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-

Rule: When the length of the air gap is less than 1710 lla.f-,
width or depth of the ferromagnetic core, the length of .Lhe air
gap is added to the dimenstons of the core to dctermnine the
effeclive cross-section of the air gap.

ﬁzo;nple 2.1

A 0.1 mm cut is made in the core of Figure 2.8. What is the effective
crons-sectional area of the air gap!?

Salulion
Add the length of the air gap to each dimension of the core. Thus,

the =fiective arer hecomes

win- 4 a2
Ay (90 5 0.1){25 « 0.1) = 504.5 mn? = 5015107 m

[ gy 4 i 3
o o
{—-i ( {r 6 - }‘\//!_A:/T 10 o g 2h [ JERRTL]
Y 7[ 171 /25 mm .
N = 10 -‘;-\\\me'f//, PR P r mu‘\r
RN "
T RATAY
{z) Toroid. (b) Air-gap fnging.

Tigure ¢ & Toreidal wagactic circuit =3 Example 2.1 and Problem 2,13

3. Starking Factor. Vhe laminations deseribed in the ‘prvvir:r-'xs sect'jor.}
st be elzetiizally inenlated from each other. Add to the u.'mul:ai.mn _th-:k-
pess the air space cavsad by the uneven and imperiect Hnd.(ncrﬁ of each
Vanination. ‘The ratio of the crosi-sectional avea of the aclive lf.-r.romag—
Letic waterial to the measnred overall core area is called the stacking fac-
Yo,

4. Frameles, The following four examples octline met.hod.s for sn‘v}ng
smeanctic eirenil prolizia, The first has a conslzut of ection c:'“o,"‘.lée

o

coonnd insludes an oair gap, the third has 2 cope for whaleh the crossezchion

TR

Nacidtory

MU O

L TR
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varies, and the fourth includes procedures for solving magnetic clrcuits’
with parallel paths.

Example 2.2

Given the toroidal core similar to that of Figure 2.8 (except there is
no air gap) made of laminations of *0.051 mun, oriented thin sheet steel”
and wound with b turns of wire. The mean length of the core is 250 mm
and has a cross-sectional area of 20 mm by 25 mm. Assume the coil resis-
tance to be 3.4 2. [ind the magnetic flux density, B, and magnetic flux, ¢,
when a 12 V battery is connected to the coil. Assume a stacking factor of .
90 percent. :

Solutinn . :

The coil current is I = V/R =12/34 =353 A. Then the coil
ampere-turns is (M) = 3.53(5) = 17.7 At. Solve the magnetic loop equation
where -(NI) ., + (Hl),,,, =0. Then (Hl),,, = (NI). 4 =17.7 At. Since
l=nD then {=n(99.6-2x10)=250 mm=025 m. Finally, = H
= (I)/1=17.7/0.25 = 70.8 At/m. From the curve for “0.051 mm, oriented
thin shect steel” of Figure 2.4 the flux density, B, corresponding to 2 mag-
netic field intensity, H, of 70.8 At/m is 1.26 T. The arca is

A = (0.020X0.025)(SF) = (5x10°1)(0.9) = 4.5X10™¢ m?

The magnetic flux

¢ = BA = (1.26)(4.5%10°%) = 5.67%10* Wb i AN

Fxample 2.3

Make a 0.1 mm wide cut in the toroid of Example 2.2, (a) Calculate
the ampere-turis of the ¢oil to produce an air gap flux of 5.67X10°4 Wb,

(b) What battery voltage would be required to produce the flux specified in
step a? i

Sslution

P o gap = 5.OTX1074 Wh

AR s e
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A, = (25)(20)(0.9SF) = 450 mm?
= L.AX107% 1? effective area
Ay gop = (202 0.1)(25 + 0.1)

= 504.5 mm? = 5.06%10°* m? effective area

-4
B = Do - 9.67x10 7= 1.12°T

Y AL 5.06%107

B
i, === L2 o gg1 000 At/m
o 472107
o = 0.0 mm = 107 m (as given)
(H1),, = (891 C00)(10°%) = 89.1 AL

B - j’fﬂi = ~5~——6—7-2<—1'9: = lQS ’1‘

core A 4.50x1074

From curve on Figure 2.4 for “0.051 mm, oriented thin sheet steel” for
B, = 1.26, the value of H_,,, = 70.8 At/in. Then

(1), = T0.8(0.25) = 17.7 At

core

Solve the magnetic loop equation.
(NI, + (HI) +{f),, =0
(N1 o0 = 277 + 801 = 107 At

ceaf core

corl 7

For N =5 turns, the coil current [ =107/5 =214 A. This means the
required battery voltage is V = [ = (21.4)(2.4) = 72.6 V. Note that only
12 V is required to produce a core flux of 5.67x10°* Wb with no air gap.
With the addition of the air gap a voltage source of 72.6 V is required to
produce the saine magnetic flux.

1
xample 2.4

Given a rectangular core of several types of oriented thin steel sheets
with dimensions shown in Figure 2.9, determiue the coil current required to

produce a flux of 1.30X10°3 Wb, The ccil has 240 Lurns. Assume a stacking
factor of 0.9.

SN

e

I AR L

SVATESSARE v

s
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. 49 .
dimensions in mm : r/
A .
V4 ] .
a b ' 30
b — }
o—_ B I |
1} n 0
,/D c —
_r/ L 1.0 mm
p d
[

-
L
",
(=4

o

A — s

Figure 2.9 Scries magnetic circuit for Exiinpie 24,

Solution

Begin with part c¢d where ¢ =1.3x10"3 Wh The eflective cross-
sectional area is

A = (30 + 1)(40 + 1) = 1270 mm? = 0.00127 m?

-3
B, =6,,/A4= L30x10— 1.02 T

1.27x10°
B
Hy="% = 102 o g19000 At/m
H,  4xx1077

H_ 4l.4 = 812 000X10°% = 812 At

Continue with part ab where ¢ =1.3%10"2 Wb. The effective cross-
sectional area is s

A,, = (20)(40)(0.9) = 720 mm? = 0.000 72 m?
The length, {,;, is the mean distance between a and b of Figure 2.9, Thié

is found to be hall of the left section, half of the rlght section, and the
fength of the section between. Thus the mean length of I, is:

= (1/2X40 + 100 + 1/2x30) = 135 mm = 0135 m

B,,b=—L 1.30x10°3 <181 T
Aw 072107
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From the Figure 2.4 curve for “'0.28 mm oriented steel”
H,, =~ 820 At/m for B, =181 T
I,0, = 820%0.135 = 111 At

Contlinue the above procedure for all parts of the magnetic circuil. The
resutts arc given in the tahle below. Then solve the minf {oop equation.

—(N[)(m! * (l\”)ab + (Nl)bc * (‘N[)r.uv gap * ([\rl)de + (N{)zl * (NI)/a =0
(NI),,p =111+ 3+ 812+ 3+ 111 + 4.5 = 1045 At

(f\"“‘)(nl{ = /\,‘[”{)
pm W 2015 L0
N 240 a
rrm ] Materiad Meax. Ef Mean
Jhrea f Area JLength | 6 | B 4 M ML
o LW T L At )AL
ot Air 0.0012 0.00127 0.001 0.0013 102 812,000 812
he 0051 wm oriented | .00L2 | 0.00108 00195 0.0013 } 1.2 60 30
de 0631 v oidented 1 0.0N12 ) 0.00108 00425 | 0.0013 | 1.2 GO 3.0
ef 228 m oriented 0.0008 | 0.00072 0135 0.0013 { 1.81 R20 1 111
ab 0.2% i eriented G.0098 { 0.00072 0138 0.0013 | 1.81 820 111
fo . {908t s wriented [ ooms | oovnse ore oo o | w5 | ts

Foararanle 2.5

Given the cazt sicel magnetic cirenit of IMigure 2.10, find the wmagni-
tude and dizclion of the de current required in coil 2 for a flux, 4, cf
53107 Wh in the divection indicated in the center leg of the core when 2.0
A flows in ccil 1. Dimensions and material specifications are included in the
tahle.

Salulion
Lo Selve teft hand leop I droyps

oo S 00005

LR

. = == 086 T
YAy 000502

Magnetic Circuits 41

[} .
‘e
¢ coil 2
”'r' =3 N,=300T
¢

{

0

. Atea | length é B H 214
Part | Material m? " wh T At/m AL
be cast steel | 0.001 0.08 0.06005 0.5 285 24
de cast stecl | 0.001 0.08 0.0005 0.5 295 24
cd air gap 0.00103 0.0018 0.0005 0.485 } 386 000 | 695 ~
cab cast stecl | 0.001 0.45 0.00017 0.17 127 57
ble | castoteel | 0001 | 040 -0.00033 | -0.33 -180 | -72

Figure 2.10 Parallel magnetic cireuit of Example 2.5,

Continuing with the same procedure calculate the .(Hl) drops for {,, and {,,.
Then

t

= -Bon 0485 L 3860108 At/m

i, drx 107

(3.86X10%)(1.8%10°%) = 695 At

2(24) + 695 = 743 At

(N oy * () gy + (H)yoqp = 0

~400(2) + (1), * 743 =0 ‘
800 - 743 = 57 At

(1), 4
(]”)bcde
UH)Icﬂ-{nop

{1

1

il

i}

(Hl)eub

2. Solve for ¢

cab

(1), = 2= = 127 At/in

From the Figure 2.4 curve for cast steel for I =127, the fux density
D =017 T, Then

b0 = (0.17)(10°%) = 1.7X10°* Wb

v

3. Solve for the flux at junction §.

Bage = boap ~ Ppege = 17TXI07H - 5X1074 = -3.3%10°4 Wb
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This means the magnetic flux is in the efd direction.

4. Sclve for the mmf{ drop in leg bfe

P -1
Py o 33XI0°Y L
17”5 = “,A(C_ = - ”—l'()’s"*—- =033 1

IFrom the magnetization curve of Figure 2.4 for “cast steel” with 13 = 0.33

1
Hy, = =200 At/m

Then
(Hl)b/e = -200(0.4) = -80 At

5. Solve for the ampere-turns of coil 2
NMethod 1.
([{”i:rp 2 ’(l'”)bcde + (II()A/C * (N])cml 2= 0
= =742+ (-80) + (NI),,12=0

(NT),,0 5 = 823 At

Method 2:
1) urande toep = ~(ND) o * (1) + () + (NE) gy 0= 0
~BO0 + 57 « (-80) + (N) 0y =0
(NI) oy o = 823 AL '

6. Claleulate the current in coil 2

- N 823

! = S5 = 9T A
N 300

with current in at the lower terminal to cause flux in leg bfe to flow in
direction efb.

2.5 BLECTROMAGNETIC FORCE

When a wwovable ferramagnetic material is placed in a magnetic feld, a
feree exists that eawses the movable section te scek a paosition of minimum
veluctance. This is deseribed in the {ollowing equation. The derivation for

Magnetic Circuils 43

this equation has been given by Fitzgerald (A14(B), p103). In S! units the
equation is

2 2 '
/= Do A fa (2.13)
2¢¢, 24, A )

where [ is the force in newtons

B” is the magnetic flux density in teslas in the air gap

B, is the magnetic flux in webers in the air gap

A is the cross-sectional area of the air gap in square meters
1t is the permeability of free space = 4wx1077

[

This equation will provide a means for solving relay and solenoid type prob-
lems where the air gap is relatively small.

PROBILEMS

2.1 A coil of 1000 turns is wound on the laminated core of ““0.47 mm
cold-rolled motor armature steel” shown in Figure 2.11 having a square
cross-section of 50 mm on each side (50 mm by 50 mm) and a mean length
of 0.5 m. The stacking factor is 0.90. What coil current js required to pro-
duce a core flux of 3x10°® Wh? Do not include the air gap in this problem.

U N ——cut is for
~[__ = ¥ prob 23
e .
T 7
N=to00rT]| “—— | [

Figure 2.11 Magnctic circuit for Problems 2.1-2.4.

2.2 An air gap 2.5 mm wide is cut perpendicular to the center line of
one leg of the core in Problem 2.1. To what value must the coil current be
increased in order to maintain the same core flux density? Allowance
should be made for air gap fringing.

2.3 A 2.5 mm wide cut is made at an angle of 45 degfces in one leg of
the core of Problem 2.1. What value of current is required to produce 2
core flux of 3x10°% Wb
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‘The core and armature dimensions of the actuator of

; Fig. 1 are shown in Fig. 2. Both parts are made of

) 29~gauge M-36 sheet steel, whose magnetization curve
is given in Fig. 3. The stacking factor is Q. 95.

The coil has 2000 turns. Leakage flux and fringing at
the air“gaps may be neglected. The armature is fixed,
so that the length of the alr gaps, g = 10 mm, and a
direct current is passed through the coil, producing

a flux density of 1.2 T in the air gap.

a) Determine the required coil current.

b} Deterﬁine the energy stored in the air gap,

c) Determine the energy stored in the steel.

d) Determine the total field energy.

(e} Determine the stored field energy, sssuming that

the steel of the core and armature has infinite
permeability.
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Dimensions in inm

Diagram for dimensions of Lhe actuator.
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