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9.1 Introduction

= Magnetism Is an integral part of almost! every-electrical
device used today in industry, research, onthe home.

= Generators, motors, transformers, “w»Circuit breakers,
televisions, computers, tapegstrecorders and telephones all
employ magnetic effects~to/perform a variety of important

tasks.
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9.2 Magnetic Field

1. Flux and Flux Density
* In the Standard International (SI) systennof\units, magnetic

flux (¢) Is measured in webers (\WDB):
1Wb =10° lines = 1uWhb =107 lines
= The number of flux linesgperwunit area is called flux density

(B), and is measured in teslas(T).

* |ts magnitude is determined by the following equation: B= 4
A
« B= Whb/m?=teslas (T) )
* ¢ = webers (Wb) B ‘/
« A =sm2(cross-sectional area of the magnetic field) A
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2. Permeability (u) (A3
= Magnetic materials, such as iron, nickel, steel and alloys of
these materials, have permeability,hundreds and even
thousands of times that of free Spacewand are referred to as
ferromagnetic.
* The ratio of the permeability.of.a material to that of free space

(vacuum) is called, relative permeability (u,) (el L3,

U = &’ Hy, =47 x107" Wh/At.m

Hy

At.m —Ampere turns per meter.
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Example 9.1. Calculate the flux and the flux density in the two“magnetic cores
shown in Fig. The diagram represents the cross section of a magnetized material.
Assume that each dot represents 100 lines or 1 pWh.
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Solution (a) b)
* The flux is simply the number of lines.
* InFig.4(a) there are 49 dots. Each.represents 1 uWb , so ¢ = 49 uWh.

A=0.025mx0.025m =6.25x10"m* = B = % =78.4x10°Wb/m® =78.4x10°T

* InFig.4(b) there are 72 dots, so ¢ = 72 uWh.
A=0.025mx0.050m=1.25x10"m* = B = % =57.6x10°Wb/m? =57.6x10°T
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Example 9.2. If the flux density in a certain magnetic material\is .23 T and the

area of the material is 0.38 in.? (inch) , what is the flux throughithe miaterial?

Solution
39.37in.=1m= A=0.38in.*| 1m?/(39.37in.)* | = 245x10° m’
¢=BxA=(0.23T)(245x10° m*) =56.4 Wb
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9.3 Reluctance

= The resistance of a material to the flow of charge (current) is

determined for electric circuits by the equatien /\

R= 'OLA’ (ohms, Q) \/

p (rho) —resistivity of material, Q.m
= The reluctance of a material*tosthe setting

Material with
resistivity o
Cross-sectional

area A

up of magnetic flux hnes_ i a material is

determined by the following equation |
R=—0, (At/ Wh)

| = length of the path
w=permeability (Wb/A.t m).
A = area in m?
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Magnetomotive force (mmf) (Rusdaliaal 48 sl 5 all)

= The cause of magnetic flux is called-magnetomotive force
(mmf), which is related to the current (I)and number of turns

(N) of the coil. F, = NI

F.. = magnetomotive force (A.t)
N = number of turns-of-wire in a coil
| = current (A)
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9.4 Ohm’s law for electromagnetic gircuits

= Ohm’s law for magnetic circuits is defined as

F I
:—m:N—
? R N

« flux (¢) is analogous («xi= Jik) to current
« magnetomotive force (F_).is‘analogous to voltage
« reluctance (R) is analogous to resistance.
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Example 9.3. How much flux is established in the magnetic path of Fig. if the

reluctance of the material is 2.8x10° At/Wb 7
Solution

5 Fo _NI__(5000(03A)
RN R 2.8x10° At/Wb

~5.36x10 Wb

AEEXIXEIAEAKXEAALTALAIAAXIAALTAXALTAXAIAARLTAKAREXTA Ak Ak hAhhkrhikrhkhhiihkikiikiiiiik

Example 9.4. There is 0.1 ampére 6f-current through a coil with 400 turns.
a) What is the mmf?
b)What is the reltetance ofthe circuit if the flux is 250 mWhb?

Solution
a) N=400t, | =0.1A=F_=NI=40At

by R —ime AOAL 4 56.10° At/
4 250 /Wb
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9.5 Magnetizing Force (iaireall 3,6l

= The magnetomotive force per unit length™is_called the
magnetizing force (H) or Magnetic Field\ntensity (H) (32

L;““'L’\-"-A\ L.“AAM) H— Fm _N |
]

,  (At/m)

* Magnetizing force is ,ndependent of the type of core
material.
« Magnetizing“foree isydetermined solely by the number of

turns, the currentand the length of the core.
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Example 9.5.

Determine the magnetomotive force for the magnetic ¢iretit in Fig.

SO|UtI0n N tuens
(20)

Mean length/ = 0.2 m

NI (20x2)At
I 0.2m
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= The flux density and the magnetizing force are related by the

following equation: B = uH

u = permeability (Wb/A-t m).
H= Magnetic field intensity (Wb/A-t m)

« The curve showing how these two guantities (B and H) are

related is called the B-H curve, ok the hysteresis curve ((=aa
Jhaladl) gl ataaty) oty )

e The parameters that influenee ¢ W | ~————- *
(254 @l3 =3 5i54ll) both,B'and H

are illustrated in/Fig.

Relctance of
core material (R)

9/23/2018 Dr. Eng. Hassz /|

I
+ -



The Hysteresis Curve

= As the graph shows, the flux density depends on bothithe material and the
magnetic field intensity.

__—1 Magnetic material
Saturation begins__]

/

/
7

Flux density, B, (Wb//m?)

Non-magnetic material

Magnetic Field Intensity, H, (At/m)
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* A B-H curve is referred to as a magnetization curyve. for the case
where the material 1s 1nitially unmagnetized.

* A B-H curve can be read to determine the flux.density in a given

annealed iron core (wlall Bl (o l8),

Annealéed 1ron
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Example 9.6. What is B for the core?

Annealed iton core

Solution
i o NE_ B80909A) _yyern
| 0.23m
Readi .
i 20 Annealed iron
the graph, | = J | O
B=1.63T+= | 70—

=
=

Flux Density,

0 20 400 L] 200 100 1200 1400 1600 1300 2000

:Hagﬁm‘ic Field Intensity, H,(A-t/m)
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The B-H curves
for varies metals
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9.6 Ampere’s Circuital Law

Ampeére’s circuital law: The algebraic sunrof\the rises and
drops of the mmf around a closed loop of\a magnetic circuit Is
equal to zero; that Is, the sum of the rises’in mmf equals the sum

drops in mmf around a closed loap.

Y F,=0

F. =Nk

F
=—"T=F =¢gR

H:%:Fm:HI

NI =HI
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9.7 Flux ¢ and Kirchhoff’s current.law

= Applying the Kirchhoff’s current law, we find, that the sum of

the fluxes entering a junction is equal to the'sum of the fluxes

leaving a junction; that is,

b =0+ ¢
&+ 9. =9,

9/23/2018
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9.8 Series Magnetic Circuits: Determining NI

Two types of problems:

= ¢ Is given, and the impressed mmf NI must'be computed —
design of motors, generators and transformers

= NI is given, and the flux ¢ of the magnetic circuit must be found
— design of magnetic amplifiers,

= An approach frequently used in the analysis of magnetic circuits
IS the table methods The columns on the right are reserved for

the quantities,to be found for each section.

Section D (Wh) A (m?) B (T) H (At/m) [{m) HI (At)

One continuous section 4% 107 2% 1077 0.16
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Example 9.7. For the series magnetic circuit in Fig.
a) Find the value of | required to develop a magnetic fluxof \@=4x10" Wh
b) Determine g and g, for the material under these conditions.

; A=2x 10"m
Solution »
a) The flux density B is Nz, 400 tups § Cactostoe] core
—4
:£:4X10 3WE :leo_lT:O_ZT — 1 = 0.16m
A 2x107°m @ {mean length)
Using the B-H curves, we can determing —

the magnetizing force H:
H (caststeel)|.), , =170 At/ m I G

N
AW

Applying Ampére’s circuital law:

NI = H = [= HI :(170At/m)(0.16m):68mA I
N 400t il I §R
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b) The permeability of the material can be found as:

B 02T
H  170At/m

1= =1.176x10* Wh/A -m

and the relative permeability is
p 1.176x10° Wh/A-m

u, = — = 935.83
H 47 x10
Section & (Wh) A {mz} B (T) H (At/m) I{m) HI (At)
One continuous section 4% 107 2 g6’ 0.2 170 0.16 27.2
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Example 9.8. The electromagnet in Fig. has picked up a segtion of cast iron.
Determine the current I required to establish the indicated fluxgin,the ¢ore. Assume

that 4 =35x10*Wh, A=6.452x10"m N %, 50 et

Sheet steel

Solution

,,,,,,,,,,,

oy = 01016 +0.1016 +0.1016 = 304.8 10" m ' [ sfg=rr 714
l,... =0.0127 +0.1016 +0.0127 =127 x10°m |

The flux density for each section is

/ Cast iron

PRy N S —

¢ 3.5><10_4 Wb A e o -l(‘
=—= =0.542T
A  6.452x107°m° /
lab = lea = lef = g = 0.1016 m
Using the B-H curves, the magnetizing force is b = lae = 0.0127m
H (sheetsteel)| . =70Atm
H (castiron)| .. .= 1600 At/ m
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Determining HI for each section yields

H,.p | = (TOAY m)(304.8x10° m) = 21.34 At
H, | = (1600 A/ m)(127 x10° m) = 203/ 2 At

Inserting the above data in Table.

Section & (Wh) A (m?) B(T) H (At/m) [ (m) HI (At)
efab 35% 107 6.452 ¥ 1074 0,542 70 304.8 % 1077 21.34
bede 35% 107 64525107 0.542 1600 127 x 1077 203.2
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The magnetic circuit equivalent and the electric circuit analogy. for the system
appear in following Fig.

Applying Ampére’s circuital law, ( )

NI = Hefab Iefab + Hbcdelbcde §.ﬂlhhh
=21.34 At + 203.2 At = 224.54 At AMA
and (50t)1 =224.54 At R pede
= 224.54 At _4.49A ;
50t N
Afil
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Example 9.9. Determine the secondary current I, for the transformer in Fig. if
the resultant clockwise flux in the core Is 4 =1.5x10°Wh

Solution

This Is two magnetizing forces. The
resulting flux of each is opposing, just , ..

sd

Z;
== - 74N> = 30 turns
;; &

as the two sources of voltage are » =o6owmsE
opposing in the electric circuit analogy. 7
The flux density for each section is

¢ 1.5x10° Wb

=L = =0.10T
A 0.15x103%m?

Using the B-H curves, the magnetizing
force Is H (sheet steel) =20 At/m

B=0.10

Applying Ampére’s circuital law,
Ni 1, = Nyl = Nopegal aboda
(60t)(2A)—(30t)(1,) = (20At/m)(0.16 m)
120 At — (301)(1,) =3.2At = (30t)(l,) =116.8 At

_ 116:8At _389A
30t
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9.9 Air Gaps

Effects of air gaps on a magnetic circuit
= Note the presence of air gaps in the magaetic cireuits of the motor

and meter in Fig.
= The spreading (L)) of the flux lines outside the common area of

the core for the air gap in Fig. (a) is khown as fringing (= <3¢

 The flux density of the air gap: B, = E‘i N
i v _
where, ¢ = = /H*‘I’ ARErgmits
! ¢g _¢core’ Ag - Ahore /ﬁ‘xt I f,-'
fringing ,'ll{l}.-

« Assuming the permeability of air is equal to that
of free space, the magnetizing force of the air gap is determined by

B B :
H, = o2 |H, =(7.96x10%)B,

7 4z x107
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Example 9.10. Find the value of I required to establish a magnetic flux ¢ in the
series magnetic circuit in Fig. All cast stedl

Area (throughout)

Solution =15 x 104 m?
The flux density for each section is e Kot
—4
g $ _075x10° V\ib 05T
A 15x10"m &= HaE & i
Using the B-H curves, the magnetizing *» =200 umE=
forceis H (caststeel)|  _=280At/m A
The magnetizing force of the air gap is leagiap = 100 X 107 m
H, =(7.96x10°)B, = (7.96x10°)(0.5T) =3.98%x10°At/m  f =2 x 10" m
The mmf drops are %
H_.l..=(280 At/ m)(100%10° m) =28 At (@
H, I, = (3.98AY m)(2x10°° ) =796 AL ‘ O 2o,
Applying Ampére’s circuital law,
R odefab
NI =H_ | + H, Iy = 28At + 796At = 824At = MA
— (200t) 1 =£824At = [ =4.12A N
E= éﬁh.
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9.10 Series-Parallel Magnetic Cireuits

The close analogies between electric and~\magnetic circuits

eventually lead to series-parallel magnetic ClcCUits.
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Example 9.11. Determine the current I required to establish aflux
of 1.5x10* Wb in the section of the core indicated in Fig.

SOIUtlon = X /Shect steel
- . - ad B "9 N8 _ C :
The flux density for 2 section is q (% b, B
| " dis
é, 1.5x107*Wb N = sonmsf et ANUN] 2 [REOA S x 107 W
B, =% = —=0.25T = 4" |
A 6x10%m T | i
From B-H curves, the magnetizing force . A e . d
iS Hbcde‘B:025 E 40At/ m lhl‘u'r = le‘,':zh =02m

Applying Ampére’s circuital law around

f,, = 0.05m
Cross-sectional area = 6 x 10~ m? throughout

IOOp 2 'Re:rc.'-':
Z |:m =0= Hbelbe o Hbcdelbcde =0 |’_""'Ii"lllbllllb'r
iIJ-.r i ] -![]:
H. (0.05m) — (40 At/ m)(0.2m) =0 =H = AL 160AUm N s . 5 l?
be ' ' - be — 005m - "l-q_l_/ll § ey 12 §'J Bl
The flux density for 1 section.is N
y B, ., 2097T

Thus, 4 =B A=(0.97T)(6x10*m?) =5.82x10™ Wb R,

9/23/2018
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The results for bcde, be, and efab are entered in Table.

Section &P (Wh) A (m?) B(T) H (At/m) [ (m) HI (At)
bede 1.5 x 1074 6 x 107* 0.25 40 0.2 8
be 582 x 107* 6x 107 0.97 160 0.05 8
efab 6 x 107° 0.2

From Table and equivalent magnetic circuit, we have
¢ =@ + @, =5.82 x10™* Wb +1.5x10* Wb

~7.32x10 Wb
-4
o 13210 Wby o H,, ~ 400At/M
A 6X10 m B=1.22T

Applying Ampére’s circuital law,
+NI - Hefablefab B Hbelbe =0

NI = (400At/m)(0.2m) + (160At/m)(0.05m)

(50t)1 =88 AL | =%=1.76A
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Example 9.12. Calculate the magnetic flux ¢ for the magnetic'eircuit in Fig.

SOIUtion A (throughout) = 2 x 1074 m?
By Ampére’s circuital law, - =
NI (600)(BA) LAl g 1
abcda"abcda abcda = No= 60 turns '
Iabcda O3m =N i
=1000At/m T o
/
. . -~ -0 Cast iron
The flux density is B, - 0.39T labcda = 0.3 m

Thus, ¢=BA=(0.39T)(2x10™* m?)=0.78x10"* Wb
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9.3 Applications

Home work
1. Speakers and Microphones (<o sall <l jiSa gl i Sl
Hall Effect Sensor (Jss b ciluas)
Magnetic Reed Switch (switche in alarm systems) ( /2<=® 7l
)
Magnetic Resonance Imaging (~shbliaall (i il 5 e
dc motors (eiuall HLll S Hak)
The Solenoid (sl calall Glass ¢y 53] 5u)
Relays (“Yaw)
Meter Movement (35 =l alac)
Magnetic Disk and Tape Read/Write Head ( 5 sblixal (o sl
RN u.n\)/b;:\)ﬁl\ .LJJ.UA)
10. Magneto-Optical Disk (s =l (dalizdl (a 5all),

W

© 0o N O
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QUESTIONS

The end of chapter 9
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