
 

chapter 2

Materials and Construction

2.1 Materials

All materials used in the construction of electric al machines can be divided into three groups:
� active materials, i.e., electric conductors, superconductors, electrotechnical steels, sintered

powders and PMs;

� insulating materials;

� construction materials.
 All current conducting materials (with high electric conductivity) and magnetic flux conducting materials
(with high magnetic permeability) are called active materials. They serve for the excitation of EMF and
MMF, concentrate the magnetic flux in the desired place or direction and help to maximize the
electrodynamic forces. The ferromagnetic materials are divided into soft ferromagnetic materials, i.e., with
a narrow hysteresis loop and hard ferromagnetic materials or permanent magnets, i.e., with a wide hysteris
loop.

 The insulating materials isolate electrically the current-conductors from the other parts of electrical
machines.

 There are no insulating materials for the magnetic flux. Leakage fluxes can only be reduced by a
proper shaping of the magnetic circuit or using electromagnetic or electrodynamic screens (shielding).

 The construction materials are necessary for structural purposes intended for the transmission and
withstanding of mechanical loads and stresses. In electrical machine industry mild carbon steel, alloyed
steel, cast iron, wrought iron, non-ferromagnetic steel, non-ferromagnetic metals and their alloys, and
plastic materials are used as construction materials.

 2.2 Laminated Ferromagnetic Cores

 From the electromagnetic point of view, laminated ferromagnetic cores are used to improve the
propagation of electromagnetic waves in conductive ferromagnetic materials. In thin ferromagnetic sheets,
i.e., with their thicknesses below 1 mm, the skin effect at power frequencies 50 to 60 Hz practically does not
exist. The damping effect of the electromagnetic field by eddy currents is substantially reduced. The
alternating magnetic flux occurs in the whole sheet cross section and its distribution is practically uniform
inside the laminated stack. Considering the skin effect, stacking factor, hysteresis losses, eddy-current
losses, reactive power (magnetizing current) and easy stamping, the best thickness is 0.5 to 0.6 mm for 50-
Hz electrical machines and 0.2 to 0.35 mm for 400-Hz electrical machines [135].

 The main losses in a ferromagnetic core with its mass cm  at any frequency f  and any magnetic

flux density B  are calculated as
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 where Fek  > 1 is the coefficient for including the difference in the distribution of the magnetic field in the
core and in the sample in which the specific core losses have been measured and for including the losses
due to rotational magnetic reversal and the 'work hardening' during stamping, 1/50p�  is the specific core

loss at f  = 50 Hz and B  = 1 T, f is the frequency of the magnetic field, and B  is the magnetic flux
density.

 Better results are obtained if the losses are divided into hysteresis losses and eddy-current losses,
i.e.,
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 where Fehk  = 1...2, Feek = 2...3, hc = 2...5 � �2/Ws T kg  is the hysteresis constant, and ec  = 0.5...23

Ws2/T2kg) is the eddy-current constant. The thicker the sheet, the higher the constants hc  and ec . Eqn (2.2)

can only be used if accurate values of hc  and ec  are known.
 The external surfaces of electrotechnical steel sheets are covered with a thin layer of ceramic

materials or oxides to electrically insulate the adjacent laminations in a stack. This insulation limits the eddy
currents induced in the core due to a.c. magnetic fluxes. The thickness of the insulation is expressed with
the aid of the stacking factor (insulation factor):
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 Figure 2.1 Typical characteristics of electrotechnical steel sheets: (a) magnetization curve B-H, (b) specific core loss
curves p B� �  at f  = const.
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 where id  is the thickness of the ith lamination and i�  is the thickness of the insulation layer of the ith

lamination measured on one side. For the stack consisting of laminations of equal thickness d  with the
thickness of the insulation layer �  (one side), the stacking factor is
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 2.2.1 Electrotechnical Sheet-steels
 Typical magnetic circuits of electrical machines and electromagnetic devices are laminated and are mainly
made of cold-rolled electrotechnical steel sheets, i.e.,

� oriented (anisotropic) textured,

� nonoriented with silicon content,

� nonoriented without silicon.
 Nowadays, hot-rolled electrotechnical steel sheets are almost never used. Electrotechnical steel sheets have
crystal structure. Oriented steel sheets are used for the ferromagnetic cores of transformers, transducers and
large synchronous generators. Nonoriented steel sheets are used for construction of large, medium, and low-
power rotary electrical machines, micromachines, small transformers and reactors, electromagnets, and
magnetic amplifiers. Silicon content increases the maximum magnetic permeability corresponding to critical
magnetic field intensity, reduces the area of the hysteresis loop, increases the resistivity, and practically
excludes the ageing (increase in the steel losses with time). Thus, owing

 Table 2.1 Magnetization and specific core loss characteristics of three types of cold-rolled, nonoriented
electrotechnical steel sheets, i.e., Dk66, thickness 0.5 mm, ki = 0.96 (Sweden), H-9, thickness 0.35 mm, ki =
0.96 (Japan) and DI-MAX EST20, thickness 0.2 mm, ki = 0.94, (Italy).

 B
 T

 H, A/m
 Specific core losses , /p W kg�

  Dk66  H9  DI-MAX
 EST20

 Dk66  H9  DI-MAX EST20

     50Hz  50Hz  60Hz  50Hz  400Hz

 0.1
 0.2
 0.4
 0.6
 0.8
 1.0
 1.2
 1.4
 1.5
 1.6
 1.7
 1.8
 1.9
 2.0
 2.1

 55
 65
 85
 110
 135
 165
 220
 400
 700
 1300
 4000
 8000

 15,000
 22,000
 35,000

 13
 20
 30
 40
 55
 80
 160
 500
 1500
 4000
 6500

 10,000
 16,000
 24,000

 19
 28
 37
 48
 62
 86
 152
 450
 900
 2400
 6500

 17,000

 0.15
 0.24
 0.50
 0.90
 1.55
 2.40
 3.30
 4.25
 4.90

 0.02
 0.06
 0.15
 0.35
 0.60
 0.90
 1.30
 1.95
 2.30
 2.65

 0.02
 0.10
 0.20
 0.45
 0.75
 1.10
 1.65
 2.45
 2.85
 3.35

 0.08
 0.15
 0.25
 0.42
 0.63
 0.85
 1.25
 1.70
 1.95
 2.20

 0.30
 0.70
 2.40
 6.00

 

 
 to the silicon contents, the specific core losses are substantially reduced. On the other hand, silicon reduces
somewhat the permeability in strong fields (saturation magnetic flux density) and makes the mechanical
working more difficult (fast wear of the punching die). Fig. 2.1 shows a typical. magnetization curve B-H
and specific core loss curve p B� �  of electrotechnical steel sheets. The B-H curves are obtained by
increasing the magnetic field intensity H from zero in a virgin sample (never magnetized before) as a set of
top points of hysteresis loops. Specific core loss curves p B� �  are measured with the aid of Epstein's
apparatus. The shape of curve as that in Fig. 2.1b is only valid for steel sheets with crystal structure. Table
2.1 contains magnetization curves B-H and specific core loss curves p B� �  of three types of cold-rolled,
nonoriented electrotechnical steel sheets, i.e., Dk66, thickness d = 0.5 mm, ki = 0.96, 7740 kg/m3

(Surahammars Bruk AB, Sweden), H-9, d = 0.35 mm, ki = 0.96, 7650 kg/m3 (Nippon Steel Corporation,
Japan) and DI-MAX EST20, d = 0.2 mm; ki = 0.94, 7650 kg/m3 (Terni-Armco, Italy).

For cold-rolled electrotechnical steel sheets the stacking factor is ki = 0.95 to 0.98, for hot-rolled
sheets this factor is smaller.
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 2.2.2 High-Saturation Ferromagnetic Alloys
 Cobalt-iron alloys have the highest known saturation magnetic flux density. They are the natural choice for
applications where mass and space saving are of prime importance. The nominal composition is up to 50%
Co (cobalt), 2% V (vanadium) and the rest is Fe (iron). Curie temperature is from 940 to 980°C and specific
mass density is from 7950 to 8150 kg/m3. Cold-rolled strips are 0.1, 0.2 and 0.35 mm thick and up to 250
mm wide. Hardness is about 315 in Vicker's scale. Table 2.2 shows the magnetization characteristic B-H
and specific core loss characteristics p B� �  of cobalt alloy laminations at heat treatment temperature
920°C.

 2.2.3 Permalloys
 Small electrical machines and micromachines working in humid or chemical active atmospheres must have
stainless ferromagnetic cores. The best corrosion-resistant ferromagnetic material is permalloy (Ni-Fe-Mn),
but on the other hand, its saturation magnetic flux density is lower than that of electrotechnical steel sheets.
Permalloy is also a good ferromagnetic material for cores of small transformers used in electronic devices
and in electromagnetic A/D converters, where rectangular hysteresis loop is needed.

 Table 2.2 Magnetization. curve and specific core loss curves of cobalt alloy laminations.

 Magnetization curve  Specific core losses, W/kg
 Magnetic flux
density, B, T

 Magnetic field
intensity, H, A/m

 0.5mm  0.1mm

 0.10
 0.20
 0.30
 0.40
 0.50
 0.60
 0.70
 0.80
 0.90
 1.00
 1.20
 1.40
 1.60
 1.80
 2.00
 2.10
 2.20
 2.30
 2.35
 2.40

 20
 25
 28
 32
 34
 36
 38
 40
 42
 44
 48
 54
 65
 105
 240
 320
 600
 1500
 3500

 16,000

 0.4
 1.4
 3.0
 5.0
 8.0
 13.0
 19.0
 24.0
 30.0
 37.0
 54.0
 74.0
 95.0
 120.0
 150.0

 0.30
 0.65
 1.30
 2.20
 3.20
 4.40
 5.00
 6.60
 7.50
 9.90
 10.10
 12.20
 17.50
 18.50
 23.00
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 Table 2.3 Physical properties of iron based METGLAS amorphous alloy ribbons (AlliedSignals, Inc.,
Morristown, NJ, U.S.A.).

 Quantity  2605CO  2605SAI

 Saturation magnetic flux
density, T

 1.8  1.59 annealed
 1.57 cast

 Specific core losses
 at 50 Hz and 1 T, W/kg

 less than 0.28  about 0:125

 Specific
 density, kg/m3

 7560  7200 annealed
 7190 cast

 Electric conductivity, S/m  0.813 x 106 S/m  0.769 x 106 S/m

 Hardness in
 Vicker's scale

 810  900

 Elastic modulus, GN/m2  100...110  100...110
 Stacking factor  less than 0.75  less than 0.79
 Crystallization
 temperature,0C

 430  507

 Curie temperature, 0C  415  392
 Maximum service
 temperature, °C

 125  150

 2.2.4 Amorphous Materials
 Core losses can be substantially reduced by replacing standard electrotechnical steels with amorphous
magnetic alloys. Amorphous ferro-magnetic sheets, in comparison with electrotechnical sheets with crystal
structure, do not have arranged in order, regular inner crystal structure (lattice). Table 2.3 shows physical
properties and Table 2.4 shows specific core loss characteristics of commercially available iron-based
METGLAS(R)1 amorphous ribbons 2605C0 and 2605SA2 [92].

 METGLAS amorphous alloy ribbons are produced by rapid solidification of molten metals at
cooling rates of about 106 0C/s. The alloys solidify before the atoms have a chance to segregate or
crystallize. The result is a metal alloy with a glass-like structure, i.e., a non-crystalline frozen liquid.
METGLAS alloys for electromagnetic applications are based on alloys of iron, nickel and cobalt. Iron
based alloys combine high saturation magnetic flux density with low core losses and economical price.
Annealing can be used to alter magnetostriction to develop hysteresis loops ranging from flat to square.

 Table 2.4 Specific core losses of iron based METGLAS amorphous alloy ribbons (AlliedSignals, Inc.,
Morristown, NJ, U.S.A.).

 Specific core losses, !p, W/kg
 2605CO  2605SA1

 Magnetic flux density, B
 T

 50Hz  60Hz  50Hz  60Hz
 0.05
 0.10
 0.20
 0.40
 0.60
 0.80
 1.00

 0.0024
 0.0071
 0.024
 0.063
 0.125
 0.196
 0.274

 0.003
 0.009
 0.030
 0.080
 0.16
 0.25
 0.35

 0.0009
 0.0027
 0.0063
 0.016
 0.032
 0.063
 0.125

 0.0012
 0.0035
 0.008
 0.02
 0.04
 0.08
 0.16

                                                          
 1 (R) METGLAS is a registered trademark of AlliedSignal, Inc
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 Table 2.5 Magnetization curves of solid ferromagnetic materials: 1 - carbon steel (0.27%C), 2 - cast iron.

 Magnetic flux density, B  Magnetic field intensity, H

  Mild carbon steel 0.27% C  Cast iron
 T  A/m  A/m

 0.2
 0.4
 0.6
 0.8
 1.0
 1.2
 1.4
 1.5
 1.6
 1.7

 190
 280
 320
 450
 900
 1500
 3000
 4500
 6600

 11,000

 900
 1600
 3000
 5150
 9500

 18,000
 28,000

 
 Owing to very low specific core losses, amorphous alloys are ideal for power and distribution

transformers, transducers, and high frequency apparatus. Application to the mass production of motors is
limited by hardness, up to 1100 in Vicker's scale. Standard cutting methods as a guillotine or blank die are
not suitable. The mechanically stressed amorphous material cracks. Laser and EDM cutting methods melt
the amorphous material and cause undesirable crystallization. In addition, these methods make electrical
contacts between laminations which contribute to the increased eddy-current and additional losses. General
Electric cut amorphous materials in the early 1980s using chemical methods but these methods were very
slow and expensive [95] Recently, the problem of cutting hard amorphous ribbons has been overcome by
using a liquid jet [125]. This method makes it possible to cut amorphous materials in ambient temperature
without cracking, melting, crystallization and electric contacts between isolated ribbons. The face of the cut
is very smooth. It is possible to cut amorphous materials on profiles which are suitable for manufacturing
laminations for rotary machines, linear machines, chokes and any other electromagnetic apparatus.

 2.2.5 Solid Ferromagnetic Materials
 Solid ferromagnetic materials as cast steel and cast iron are used for salient poles, pole shoes, solid rotors
of special induction motors and reaction rails (platens) of linear motors. Table 2.5 shows magnetization
characteristics B- H of a mild carbon steel and cast iron.

Electrical conductivities of carbon steels are from 4.5 �106 to 7.0 �  106 S/m at 20°C.

 2.2.6 Soft Magnetic Powder Composites
 Powder metallurgy is used in production of ferromagnetic cores of small electrical machines or
ferromagnetic cores with complicated shapes. The components of soft magnetic powder composites are iron
powder, dielectric (epoxy resin) and filler (glass or carbon fibers) for mechanical strengthening. Powder
composites can be divided into [141]:

� dielectromagnetics and magnetodielectrics,

� magnetic sinters.
 Dielectromagnetics and magnetodielectrics are names referring to materials consisting of the same basic
components: ferromagnetic (mostly iron powder) and dielectric (mostly epoxy resin) material [141]. The
main tasks of the dielectric material is insulation and binding of ferromagnetic particles. In practice,
composites containing up to 2% (of their mass) of dielectric materials are considered as dielectromagnetics.
Those of higher content of dielectric material are considered as magnetodielectrics[141].
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 Table 2.6 Magnetization and specific core loss characteristics of non-sintered Accucore, Magnetics
International, Inc., Burns Harbor, IN, U.S.A.

 Magnetization curve  Specific core loss curves
 Magnetic flux

 density, B
 Magnetic field
 intensity, H

 60Hz  100Hz  400Hz

 T  A/m  W/kg  W/kg  W/kg
 0.10
 0.20
 0.30
 0.40
 0.50
 0.60
 0.70
 0.80
 0.90
 1.00
 1.10
 1.20
 1.30
 1.40
 1.50
 1.60
 1.70
 1.75

 152
 233
 312
 400
 498
 613
 749
 909
 1107
 1357
 1677
 2101
 2687
 3525
 4763
 6563
 9035

 10,746

 0.132
 0.419
 0.772
 1.212
 1.742
 2.315
 2.954
 3.660
 4.431
 5.247
 60129
 7.033
 7.981
 8.929
 9.965
 10.869
 11.707
 12.125

 0.242
 0.683
 1.323
 2.072
 2.976
 3.968
 5.071
 6.305
 7.650
 9.039
 10.582
 12.214
 13.845
 15.565
 17.394
 19.048
 20.635
 21.407

 1.058
 3.263
 6.217
 9.811
 14.088
 18.850
 24.295
 30.490
 37.346
 44.489
 52.911
 61.377
 70.151
 79.168
 90.302
 99.671
 109.880

 
 Magnetics International, Inc., Burns Harbor, IN, U.S.A., has recently developed a new soft powder

material, Accucore, which is competitive to traditional steel laminations [1]. The magnetization curve and
specific core loss curves of the non-sintered Accucore are given in Table 2.6. When sintered, Accucore has
higher saturation magnetic flux density than the non-sintered material. The specific density is 7550 to 7700
kg/m3.

 2.3 Permanent Magnets

 2.3.1 Demagnetization Curve
 A permanent magnet (PM) can produce magnetic flux in an airgap with no exciting winding and no
dissipation of electric power. As any other ferromagnetic material, a PM can be described by its B-H
hysteresis loop. PMs are also called hard magnetic materials, which mean ferromagnetic materials with a
wide hysteresis loop.
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 Figure 2.2 Demagnetization curve, recoil loop, energy of a PM, and recoil magnetic permeability.

 The basis for the evaluation of a PM is the portion of its hysteresis loop located in the upper left-
hind quadrant, called the demagnetization curve (Fig. 2.2). If a reverse magnetic field intensity is applied to
a previously magnetized, say, toroidal specimen, the magnetic flux density drops down to the magnitude
determined by the point K. When the reversal magnetic flux density is removed, the flux density returns to
the point L according to a minor hysteresis loop. Thus, the application of a reverse field has reduced the
remanence, or remanent magnetism. Reapplying a magnetic field intensity will again reduce the flux
density, completing the minor hysteresis loop by returning the core to approximately the same value of flux
density at the point K as before. The minor hysteresis loop may usually be replaced with little error by a
straight line called the recoil line. This line has a slope called the recoil permeability rec� .

 As long as the negative value of applied magnetic field intensity does not exceed the maximum value
corresponding to the point K, the PM may be regarded as being reasonably permanent. If, however, a
greater negative field intensity H is applied, the magnetic flux density will be reduced to a value lower than
that at point K. On the removal of H, a new and lower recoil line will be established.

 The general relationship between the magnetic flux density B, intrinsic magnetization Bin due to the
presence of the ferromagnetic material, and magnetic field intensity H may be expressed as [85, 108]

 � � � �0 0 0 01in rB H B H M H H� � � � � �� � � � � � � (2.5)

 in which , , inB H B
! ! !

 and M
!

 are parallel or antiparallel vectors, so that the eqn (2.5) can be written in a

scalar form. The magnetic permeability of free space 0�  = 0.47" X 10-6 H/m. The relative magnetic

permeability of ferromagnetic materials r�  = 1 + �  > > 1. The magnetization vector M
!

 = � H
!

 is

proportional to the magnetic susceptibility �  of the material. The flux density 0� H would be present
within, say, a toroid if the ferromagnetic core were not in place. The flux density Bin is the contribution of
the ferromagnetic core.
 A PM is inherently different from an electromagnet. If an external field Ha is applied to the PM, as was
necessary to obtain the hysteresis loop of Fig. 2.2, the resultant magnetic field is

 a dH H H� � (2.6)

 where -Hd is a potential existing between the poles, 1800 opposed to Bin, proportional to the intrinsic
magnetization Bin. In a closed magnetic circuit, e.g., toroidal circuit, the magnetic field intensity resulting
from the intrinsic magnetization Hd = 0. If the PM is removed from the magnetic circuit.
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 where Mb is the coefficient of demagnetization dependent on geometry of a specimen. Usually Mb < 1, see
Appendix B.

 2.3.2 Magnetic Parameters
 PMs are characterized by the parameters listed below.
 Remanent magnetic flux density Br, or remanence, is the magnetic flux density corresponding to zero
magnetic field intensity.
 Coercive field strength Hc, or coercivity, is the value of demagnetizing field intensity necessary to bring the
magnetic flux density to zero in a material previously magnetized.
 Saturation magnetic flux density Bsat corresponds to high values of the magnetic field intensity, when an
increase in the applied magnetic field produces no further effect on the magnetic flux density. In the
saturation region the alignment of all the magnetic moments of domains is in the direction of the external
applied magnetic field.
 Recoil magnetic permeability rec�  is the ratio of the magnetic flux density to magnetic field intensity at
any point on the demagnetization curve, i.e.,

 rec o rrec

B

H
� � � �� �

�
(2.8)

 where the relative recoil permeability  1...3.5.rrec� �
 Maximum magnetic energy per unit produced by a PM in the external space is equal to the maximum
magnetic energy density per volume, i.e.,

 
� �

32
max

max

BH Jw
m

� (2.9)

 where the product � �max
BH corresponds to the maximum energy density point on the demagnetization

curve with coordinates maxB and maxH (Fig. 2.2).
 Form factor of the demagnetization curve characterizes the concave shape of the demagnetization curve,
i.e.,

 
� �max max max

r c r c

BH B H

B H B H
� � � (2.10)

 For a square demagnetization curve 1� �  and for a straight line (rare earth PM) � = 0.25.
Owing to the leakage fluxes, PMs used in electrical machines are subject to non uniform

demagnetization. Therefore, the demagnetization curve is not the same for the whole volume of a PM. To
simplify the calculation, in general, it is assumed that the whole volume of a PM is described by one
demagnetization curve with rB and cH  about 5 to 10% lower than those for uniform magnetization.

The leakage flux causes the magnetic flux to be distributed nonuniformly along the height 2 Mh of a
PM. As a result, the MMF produced by the PM is not constant. The magnetic flux is higher in the neutral
cross section and lower at the ends, but the behavior of the MMF distribution is the opposite (Fig. 2.3).

The PM surface is not equipotential. The magnetic potential at each point on the surface is a function
of the distance to the neutral, zone. To simplify the calculation, the magnetic flux which is a function of the
MMF distribution along the height Mh  per pole is replaced by an equivalent flux. This equivalent flux goes
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through the whole height Mh and exits from the surface of the poles. To find the equivalent leakage flux and
the whole flux of a PM, the equivalent magnetic field intensity needs to be found, i.e.,
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 Figure 2.3 Distribution of the MMF and magnetic flux along the height hM of a rectangular PM.
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 where xH is the magnetic field intensity at a distance x from the neutral cross section and MF  is the MMF

of the PM per pole (MMF = 2 MF  per pole pair).
The equivalent magnetic field intensity (2.11) allows the equivalent leakage flux of the PM to be

found, i.e.,

iM M g� � � �� (2.12)

 where M�  is the full equivalent flux of the PM and g�  is the air gap magnetic flux. The coefficient of

leakage flux of the PM,

1 1iMM
iM

g g

� ��� � � �
� �

(2.13)

 simply allows the air gap magnetic flux to be expressed as g� = M� / iM� .

The following leakage permeance expressed in the flux � -MMF coordinate system corresponds to
the equivalent leakage flux of the PM:

 iM
iM

M

G
F

�� (2.14)

 An accurate estimation of the leakage permeance iMG  is the most difficult task in calculating magnetic
circuits with PMs (Appendix A). This problem exists only in the circuital approach since using the field
approach and, e.g., the finite element method (FEM) the leakage per-meance can be found fairly accurately.
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The average equivalent magnetic flux and equivalent MMF mean that the magnetic flux density and
magnetic field intensity are assumed to be the same in the whole volume of a PM. The full energy produced
by the magnet in the outer space is

 
2 M

BH
W V�           J (2.15)

 where MV  is the volume of the PM or a system of PMs.

 2.3.3 Magnetic Flux Density in the Air gap
 Let us consider a simple PM circuit with rectangular cross section consisting of a PM with height per pole ,
width , length , two mild steel yokes with average length and an air gap of thickness g. From the Ampere's
circuital law

22 2 1 Fe Fe
M M g Fe Fe g

g

H l
H h H g H l H g

H g

� �
� � � �� �� �� 	

 where , gH , FeH  and Mh  are the magnetic field intensities in the air gap, mild steel yoke, and PM,

respectively. Since g iM M�� � �  or /g g M M iMB S B S �� , where gB  is the air gap magnetic flux

density, MB  is the PM magnetic flux density, gS  is the cross section area of the air gap, and M M MS w l�
is the cross section area of the PM, the following equation can be written

1
2

gM
M o g

M iM

VV
B H

h g
�

�
�

 where gV = gS g  is the volume of the air gap and MV = 2 Mh MS  is the volume of the PM. The fringing

flux in the air gap has been neglected. Multiplying through the equation for magnetic voltage drops and for
 magnetic flux, the air gap magnetic flux intensity is found as

1
2

1o Fe Fe M
g o g M M

iM g g

H l V
B H B H

H g V

��
�

�
� �

� � �� �� �� 	

M
o M M

g

V
B H

V
�� (2.16)

 For a PM circuit the magnetic flux density gB  in a given air gap volume gV  is directly proportional to the

square root of the energy product � �M MB H  and the volume of magnet 2M M M MV h w l� .

 Following the trend to smaller packaging, smaller mass and higher efficiency, the material research
in the field of PMs has focused on finding materials with high values of the maximum energy product

� �max
BH .

The air gap magnetic flux density gB  can be estimated analytically on the basis of the

demagnetization curve and air gap and leakage permeance lines and recoil lines (Appendix A).
Approximately, for a LSM with armature ferromagnetic stack and surface configuration of PMs it can be
found on the basis of the balance of magnetic voltage drops that
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 where rrec�  is the relative permeability of the PM (relative recoil permeability). Hence,

1 /
r M r

g
M rrec rrec M

B h B
B

h g g h� �
� �

� �
(2.17)

 The air gap magnetic flux density is proportional to the remanent magnetic flux density B  and decreases
as the air gap g increases. Eqn (2.17) can only be used for preliminary calculations.

 2.3.4 Properties of Permanent Magnets
 In electric motors technology, the following PM materials are used:

� Alnico (AI, Ni, Co, Fe);

� Ferrites (ceramics), e.g., barium ferrite 2 3BaO 6Fe O�  and 2 3SrO 6Fe O� strontium
ferrite

�  Rare-earth materials, i.e., samarium-cobalt SmCo and neodymium iron-boron NdFeB.
 Demagnetization curves of the above PM materials are given in Fig. 2.4.

The main advantages of Alnico are its high magnetic remanent flux density and low temperature
coefficients. The temperature coefficient of rB  is 0.02%/?C and maximum service temperature is 520°C.
These advantages allow a quite high air gap flux density and high operating temperatures. Unfortunately,
coercive force is very low and the demagnetization curve is extremely non-linear. Therefore, it is very easy
not only to magnetize but also to demagnetize Alnico. Sometimes, Alnico PMs are protected from the
armature flux, and consequently from demagnetization, using additional soft-iron pole shoes. Alnico
magnets dominated the PM machines industry from the mid 1940s to about 1970 when ferrites became the
most widely used materials [108].

Barium and strontium ferrites were invented in the 1950s. A ferrite has a higher coercive force than
that of Alnico, but at the same time has a lower remanent magnetic flux density. Temperature coefficients

<!--~?~ fig 2.4 p.59 -->

 Figure 2.4 Demagnetization curves for different permanent magnet materials
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 are relatively high, i.e., the coefficient of rB  is 0.20%/?C and the coefficient of is 0.27%/?C. The
maximum service temperature is 400°C.The main advantages of ferrites are their low cost and very high
electric resistance, which means no eddy-current losses in the PM volume. Barium ferrite PMs are
commonly used in small d.c. commutator motors for automobiles (blowers, fans, windscreen wipers, pumps,
etc.) and electric toys. Ferrites are produced by powder metallurgy. Their chemical formulation may be
expressed as , 2 3MO 6(Fe O )�  where M is Ba, Sr, or Pb. Strontium ferrite has a higher coercive force
than barium ferrite. Lead ferrite has a production disadvantage from an environmental point of view. Ferrite
magnets are available in isotropic and anisotropic grades.

During the last three decades great progress regarding available energy density � �max
BH  has been

achieved with the development of rare-earth PMs. The rare-earth elements are in general not rare at all, but
their natural minerals are widely mixed compounds. To produce one particular rare-earth metal, several
others, for which no commercial application exists, have to be refined. This limits the availability of these
metals. The first generation of these new alloys were invented in the 1960s and based on the composition

5SmCo  which has been commercially produced since the early 1970s. Today it is a well established hard

magnetic material. 5SmCo  has the advantage of high remanent flux density, high coercive force, high
energy product, linear demagnetization curve and low temperature coefficient. The temperature coefficient

Table 2.7 Magnetic characteristics of sintered NdFeB PMs manufactured in China.

Grade Remanent
magnetic flux
density rB ,T

Coercivity
Hc

kA/m

Intrinsic
coercive force
i cH  kA/m

Maximum
energy product
� � 3max

, kJBH
m

N27
N30
N33
N35
N38

N27M
N30M
N33M
N35M
N27H
N30H
N33H
N35H

N27SH
N30SH
N33SH
N35SH
N25UH
N27UH

1.02...1.10
1.08...1.15
1.13...1.17
1.17...1.21
1.20...1.28
1.02...1.10
1.08...1.15
1.13...1.17
1.17...1.21
1.02...1.10
1.08...1.15
1.13...1.17
1.17...1.21
1.02...1.10
1.08...1.15
1.13...1.17
1.16...1.22
0.97...1.05
1.02...1.10

764...836
796...860
844...884
876...915
899...971
764...836
796...860
844...884
876...915
764...836
796...860
844...884
876...915
764...836
796...860
844...884
876...915
748...812
764...836

! 955
!"955
!"955
!"955
!"955
! 1194
!"1194
!"1194
! 1194
! 1353
!"1353
!"1353
!"1353
!"1592
!"1592
!"1592
!"1592
!"1910
!"1910

199...223
223...247
247...263
263...286
286...302
199...223
223...247
247...263
263...286
199...223
223...247.
247...263
263...286
199...223
223...247
247...263
263...279
183...207
199...223
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Table 2.8 Physical properties of sintered NdFeB PMs manufactured in China.

Grade Operating
temperature °C

Temperature
coefficient

for rB  %/°C

Curie temp.
°C

Specific mass
density

3
g

cm

Recoil
permeability

N27
N30
N33
N35
N38

N27M
N30M
N33M
N35M
N27H
N30H
N33H
N35H

N27SH
N30SH
N33SH
N35SH
N25UH
N27UH

# 80
#"80
#"80
#"80
#"80
#"100
#"100
#"100
#"100
#"120
#"120
#"120
#"120
#"150
#"150
#"150
#"150
#"170
#"170

-0.11
-0.11
-0.11
-0.11
-0.11
-0.11
-0.11
-0.11
-0.11
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10

310
310
310
310
310
320
320
320
320
340
340
340
340
340
340
340
340
340
340

7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5
7.4...7.5

1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1

Table 2.9 Magnetic characteristics of bonded NdFeB PMs manufactured in China.

Grade Remanent
magnetic flux
density rB ,T

Coercivity

cH
kA/m

Intrinsic
coercive

force i cH  kA/m

Maximum
energy product

� � 3max
, kJBH

m
N36G
N44Z
N52Z
N60Z
N68G
N76Z
N84Z

! 0.70
!"0.47
! 0.55
!"0.58
!"0.60
!"0.65
!"0.70

!"170
!"360
 !"360
 !"380
 !"410
 !"400
!"450

 !"210
 !"540
 !"500
 !"680

 !"1120
 !"720
! 850

32...40
40...48
48...56
56...64
64...72
70...80
80...88

Table 2.10 Physical properties of bonded NdFeB PMs manufactured in China.

Grade Maximum
Operating

temperature
°c

Temperature
coefficient

for B  %/°c

Curie temp.
°c

Specific
mass density

3
g

cm

N36G
N44Z
N52Z
N60Z
N68G
N76G
N48Z

70
110
120
120
150
150
150

# -0.13
# -0.13
# -0.13
# -0.13
# -0.13
# -0.13
# -0.13

300
350
350
350
305
360
360

6.0
6.0
6.0
6.0
6.0
6.0
6.0
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 of B  is -0.03 to -0.045%/ °C, and the temperature coefficient of cH  is -0.14 to -0.40%/ °C. Maximum
service temperature is 250 to 300°C. It is well suited to build motors with low volume and consequently
high specific power and low moment of inertia. The cost is the only drawback. Both Sm and Co are
relatively expensive due to their supply restrictions.

With the discovery in the recent years of a second generation of rare-earth magnets on the basis of
cost effective neodymium (Nd) and iron, a remarkable progress with regard to lowering raw material costs
has been achieved. This new generation of rare-earth PMs was announced by Sumitomo Special Metals,
Japan, in 1983 at the 29th Annual Conference of Magnetism and Magnetic Materials held in Pittsburg. The
Nd is a much more abundant rare-earth element than Sm. NdFeB magnets, which are now produced in
increasing quantities have better magnetic properties than those of SmCo, but unfortunately only at room
temperature. The demagnetization curves, especially the coercive force, are strongly temperature dependent.
The temperature coefficient of rB is -0.095 to -0.15%/ °C and the temperature coefficient of cH  is -0.40 to
-0.70%/ °C. The maximum service temperature is 170°C and Curie temperature is 300 to 360°C. The
NdFeB is also susceptible to corrosion. NdFeB magnets have great potential for considerably improving the
performance-to-cost ratio for many applications. For this reason they have a major impact on the
development and application of PM apparatus.

According to the manufacturing processes, rare earth NdFeB PMs are classified into sintered PMs
(Tables 2.7 and 2.8) and bonded PMs (Table 2.9 and 2.10).

 2.4 Conductors

 Armature windings of electric motors are made of solid copper conductor wires with round or rectangular
cross sections. When the price or mass of the motor are paramount, e.g., long armature LSMs for
transportation systems, magnetically levitated vehicles, hand tools, etc., aluminum conductor wires can be
better.

The electric conductivity at 20°C of copper wires is 57 x 106 = 20� = 56 x 106 S/m. For aluminum

wires 20� � 33x106 S/m. The electric conductivity is temperature dependent and up to 150°C can be
expressed as

 � �
20

01 20
��

$ %
�

� �
(2.18)

 where �  is the temperature coefficient of electric resistance. For copper wires �  = 0.00393 1/ °C and for
aluminum wires �  = 0.00403 1/ °C.

 The maximum temperature rise for the windings of electrical machines is determined by the
temperature limits of insulating materials. The maximum temperature rise in Table 2.11 assumes that the
temperature of the cooling medium cv # 40°C. The maximum temperature of windings can be

 max cv v& � � � (2.19)

 where v�  is the maximum temperature rise according to Table 2.11. Polyester-imide and polyamide-imide
coat can provide operating temperature 200°C. The highest operating temperatures (over 600°C) can be
achieved using nickel clad copper or palladium-silver conductor wires and ceramic insulation.

After coils are wound, they must be somehow secured in place, so as to avoid conductor movement.
Two standard methods are used to secure the conductors of electrical machines in place:

� dipping the whole component into a varnish-like material, and then baking off its solvent,

� trickle impregnation method, which uses heat to cure a catalyzed resin which is dripped onto
the component.
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 As impregnating materials for treatment of stator or rotor windings polyester, epoxy or silicon resins are
used most often. Silicon resins of high thermal endurance are able to withstand max& >225°c.

Recently, a new method of conductor securing that does not require any additional material, and uses
very low energy input, has emerged [84].The solid conductor wire (usually copper) is coated with a heat
and/or solvent activated adhesive. The adhesive which is usually a

Table 2.11 Maximum temperature rise v�  for armature windings of electrical machines according to IEC
and NEMA (based on 40° ambient temperature).

Rated power of machines, length of
core and voltage

Insulation class

A °c E °c B °c F °c H °c

lEC
a.c. machines < 5000 kVA
(resistance method)

60 75 80 100 125

lEC
a.c. machines ! 5000 kVA or length
of core ! 1 m (embedded detector
method)

60 70 80 100 125

NEMA
a.c. machines #1500 hp (embedded
detector method)

70 - 90 115 140

NEMA
a.c. machines > 1500 hp and # 7 kV
(embedded detector method)

65  - 85 110 135

 
 polyvinyl butyral, utilizes a low temperature thermoplastic resin [84]. This means that the bonded adhesive
can come apart after certain minimum temperature is reached, or it again comes in contact with the solvent.
Normally this temperature is much lower than the thermal rating of the base insulation layer. The adhesive
is activated by either passing the wire through a solvent while winding or heating the finished coil as a result
of passing electric current through it.

The conductor wire with a heat activated adhesive overcoat costs more than the same class of non-
bondable conductor. However, less than two second current pulse is required to bond the heat activated
adhesive layer and bonding machinery costs about half as much as trickle impregnation machinery [84].

 2.5 Principles of Superconductivity

 In power electrical engineering superconductivity finds its practical application in large turbo alternators,
d.c. machines, LSMs, energy storages, magnetic levitation trains, transmission cables, fault-current limiters
and HTS filters. The use of superconductivity in electrical machines reduces the excitation losses, increases
the magnetic flux density, eliminates ferromagnetic cores, and reduces the synchronous reactance (in
synchronous machines).

The apparent electromagnetic power is proportional to electromagnetic loadings, i.e., the stator line
current density and the air gap magnetic flux density. High magnetic flux density increases the output power
or reduces the size of the machine.

Superconductivity was discovered in 1911 by H. Kammerlingh-Onnes when he tried to liquefy
helium. The electric resistance of some metals drops to zero or becomes unmeasurably small at a
temperature close to the absolute zero point, where helium liquefies.

Superconductors are able to carry a large direct current without any resistance and to exclude a static
magnetic flux from its interior. The second property is known as Meissner effect (1933), that distinguishes a
superconductor from merely being a perfect conductor (which conserves the magnetic flux in its interior). A
superconductor will not allow any magnetic field to freely enter it. If a PM was placed on the top of a bulk
superconductor when the superconductor was above its critical temperature, and then it was cooled down to
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below the critical temperature, the superconductor would then exclude the magnetic field of the PM. The
PM itself is repelled and, if its weight does not exceed the repulsion force, it levitates above the
superconductor.

The first satisfactory theory of superconductivity was developed in 1957 by J. Bardeen, L.N. Cooper
and J.R. Schrieffer (they shared the 1972 Nobel Physics Prize).

Superconductivity takes place only when the temperature diminishes below the so-called critical

temperature cT  which ranges from 1 to 130K. However, there are two other critical quantities to be

considered: the critical magnetic flux density cB  and the critical current density cJ  (Table 2.12). These
critical values must not be exceeded at any case and are dependent one on the others (Fig. 2.5). When

cT cJ  and cB  are exceeded, the material loses its superconductivity and generates the electrical resistance
(quench effect ). A quench is the most dangerous failure of superconducting equipment. Time dependent
currents or fields cause eddy currents, hysteresis, and coupling losses. A second source of danger are a.c.
losses. With regard to a.c. losses, it is obvious to use superconducting material first of all for d.c. windings.

Superconducting windings can replace traditional windings in power generators and large motors.
The high intensity magnetic field is produced by much less electrical energy and cost. In synchronous
machines superconducting windings are used as d.c. excitation windings. The excitation system does not
have any ferromagnetic core because the magnetic flux density exceeds the saturation magnetic flux density
of even the best ferromagnetic materials (about 2.4 T, see Table 2.2). The armature winding is made in a
traditional way (copper or aluminum) as a slotless winding. The armature ferromagnetic core (external
yoke) is used only to provide a magnetic shielding. Under normal operating

<!--~?~ fig 2.5 p.66 -->

 Figure 2.5 Phase space for the superconducting alloys niobium-titanium NbTi and niobium tin 3Nb Sn . The material
is superconducting inside the volume of phase space indicated.
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 conditions the armature magnetic field is in synchronism with the field produced by the d.c. excitation
system. Any unbalance in the polyphase armature winding gives rise to negative sequence currents which
counterrotate at twice the synchronous speed. The armature time-varying fields of other than the
synchronous frequency induce currents in the field excitation system. These currents heat the d.c.
superconducting winding and structural support. This effect can be reduced if electrodynamic shields are
inserted between the armature and excitation windings. In superconducting generators, there are two types
of electro-dynamic shields: (a) cold shield (neighboring with the superconducting winding) and (b) warm
shield (between the cold shield and air gap) which damps also mechanical oscillations.

Early superconductors were low temperature superconductors (LTS) with 1 # cT # 20 K. The LTS,
e.g., NbTi (niobium-titanium) requires liquid helium cooling and its thermal margin is small, about 6 K.
Thus, in synchronous generators, the shielding system must be carefully designed to minimize a.c. heating
of the LTS excitation system, prevent degradation of the critical current and magnetic field capability [16].

In 1986, the first superconductor (ceramic compounds of lanthanum, barium, copper and
oxygen 2La Ba CuOx o� ) with higher cT  than that

Table 2.12 Critical cT , cB , and cJ for some superconducting materials (Ba = barium, Nb = niobium, Sn =
tin, Ti = tytanium, Y = ytrium).

Composition of
material cT

cB =0, cJ =0

cB

cJ =0

cJ

NbTi 9k 12 T at 4.2 K 900 A/mm2

at 8 T and 4.2 K

3Nb Sn 18k 26 T at 4.2 K up to 1400 A/mm2

at 11 T and 4.2 K

2 3 7YBa Cu O 93k 18 T at 77 K
75 T at 4.2 K

7 A/mm2

at 0 T and 77 K
 

 for metallic superconductors was discovered by K.A. Müller and J.G. Bednorz (1987 Nobel Prize) at the
IBM Research Laboratory in Zürich, Switzerland. This material becomes superconducting at 35 K and was
called high temperature superconductor (HTC). Another team soon found superconductivity in a related
material, a compound of yttrium, barium, copper and oxygen 2 3 7YBa Cu O at 93 K (Table 2.13), well
above the temperature at which nitrogen liquefies. Liquid nitrogen is about 50 times cheaper than helium.

At 60 to 80 K thermal properties become more friendly and cryogenics can be 40 times more
efficient than at 4.2 K. An HTS winding would be inherently more stable than an LTS winding. Operating
an HTS winding in a liquid nitrogen environment would further improve the overall thermal stability.
Another advantage is greater tolerance for a.c. losses because larger temperature intervals are tolerated
during a.c. transients.

U.S. companies such as Intermagnetics General Co. and American Superconductor Co., and the
Japanese company Sumitomo Electric Industries, Ltd. are producing silver sheathed BSCCO-2223 HTS
tape. The numerals indicate the number of atoms of each type in the � � 2 2 32

Bi,Pb Sr Ca Cu Ox  molecule.

The best HTS winding (1997 technology), using BSCCO-2223,has demonstrated nearly 3 T magnetic flux
density at 30 to 35 K [16].

  2.6 Laminated Stacks

 Most LSMs use laminated armature stacks with rectangular semi-open or open slots. In low-speed industrial
application the frequency of the armature current is well below the power frequency 50 or 60 Hz so that
from electromagnetic point of view, laminations can be thicker than 0.5
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Table 2.13 Critical cT  for high temperature cuprates and oxycarbonates

Composition of material Critical temperature 
cT  K

� �
� �
� �
� �

2 3 7

0.4 5 2.5 0.5 2.1 7

0.3 0.7 2 0.7 0.3 2.1 7

0.4 1.6 2 2 3 10

0.7 0.3 2 4

2 3.5 2 3 8

2 2 2 3 7

0.5 0.5 4 2 3 7

0.5 0.5 4 2 3 7

4

x x

x x

YBa Cu O

Hg CeO Sr Ca Cu O

Hg Pb Sr Ca Nd Cu O

Hg TI Ba Ca Cu O

Hg V Sr La CuO

Bi Pb Sr Cu CO O

TIBa Sr Cu CO O

Bi Ti Sr Cu CO O

Pb TI Sr Cu CO O

YCaBa C

’

’

’

�

�

� �

�

� � � �5 3 3 111 x x
u CO NO O

�

93
51

100
130
50
30
62
55
70
82

 
 or 0.6 mm (typical thickness for 50 or 60 Hz, respectively). The laminations are cut to dimensions using
stamping presses in mass production or laser cutting machines when making prototypes of LSMs. If the
stack is thicker than 50 mm, it is recommended to group laminations into 20 to 40 mm thick packets
separated by 4 to 8 mm wide longitudinal cooling ducts. Each of the two external laminations should be
thicker than internal laminations to prevent the expansion (swelling) of the stack at toothed edges. The slot
pitch of a flat armature core is

 1 11 1 12 /t b c p z(� � � (2.20)

 where 11b is the width of rectangular slot, 1c  is the width of tooth, 2p is the number of poles, (  is the pole

pitch and 1z  is the number of slots totally filled with conductors. The shapes of armature slots of flat LSMs
are shown in Fig. 2.6.

 The laminations are kept together with the aid of seam welds (Fig.2.7), spot welds or using bolts and bars
pressing the stack Fig. 2.8.

Stamping and stacking can be simplified by using rectangular laminations, as in Fig. 2.9 [136]. When
making a prototype, the laminated stack of a polyphase LSM can also be assembled of E-shaped
laminations, the same as those used in manufacturing small single phase transformers.

For slot less windings, armature stacks are simply made of rectangular strips of electro technical steel.
 LSMs for heavy duty applications are sometimes furnished with finned heat exchangers or water-cooled

cold plates which are attached to the yoke of the armature stack.
Armature stacks of tubular motors can be assembled in the following three ways by using:

<!--~?~ fig 2.6a p.69 --><!--~?~ fig 2.6b p.69 -->

 Figure 2.6 Armature slots of flat LSMs: (a) semi-open, (b) open.
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<!--~?~ fig 2.7 p.69 -->

 Figure 2.7 Laminated stack assembled with the aid of seam welds.

<!--~?~ fig 2.8 p.70 -->

 Figure 2.8 Laminated stack assembled by using: 1 - bolts, and 2 - pressing angle bars.
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