | design | a | b | h|h | d]|d;|d, o S | 8y | O B material | supply, V
28 2 15 36 20| 5 5 10 | 3 0,05| 2 0,05 0,1 24
29 ) 3|20 60 30| 6 8 |15 5 0,08 | 3 | 0,08 0,15 > 36
30 \p 4 | 25 80 36| 7 |10 |20 | 8 0,1 4 0,1 0,05 = 48
31 < 5 30 | 100 | 40 | 8 14 | 25 | 10 0,1 5 0,12 0,12 g (=) 110
32 2 | 640|120 [ 50| 9 | 15|30 | 12 012 6 | 015 [ 008 | w X 220
33 = 8 | 50| 150 | 60 | 10 | 18 | 35 | 15 016 | 7 | 0,18 0,2 C_D <t 110
34 S 10 | 60 | 200 | 70 | 10 | 22 | 40 | 18 0,18 | 8 0,2 0,15 § 48
35 a 11 | 80| 250 | 80 | 12 | 25 | 45 | 20 0,2 | 10 | 0,22 0,1 7] 36
36 12 1 90 | 350 | 90 | 12 | 28 | 50 | 20 0,25 | 12 | 0,25 0,06 24
37 2 36 10 10 3 0,05 2 | 0,15 0,1 — 24
38 @ 3 60 15 15 5 0,1 3 0,1 0,15 S 36
39 ! 4 80 18 20 8 0,12 4 | 0,15 0,05 B o 48
40 Ev 5 100 | 20 25 10 0,15 5 | 0,22 0,12 > (;I\ 110
41 f= 6 120 | 25 30 12 0,18 6 | 0,12 0,08 ‘_E = 220
42 = 8 150 | 30 35 15 0,2 7 | 0,18 0,2 25 110
43 S 10 180 | 40 40 18 0,22 8 | 0,15 0,15 S o 48
44 a 8 190 | 50 45 20 0,25 10 | 0,2 0,1 % 36
45 8 200 | 60 50 22 0,28 12 | 0,25 0,06 24
46 2 36 20 5 2 0,05 2 0,15 0,1 — 24
47 — 3 60 30 8 3 0,05 3 0,1 0,15 E 36
48 :(' 4 80 | 36 10 4 0,05 4 1015 | 005 D o 48
49 > | 5 100 | 40 14 4 0,1 5102 | 012 RN 110
50 c |6 120 | 50 15 5 0,1 6 | 012 | 008 = E 220
51 c% 8 150 | 60 18 5 0,1 7 0,18 0,2 = g 110
52 = 8 200 | 70 22 5 0,15 8 0,15 0,15 % o 48
53 o 10 250 | 80 25 6 0,15 10 0,2 0,1 % 36
54 10 300 | 90 24 6 0,15 12 | 0,15 0,06 24

9T



Table A.2 — Initial data for ac electromagnet calculations

NeNe | Magnetic i i i Operating | Induction | njaqnetic | Winding

ofva- | circuit Geometrical dimensions, mm air-gap, mm| (3=5,),T | circuit voltage
riants | design a b [ h a |l a | A A S |8, | & Bnm material | supply, V
55 14 22 55 22 4 8 2 3 3 5 0,8 — 127
56 11 18 50 20 3 6 2 2 2 4 0,85 S 220
57 15 25 65 25 4 8 3 4 4 6 0,75 E 380
58 < 15 25 70 25 4 8 3 4 4 6 0,9 o 660
59 N 16 28 75 25 5 9 2 3 3 7 0,9 g 220
60 g 16 30 80 30 4 9 3 4 4 7 1,0 = N 127
61 = 1832 |9 |3 |5 10| 3| 4] 4]|8]005]| 10 5 380
62 = 18 35 95 32 6 10 2 3 3 8 1,1 2 > 660
63 s 20 40 | 100 | 35 6 12 2 3 3 8 1,2 s 220
64 a 11 20 70 22 3 6 2 3 3 2 0,8 S 127
65 13 25 65 20 3 7 3 2 2 3 0,85 = 220
66 14 |28 | 75| 25| 4 | 8 | 2 | 4| 4 |4 0,75 3 380
67 17 30 90 30 5 9 3 3 4 5 0,8 w 660
68 16 35 80 25 5 9 2 3 3 5 1,0 — 127
69 18 35 80 25 5 10 3 4 4 6 1,0 g 220
70 19 40 90 30 5 11 3 4 4 7 11 E 380
71 o 20 40 95 30 6 12 2 4 4 8 1,2 o 660
72 N 20 40 | 100 | 32 6 12 2 3 3 10 0,8 g 220
73 < 22 45 | 100 | 35 6 |1311| 3 3 3 | 122 0,85 b : 127
74 2 |18|20 |3 |2|5 |1552]|3]|3|[3]00]| 075 7 9 220
75 = 25 30 60 30 8 19 2 2 2 4 0,9 2 > 380
76 S 32 35 80 36 10 28 3 4 4 5 0,9 L 660
7 a 45 50 | 100 | 40 14 30 3 4 4 6 1,0 S 220
79 48 50 | 120 | 50 16 35 2 3 3 7 1,0 = 127
80 55 60 | 150 | 60 18 40 3 4 4 8 11 8 380
81 65 70 | 200 | 70 22 3 4 4 1,2 w 660

LT



Continuation of table A.2

NeNe | Magnetic ; ; ; Operating | Induction | pjagnetic | Winding
of va- | circuit Geometrical dimensions, mm air-gap, mm| (3=5,),T | circuit voltage
riants | design a b | h a; a | AL | A S S, | & B material | supply, V
82 14 22 55 22 4 8 2 3 3 5 0,8 — 127
83 11 18 50 20 3 6 2 2 2 4 0,85 S 220
84 15 25 65 25 4 8 3 4 4 6 0,75 o 380
85 o 15|25 | 70| 25| 4| 8| 3| 4] 4|6 0,9 © 660
86 N 16 | 28 | 75 | 25 | 5 9 2 3 3 |7 09 T 220
87 < |16 |30 |8 |30 4|93 |4]|a)|7 1,0 £ 127
88 < 18 32 90 30 5 10 3 4 4 8 | 0,05 1,0 S N 380
89 = 18 35 95 32 6 10 2 3 3 8 11 2 > 660
90 s 20 40 | 100 | 35 6 12 2 3 3 8 1,2 s 220
91 a 11 20 70 22 3 6 2 3 3 2 0,8 S 127
92 13 25 65 20 3 7 3 2 2 3 0,85 = 220
93 14 28 75 25 4 8 2 4 4 4 0,75 S 380
94 17 30 90 30 5 9 3 3 4 5 0,8 w 660
95 16 35 80 25 5 9 2 3 3 5 1,0 — 127
96 18 35 80 25 5 10 3 4 4 6 1,0 S 220
97 19 40 90 30 5 11 3 4 4 7 11 E 380
98 S 20 40 95 30 6 12 2 4 4 8 1,2 o 660
99 N 20 40 | 100 | 32 6 12 2 3 3 10 0,8 g 220
100 < 22 45 | 100 | 35 6 131 3 3 3 122 0,85 2 : 127
101 g 18 20 36 20 5 1 2 3 3 3 0,05 0,75 S ﬂ 220
102 = 25 30 60 30 8 15 2 2 2 4 0,9 2 > 380
103 S 32 35 80 36 10 19 3 4 4 5 0,9 L 660
104 a 45 50 | 100 | 40 14 28 3 4 4 6 1,0 S 220
105 48 50 | 120 | 50 16 30 2 3 3 7 1,0 = 127
106 55 60 | 150 | 60 18 35 3 4 4 8 11 3 380
107 65 70 | 200 | 70 22 40 3 4 4 1,2 w 660

8T



