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Magnetic Circuits
FARADAY'S LAWS OF E LECTROMAGN ETIC INDUCTION: 
Faraday's laws state that an emfis induced in a circuit which is
(i) Directly proportional to the time rate of change of flux enclosed by the circuit.
(ii) Directly proportional to N the no. of turns of the circuit.
Combining, the two laws, Faraday's laws of induction can be expressed mathematically as
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Here negative sign is due to Emil Lenz, who subsequent to Faraday's experiments suggested
that the direction of the induced current is always such as to oppose the action that produced it.
As we know Faraday's law as given by equation (ii. 1) is one of the two basic relationships
upon which the whole theory of electromagnetic and electromechanical energy conversion devices
are based and today we have the generator and motor (electric) operating based on this theory.
Also Faraday was the first to identify emf of self-induction, i.e., here we have only one coil
and it is connected to a de source through a switch. When current is flowing through this coil
and the circuit interrupted through the switch an emf is induced in the coil. This is known as
emf of self-induction expressed mathematically
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Where L is a proportionality constant called the co-eﬀicient of self-inductance which depends
upon the medium and other physical parameter.
The circuits we have considered so far may be regarded as conductively coupled, because one loop affects the neighboring loop through current conduction. When two loops with or without contacts between them affect each other through the magnetic ﬁeld generated by one of them, they are said to be magnetically coupled.

The transformer is an electrical device designed on the basis of the concept of magnetic coupling. It uses magnetically coupled coils to transfer energy from one circuit to another. Transformers are key circuit elements. 


Self Inductance
Self inductance is the ration between the induced Electro Motive Force (EMF) across a coil to the rate of change of current through this coil. Self inductance is related term to self induction phenomenon. Because of self induction self inductance generates. Self-inductance or Co-efficient of Self-induction is denoted as L. Its unit is Henry (H). First we have to know what self induction is. Self induction is the phenomenon by which in a coil a change in electric current produces an induced Electro Motive Force across this coil itself. This induced Electro Motive Force (ε) across this coil is proportional to the current changing rate. The higher the rate of change in current, the higher the value of EMF.
We can write that,
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But the actual equation is This Induced EMF across this coil is always opposite to the direction of the rate of change of current as per Lenz’s Law. 
When current (I) flows through a coil some electric flux produces inside the coil in the direction of the current flowing. At that moment of self induction phenomenon, the induced EMF generates to oppose this rate of change of current in that coil. So their values are same but sign differs. Look at the figure below. 
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Take a closer look at a coil that is carrying current. The magnetic field forms concentric loops that surround the wire and join to form larger loops that surround the coil. When the current increases in one loop the expanding magnetic field will cut across some or all of the neighboring loops of wire, inducing a voltage in these loops.
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Mutual Inductance
Mutual Inductance is the ratio between induced Electro Motive Force across a coil to the rate of change of current of another adjacent coil in such a way that two coils are in possibility of flux linkage.Mutual induction is a phenomenon when a coil gets induced in EMF across it due to rate of change current in adjacent coil in such a way that the flux of one coil current gets linkage of another coil. Mutual inductance is denoted as ( M ), it is called co-efficient of Mutual Induction between two coils.
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Mutual inductance for two coils gives the same value when they are in mutual induction with each other. Induction in one coil due to its own rate of change of current is called self inductance (L), but due to rate of change of current of adjacent coil it gives mutual inductance (M).

From the above figure, first coil carries current i1 and its self inductance is L1. Along with its self inductance it has to face mutual induction due to rate of change of current i2 in the second coil. Same case happens in the second coil also. Dot convention is used to mark the polarity of the mutual induction. Suppose two coils are placed nearby. 
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Coil 1 carries I1 current having N1 number of turn. Now the flux density created by the coil 1 is B1. Coil 2 with N2 number of turn gets linked with this flux from coil 1. So flux linkage in coil 2 is N2 . φ21 [φ21 is called leakage flux in coil 2 due to coil 1].
Consider φ21 is also changing with respect to time, so an EMF appears across coil 2. This EMF is called mutually induced EMF. 
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Now it can be written from these equations,
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Again, coil 1 gets induced by flux from coil 2 due to current I2 in the coil 2. [image: image13.png]



In same manner it can be written that for coil 1.
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 However, using the reciprocity theorem which combines Ampere’s law and the Biot-Savart law, one may show that the constants are equal. i.e. M12 = M21 = M. M is the mutual inductance for both coil in Henry. The value of mutual inductance is a function of the self-inductances Suppose two coils are place nearby such that they are in mutual induction. L1 and L2 are co-efficient of self-induction of them. M is the mutual inductance. [image: image15.png]NP po- Ay NF - po- Ay
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Here, ƙ is called co-efficient of coupling and it is defined as the ratio of mutual inductance actually present between the two coils to the maximum possible value. If the flux due to first coil completely links with second coil, then ƙ = 1, then two coils are tightly coupled. Again if no linkage at all then ƙ = 0 and hence two coils are magnetically isolated. Merits and demerits of mutual inductance: Due to mutual inductance, transformer establishes its operating principle. But due to mutual inductance, in any circuit having inductors, has to face extra voltage drop.
Dot Convention

The self-inductance of a circuit is intimately associated with the magnetic field linking the circuit. The self-inductance emf may be thought of as the emf induced in the circuit by a magnetic field produced by the circuit current. 

[image: image16.jpg]I

1

—_—
O—I M
[ J [ J +

Figure 2: Schematic Representation
of Mutual Inductance




Fig .5.2

Since a magnetic field exists in the region around the current that develops it, there is also may a possibility that an emf be induced in the other circuits linked by the field. Two circuits linked by the same magnetic field are said to be coupled to each other. The circuit element used to represent magnetic coupling is shown in Figure 5.2 and is called mutual inductance. It is represented by symbol M and is measured in henrys. The volt-ampere relationship is one which gives the induced emf in one circuit by a current in another and is given as
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How to find out Leq in a circuit having mutual inductance with dot convention Suppose two coils are in series with same place dot. 
[image: image20.png]



Mutual inductance between them is positive. 
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Suppose two coils are in series with opposite place dot.
[image: image22.png]



[image: image23.png]Ly + L, —2M;,




When a few numbers of inductors are in series with mutual inductances. 
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Inductor in parallel

Let us consider two coils of inductance L​1​ and L2 connected in parallel as shown in figure 8

[image: image26.jpg]Figure 8: Inductor in Parallel




The supply circuit divides into two components i1 and i2 following through the coils.
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Self-induced emf in coil A, [image: image29.png]era=—Li—
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Mutually induced emf in coil A due to change of current in coil B,
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Where M is the mutual coefficient of inductance

Resultant emf induced in coil A,
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Similarly, resultant emf induced in coil B
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As both coils are connected in parallel, therefore, resultant emf induced in both of the coils must be equal
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If L is the equivalent inductance of the combination then induced emf
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Since induced emf in parallel combination = Induced emf in either of the coils.
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Substituting [image: image41.png]
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from equation (12) we get
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When mutual flux helps the individual flux

Or [image: image46.png]



When mutual flux opposes the individual flux.
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The numerator ‘NI* which produces magnetization in the magnetic
cireuit is known as magnetomotive force (m.m.f.). Obviously, its umt 1s
ampere-turn (AT)*. Tt is analogous 1o e.m.f. 1n an electric cirout.
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6.21. Magnetic Circuit

It may be defined as the route or path which is followed by magnetic flux. The law of magnetic
circuit are quite similar to (but not the same as) those of the electric circuit,

Consider a solenoid or a toroidal iron ring having a magnetic path of / metre, area of cross
section A m” and a coil of N tums carrying / amperes wound anywhere on it as in Fig. 6.25

Then. as seen from An. 6.15, field strength inside the solenoid is




[image: image49.png]6.22. Definitions Concerning Magnetic Circuit

1. Magnetometive force (mom.f.). It drives or tends to drive flux through a magnetic circuit
and corresponds to eiectromotive force (e.m.f.) in an electric circuit.

M.M.F. is equal to the work done in joules in carrying a unit magnetic pole once through the
entire magnetic circuit. It is measured in ampere-turns.

In fact, as p.d. between any two points is measured by the work done in carrying a unit charge
from one points to another, similarly, m.m.f. between two points is measured by the work done in
Joules in carrying a unit magnetic pole from one point to another,




[image: image50.png]& Ampere-turns (AT), It is the unit of magnetometre force (m.m.f.) and is given by the
product of number of turns of a magnetic circuit and the current in amperes in those turns.

3. Reluctance. It is the name given to that property of a material which opposes the creation
of magnetic flux in it. It, in fact, measures the opposition offered to the passage of magnetic flux
through a matenal and is analogous to resistance in an electric circuit even,n form. Its units 1s
AT/Wh.**
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[image: image51.png]In other words, the reluctance of a magnetic circuit is the number of amp-tumns required per
weber of magnetic flux in the circuit, Since | AT/Wh = I/henry, the unit of reluctance is “reciprocal
henry.”




[image: image52.png]Fermeance.  I0is reciprocal of reluctance and implies the case or readiness with which
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[image: image53.png]6.23, Composite Series Magnetic Circuil

In Fig. 6.26 is shown a composite series magnetic circuit consisting of three different magnetic
materials of different permeabilities and lengths and one air gap (p, = 1). Each path will have its
own reluctance, The total reluctance is the sum of individual reluctances as they are joined in series.
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6.24. How to Find Ampere-turns

hhachccns!mun'mArLﬁlSﬂmH NIl ATImor NI =Hx1
ampere-tums AT = Hx/
Hence. following procedure should be adopted for culculating
the total ampere turns of @ composite magnetic path. .m' 626
(it Find H for each portion of the composite circuit. For air, H = B\, otherwise H = B/, .
(i) Find ampere-tumns for each path separaely by using the relation AT = H x /,
(i1} Add up these ampere-turns 1o get the total ampere-turns for the entire circui.

6.25, Comparison Between Magnetic and Electric Cireuits.
SIMILARITIES

Fig. 6.7

L oo ML Current =
reluctance resmance
2. MM.F. (umpere-tumns) EMF, (volis)
3. Flux @ (webers) . Current [ (amperes)
4. Flux density B (Wh/m") Current density (Alm*)
! { !

5. Reluctance S = — | = nce R= p—=—

" nA[ nun,A] resistance K= pA

Permeance (= 1/reluctance) Conductance (= l/resistance)

. Relucitivity Resistivity

Permeahility {= Vreluctivity)
Toal mmf=®5 + DS, + @S, +

Conductivity (= resistivity)

9. Totalemf =JR + /R, + IR, +.....
DIFFERENCES

I, Strictly speaking, flux does not actually ‘flow” in the sense in which an electric current ows.

2. If temperature is kept constant. then resistance of an electric circuit 1s constant and is

emaP






[image: image54.png]independent of the current strength (or current density). On the other hand, the reluctance of a
magnetic circuit does depend on flux {(and hence flux density) established in it. 1t is so because p
(which equals the slope of B/H curve) is not constant even for a given material as it depends on the
flux density B. Value of y is large for low value of B and vice-versa. Hence. reluctance is small (S
= lfpA) for small values of B and large for large values of B.

3. Flow of current in an electric circuit involves continuous expenditure of energy but in a
magnelic circuit, energy is needed only creating the flux initially but not for maintaining it.

6.26. Purallel Magnetic Circuits

Fig. 6.29 (a) shown a parallel magnetic circuil consisting of two parallel magnetic paths ACB
and ADB acted upon by the same m.m.f. Each magnetic path has an average length of 2 (/, + 1)
—1

. L i L e

{a)

Fig. 6.29

The flux produced by the coil wound on the central core is divided equally at point A between the
two outer parallel paths. The reluctance offered by the two parallel paths is = half the reluctance of
each path.

Fig. 6.29 (b) shows the equivalent electrical circuit where resistance offered to the volage
source 1s = R|R = R2

It should be noted that reluctance offered by the central core AB has been acglected in the above
treatment.

6.27. Series-Purallel Magnetic Circuits

=&/ —— - #——

Fig. 6.30

Such a circuit is shown in Fig. 6.30 (@). It shows two parallel magnetic circuits ACB and ACD
conaected across the common magnetic path AB which contains an air-gap of length /. As usual,
the flux @ in the common core is divided equally at point A between the two parallel paths which
have equal reluctance. The reluctance of the path AB consists of (1) air gap reluctance and (i) the
reluctance of the central core which comparatively negligible. Hence, the reluctance of the centrul
core AB equals only the air-gap reluctance across which are connected 1wo equal parallel reluc-




[image: image55.png]tances. Hence. the m.m.f. required for this circuit would be the sum of (/) that required for the air-gap
and (if) that required for either of two paths (not both) as illustrated in Ex. 6.19, 6.20 and 6.21.

The equivalent electrical circuit is shown in Fig. 6.30 (b) where the total resistance offered to
the voltage source is = R, + R|R=R, + R/2.




[image: image56.png]Exumple 6.17. A recrangular iron core is shown in Fig, 6.35.
It has u mean length of magnetic path of 100 cm. cross-section of
(2 cm x 2 cm), relative permeability of 1400 and an air-gap of
5 mm cus in the core. The three coils carried by the core have
number of turns N, = 335, N, = 600 and N, = 600 ; and the respec-
tive currents are 1.6 A, 4 A and 3 A, The directions of the currents
are as shown. Find the flux in the air-gap.
(F.Y. Engg. Pune Univ. Nov. 1987)
Solution. By applying the Right-Hand Thump rule. it is found Fig. 635
that fluxes produced by the current /, and [, are directed in the
clockwise direction through the iron core whereas that produced by current /_ is directed in the
anticlockwise direction through the core.
total mm.f. =N, I, + N, I, — N, I, =335 % 1.6 + 600 x 4 - 600 x 3 = 1136 AT

3
Reluctance of the nir-gap= ——=— %10 _ 9046 x 10° AT/WD

MoA  dnx10” x4x10™
=y
Reluctance of the iron path = - |— = 100=OSX10_ - 410 0# aTrwn
ol A 4107 x1400x 4 % 10
Total reluctance = (9.946 + 1.414) x 10° = 11.36 x 10° AT/Wb
The flux in the air-gap is the same as in the iron core,

Air-gap flux = —mL___ 1136 _ 100, 10 Wb = 100 uWh
Lo reluctance 1)‘36“0“: - W





[image: image57.png]Example 6.21. A cawr steel magneti steuctione made for a bar of section § cm * 2 vm is shown
in Fig. 6.35. Determine the current that the 300 tura-magnetising conl on the left linth should carry
s that a flux of 2 mWh is produced in the right limh. Take y, = 600 and neglect leakage.

(Elect. Technology Allahabad Uniy, 1993)




[image: image58.png]Soelution. Simnce path € and D are in parallel with each other w.r.t. path E (Fig. 6.38), the m.m.I.
across the two is the same,
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sum of Fig. 638
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