Chapter 7. Magnetic Materials and Magnetic
Circuit Analysis
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Introduction

In general, magnetic materials can be classified as magnetically "soft" and "hard"
materials. Soft materials are normally used as the magnetic core materials for inductors,
transformers, actuators and rotating machines, in which the magnetic fields vary
frequently, whereas hard materials, or permanent magnets, are used to replace
magnetization coils for generating static magnetic fields in devices such as electric
motors and actuators. The B-H relationships and hysteresis loops have been discussed
earlier. In this chapter, we are going to examine the power losses in a soft magnetic
core under an alternating magnetization, and further develop an electrical circuit model
of a magnetic core with a coil.

For performance prediction of electromagnetic devices, magnetic field analysis is
required. Analytical magnetic field analysis by the Maxwell's equations, however, has
been shown very difficult for engineering problems owing to the fact that most practical
devices are of complicated structures. Powerful numerical methods, such as the finite
difference and finite element methods, are out of the scope of this subject. In this
chapter, we introduce a simple method of magnetic circuit analysis based on an analogy
to dc electrical circuits.

Soft Magnetic Materials under Alternating Excitations
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Core Losses

Core losses occur in magnetic cores
ferromagnetic materials under alternatir
magnetic field excitations. The diagram on t
right hand side plots thalternating core losses$
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of M-36, 0.356 mm steel sheet against t« /

excitation frequency. In this section, we wi . —]
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rate periodically, as mentioned earlier, due to th@ternating core loss of M36, 0.356 mm
effects of magnetic domain wall motion tBeH steel sheetat different excitation frequencies
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relationship is a hysteresis loop. The area enclosed by the loop is a power loss known as
the hysteresis loss, and can be calculated by

Pyo = f HedB (W/m’cycle) or (J/m)

For magnetic materials commonly used in the construction of electric machines an
approximate relation is

P

hyst

= C, 8] (1L5<n<25) (Wikg)

where C;, is a constant determined by the nature of the ferromagnetic matdal,
frequency of excitation, arig}, the peak value of the flux density.

Example:

A B-H loop for a type of electric steel sheet is shown in the diagram below. Determine
approximately the hysteresis loss per cycle in a torus of 300 mm mean diamete¢r and a
square cross section of 8D mm.

Solution:
The are of each square in the diagram represents
(0.1 T)x (25 A/m) = 2.5 (Wb/rf) x (A/m) = 2.5 VsA/nt = 2.5 J/m

If a square that is more than half within the loop is regarded as totally enclosed, and one
that is more than half outside is disregarded, then the area of the loop is
2x43x25=215 J/m
The volume of the torus is
0.05" x 0.3 = 2.36x 10° n’
Energy loss in the torus per cycle is thus
2.36x 10°x 215 =0.507 J
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When the excitation field varies quickly, by the Faraday's law, an electromotive fore
(em) and hence a current will be induced in the conductor linking the field. Since most
ferromagnetic materials are also conductors, eddy currents will be induced as the
excitation field varies, and hence a power loss knoweday current losswill be
caused by the induced eddy currents. The restdhor A-i loop will be fatter due to

the effect of eddy currents, as illustrated in the diagram below.

Under a sinusoidal magnetic excitation, the
average eddy current loss in a magnetic core ca
be expressed by

o ——————— —

Pay=C{B,)  (Wikg)

~.
k)
<™

whereC, is a constant determined by the nature of
the ferromagnetic material and the dimensions ol
the core.

Since the eddy current loss is caused by ﬁ?éﬁ‘_t“?”Ship bet‘t"’eel_r]‘ f'uxdd””kage "tj‘”_d

. . . exgitation current wnen eady current IS
'nducled eddy currents in a magnetic Core'f iéﬁuded (dashed line loop), where the solid
_effeCt|Ve way to reql{ce the eddy current |05_S ISii#R loop is the pure hysteresis obtained by
increase the resistivity of the material. This cafexcitation

be achieved by adding Si in steel. However, too much silicon would make the steel

brittle. Commonly used electrical steels contain 3% silicon.

Another effective way to reduce the eddy current loss is to use laminations of electrical
steels. These electrical steel sheets are coated with electric insulation, which breaks the
eddy current path, as illustrated in the diagram below.

Path of eddy
” h »| current
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Eddy currents in a laminated toroidal core

The above formulation for eddy current loss is obtained under the assumption of global
eddy current as illustrated schematically in figure (a) of the following diagram. This is

incorrect for materials with magnetic domains. When the excitation field varies, the

domain walls move accordingly and local eddy currents are induced by the fluctuation
of the local flux density caused by the domain wall motion as illustrated in figure (b) of

the diagram below. The total eddy current caused by the local eddy currents is in
general higher than that predicted by the formulation under the global eddy current
assumption. The difference is known as #éixeess loss Since it is very difficult to
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calculate the total average eddy current loss analytically, by statistical analysis, it was
postulated that for most soft magnetic materials under a sinusoidal magnetic field
excitation, the excess loss can be predicted by

3/2
P

P=C(B) Wik

whereCc is a constant determined by the nature of the ferromagnetic material.
Therefore, the total core loss can be calculated by

P,.=P

core hyst

+ Peddy+ P

ex

The diagram below illustrates the separation of alternating core loss of Lycore-140, 0.35
mm nonoriented sheet steel at 1 T. Using the formulas above, the coefficients of
different loss components can be obtained by fitting the total core loss curves.

e ST
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(a) (b)

Eddy currents, (a) classical model, and (b) domain model
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Separation of alternating core loss of Lycore-140 at B=1 T

Circuit Model of Magnetic Cores

In the equivalent circuit of an electromagnetic device, the circuit model of the magnetic
core is an essential part. Consider a magnetic core with a chiltwins uniformly
wound on it. As illustrated below, under an sinusoidal voltage (flux likage) excitation,
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the corresponding excitation current is nonsinusoidal due to the nonlBwar
relationship of the core. When only the fundamental component of the current is
considered, however, the relationship between the phasors of voltage and current can be
determined by a resistor (equivalent resistance of the core loss) in parallel of an lossless
indutor (self inductance of the coil) as illustrated in the diagram below.

300

A 4
40—

Coil of N turns with a magnetic core

YN

Fundamental and third harmonic in the excitation current
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A Simple Magnetic Circuit

Consider a simple structure consisting of a current carrying coll efirns and a
magnetic core of mean lengthand a cross sectional ardaas shown in the diagram
below. The permeability of the core materialis Assume that the size of the device
and the operation frequency are such that the displacement current in Maxwell’s
equations are negligible, and that the permeability of the core material is very high so
that all magnetic flux will be confined within the core. By Ampere’s law,

Hed =¢Jech
frea=y

we can write

whereH. is the magnetic field strength in the core, &idhe magnetomotive force
The magnetic flux through the cross section of the core can expressed as

@ =BA
where @. is the flux in the core anB, — /:\::;:Ihtzlom
the flux density in the core. Th i _| { fiuxlies ] ¢
constitutive equation of the cor +o ) }
material is L : ,/‘f "7l Cross-sectional
N ) "‘T’ area A,
|

B, = /J H, / \ ) ) __Magnetic core
Therefore, we obtain ﬁinding, permeability u

Ni F urns

=— A simple magnetic circuit

®= Ic/(uCAC) R,

If we take the magnetic flug as the “current”, the magnetomotive fof€eNi as the
“emf of a voltage source”, an&=l./(u-A:;) (known as thenagnetic reluctancgas the
“resistance” in the magnetic circuit, we have an anald@troh’s lawin electrical circuit
theory.

Electric Circuit Magnetic Circuit
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Magnetic Circuital Laws

Consider the magnetic circuit in the last section with an air gap of léngth in the
middle of a leg as shown in figure (a) in the diagram below. As they cross the air gap,
the magnetic flux lines bulge outward somewhat as illustrate in figure (b). The effect of
the fringing field is to increase the effective cross sectional Ageaf the air gap. By
Ampere’s law, we can write

F=Ni=Hl, +H/J,

B @
where Hl.=—I.=——I. =R,
He ™ HeA
@,
9 _ 9 —
and Hglg__olg_quglg_%Rg

According to Gauss’ law in magnetics,

fB eda=0
S
we know
Q=9 =9
Core
Mean core Magnetic
_ ~Magnetic -——————~ | " length i, flux lines
J flux lines
+ O 3 ay .¢
A ¢ L Air gap, ({{] f
) b Airgap 1§ permeability g \ A
— Ol b lengthg I ]
Magnetic core Fringing
/ % J B permeablllty I fields
Winding,
N turns
A simple magnetic circuit with an air gap
@
Therefore,
F4&+%M R

That is, the above magnetic circuit with an air gap
analogous to a series electric circuit. Further, if we regard
Hdc andHglq as the “voltage drops” across the reluctance qf
the core and airgap respectively, the above equation from
Ampere’s law can be interpreted as an analog to theSeries magnetic circuit
Kirchhoff’'s voltage law(KVL) in electric circuit theory, or

ZkaK:ZFk

The Kirchhoff's current law (KCL) can be derived from the Gauss’ law in magnetics.
Consider a magnetic circuit as shown below. When the Gauss’ law is applied to the T
joint in the circuit, we have
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3 g - \/Gagzssian surface
@ =0 e 0
2 [ OEa0 T,
or in general, © P PR i o o)
Z(g( =0 o—] 0
Having derived the Ohm’s law, KVL and KCL -

in magnetic circuits, we can solve very
complex magnetic circuits by applying these
basic laws. All electrical dc circuit analysis techniques, such as mesh analysis and nodal
analysis, can also be applied in magnetic circuit analysis.

Magnetic circuit of T joints

For nonlinear magnetic circuits where the nonlinear magnetization curves need to be
considered, the magnetic reluctance is a function of magnetic flux since the permeability
is a function of the magnetic field strength or flux density. Numerical or graphical
methods are required to solve nonlinear problems.

Magnetic Circuit Model of Permanent Magnets

Permanent magnets are commonly used to generate magnetic fields for
electromechanical energy conversion in a number of electromagnetic devices, such as
actuators, permanent magnet generators and motors. As mentioned earlier, the
characteristics of permanent magnets are described by demagnetization curves (the part
of hysteresis loop in the second quadrant). The diagram below depicts the
demagnetization curve of five permanent magnets. It can be seen that the
demagnetization curves of some most commonly used permanent magnets: Neodymium
Iron Boron (NdFeB), Samarium Cobalt, and Ceramic 7 are linear. For the convenience
of analysis, we consider the magnets with linear demagnetization curves first.

Consider a piece of permanent magnet of a uniform cross sectional akgaantl a
lengthl,. The demagnetization curve of the magnet is a straight line with a coercive
force ofH; and a remanent flux density Bf as shown below. The demagnetization
curve can be expressed analytically as

B, = (Hy +Ho) = y(H )

c

whereum=B,/H. is the permeability of the permanent magnet, which is very clqsg to
the permeability of free space. For a NdFeB magnetl.05u,.

The magnetic “voltage drop” across the magnet can be expressed as

H | —EIB—"' HE =—= HI =R F
mm_Dllm cDm_HmAm(ﬂ’n c¢m™ mgom m
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Magnetic circuit model of a magnet with linear demagnetization curve

I _ .
where R = “/"A\ is the reluctance andn=Hd, the magnetomotive force (“voltage

m® 'm

source”) of the magnet. It should be noted that in the magiegnd H,, are in
opposite directs.

For a magnet with a nonlinear demagnetization curve, the above magnetic circuit model
is still valid, except that the magnetic permeability becomes

B

— m
um - Hm + HC
which is a function of the magnetic field in the magnet. Notice lhais a negative
value since it is in the opposite directionByf. The derivation for the magnetic circuit
model of a nonlinear magnet is illustrated graphically by the diagram below.

oy B q\(Pm

o "= i
HmAm

o 1) 7 o=

m —
|
Bm ‘ ‘ ‘ Fm=Hclm
! !
- Hc Hm 0 Hm+Hc Hc H

+
Magnetic circuit model of a magnet with nonlinear demagnetization curve
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It should also be understood that the operating point B
(HnBm) will not move along the nonlinear B
demagnetization curve if a small (such that the magnet |
will not be demagnetized) periodic external magneti |
field is applied to the magnet. Instead, the operating poifit| Hox LHEH |
will move along a minor loop or S|mp_ly a stralgr_]t I|n_q40 |‘4m 0 Hrr‘1+Hc Ho H
(center line of the minor loop) as illustrated in the
diagram on the right hand side.

Movement of operating point
of a nonlinear magnet under
an external fieldHey

Inductance

Consider a two coil magnetic system as shown below. The magnetic flux linkage of the
two coils can be express as

A=A+ and A, =2, +A,

where the first subscript indicates the coil of flux linkage and the second the coil
carrying current. By defining the self and mutual inductances of the two coils as

Ajk .
Ly =— (=1,2 and k=1,2

I

whereLj is the self inductance of thth coil whenj=k, the mutual inductance between
thejth coil and thekth coil whenjzk, andLjc = Ly;, the flux linkages can be expressed as

A =Ly +Lqd, and A, =L, +L,0,

The above definition is also valid fomecoil system. For a linear magnetic system, the
above calculation can be performed by switching on one coil while all other coils are
switched off such that the magnetic circuit analysis can be simplified. This is especially
significant for a complex magnetic circuit. For a nonlinear magnetic system, however,
the inductances can only be calculated by the above definition with all coils switched
on.

9 9 % _2%
_ @0 A pee A | @0 . /\é\/l\/ /\Q/z\/
i i, g
O S P A g O R
N TP % TN, ? -
o ®w &)
o— 0 ——O i%
u‘,DO

(a) (b)

Magnetic circuit of a two coil system
Electromotive Force

When a conductor of lengthmoves in a magnetic field of flux densByat a speed,
the induced electromotive forceni) can be calculated by
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e=|lvxB

For a coil linking a time varying magnetic field, the induesdfcan be calculated from
the flux linkage of the coil by

gk g d

=—= = L, — k=1,2,...
= at 4 dt jzlk’ dt ( )

Magnetic Energy

In terms of inductance, the magnetic energy stored maml system can be expressed
as

Exercises

1. Show that the hysteresis energy loss per unit volume per cycle due to an AC
excitation in an iron ring is equal to the area of the B-H loop, i.e.

fHdB

The hysteresis loop for a certain iron ring is drawn in terms of the flux linkade
the excitation coil and the excitation currgpto the following scales

on the excitation curreim, axis: 1cm=500A

on the flux linkage\ axis: 1cm=10QWb
The area of the hysteresis loop is 50°@nd the excitation frequency is 50 Hz.
Calculate the hysteresis power loss of the ring.

Answer: 125 W

2. A coils of 200 turns is wound uniformly over a wooden ring having a mean
circumference of 600 mm and a uniform cross sectional area of 530 Inthe
current through the coil is 4 A, calculate:

(a) the magnetic field strength,
(b) the flux density, and
(c) the total flux

Answer: 1333 A/m, 1675xI0T, 0.8375uWb
3. A mild steel ring having a cross sectional area of 56@md a mean circumference
of 400 mm has a coil of 200 turns wound uniformly around it. Calculate:
(a)the reluctance of the ring and
(b) the current required to produce a flux of 80b in the ring. (Given that; is
about 380).

Answer: 1.677x10A/Wb, 6.7 A
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4. Fig.Q4 shows an iron circuit with a small air ge
cut in it. A 6000 turn colil carries a current I=20 m [ - =
which sets up a flux within the iron and across t ||
air gap. If the iron cross section is 0.8%¥167, the ||
mean length of flux path in iron is 0.15 m=800 : ‘

|

<
L

in iron and air gap length is 0.75 mm, calculate 1 Wi
air gap flux density. It may be assumed that i
flux lines flow straight across the air gap, i.e. an
gap cross section is also 0.8X1Mnt.

Answer: 0.16 T

— —— - — —

5. A magnetic circuit is made of mild steel arranged
in Fig.Q5. The center limb is wound with 500 tur ;o y  gmmems
and has a cross sectional area of 800 nifach of !
the outer limbs has a cross sectional area of 500 n | s

i
1
[}

The air gap has a length of 1 mm. Calculate
current required to set up a flux of 1.3 mWb in t
center limb, assuming no magnetic leakage ¢ -
fringing. The mean lengths of the various magne..

paths are shown on the diagram. (Use the given B-H
curve).

Answer: 4 A

e

-l
3
-4+

P O ¢

Fig.Q5

6. A magnetic circuit is made up of steel laminatio
shaped as in Fig.Q6. The width of the iron is 40 mm o 400 ma-
the core is built up to a depth of 50 mm, of which —]
percent is taken up by insulation between i
laminations. The gap is 2 mm long and the effective ¢
of the gap is 2500 mm The coil is wound with 800 |-
turns. If the leakage factor (the ratio of the total fli | ~~==-- T 4 em.
linking the coil over the air gap flux) is 1.2, calculate t ’L’fl’—'
magnetizing current required to produce a flux of 0.0C_. _

Whb across the air gap. (Use the given B-H curve). Fg.Q6
Answer: 5 A

-

21 mm

PLE X X X 3
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RSTTEE= =
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°0 1000 2000 JO00 4000 5000 4000 7000 6000 %000
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7. ltis desire_d tc_) achievg a time varying magne_tic d Q\"rae%“/itm
flux density in the air gap of the magnetic

circuit of Fig.Q7(a) of the form _ H o
ic®) | Air-gap
B, = B, +B,simt N g Area g
] Ag =_500 mrA
g =4 mm
where B=0.5 T and B=0.25 T. The dc field b oo N =250 turns
Bo is to be created by a NdFeB permanent
magnet, whereas the time varying field is to (@)
be created by a time varying current. Assume BM
the permeability of the iron is infinite and Br = 0.41

neglect the fringing effect.

(@) For the air gap dimensions given in
Fig.Q7(a), find the magnet lengthif the
magnet areédy, equals the air gap arég.
Fig.Q7(b) gives the demagnetization curve™ he=16 o
of NdFeB permanent magnet. (b)

(b) Find the excitation current required to,:ig_Q7 () Magnetic circuit of Problem 1,
achieve the desired time varying air gap (b) Demagnetization curve of
flux density. permanent magnet NdFeB

Answer: 2.64 (mm), i = 5.28sih (A)

H
(A/m)

8. Fig.Q8 shows a magnetic circuit with air gaps % %
g1 =92 =03 =1 mm and coildl1 = 100 turns ;. J |A_
andN» = 200 turns. The cross sectional aked® P A SN
of the circuit is 200 mA Assume the
permeability of the core material approach€s |
infinity and the fringing effect is negligible. h—>oo
Calculate: Fig.Q8 Magnetic circuit of Problem 7
(a) the self and mutual inductances;

(b) the total magnetic energy stored in the system, if the currents in the
coilsarei1 =ip =1 A,
(c) the mutual inductance betwelrp andNo, if the air gap3 is closed.

Answer: 1.676 mH, 6.702 mH, 1.676 mH, 5805 J,0
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