
Magnetic circuits

. Motivation : Magnetic
circuits provide the

theory behind transformers .
It will also

provide the basics to study electromechanical

energy conversion later in the course .

°

Key
ideas to learn :

�1� current produces magnetic field .

�2�

changing flux drives a voltage .

We can utilize these together to make

inductors § transformers .

.

key concepts that will help ns :

°

Ampere's law

°

Gauss
' law } part of Maxwell 's

eg
"s

.

•

Faraday 's law



Let's begin our study from Ampere 's law
.

§ It.
di

'

= /Fg .

ni da

S

9 : open surface S

8 : boundary of Y
. Y§

He : magnetic field intensity .

/~%

JI : current
density

di
'

:
Differential length element along 8 .

(h da) : Differential area element on 9
.

•
• Consider an infinitely long^ ~

conductor carrying current i.

a Compute It
'

induced . By

symmetry ,
E'

is tangential and

I # I

only depends on r
.



Ampere
's law ⇒ fit .

di
'

= / 5g .

in da

8 g

geometry of-9

iida
and 8 in applyingg_H.by#y

Ampere 's law .

qi Tes

Direction of a depends on de→
.

It is

Tii .9dI given by the right-hand rule .

Is→-

Back to our example :

I # G) I. 2ar = i ⇒ I # G) I = z÷r .

Notation : View from the top .

ni
°

T = rod F =I✓
v , /r



•
Consider an iron

i 1 1 1 / 1
piece with a cross

⇒⇒/ sectional area A ,
and

I /
, an average lengthN tightly 1 1 1 1 /

around the loop being Lwound
coils µ

as shown
.

Assume that I has uniform magnitude

throughout the iron piece , compute its

magnitude .

Ampere 's law yields H .
L = N .

i

⇒ It  = NI
L

.

Unit of H ? Ampere - turnstmeter .

The magnetic field # magnetizes
the iron core .

Assume that  it

is a

"

linear magnetic material
.

"



Linear magnetic material

⇒ B→ x He
,

where B = magnetic flux density .

Ba #
. The

proportionality constant

depends on the material in which

the
magnetic field exists . It is called

the
permeability of the material ,

denoted by µ .

° : B=µF.

In our example ,
H  = Ni

⇒ B =µg .

i
.

Magnetic flux through the material

is given by f B?ds→
,

denoted by ¢ .

cross . sectional
area



9n our example , ¢ = B. A

= µN÷°A .

° Units : of is measured in Webers ( Wb) .

B→ "  " "

Wbfmn

,
also

called Tesla .

• Let's look at this relation a little

more
closely

.

@ =µNift= th '

This equation looks like
current ( ¢) = EMF(Ni)_

resistance (4µA)
'

Due to this resemblance
,

we call

Ni as
magneto

. motive force (mmf ) F
,

¥µ as reluctance R .



° : of = I
R

'

YK is
often

called
permeance

.

The more
magnetizeable a material is

,

the larger its µ is
.

⇒ the smaller its reluctance
R=µt .

⇒ the larger the fux of = FIR
that flows through the material .

° The equation of = F/R suggests
that

one can draw a hypothetical

magnetic
circuit

±nit¥]¥R±µ÷ .



° Does flux satisfy a kirchhof 's

current law
type

relation ?
Yes

,
indeed ! This is given by

Gauss
' law that States § B. also

S
a closed /

surface
KCL says

summation of currents

leaving a
pt . in the circuit  =o

ftp.tzii iitiztiztiy =o
.

Let's write this relation in

integral form
.

¥I#e { F. also -

gasnismsitiran?



: = .

t= Lg
N tightly

.

g

wound coils .

.

Length
LT

• consider the iron
piece of uniform cross

sectional area A
. Assume that the air gap

has length g . The iron has a
permeability of

µ and air has
permeability of µ .

Calculate

the magnetic flux through the core .

Magnetic
circuit : R = ,÷* , Rg =

tufa
.

*em ¢ ;¥z=
I

F- Ni # {Rg fat FA
'1-



• The magnetic circuit is not a circuit

through
which current flows .

It is an

abstraction that allows as to circumvent

the use of Anyone
's law § Gauss law

,

by using 0hm 's law
type relations .

VII. .

°

µ° = 4A xlo
-7 SI units .

Units of µ . = Tesla - meter / Ampere ,

= Wb / Amp . meter . .

ftp.ron = 6.3 × 10-3 whfkm .

° :
Myong (called the

"

relative permeability

"

)=5ooo .

Often transformer cores use cobalt - iron , that
has a relative

permeability µ .
- 18

,
ooo .

⇒ Rair
. gap > > Rison

.



° Another
k- a

-kq-
a -1

example if of b

Tgi Nwotiishhtiis
. tgggg¥g

1- a ->K- a -1

Assume uniform cross-section A of theiron piece
with permeability µ .

Compute of
as shown .

Also
, assume btgk ab

.

Magnetic circuit :

Ra
Reg Rapuflomttfrmtgr

.

F- Ni Et}Rg. } Rg

pndoatrifegthftk
Rb

{ Rs } BNK
Ra Ra

Ra = Fa , Rb =µba , Rg=µ9n= ,
Bs.g=Yn¥

To
compute ¢

,
let 's club the reluctances .



Reg
= ( 2Rb+ Rg ) 11 ( 2Ra+2Rb+ Rg ) .

° : 4=-5-2that 2Rbt ( 2Rb+Rg ) 11 ( 2Rat2Rst Rg)

The notation R
,

11 Rz : = RRR
,

+ Rz
-

° Defining self . inductance :

Let's get back to the simplest example

¥
Recall that we computed of .

¢=Nineit,↳ Fat #.

'

N tightly
wound coils .

Length
LT

Notice that if the current changes ,
so will

the flux ,
and hence

,
the tux linkage with He

coil .



y.gg/ig
Flux linked with the co :/

A = Not .

Village induced v= old
dt

i

⇒ u= ¥44)

= Nidd ( end

µ
.

Fat ,u¥
)

= - °

Fat ,h⇒
¥

The
.

=L . di
L is called the self .

inductance or inductance

of the coil .



° where does u = dd¥ come from ?

Faraday
's law : § E. de =dd+§E.de

q S

L :

open surface , 8 :

µ
contour of g

I

:#tflg
To

simplify ,
let's consider

> one loop .

b →
-

Let's look at this from the top .

Black dotted line defines 8
- b that encloses the surface 8

.

u ii. '5%4+
a

•

> § E. di
'

= - u
.

"Find
§B→. di '

= of .

g
⇒

U =

dd04 . For N turns
, v = N . ddfl = dd¥ .



° 9n our derivation
, we have used

Rim = hat , Rairgap
=

µ¥gn
'

why is
this A ?

k¥fEy
Ansett:L:*met:L "

uniform flux through the air -gap .

° :
Rairgaf =µt# i

Etfgkjtifijiait REF:Oretoldtux inside in

�1�
iron .

A iron

Flux in air -

gap
= Bair .

gap
. Aairgap .

Aairgap > Aim
...

due to
"

fringing
"

of the fmx .

paths
.

Sometimes
,

one uses Aairgap =L it A iron .


