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Preface to the 2nd Edition

Twelve years have passed since the publication of the first edition of this book
in 1999.

The growth in demand for linear motors is principally driven by the re-
placement of traditional mechanical (ball screws, gear trains, cams), hydraulic,
or pneumatic linear motion systems in manufacturing processes, machining,
material handling, and positioning with direct electromechanical drives. The
linear motor market heavily depends on the semiconductor industry (applica-
tions) and permanent magnet industry (linear motors manufacture). A recent
market study! shows that linear motors have impacted the linear motion mar-
ket less than expected. The main obstacle that makes companies reluctant to
replace mechanical, hydraulic, and pneumatic actuators with linear electric
motors is the higher initial cost of installation of direct linear motor drives as
compared to traditional mechanical drives.

The North American market for linear motors totaled only US$ 40 million
in 1999 and grew by over 20% annually to reach the size of US$ 95 million in
2004. In the same year, the European linear motor market reached the size
of US$ 114 million [67]. These numbers do not include special applications
and large linear motors (rollercoasters, people movers, military applications).
In 2007, the worldwide linear motor component market was estimated at
about US$ 230 million, and the worldwide linear motor system market at
about US$ 400 million [42]. The worldwide linear motor markets estimated
growth between 2007 and 2009 was over 10% for components and over 15%
for systems. Linear motors sales fell by close to 50% in 2009 due to global
economic recession. The first signs of recovery were visible in the 2nd quarter
of 2010. In the future, the main market players will be those manufacturers
who can offer complete direct-drive systems.

1 IMS Research, Wellingborough, UK
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All the above numbers are very small in comparison with the world market
for standard rotary electric motors. The worldwide market for electric motors
grew from US$ 12.5 billion in 2000 to US$ 19.1 billion in 2005 and is predicted
to reach US$ 39.1 billion by the year 2015.

In comparison with the 1st edition of this book, the 2nd edition has been
thoroughly revised and expanded, Chapter 4, Chapter 5, Appendix D, and
List of Patents have been added, and at the end of each chapter, examples of
calculations or mathematical models have been added.

The authors hope that the improved and updated new edition of Lin-
ear Synchronous Motors will find broad readerships including engineers, re-
searchers, scientists, students, and all enthusiasts of linear motors and direct
drives.

Prof. Jacek F. Gieras, FIEEE
e-mail: jgieras@ieee.org

Connecticut, June 2011
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1

Topologies and Selection

1.1 Definitions, Geometry, and Thrust Generation

Linear electric motors can drive a linear motion load without intermediate
gears, screws, or crank shafts. A linear synchronous motor (LSM) is a linear
motor in which the mechanical motion is in synchronism with the magnetic
field, i.e., the mechanical speed is the same as the speed of the traveling
magnetic field. The thrust (propulsion force) can be generated as an action of

e traveling magnetic field produced by a polyphase winding and an array
of magnetic poles N, S,....N, S or a variable reluctance ferromagnetic rail
(LSMs with a.c. armature windings);

e magnetic field produced by electronically switched d.c. windings and an
array of magnetic poles N, S,....N, S or variable reluctance ferromagnetic
rail (linear stepping or switched reluctance motors).

The part producing the traveling magnetic field is called the armature or
forcer. The part that provides the d.c. magnetic flux or variable reluctance is
called the field excitation system (if the excitation system exists) or salient-
pole rail, reaction rail, or variable reluctance platen. The terms primary and
secondary should rather be avoided, as they are only justified for linear induc-
tion motors (LIM) [63] or transformers. The operation of an LSM does not
depend on, which part is movable and which one is stationary.

Traditionally, a.c. polyphase synchronous motors are motors with d.c. elec-
tromagnetic excitation, the propulsion force of which has two components: (1)
due to the traveling magnetic field and d.c. current magnetic flux (synchronous
component) and (2) due to the traveling magnetic field and variable reluctance
in d- and g-axis (reluctance component). Replacement of d.c. electromagnets
with permanent magnets (PMs) is common, except for LSMs for magnetically
levitated vehicles. PM brushless LSMs can be divided into two groups:

e PM LSMs in which the input current waveforms are sinusoidal and produce
a traveling magnetic field;
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e PM d.c. linear brushless motors (LBMs) with position feedback, in which
the input rectangular or trapezoidal current waveforms are precisely syn-
chronized with the speed and position of the moving part.

Construction of magnetic and electric circuits of LSMs belonging to both
groups is the same. LSMs can be designed as flat motors (Fig. 1.1) or tubular
motors (Fig. 1.2). In d.c. brushless motors, the information about the position
of the moving part is usually provided by an absolute position sensor. This
control scheme corresponds to an electronic commutation, functionally equiv-
alent to the mechanical commutation in d.c. commutator motors. Therefore,
motors with square (trapezoidal) current waveforms are called d.c. brushless
motors.

=
<
(g

Fig. 1.1. Flat three-phase PM linear motors. Photo courtesy of Kollmorgen, Rad-
ford, VA, USA.

Instead of d.c. or PM excitation, the difference between the d- and g-axis
reluctances and the traveling magnetic field can generate the reluctance com-
ponent of the thrust. Such a motor is called the a.c. variable reluctance LSM.
Different reluctances in the d- and g-axis can be created by making salient fer-
romagnetic poles using ferromagnetic and nonferromagnetic materials or using
anisotropic ferromagnetic materials. The operation of LBMs can be regarded
as a special case of the operation of LSMs.

In the case of LSMs operating on the principle of the traveling magnetic
field, the speed v of the moving part



Topologies and Selection 3

Fig. 1.2. Tubular PM LSM. Moving rod (reaction rail) contains circular PMs [192]

v:'vS:2fT:£T (1.1)
7r

is equal to the synchronous speed vs of the traveling magnetic field and de-
pends only on the input frequency f (angular input frequency w = 27 f) and
pole pitch 7. It does not depend on the number of poles 2p.

As for any other linear-motion electric machine, the useful force (thrust)

F, is directly proportional to the output power P,,; and inversely proportional
to the speed v = vy, i.e.,

P,
F, =24 (1.2)

Vs

Direct electromechanical drives with LSMs for factory automation systems
can achieve speeds exceeding 600 m/min = 36 km/h and acceleration of up
to 360 m/s? [67]. The thrust density, i.e., thrust per active surface 2prL;

F,
=_—% N/m?
Je 2pTL; m

of LSMs is higher than that of LIMs (Fig. 1.3).

The polyphase (usually three-phase) armature winding can be distributed
in slots, made in the form of concentrated-parameter coils or made as a coreless
(air cored) winding layer. PMs are the most popular field excitation systems
for short traveling distances (less than 10 m), e.g., factory transportation or
automation systems. A long PM rail would be expensive. Electromagnetic
excitation is used in high-speed passenger transportation systems operating

(1.3)
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Fig. 1.3. Comparison of thrust density for single-sided LIMs and LSMs: AC — air
cooling, NC — natural cooling, OC — oil cooling, WC — water cooling [67].

on the principle of magnetic levitation (maglev). The German system, Tran-
srapid, uses vehicle-mounted steel core excitation electromagnets and station-
ary slotted armatures. Japanese ML.X001 test train sets use onboard supercon-
ducting (SC) air-cored electromagnets and a stationary three-phase air-cored
armature winding distributed along the guideway (Yamanashi Maglev Test
Line).

A linear stepping motor has a concentrated armature winding wound on
salient poles and PM excitation rail or variable reluctance platen (Fig. 1.4).
The thrust is generated as an action of the armature magnetic flux and PM
flux (active platen), or the armature magnetic flux and salient ferromagnetic
poles (variable reluctance platen). Stepping motors have no position feedback.

The topology of a linear switched reluctance motor is similar to that of
a stepping motor with variable reluctance platen. In addition, it is equipped
with position sensors. The turn-on and turn-off instant of the input current is
synchronized with the position of the moving part. The thrust is very sensitive
to the turn-on and turn-off instant.
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Fig. 1.4. PM linear stepping motors. Photo courtesy of Tokyo Aircraft Instrument,
Co., Ltd., Japan.

In the case of a linear stepping or linear switched reluctance motor, the
speed v of the moving part is

V=105 = fouT (1.4)

where f4, is the fundamental switching frequency in one armature phase
winding, and 7 is the pole pitch of the reaction rail. For a rotary stepping or
switched reluctance motor fg, = 2p,n, where 2p, is the number of rotor poles
and n is rotational speed in rev/s.
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1.2 Linear Synchronous Motor Topologies

LSMs can be classified according to whether they are

flat (planar) or tubular (cylindrical);
single-sided or double-sided;

slotted or slotless;

iron cored or air cored;

transverse flux or longitudinal flux.

The above topologies are possible for nearly all types of excitation systems.
LSMs operating on the principle of the traveling magnetic field can have the
following excitation systems:

PMs in the reaction rail

PMs in the armature (passive reaction rail)

Electromagnetic excitation system (with winding)

SC excitation system

Passive reaction rail with saliency and neither PMs nor windings (variable
reluctance motors)

LSMs with electronically switched d.c. armature windings are designed either
as linear stepping motors or linear switched reluctance motors.

1.2.1 Permanent Magnet Motors with Active Reaction Rail

Fig. 1.5a shows a single-sided flat LSM with the armature winding located
in slots and surface PMs. Fig. 1.5b shows a similar motor with buried-type
PMs. In surface arrangement of PMs, the yoke (back iron) of the reaction rail
is ferromagnetic, and PMs are magnetized in the normal direction (perpen-
dicular to the active surface). Buried PMs are magnetized in the direction
of the traveling magnetic field, and the yoke is nonferromagnetic, e.g., made
of aluminum. Otherwise, the bottom leakage flux would be greater than the
linkage flux, as shown in Fig. 1.6. The same effect occurs in buried type PM
rotors of rotary machines in which the shaft must also be nonferromagnetic
[70].

The so-called Halbach array of PMs also does not require any ferromag-
netic yoke and excites stronger magnetic flux density and closer to the si-
nusoids than a conventional PM array [79]. The key concept of the Halbach
array is that the magnetization vector should rotate as a function of distance
along the array (Fig. 1.7).

It is recommended that be furnished a PM LSM with a damper. A rotary
synchronous motor has a cage damper winding embedded in pole shoe slots.
When the speed is different from the synchronous speed, electric currents
are induced in damper circuits. The action of the armature magnetic field
and damper currents allows for asynchronous starting, damps the oscillations,
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Fig. 1.5. Single sided flat PM LSMs with slotted armature core and (a) surface
PMs, (b) buried PMs. 1 — PM, 2 — mild steel pole, 3 — yoke.
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Fig. 1.6. Magnetic flux distribution in the longitudinal sections of buried-type PM
LSMs: (a) nonferromagnetic yoke, (b) ferromagnetic yoke (back iron).

and helps to return to synchronous operation when the speed decreases or
increases. Also, a damper circuit reduces the backward-traveling magnetic
field. It would be rather difficult to furnish PMs with a cage winding so that
the damper of PM LSMs has the form of an aluminum cover (Fig. 1.8a) or
solid steel pole shoes (Fig. 1.8b). In addition, steel pole shoes or aluminum
cover (shield) can protect brittle PMs against mechanical damage.

The detent force, i.e., attractive force between PMs and the armature
ferromagnetic teeth, force ripple and some higher-space harmonics, can be
reduced with the aid of skewed assembly of PMs. Skewed PMs can be arranged
in one row (Fig. 1.9a), two rows (Fig. 1.9b), or even more rows.

Specification data of flat, single-sided PM LBMs manufactured by Anorad
are shown in Table 1.1 [12], and motors manufactured by Kollmorgen are
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Fig. 1.7. Double-sided LSM with Halbach array of PMs. 1 — PMs, 2 — coreless
armature winding.

Fig. 1.8. Dampers of surface-type PM LSMs: (a) aluminum cover (shield), (b) solid
steel pole shoes. 1 — PM, 2 — damper, 3 — yoke.

shown in Table 1.2 [112]. The temperature 25°C, 125°C, or 130°C for the
thrust, current, resistance, and power loss is the temperature of the armature
winding.

The EMF constant kg in Tables 1.1 and 1.2 for sinusoidal operation is de-
fined according to the equation expressing the EMF (induced voltage) excited
by PMs without the armature reaction, i.e.,

E; =cpPpvs = kpvs (1.5)
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Table 1.1. Flat three-phase, single-sided PM LBMs with natural cooling systems
manufactured by Anorad, Hauppage, NY, USA

[Parameter [LCD-T-1]LCD-T-2-P[LCD-T-3-P[LCD-T-4-P
Continuous

thrust at 25°C, N 163 245 327 490
Continuous

current at 25°C, A 4.2 6.3 8.5 12.7
Continuous

thrust at 125°C, N 139 208 277 416
Continuous

current at 125°C, A 3.6 5.4 7.2 10.8
Peak thrust

(0.25s), N 303 455 606 909
Peak current

(0.258), A 9.2 13.8 18.4 27.6
Peak force (1.0 s), N| 248 373 497 745
Peak current

(1.0s), A 7.3 11.0 14.7 22.0
Continuous

power losses

at 125°C, W 58 87 115 173
Armature constant,

kg, Vs/m 12.9

Thrust constant
(three phases), kr
N/A 38.6
Resistance per phase
at 25°C, Q 3.2 2.2 1.6 1.1
Inductance, mH 14.3 9.5 7.1 4.8
PM pole pitch, mm 23.45

Maximum winding
temperature, °C 125
Armature
assembly mass, kg 1.8 2.4 3.6 4.8
PM assembly
mass, kg/m 6.4
Normal attractive
force, N 1036 1555 2073 3109
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Table 1.2. Flat three-phase, single-sided PM LBMs with natural cooling systems
manufactured by Kollmorgen, Radford, VA, USA

[Parameter [IC11-030[IC11-050[IC11-100[IC11-200]
Continuous

thrust at 130°C, N 150 275 600 1260
Continuous

current at 130°C, A 4.0 4.4 4.8 5.0
Peak thrust, N 300 500 1000 2000
Peak current, A 7.9 7.9 7.9 7.9
Continuous

power losses at 130°C, W 64 106 210 418
Armature constant,

at 25°C, kg, Vs/m 30.9 51.4 102.8 | 205.7
Thrust constant

(three phases) at 25°C, 37.8 62.9 125.9 251.9
kr, N/A

Resistance, line-to-line,

at 25°C, Q 1.9 2.6 4.4 8.0
Inductance, line-to-line, mH 17.3 27.8 54.1 106.6
Electrical time constant, ms 8.9 10.5 12.3 13.4
Thermal resistance

winding to external structure, 0C/VV 1.64 0.99 0.50 0.25
Maximum winding

temperature, °C 130

Armature assembly mass, kg 2.0 3.2 6.2 12.2
PM assembly mass, kg/m 5.5 7.6 12.8 26.9
Normal attractive force, N 1440 2430 4900 9850

Table 1.3. Slotted versus slotless LSMs

lQuantity [Slotted LSM[Slotless LSM‘
Higher thrust density X

Higher efficiency in the lower speed range X

Higher efficiency in the higher speed range X
Lower input current X

Less PM material b

Lower winding cost X
Lower thrust pulsations X
Lower acoustic noise X
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Fig. 1.9. Skewed PMs in flat LSMs: (a) one row, (b) two rows.

where @ is the magnetic flux of the excitation system, and kg = cg®;. Thus,
the armature constant kp multiplied by the synchronous speed v, gives the
EMF Ej.

The thrust constant kr in Tables 1.1 and 1.2 is defined according to the
simplified equation for the electromagnetic thrust, i.e.,

Fp = mlcg@ffa cos¥ = kpl, cosW¥ (1.6)

for a sinusoidally excited LSM with equal reluctances in the d- and g-axis
and for the angle between the armature current I, and the g-axis ¥ = 0°
(cos¥ = 1). Thus, the thrust constant kr = 0.5micp®; times the armature
current I, gives the thrust. Derivations of eqns (1.5) and (1.6) are given in
Chapter 6.

In the case of six degrees of freedom (DOF) as, for example, in planar PM
actuators [39, 99] eqn (1.6) takes the matrix form, i.e.,

Fd;,; kF’I'(x Y, =, QS)
de F (l Y, z, ¢)
Fdz F (1. Y, z, ¢)

_ I, 1.7
Td:z: ka(«T Y, =, (b) 8 ( )
Tdy kTu('r Y, =, ¢)
sz sz(r Y, z, ¢)

where kpy, kry, kr. are the thrust constants, and k7, kry, k7. are the torque
constants in the z, y, and z directions, repectively.

Double-sided, flat PM LSMs consist of two external armature systems and
one internal excitation system (Fig. 1.10a), or one internal armature system
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Table 1.4. Flat double-sided PM LBMs with inner three-phase air-cored series-coil
armature winding manufactured by Trilogy Systems Corporation, Webster, TX,

USA

[Parameter | 310-2 [ 310-4 | 310-6 |
Continuous thrust, N 111.2 | 209.1 314.9
Continuous power

for sinusoidal operation, W 87 152 230
Peak thrust, N 356 712 1068
Peak power, W 900 1800 2700

Peak/continuous current, A |10.0/2.8/10.0/2.6/10.0/2.6
Thrust constant kg
for sinusoidal operation, N/A| 40.0 80.0 120.0
Thrust constant kg

for trapezoidal operation 35.1 72.5 109.5
with Hall sensors, N/A

Resistance per phase, (2 8.6 17.2 25.8
Inductance £0.5 mH 6.0 12.0 18.0
Heat dissipation

constant for 1.10 2.01 3.01

natural cooling, W/°C
Heat dissipation
constant for forced 1.30 2.40 3.55
air cooling, W/°C
Heat dissipation

constant for liquid 1.54 2.85 4.21
cooling, W/°C

Number of poles 2 4 6
Coil length, mm 142.2 | 264.2 | 386.1
Coil mass, kg 0.55 1.03 1.53
Mass of PM

excitation systems, kg/m 12.67 or 8.38

and two external excitation systems (Fig. 1.10b). In the second case, a linear
Gramme’s armature winding can be used.

In slotless motors the primary winding is uniformly distributed on a
smoooth armature core or does not have any armature core. Slotless PM
LSMs are detent force free motors, provide lower torque ripple and, at high
input frequency, can achieve higher efficiency than slotted LSMs. On the other
hand, larger nonferromagnetic air gap requires more PM material, and the
thrust density (thrust per mass or volume) is lower than that of slotted mo-
tors (Table 1.3). The input current is higher as synchronous reactances in the
d- and g-axis can decrease to a low undesired value due to absence of teeth.
Fig. 1.11a shows a single-sided flat slotless motor with armature core, and
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(a) (b)

Fig. 1.10. Double-sided flat PM LSMs with: (a) two external armature systems,
(b) one internal armature system.

Fig. 1.11b shows a double-sided slotless motor with inner air-cored armature
winding (moving coil motor).

Table 1.4 contains performance specifications of double-sided PM LBMs
with inner three-phase air-cored armature winding manufactured by Trilogy
Systems Corporation, Webster, TX, USA [222]. Trilogy also manufactures
motors with parallel wound coils as well as miniature motors and high-force
motors (up to 9000 N continuous thrust).

Fig. 1.11. Flat slotless PM LSMs: (a) single-sided with armature core, (b) double-
sided with inner air-cored armature winding.

By rolling a flat LSM around the axis parallel to the direction of the
traveling magnetic field, i.e., parallel to the direction of thrust, a tubular
(cylindrical) LSM can be obtained (Fig. 1.12). A tubular PM LSM can also
be designed as a double-sided motor or slotless motor.

Tubular single-sided LSMs LinMoT®?® with movable internal PM exci-
tation system (slider) and stationary external armature are manufactured by
Sulzer Electronics AG, Ziirich, Switzerland (Table 1.5). All active motor parts,
bearings, position sensors, and electronics have been integrated into a rigid
metal cylinder [125].

! LinMot®)is a registered trademark of Sulzer Electronics AG, Ziirich, Switzerland.
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Fig. 1.12. Single-sided slotted tubular PM LSMs: (a) with external armature sys-
tem, (b) with external excitation system.

Table 1.5. Data of tubular LSMs LinMot®manufactured by Sulzer Electronics
AG, Ziirich, Switzerland

P01 | PO1 Po1 | PO1
Parameter 23x80|23X160(37x120|37x240
Number of phases 2
Permanent magnets NdFeB
Maximum stroke, m 0.210| 0.340 | 1.400 | 1.460
Maximum force, N 33 60 122 204
Maximum acceleration, m/s*| 280 | 350 247 268
Maximum speed, m/s 2.4 4.2 4.0 3.1
Stator (armature) length, m [0.177| 0.257 | 0.227 | 0.347
Stator outer diameter, mm 23 23 37 37
Stator mass, kg 0.265| 0.450 | 0.740 | 1.385
Slider diameter, mm 12 12 20 20
Maximum temperature
of the armature winding, °C 90

All the above-mentioned PM LSMs are motors with longitudinal magnetic
fluz, the lines of which lie in the plane parallel to the direction of the traveling
magnetic field. LSMs can also be designed as transverse magnetic flux motors,
in which the lines of magnetic flux are perpendicular to the direction of the
traveling field. Fig. 1.13 shows a single-sided transverse flux LSM in which
PMs are arranged in two rows. A pair of parallel PMs creates a two pole flux
excitation system. A double-sided configuration of transverse flux motor is
possible; however, it is complicated and expensive.
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(a) (b)

Fig. 1.13. Transverse flux PM LSM: (a) single-sided; (b) double-sided. 1 — ar-
mature winding, 2 — armature laminated core, 3 — PM, 4 — armature current,
5 — back ferromagnetic core, 6 — mild steel pole shoes, 7 — magnetic flux.

1.2.2 PM Motors with Passive Reaction Rail

The drawback of PM LSMs is the large amount of PM material that must be
used to design the excitation system. Normally, expensive rare-earth PMs are
requested. If a small PM LSM uses, say, 10 kg of NdFeB per 1 m of the reaction
rail, and 1 kg of good-quality NdFeB costs US$ 130, the cost of the reaction
rail without assembly amounts to US$ 1300 per 1 m. This price cannot be
acceptable, e.g., in passenger transportation systems.

A cheaper solution is to apply the PM excitation system to the short
armature that magnetizes the long reaction rail and creates magnetic poles in
it. Such a linear motor is called the homopolar LSM.

The homopolar LSM as described in [59, 181] is a double-sided a.c. linear
motor that consists of two polyphase armature systems connected mechan-
ically and magnetically by a ferromagnetic U-type yoke (Fig. 1.14). Each
armature consists of a typical slotted linear motor stack with polyphase ar-
mature winding and PMs located between the stack and U-type yoke. Since
the armature and excitation systems are combined together, the armature
stack is oversized as compared with a conventional steel-cored LSM. The PMs
can also be replaced by electromagnets [181, 186]. The variable reluctance re-
action rail is passive. The saliency is created by using ferromagnetic (solid or
laminated) cubes separated by a nonferromagnetic material. The reaction rail
poles are magnetized by the armature PMs through the air gap. The travel-
ing magnetic field of the polyphase armature winding and salient poles of the
reaction rail produce the thrust. Such a homopolar LSM has been proposed
for the propulsion of maglev trains of Swissmetro [181].

Further simplification of the double-sided configuration can be made to
obtain a single-sided PM LSM shown in Fig. 1.15.
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Fig. 1.14. Double-sided homopolar PM LSM with passive reaction rail. 1 — PM,
2 — armature winding, 3 — armature stack, 4 — yoke, 5 — reaction rail.
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Fig. 1.15. Single-sided PM LSM with a passive reaction rail. 1 — PM, 2 — armature
winding, 3 — armature stack, 4 — yoke, 5 — ferromagnetic reaction rail.

1.2.3 Motors with Electromagnetic Excitation

The electromagnetic excitation system of an LSM is similar to the salient pole
rotor of a rotary synchronous motor. Fig. 1.16 shows a flat single-sided LSM
with salient ferromagnetic poles and d.c. field excitation winding. The poles
and pole shoes can be made of solid steel, laminated steel, or sintered powder.
If the electromagnetic excitation system is integrated with the moving part,
the d.c. current can be delivered with the aid of brushes and contact bars,
inductive power transfer (IPT) systems [201], linear transformers, or linear
brushless exciters.

1.2.4 Motors with Superconducting Excitation System

In large-power LSMs, the electromagnets with ferromagnetic core that pro-
duce the excitation flux can be replaced by coreless superconducting (SC)
electromagnets. Since the magnetic flux density produced by the SC elec-
tromagnet is greater than the saturation magnetic flux density of the best
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Fig. 1.16. Electromagnetic excitation system of a flat single-sided iron-cored LSM.
1 — salient pole, 2 — d.c. excitation winding, 3 — ferromagnetic rail (yoke), 4 —
armature system.

laminated alloys (Bsq: & 2.4 T for cobalt alloy), there is no need to use the
armature ferromagnetic core. An LSM with SC field excitation system is a
totally air-cored machine (Fig. 1.17).
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Fig. 1.17. Three-phase air-cored LSM with SC excitation system. 1 — armature
coils, 2 — SC excitation coils.

1.2.5 Variable Reluctance Motors

The simplest construction of a wvariable reluctance LSM or linear reluctance
motor (LRM) is that shown in Fig. 1.16 with d.c. excitation winding being
removed. However, the thrust of such a motor would be low as the ratio
of d-axis permeance to g-axis permeance is low. Better performance can be
obtained when using fluz barriers [183] or steel laminations [127]. To make
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flux barriers, any nonferromagnetic materials can be used. To obtain high
permeance (low reluctance) in the d-axis and low permeance in the g-axis,
steel laminations should be oriented in such a way as to create high permeance
for the d-axis magnetic flux.

(a) (b)

d ‘q d |9 d d K lq d
= Y Y
P) \
laminations epoxy resin
T > T T > T

Fig. 1.18. Variable reluctance LSMs with (a) flux barriers, (b) steel laminations.

Fig. 1.18a shows a variable reluctance platen with flux barriers, and Fig.
1.18b shows how to arrange steel laminations to obtain different reluctances in
the d- and g-axis. The platen can be composed of segments the length of which
is equal to the pole pitch 7. Each segment consists of semicircular lamellas
cut out from electrotechnical sheet. A filling, e.g., epoxy resin, is used to make
the segment rigid and robust. By putting the segments together, a platen of
any desired length can be obtained [81].

1.2.6 Stepping Motors

So far, only stepping linear motors of hybrid construction (PM, winding and
variable reluctance air gap) have found practical applications.

The hybrid linear stepping motor (HLSM), as shown in Fig. 1.19, consists
of two parts: the forcer (also called the slider) and the variable reluctance
platen [40]. Both of them are evenly toothed and made of high-permeability
steel. This is an early design of the HLSM, the so-called Sawyer linear motor
[88]. The forcer is the moving part with two rare-earth magnets and two
concentrated parameter windings. The tooth pitch of the forcer matches the
tooth pitch on the platen. However, the tooth pitches on the forcer poles are
spaced 1/4 or 1/2 pitch from one pole to the next. This arrangement allows
for the PM flux to be controlled at any level between minimum and maximum
by the winding so that the forcer and the platen line up at a maximum
permeance position. The HLSM is fed with two-phase currents (90° out of
phase), similarly as a rotary stepping motor. The forcer moves 1/4 tooth
pitch per each full step.
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Fig. 1.19. Principle of operation of an HLSM: (a) initial position; (b) 1/4 tooth
pitch displacement of the forcer; (c) 2/4 tooth pitch displacement; (d) 3/4 tooth
pitch displacement. 1 — forcer, 2 — platen, 3 — PM.

There is a very small air gap between the two parts that is maintained by
strong air flow produced by an air compressor [102]. The average air pressure
is about 300 to 400 kpa and depends on how many phases are excited.

Table 1.6 shows specification data of HLSMs manufactured by Tokyo
Aircraft Instrument Co., Ltd., Tokyo, Japan [122]. The holding force is the
amount of external force required to break the forcer away from its rest po-
sition at rated current applied to the motor. The step—to—step accuracy is a
measure of the maximum deviation from the true position in the length of each
step. This value is different for full-step and microstepping drives. The maxi-
mum start—stop speed is the maximum speed that can be used when starting
or stopping the motor without ramping that does not cause the motor to fall
out of synchronism or lose steps. The mazimum speed is the maximum linear
speed that can be achieved without the motor stalling or falling out of syn-
chronism. The maximum load mass is the maximum allowable mass applied
to the forcer against the scale that does not result in mechanical damage. The
full-step resolution is the position increment obtained when the currents are
switched from one winding to the next winding. This is the typical resolution
obtained with full-step drives and it is strictly a function of the motor con-
struction. The microstepping resolution is the position increment obtained
when the full-step resolution is divided electronically by proportioning the
currents in the two windings (Chapter 6). This resolution is typically 10 to
250 times smaller than the full-step resolution [122].

HLSMs are regarded as an excellent solution to positioning systems that
require a high accuracy and rapid acceleration. With a microprocessor con-
trolled microstepping mode (Chapter 6), a smooth operation with standard
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Fig. 1.20. HLSM with a four-unit forcer to obtain the z-y motion: 1 — forcers for
the z-direction, 2 — forcers for the y—direction, 3 — platen, 4 — air pressure.

Fig. 1.21. Linear switched reluctance motor configurations: (a) longitudinal flux
design, (b) transverse flux design. 1 — armature winding, 2 — armature stack,
3 — platen.
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Table 1.6. Data of HLSMs manufactured by Tokyo Aircraft Instrument Co., Ltd.,
Tokyo, Japan.

[Parameter [LP02-20A[LP04-20A[LP04-30A[LP60-20A]
Driver Bi-Polar Chopper

Voltage, V 24 d.c.

Resolution, mm 0.2 0.4 0.4 0.423
Holding Force, N 20 20 29.5 20
Step-to-step

accuracy, mm +0.03

Comulative

accuracy, mm +0.2

Maximum start-stop

speed, mm/s 60 120 120 127
Maximum

speed, mm/s 400 600 500 600
Maximum

load mass, kg 3.0 3.0 5.0 3.0
Effective stroke, mm 330 300 360 310
Mass, kg 1.4 1.2 2.8 1.4

resolution of a few hundred steps/mm can be obtained. The advantages such as
high efficiency, high throughput, mechanical simplicity, high reliability, precise
open-loop operation, low inertia of the system, etc, have made these kind of
motors more and more attractive in such applications as factory automation,
high speed positioning, computer peripherals, facsimile machines, numerically
controlled machine tools, automated medical equipment, automated labora-
tory equipment and welding robots. This motor is especially suitable for ma-
chine tools, printers, plotters and computer controlled material handling in
which a high positioning accuracy and repeatability are the key problems.

When two or four forcers mounted at 90° and a special grooved platen
(“waffle plate”) are used, the z-y motion (two DOFSs) in a single plane is
obtained (Fig. 1.20). Specification data of the z-y HLSMs manufactured by
Normag Northern Magnetics, Inc., Santa Clarita, CA, USA are given in Table
1.7 [161].

1.2.7 Switched Reluctance Motors

A linear switched reluctance motor has a doubly salient magnetic circuit with a
polyphase winding on the armature. Longitudinal and transverse flux designs
are shown in Fig. 1.21. A linear switched reluctance motor allows precise
speed and position-controlled linear motion at low speeds and is not subject
to design constraints (minimum speed limited by minimum feasible pole pitch)
of linear a.c. motors [4].
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Table 1.7. Data of x — y HLSMs manufactured by Normag Northern Magnetics,
Inc., Santa Clarita, CA, USA

[Parameter [4XY0602-2-0]4XY2002-2-0[4XY2004-2-0[4X Y 2504-2-0]

Number of forcer
units per axis 1 1 2 2
Number of phases 2 2 2(4) 2(4)
Static thrust, N 13.3 40.0 98.0 133.0
Thrust at
1m/s, N 11.1 31.1 71.2 98.0
Normal
attractive force, N 160.0 400.0 1440.0 1800.0
Resistance
per phase, 2 2.9 3.3 1.6 1.9
Inductance
per phase, mH 1.5 4.0 2.0 2.3
Input phase
current, A 2.0 2.0 4.0 4.0
Air gap, mm 0.02

Maximum
temperature, °C 110

Mass, kg 3.2 0.72 | 2.0 1.5
Repeatability, mm 0.00254

Resolution, mm 0.00254

Bearing type air

1.3 Calculation of Forces

Neglecting the core loss and nonlinearity, the energy stored in the magnetic
field is

1 1
W = J8F = JoNi J (1.8)

where the magnetomotive force (MMF) F = Ni. Introducing the reluctance
R = F/®, the field energy is

1., 1F?
The self-inductance
N
L=— (1.10)

1
is constant for & = const. Hence,
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1
W= §Li2 (1.11)

In a magnetic circuit with air gap g > 0, most of the MMF is expended on
the air gap and most of the energy is stored in the air gap with its volume Ag
where A is the cross section area of the air gap. Working in B and H units,
the field energy per volume is

w1 1 B2
= — = — gH = —79
Ag 2 2 pio
where B, is the magnetic flux density in the air gap.

The magnetic quantities corresponding to electric quantities are listed in
Table 1.8.

w J/m3 (1.12)

Table 1.8. Electric and corresponding magnetic quantities

lElectric circuit [ Unit [Magnetic circuit [ Unit ‘
Electric voltage, V = fl Edl| V |Magnetic voltage, V,, = fz Hdl A
EMF, E V |MMF, F A
Current, 1 A |Magnetic flux, ¢ Wb
Current density, J A/m?[Magnetic flux density, B Wbh/m*=T
Resistance, R 2 |Reluctance, R 1/H
Conductance, G S |Permeance, G H
Electric conductivity, p S/m |Magnetic permeability, u H/m

The force F; associated with any linear motion defined by a variable &; of
a device employing a magnetic field is given by

oW
-0
where W is the field energy in Joules according to eqn (1.8), F; denotes the

F,, F,, or F, force component and ¢; denotes the x, y, or z coordinate.
For a singly excited device

F; (1.13)

F, = 1 2@ = 122%

2% g 2" dg
where the magnetic flux @ = const, and electric current ¢ = const.
Eqn (1.14) can be used to find the attractive force between two poles sep-
arated by an air gap z = g. Let us consider a linear electromagnetic actuator,
electromagnet, or relay mechanism. The following assumptions are usually
made: (a) leakage flux paths are neglected, (b) nonlinearities are neglected,
and (c) all the field energy is stored in the air gap (uop, >> o) where the
magnetic permeability of free space g = 0.47 x 1076 H/m, and p, is the
relative permeability. The volume of the air gap is Az, and the stored field

(1.14)
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energy is W = 0.5(B§/u0)Az. For a U-shaped electromagnet (two air gaps)
the stored field energy is W = 0.5(B} /p0)24z = (B /po)Az. With the dis-
placement dz of one pole, the new air gap is z + dz, new stored energy is
W +dW = (BZ/u0)A(z + dz), change in stored energy is (B} /puo)Adz, work
done F,dz and the force

2 )2
po= WV By TroNDT (1.15)
dz o 4 g7
where By = poH = po[Ni/(22)], z = g, i is the instantaneous electric current,
and A is the cross section of the air gap (surface of a single pole shoe). Eqn
(1.15) is used to find the normal (attractive) force between the armature core
and reaction rail of linear motors. For a doubly excited device,

1,dLyy  1.9dLey . . dLyo

—1 —1 + i1l ——— 1.16
2 T, 0, (1.16)
where L7 is the self-inductance of the winding with current iy, Loo is the
self-inductance of the winding with current is, and Lpo is the mutual induc-
tance between coils 1 and 2. In simplified calculations, the first two terms are
commonly zero.

F =

1.4 Linear Motion

1.4.1 Speed-Time Curve

The speed-time curve is a graph that shows the variation of the linear speed
versus time (Fig. 1.22a). In most cases, both for acceleration and deceleration
periods, the speed is a linear function of time. Thus, the speed-time curve of
a moving object is most often approximated by a trapezoidal function (Fig.
1.22a). The acceleration time is

Vconst
t) = —— 1.17
1 . (1.17)

where veonst is the constant (steady state) speed. Similarly, the retardation
time is

ty = Uc‘g‘st (1.18)

where d is the deceleration. The time ¢5 for a constant-speed running depends
both on acceleration and deceleration, i.e.,

1 1
to=1t—1t1 —t3 =1 — Veonst <a+d) (119)
where the total time of run ¢ = t1 + t2 + t3. The total distance of run can be

found on the basis of Fig. 1.22a, i.e.,
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1 1 v e (11
8 = ~Vconsttl + Veonstlt2 + =Vconstts = Veonstt — —const ( + ) (120)

2 2 2 a d
or
kvgonst - tvconst +s5=0 (121)
where
1/1 1
k=S{-+4+- 1.22
2 (a + d) (1.22)

The above quadratic eqn (1.21) allows one to find the constant speed as a
function of the total time of run, acceleration, deceleration, and total distance
of run, i.e.,

t t\? s
- (=) =2 1.23
Veonst = 5p (2k> k (1.23)
(a) (b)
v Fea
F, 1
. FX3 FX7
Feo F,

Veonst

t
‘ . =
0 t, 0
Li Y 4" ty
t {

Fig. 1.22. Typical speed and thrust profiles: (a) speed-time curve, (b) thrust-time
curve.

Table 1.9 compares basic formulae describing linear and rotational motions.
There are two components of the linear acceleration: tangential a = ar and
centripetal a, = 227, where  is the radius.

1.4.2 Thrust-Time Curve

The thrust-time curve is a graph that shows the variation of the thrust versus
time (Fig. 1.22b). The rms thrust (force in the z-direction) is based on the
given duty cycle, i.e.,
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Table 1.9. Basic formulae for linear and rotational motions
Linear motion Rotational motion
Quantity ‘ Formula ‘ Unit |[Quantity Formula Unit
Linear dis- Angular
placement s=0r m displacement 0 rad
Linear v=ds/dt Angular
velocity v=0r m/s |velocity 2 =4do/dt rad/s
Linear a=dv/dt Angular
accele- ar = ar m/s? |accele- a=dR/dt | rad/s?
ration ar = 2°r ration
Moment
Mass m kg |of inertia J kgm?
F =mdv/dt T =Jdf2/dt
Force =ma N Torque =Ja Nm
Angular
Momentum| p = mwv Ns |momentum 1=J0 |kgm?rad/s
Friction Dds/dt Friction Ddo/dt
force = Dv N torque =D Nm
Spring Spring
force Ks N torque Ko Nm
Work dW = Fds Nm |[Work dW =Tdb Nm
Kinetic Kinetic
energy Er = 0.5mv?|J or Nm|energy Er = 0.5J0% J
P =dW/dt P =dW/dt
Power =Fv W  |Power =T1 W%
oo \/Ff_ltl + F2yto + F2ts + ...+ F2, by (1.24)

th+ta+t3+...+tp

Similarly, in electric circuits, the rms or effective current is

1 T
I’rms = = 2 dt
| T/o '

since the average power delivered to the resistor R is

P

T

1 [T 1 [T
/ i2Rdt = R—/ i2dt =
0 T 0

RI?

rms
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1.4.3 Dynamics

Fig. 1.23 shows the mass m sliding at velocity v with a viscous friction constant
D, on a surface. The applied instantaneous force is f,, and the spring constant
is ks. According to d’Alembert’s principle 2

d
mﬁ§+DMH%@/vﬁ:Pﬁ (1.25)
The above equation can also be written as

ma + Dy + kex = Fyt (1.26)

where # = d?z/dt? is the linear acceleration, @ = dz/dt is the linear veloc-
ity, and x is the linear displacement. Eqns (1.25) and (1.26) are called 2nd
order mass—spring—damper equations. The inverse of stiffness (N/m) is the
compliance (m/N) of an elastic element. The form of eqn (1.25) is similar to
Kirchhoff’s voltage equation for the RLC series circuit, i.e.,

L +R +C/zdt—e (1.27)

where e is the instantaneous induced voltage (EMF), and 7 is the instantaneous
current. Since
dx . dg
= — and = —
dt " "
where ¢ is the electrical charge, eqns (1.25) and (1.27) can be rewritten in the
forms

d2
m%§+DW%+@x:E; (1.28)
d*q | ,dq

Analogous systems are described by the same integro-differential equation or
set of equations, e.g., mechanical and electrical systems.

In the mechanical system, energy stored in the mass is given by the kinetic
energy 0.5mv?. Energy storage occurs in a spring from the displacement = =
J vdt, due to a force. This force is expressed in terms of the stiffness of spring
ks, as fo = ksz = ks [ vdt.

Assuming a linear force-displacement relation, the work done is

N
W= St =5 f J (1.30)

2 d’Alambert’s principle: The sum of forces acting on a body and forces of inertia
is equal to zero.
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Fig. 1.23. A simple linear mechanical system.

A viscous friction element, such as a dashpot, is an energy-dissipating element.
In the mass—inductance analogy, the inductance has stored electromagnetic
energy 0.5Li%. Application of a voltage to a capacitance causes a proportional
storage of charge, ¢ = [ idt, and the voltage component is (1/C) [ idt.

Similarly, in the mass—capacitance analogy, the energy stored in a capaci-
tance is 0.5Ce?. The energy storage of a spring, 0.5(1/ks)f2, is analogous to
that in the inductance, 0.5Li?, whence the inductance becomes the analogue
of spring compliance (K = 1/ks).

1.4.4 Hamilton’s Principle

The action integral

12
1= Ldt (1.31)
ty
has a stationary value for the correct path of motion, where £ is the La-
grangian, So

to
or=9 Ldt =0 (1.32)
t1
Mathematically, eqn (1.32) means that the variation of the action integral is
equal to zero. Eqn (1.32) expresses the principle of least action, also called
Hamilton’s principle.? The Lagrangian of a mechanical system is defined as

L=Ey—E, (1.33)

where Ej, is the total kinetic energy, and E,, is the total potential energy.
Hamilton’s principle can be extended to electromechanical systems. The
Lagrangian of an electromechanical system is defined as

3 The principle of least action was proposed by the French mathematician and as-
tronomer Pierre-Louis Moreau de Maupertuis but rigorously stated only much
later, especially by the Irish mathematician and scientist William Rowan Hamil-
ton in 1835.
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L= / (H? — E*)dV (1.34)
14

where H is the magnetic field intensity, E is the electric field intensity, and v
is the volume. The principle of least action for electromechanical systems,

61 = 5/;2 [/V(H2 — EQ)dV] dt =0 (1.35)

was formulated by J. Larmor in 1890 and is called Larmor’s principle.

1.4.5 Euler—Lagrange Equation

The Euler-Lagrange differential equation is the fundamental equation of vari-
ations in calculus. It states that if J is defined by an integral of the form

7= [ flete).eo), (1.36)
where £ is the generalized coordinate and
S
then J has a stationary value if the differential equation
of d [(0f
L _ 2 (2L ) =0 1.37
o¢ dt (ag) (1.37)

is satisfied. The Euler-Lagrange eqn (1.37) is expressed in time-derivative
notation.

Hamilton’s principle, also called the principle of least action, derived from
d’Alambert’s principle and the principle of wirtual work, means that, for a
real motion, the variation of action is equal to zero, i.e.,

6J = 5/c(g,é,t) =0 (1.38)

where £ = Fj, — E,, is called Lagrangian and is defined as a difference between
kinetic and potential energy (1.33), or kinetic coenergy and potential energy.
Proof of Euler-Lagrange differential equation is given below.

t2 . t2 oL oL .
67 =0 [ (e &t = /ﬂ <3€5§ + 8555) dt

2roc oL d
7/t1 {8555+a£dt(5§)] dt (1.39)

since §¢ = d(6¢)/dt. Now integrate the second term by parts using
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u= 8—£ dv = d(6€)
o¢
du:d<a£.:)dt v =06
dt \ o¢
because
b b b
d(uv) = udv + vdu / udv = wv| — / vdu

Therefore,

oL _ |tz 2oL d oL

85 é- t1 t1 af dt 85 g ( )
Only the path, not the endpoints, varies. So, d¢(t1) = 0&(t2) = 0, and (1.40)
becomes

2oL  doL
0J = — — —— ) §&dt 1.41
[ (% a5) ()

Stationary values such that §.J = 0 must be found. These must vanish for any
small change dg, which gives from (1.41)

oL  doL

o dtog

or

doL oL
dt o¢ ot
Eqn (1.42) is the Euler-Lagrange differential equation. Problems in the cal-
culus of variations often can be solved by solution of the appropriate Euler—
Lagrange equation.
The Euler-Lagrange equation for nonconservative systems, in which ex-
ternal forces and dissipative elements exist, takes the form

0 (1.42)

4
dt

— Qs (1.43)

0L OLELD | IR 1)
3 23" A&y

in which the first term on the left-hand side represents forces of inertia of the
system, the second term represents spring forces, the third term represents
forces of dissipation, and Qi on the right-hand side represents external forces.
The Rayleigh dissipation function is defined as

1. 1 .
Ra = 5352 + §DU§2 (1.44)

where R is the electric resistance and D, is the mechanical dumping, e.g.,
viscous friction.
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1.4.6 Traction

Let us consider a mechanism driven by a linear motor (Fig. 1.24a). The mech-
anism consists of a moving part, i.e., a linear—-motor—driven car with the total
mass m on a slope, a pulley, a cable, and a counterweight with its mass m..
The efficiency of the system is n. The inertia of the pulley, and mass of the
cable are neglected.

For the steady-state linear motion,

N(Fy + meg) = mgsin o + umg cos « (1.45)

where mgsin « is the force due to the gradient resistance, pumgcosa is the
force due to the friction resistance, and g = 9.81 m/s? is the gravitational
acceleration. The coefficient of friction p is approximately 0.2 for steel on dry
steel, 0.06 for steel on oiled steel (viscous friction), 0.005 for linear bearings
with rollers, and 0.002 to 0.004 for linear bearings with balls. Thus, the steady-
state thrust (force produced by the linear motor) is

1
F, = —(msina + pymcosa —m.)g (1.46)
n

Fig. 1.24. Linear-motor—driven mechanism: (a) slope, (b) sketch for calculating the
rolling resistance.

When the moving part runs up the gradient with an acceleration a the accel-
eration thrust is higher since the term (m + m.)a is added, i.e.,

1
Fypeak = —[(msina + pmcosa —me)g + (m + me)al (1.47)
n

The thrust according to eqn (1.47) is often called the peak thrust. Similarly,
if the car runs up with a deceleration d, the braking force is
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Fop, = n[(m sina 4+ pmcosa — me)g — (m + mc)a] (1.48)

Note that, for the braking mode, the counterbalancing force is 1/n(Fyp+mcg).
The linear-motor—driven car is furnished with wheels. The rolling force
(Fig. 1.24b)

eG cos o

F,= "2
! 0.5d

where G cosa = G, = mg cos a.. Including friction in wheel-axle bearings,

0.5dyuGeosa €+ 0.5udy

054~ 0sq oo

FTZZFT1+

where d;, is the diameter of the bearing journal. An additional resistance due
to uneven track and hunting can be added by introducing a coefficient 3 > 1.
Thus, the total rolling force

F.=kG (1.49)

where

_ (e40.5udy) cos
ke =p 0.5d

In railway engineering, the coefficient k. is called the specific rolling resistance.
For speeds up to 200 km/h and steel wheels on steel rails, k. = 0.002 to 0.012.

(1.50)

Eqn (1.46), in which m. = 0 and = 1, is known in railway engineering
as traction effort equation and has the following form:
Fp=(kr + kg +ko)G (1.51)

The specific gradient resistance is

h
kg =+£sina = :I:g (1.52)

since the force due to gravity is Gy = G'sina. The “+” sign is for a car moving
up the gradient, and the “—” sign is for a car moving down the gradient.
Neglecting the inertia of rotating masses of the car, the specific acceleration
resistance is

T (1.53)

where a is the linear acceleration or deceleration. For a curvelinear track, the
specific curve resistance should be taken into account, i.e.,

~0.1535 +0.1b

¢ 1.54
RC (154)
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where S is the circumference of wheel in meters, b is the mean value of all
fixed wheel bases with b < 3.3S in meters, and R, is the track curve radius
in meters. For example, if the wheel radius is R = 0.46 m, the wheel base
is b = 3 m and the track curve radius is R, = 5 km, the circumference of
wheel S = 27R = 27 X 0.46 = 2.89 m, and the specific curve resistance is
ke = (0.153 x 2.89 + 0.1 x 3.0)/5000 = 0.148 x 1073.

For high-speed trains the air resistance force

Fur =05Cpw*A N (1.55)

should be added to eqn (1.51). The coefficient C' = 0.2 for cone- or wedge-
shaped nose, C = 2.1 for flat-front trains, and C' = 0.75 for automobiles. The
air density is p, the speed v is in meter/second and the front surface area A is
in square meters. At 20°C and 1 atm, the air density is p = 1.21 kg/m3. For
example, if C' = 0.2, v = 200 km/h = 200/3.6 = 55.55 m/s, and A = 4x3 = 12
m?, the air resistance force is Fj; = 0.5 x 0.2 x 1.21 x (55.55)% x 12 = 4480.6
N. Eqn (1.55) gives too small values of the air resistance force for high-speed
maglev trains with wedge shaped front cars.

1.5 Selection of Linear Motors

Given below are examples that show how to calculate the basic parameters of
linear motion drives and how to choose a linear electric motor with appropri-
ate ratings. This is a simplified selection of linear motors, and more detailed
calculation of parameters, especially the thrust, is recommended (Chapter 3).

When designing a linear motor drive, it is always necessary to consider its
benefits in comparison with traditional drives with rotary motors and mechan-
ical gears, or ball screws transferring rotary motion into translatory motion
[63]. The authors take no responsibility for any financial losses resulting from
wrong decisions and impractical designs.

Examples

Example 1.1

A moving part of a machine is driven by a linear motor. The linear speed profile
can be approximated by a trapezoidal curve (Fig. 1.22a). The total distance of
run s = 1.8 m is achieved in ¢ = 0.5 s with linear acceleration a = 4g at start-
ing, and linear deceleration d = 3¢ at braking. Find the steady-state speed
Veonst, acceleration time tq, acceleration distance sy, constant speed time to,
constant speed distance so, deceleration time t3, and deceleration distance ss.
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Solution

According to eqn (1.22),

1/1 1
k== ( + ) =0.02973 s*/m
4g g

The constant speed according to eqn (1.23)

0.5 0.5 218
const — - - =5.22
feonst = 5 % 0.02973 \/(2 x 0.02973) 0.02973 m/s

= 18.8 km/h
The time of acceleration
5.22
ti1 = ——=0.133 s
4g

The distance corresponding to acceleration

1
51 = 55.22 x 0.133 = 0.347 m

The time of deceleration

5.22
ty = — =0.177 s
39

The distance corresponding to deceleration
1
S§3 = 55.22 x 0.177 = 0.462 m
The time corresponding to the steady-state speed
to =0.5—-0.133—-0.177=0.19 s
The distance corresponding to the steady-state speed
S9 = 5.22 x0.19 =0.991 m

and

51+ 82+ 53=0.347+0.991 4+ 0.462 = 1.8 m
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Example 1.2

The specification data of a mechanism with linear motor shown in Fig. 1.24a
are as follows: m = 500 kg, m. = 225 kg, n = 0.85, a = 30°, € = 0.00003 m,
© = 0.005, d =0.03 m, d, = 0.01 m, and # = 1.3. The car is moving up the
slope. Find the thrust of the linear motor for (a) steady state, (b) starting
with acceleration @ = 1 m/s?, (c) braking with deceleration d = 0.75 m/s.
The mass of the cable, pulley, and gears is neglected.

Solution

The weight of the car

G =500 x 9.81 = 4905 N

The specific rolling resistance according to eqn (1.50)

0.00003 + 0.5 x 0.005 x 0.01 0
=1. = 0.00412
k. 3 05 % 0.03 cos 30 0.00

The steady-state thrust according to eqn (1.46)

1. me 1 . 225

F;C = 5 (SlIlOé + kr — Ep) G= @ <Sln300 +0.00412 — 500) x 4905
=312.3 N

At starting with acceleration a = 1 m/s? — eqn (1.47),

1 225
Fopeak = 5z Ksm 300 + 0.00412 — 500) x 4905 + (500 + 225) x 1.0]

=1165.2 N
The peak thrust of the linear motor should not be lower than the above value.
At braking with deceleration a = 0.75 m/s?> — eqn (1.48),
. an0 225
Fpp =0.85 | | sin30” + 0.00412 — =00 x 4905 — (500 + 225) x 0.75

= —236.6 N
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Example 1.3

A 1.5-kW, 1.5 m/s linear electric motor operates with almost constant speed
and with the following thrust profile: 1600 N for 0 < ¢ < 3 s, 1200 N for
3<t<10s, 700 N for 10 <t <26 s, 500 N for 26 < t < 38 s. The overload
capacity factor Fypmaz/Frr = 2. Find the thermal utilization coefficient of the
motor.

Solution

In accordance with eqn (1.2), the rated thrust produced by the linear
motor is

P, 1
out _ 1500 _ 4000 N

er =
v 1.5

The linear motor has been properly selected since the maximum load for the
given thrust profile 1600 N is less than the maximum thrust determined by
the overload capacity factor, i.e.,

Frmaz = 2F5 = 2 x 1000 = 2000 N

The rms thrust based on the given duty cycle

F2t; 16002 x 3 4 12002 x 7 + 7002 x 16 + 5002 x 12
N 34+7+16+ 12

rrms —

= 867.54 Nm

The coefficient of thermal utilization of the motor

F’tT‘mS 867-54
. L00% —
7 < 100% = 1500

x 100% = 86.7%

The linear motor, e.g., IC11-200 (Table 1.2) with continuous thrust 1260 N
(Fyrms = 867.54 < 1260 N) and peak thrust 2000 N can be selected.

Example 1.4

In a factory transportation system, linear-motor—driven containers with steel
wheels run on steel rails. Each container is driven by a set of 2 linear motors.
The loaded container runs up the gradient and accelerates from v = 0 to
Veonst = 18 km/h in t; = 5 s, then it runs with constant speed 18 km/h, and
finally it decelerates from v = 18 km/h to v = 0 in t3 = 5 s. The total time of
running is ¢ = 20 s. Then containers are unloaded within minimum 10 s, and
they run back to the initial position where they are loaded again. The time of
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loading is minimum 20 s. The speed and force curves of unloaded containers
running down the gradient are the same as those of loaded containers, i.e.,
acceleration in 5 s t0 veonst = 18 k/h, run with constant speed and deceleration
in 5 s to v = 0. The mass of each container, including the load and linear
motor, is m, = 1200 kg, without load m. = 300 kg. The rise in elevation is
h = 3 m, and specific rolling resistance is k, = 0.0025. The efficiency of the
system can be assumed 100%. Find the length of the track, thrust curve, and
rms thrust.

Solution

The movement of the container can be approximated by a trapezoidal
speed-time curve (Fig. 1.22a). The linear acceleration

Veonst =0 18/3.6

= 1 ;2
h—0 5 m/s
The linear deceleration
O — Ucons —Ucons _18 36
d = v ¢ = v t = / = -1 I’Il/S2
(t1 +t2 +t3) — (t1 + t2) t3 5

where t = t1 + t3 + t3 = 20 s is the total time of run. The time of running
with constant speed

t2=t—t1—t3=20—5—5=108

The total distance of run is equal to the length of the track. According to eqn
(1.20),

Lot vty + soty = 23854 1899, 118, o
= — — = - — —_— _—— = m
ST QU TR LU = 5362 T 36 236

The specific gradient resistance
h 3
g s 75

The specific acceleration and deceleration resistances

1. d —1.
kazfziozo.lm kngz—O:—OlOQ
g 981 g 981

The weight of loaded and empty container

G =m.g=1200 x 9.81 = 11772 N

G’ =mlg =300 x 9.81 = 2943 N

The thrust produced by linear motors when the loaded container moves up
the gradient
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o the loaded container accelerates (t; =5 s)

Fupeak = (ky + kg + ka)G = (0.0025 + 0.04 + 0.102) x 11,772 ~ 1701 N

or 1701/2 = 850.5 N per one linear motor;
e the loaded container runs with constant speed (t2 = 10 s)

Fy = (ky + k4)G = (0.0025 + 0.04) x 11,772 = 500.3 N

or 500.3/2 ~2 250.2 N per one linear motor;
e the loaded container decelerates (t3 =5 s)

F,, = (0.0025 4+ 0.04 — 0.102) x 11,772 = —700.43 N

or each linear motor should be able to produce a braking force —700.43/2 ~
—350.2 N during the last 5 s of run.

The thrust produced by linear motors when the unloaded container moves
down the gradient

e the unloaded container accelerates (5 s)

F, = (ky — kg + kq)G' = (0.0025 — 0.04 + 0.102) x 2943 = 189.8 N

or 189.8/2 = 94.9 N per one linear motor;
e the unloaded container runs with constant speed (10 s)

F!' = (ky — kg)G' = (0.0025 — 0.04) x 2943 = —110.4 N

or one linear motor should produce —110.4/3 = 55.2 N braking force;
e the unloaded container decelerates (5 s)

F!" = (0.0025 — 0.04 — 0.102) x 2943 = —410.55 N

or each linear motor should produce a braking force of —410.55/2 =~ 205.3
N.

The rms thrust developed by two linear motors

(17012 x 5 4 500.3% x 10 + 700.43% x 5+ 0 + ...

Frms:
(54+10+5+10+5+ 10+ 5+ 20)1/2

o+ 189.82 x 5+ 110.4% x 10 + 410.55% x 54 0)'/2
(5+10+5+10+5+ 10+ 5+ 20)1/2

The overload capacity factor

1701.
Fupear _ 17010
Frms 5421

It will probably be difficult to find a linear motor with 3.14 peak-to-rms thrust
ratio. If no such linear motor is available, the selected linear motor should
develop the peak thrust minimum 1701/2 = 850.5 N, and its rated thrust can
be higher than 542.1/2 ~ 271.1 N.

=542.1 N




Topologies and Selection 39

Fig. 1.25. Linear electric motor driven elevators: (a) with a rope; (b) ropeless.
1 — armature of a linear motor, 2 — car (load), 3 — counterweight, 4 — sheave,
5 — rope.

Example 1.5

A linear—-motor—driven rope elevator is shown in Fig. 1.25a. The linear motor
is built in the counterweight. The mass of the car with load is m = 819
kg, the mass of counterweight is m. = 1187.5 kg, the steady-state speed is
v = 1.0 m/s, the acceleration at starting is a = 1.0 m/s?, and the linear motor
efficiency is 7 = 0.6. Neglecting the friction, rope mass, and sheave mass, find
the steady-state and peak thrust developed by the linear motor and its power
consumption at steady state.

Solution

The efficiency of the hoistway is assumed to be n = 100%. The thrust at
steady state speed when the car is going up can be found on the basis of eqn
(1.46) in which o = 90°,

F, +m.g=myg

F, = (m—m.)g = (819 — 1187.5) x 9.81 = —3615 N

The car is retarded when going up, and the linear motor should produce a
steady-state braking force —3615 N. In the case of drive failure, the elevator
car will be moving up, not down, because m, > m.
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The peak force at starting — compare eqn (1.47) for o = 90°

Fipeak = (m—m¢)g+ (m~+me)a = (819—1187.5) x 9.81 + (8194 1187.5) x 1.0

= —1608.5 N

The ratio Fypeqr/Fy = 1608.5/3615 ~ 0.445. The linear motor mounted in the
counterweight produces smaller braking force at starting than at steady-state
speed.

When the car is going down the thrust and the peak thrust are, respec-
tively,

F, = (me —m)g = (1187.5 — 819.0) x 9.81 = 3615 N

Frpeak = (Mme —m)g + (m+me)a

= (1187.5 — 819.0) x 9.81 + (819.0 4 1187.5) x 1.0 = 5621.5 N

The output power of the linear motor at steady-state speed

Pyt = Fpv =3615.0 x 1.0 = 3615 W

The electric power absorbed by the linear motor

Pour _ 3615 _ o5 w
n 0.6

Pin:

Example 1.6

Consider a ropeless version of the elevator (Fig. 1.25b). The rope sheave and
counterweight have been eliminated, and the linear motor built in the counter-
weight has been replaced by car-mounted linear motors. Assuming the mass
of the loaded car m = 4583 kg, a = 1.1 m/s?, v = 10.0 m/s, linear motor
efficiency n = 0.97 and two linear motors per car, find the output and input
power of linear motors.

Solution

The efficiency of hoistway is assumed to be = 100%. When the car is
going up, the requested steady-state thrust is

F, =mg =4583.0 x 9.81 = 44,960.0 N
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The requested peak thrust
Fipeak = m(g + a) = 4583.0(9.81 + 1.1) ~ 50,000.0 N

The ratio Fypear/Fy = 50,000/44,960 = 1.112. The steady-state output
power of linear motors

Pyt = Fyv =44,960.0 x 10.0 = 449, 600.0W

or 449,600.0/2 = 224,800.0 W per one linear motor. It is recommended that
two linear motors rated at minimum 225 kW each be chosen, and steady-state
thrust 44.96/2 = 22.5 kN at 10.0 m/s and peak thrust 50.0/2 = 25.0 kN be
developed.

When the car is going down, the steady-state breaking force is

Fpp = —mg = —4583.0 x 9.81 = —44,960.0 N

and the transient braking force is smaller,

F!, = —mg+ ma = —4583.0 x 9.81 = 4583.0 x 1.1 = —39,518.8 N

€T

The following power can be recovered when regenerative braking is applied:

P, = nFv = 0.97x | 44,960.0 | x10.0 = 436,112.0 W

Fig. 1.26. Mass suspended from a linear spring.
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Example 1.7

Mass m suspended from a linear spring with spring constant k, slides on a
plane with viscous friction D,, (Fig. 1.26). Find the equation of motion of the
mass.

The generalized coordinate is £ = z. The number of degrees of freedom
DOF = 3 — 2 = 1. The constraint equation y = z = 0.

Solution

To solve this problem, Euler-Lagrange equation (1.43) for nonconservative
systems will be used.

First method: E #0, E, =0, Qr #0

Kinetic energy

1
Ek; = §mf£2

Rayleigh dissipation function according to eqn (1.44)
1
Ra = =D, i?
a= 5Dyt
External force
Q = mgsin(a) — ksx
Lagrangian
1 . 1.
E:Ekapzim:ﬁfO: §mz2

Derivatives in Euler-Lagrange equation (1.43)

oL d <a£) - oL _,. ORa _

i T dt \ 9z oxr i
Euler—Lagrange equation (1.43) gives the following equation of motion (me-
chanical balance),

mi + Dyt + ksx = mgsin(«)

or

d? d
mﬁj + Dvd—f + ksx = mgsin(a)
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Second method: Ey, # 0, E, #0, Qr =0

Kinetic energy and Rayleigh dissipation function are the same as in the
first case. Potential energy

1
E, = iksxz — mgx sin(a)

Lagrangian
1, . 1 9
L=E,—-FE,= 5mE + mgzsin(a) — iksx
Derivatives
%_ ... i 87[: — g a—ﬁ— sin(a) — k
or at\oz) =" gr IR T ET

Euler-Lagrange differential equation
mx + Dy + ksx = mgsina

Both methods give the same results.
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Materials and Construction

2.1 Materials

All materials used in the construction of electrical machines can be divided
into three groups:

1. Active materials, i.e., electric conductors (magnet wires), superconduc-
tors, electrical steels, sintered powders and PMs

2. Insulating materials

3. Construction materials

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

Insulating materials isolate electrically the current-carrying 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).

Construction materials are necessary for structural purposes intended for
the transmission and withstanding of mechanical loads and stresses. In the
electrical machine industry, mild carbon steel, alloyed steel, cast iron, wrought
iron, non-ferromagnetic steel, nonferromagnetic metals and their alloys, and
plastic materials are used as construction materials.
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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 fer-
romagnetic 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. Since in laminated cores eddy currents are reduced, the damping
effect of the electromagnetic field by eddy currents is reduced, too. The alter-
nating magnetic flux occurs in the whole sheet cross section, and its distri-
bution 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 [226].

The main losses in a ferromagnetic core with its mass mp. at any fre-
quency f and given magnetic flux density B are calculated as

f 4/3
APFe = kFeAp1/5O (50) BQmFe (21)
where kp. > 1 is the coefffcient 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; Ap, /50 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 lossess

and eddy-current losses, i.e.,
A £\ e
khch (50 B+ keCe 50 B

where kj, = 1 to 2, ke = 2 to 3, ¢, = 2 to 5 Ws/(T?kg) is the hysteresis
constant, and ¢, = 0.5 to 23 Ws?/(T?kg) is the eddy-current constant. The
thicker the sheet, the higher the constants ¢;, and c.. Eqn (2.2) can only be
used if accurate values of ¢;, and ¢, are known. In most cases the constants
cp, and ¢, are not specified.

The armature core losses A Pg. can be calculated on the basis of the specific
core losses and masses of teeth and yoke, i.e.,

APp. = AP, + AP, = MFe (22)

50

where kqoq; > 1 and kqqy > 1 are the factors accounting for the increase in
losses due to metallurgical and manufacturing processes, Apy /50 is the specific

4/3
APpe = Ap1/s0 (f> [kadtBtth + kachng] (2.3)
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core loss in W/kg at 1 T and 50 Hz, B; is the magnetic flux density in a tooth,
B, is the magnetic flux density in the core (yoke), m; is the mass of the teeth,
and m. is the mass of the core. For the teeth, k,q; = 1.7 to 2.0, and for the
core, kqde = 2.4 to 4.0 [113].

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):

Ztl di
by = ===l 2 <1 2.4
D im1 (di +24;) 24)

where d; is the thickness of the ¢th lamination, and 4; is the thickness of the
insulation layer of the ith lamination measured on one side. For the stack con-
sisting of laminations of equal thickness d with the thickness of the insulation
layer A (one side), the stacking factor is

d
ki =
d+2A
For cold-rolled electrical steel sheets, the stacking factor is k; = 0.95 to 0.98;
for hot-rolled sheets this factor is smaller.

(2.5)

2.2.1 Electrical Sheet-Steels

Typical magnetic circuits of electrical machines and electromagnetic devices
are laminated and are mainly made of cold-rolled electrotechnical steel sheets,
ie.,

e oriented (anisotropic) textured,
e nonoriented with silicon content,
e nonoriented without silicon.

Nowadays, hot-rolled electrotechnical steel sheets are almost never used. Elec-
trotechnical steel sheets have crystal structure. Oriented steel sheets are
used for the ferromagnetic cores of transformers, transducers, and large syn-
chronous 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.
Addition of 0.5% to 3.25% of silicon (Si) increases the maximum magnetic
permeability corresponding to the critical magnetic field intensity, reduces
the area of the hysteresis loop, increases the resistivity (reduces eddy current
losses), and practically excludes ageing (increase in the steel losses with time).
Thus, owing to the silicon content, the specific core losses are substantially
reduced. On the other hand, silicon reduces somewhat permeability in strong
fields (saturation magnetic flux density), increases hardness of laminations
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(a) (b)
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Fig. 2.1. Typical characteristics of electrotechnical steel sheets: (a) magnetization
curve B-H, (b) specific core loss curves Ap-B at f = const.

and, as a consequence, shortens the life of stamping tooling (fast wear of the
punching die).

The increase of power loss with time or ageing is caused by an excessive
carbon content in the steel. Modern non-oriented fully processed electrical
steels are free from magnetic ageing [203].

Fig. 2.1 shows a typical magnetization curve B-H and specific core loss
curve Ap-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 Ap-B are measured with the aid of Epstein’s apparatus. The shape of
the Ap-B curve such as that in Fig. 2.1b is only valid for steel sheets with
crystal structure.

Silicon steels are generally specified and selected on the basis of allowable
specific core losses (W /kg or W/Ib). The most universally accepted grading of
electrical steels by core losses is the American Iron and Steel Industry (AISI)
system (Table 2.1), the so called “M-grading”. The M number, e.g., M19,
M27, M36, etc., indicates maximum specific core losses in W/lb at 1.5 T and
50 or 60 Hz, e.g., M19 grade specifies that losses shall be below 1.9 W/Ib at
1.5 T and 60 Hz. Electrical steel M19 offers nearly the lowest core loss in this
class of material and is probably the most common grade for motion control
products (Fig. 2.2). The specific core loss curve of electrical steel M19 at 50
Hz is plotted in Fig. 2.3.

Nonoriented electrical steels are Fe-Si alloys with random orientation of
crystal cubes and practically the same properties in any direction in the plane
of the sheet or ribbon. Nonoriented electrical steels are available as both fully
processed and semiprocessed products. Fully processed steels are annealed to
optimum properties by the manufacturer and ready for use without any addi-
tional processing. Semiprocessed steels always require annealing after stamp-
ing to remove excess carbon and relieve stress. Better grades of silicon steel
are always supplied fully processed, while semiprocessed silicon steel is avail-
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Fig. 2.2. Magnetization curve of fully processed Armco DI-MAX nonoriented elec-
trical steel M19.
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Fig. 2.3. Specific core loss curve of fully processed Armco DI-MAX nonoriented
electrical steel M19 at 50 Hz.
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Table 2.1. Silicon-steel designations specified by European, American, Japanese,
and Russian standards

Europe U.S. Japan Russia
IEC 404-8-4 AISI JIS 2552 GOST 21427

(1986) (1936) 0-75
250-35-A5 M15 35A250 2413
270-35-A5 M19 35A270 2412
300-35-A5 M22 35A300 2411
330-35-A5 M36 — —
270-50-A5 — 50A270 —
290-50-A5 M15 50A290 2413
310-50-A5 M19 50A310 2412
330-50-A5 M27 — —
350-50-A5 M36 50A350 2411
400-50-A5 M43 50A400 2312
470-50-A5 — 50A470 2311
530-50-A5 M45 — 2212
600-50-A5 — 50A600 2112
700-50-A5 M47 50A700 —
800-50-A5 — 50A800 2111
350-65-A5 M19 — —
400-65-A5 M27 — —
470-65-A5 M43 — —
530-65-A5 — — 2312
600-65-A5 M45 — 2212
700-65-A5 — — 2211
800-65-A5 — 65A800 2112
1000-65-A5 — 65A1000 —

able only in grades M43 and worse. In some cases, users prefer to develop the
final magnetic quality and gain relief from fabricating stresses in laminations
or assembled cores for small machines.

The magnetization curve of nonoriented electrical steels M27, M36 and
M43 is shown in Fig. 2.4. Core loss curves of nonoriented electrical steels
M27, M36 and M43 measured at 60 Hz are given in Table 2.2. Core losses at
50 Hz are approximately 0.79 times the core loss at 60 Hz.

Table 2.3 contains magnetization curves B-H and specific core loss curves
Ap-B of three types of cold-rolled, nonoriented electrotechnical steel sheets,
i.e., Dk66, thickness d = 0.5 mm, k; = 0.96, 7740 kg/m? (Surahammars
Bruk AB, Sweden), H-9, d = 0.35 mm, k; = 0.96, 7650 kg/m?3 (Nippon Steel
Corporation, Japan) and DI-MAX EST20, d = 0.2 mm, k; = 0.94, 7650 kg/m?
(Terni-Armco, Italy).

For modern high-efficiency, high-performance applications, there is a need
for operating a.c. devices at higher frequencies, i.e., 400 Hz to 10 kHz. Because
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Fig. 2.4. Magnetization curve of fully processed Armco DI-MAX nonoriented elec-
trical steels M27, M36, and M43. Magnetization curves for all these three grades are

practically the same.

Table 2.2. Specific core losses of Armco DI-MAX nonoriented electrical steels M27,
M36, and M43 at 60 Hz

Specific core losses
Magnetic W/kg
flux
density 0.36 mm 0.47 mm 0.64 mm

T M27 M36 M27 M36 M43 M27 M36 M43
0.20 0.09 0.10 0.10 0.11 0.11 0.12 0.12 0.13
0.50 0.47 0.52 0.53 0.56 0.59 0.62 0.64 0.66
0.70 0.81 0.89 0.92 0.97 1.03 1.11 1.14 1.17
1.00 1.46 1.61 1.67 1.75 1.87 2.06 2.12 2.19
1.30 2.39 2.58 2.67 2.80 2.99 3.34 3.46 3.56
1.50 3.37 3.57 3.68 3.86 4.09 4.56 4.70 4.83
1.60 4.00 4.19 4.30 4.52 4.72 5.34 5.48 5.60
1.70 4.55 4.74 4.85 5.08 5.33 5.99 6.15 6.28
1.80 4.95 5.14 5.23 5.48 5.79 6.52 6.68 6.84
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Table 2.3. 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, k; = 0.96 (Japan); and DI-MAX
EST20, thickness 0.2 mm, k; = 0.94, (Italy).

B H, A/m Specific core losses Ap, W /kg

T | Dk66 H9|DI-MAX| Dk66 H9 DI-MAX EST 20
EST20[50 Hz|50 Hz|60 Hz|50 Hz| 400 Hz

0.1 55 13 191 0.15| 0.02{ 0.02| 0.08 0.30

0.2 65 20 28| 0.24] 0.06| 0.10] 0.15 0.70

0.4 85 30 37| 0.50] 0.15| 0.20| 0.25 2.40

0.6 110 40 48| 0.90| 0.35| 0.45| 0.42 6.00

0.8 135 55 62| 1.55| 0.60| 0.75| 0.63

1.0 165 80 86| 2.40| 0.90| 1.10| 0.85

1.2 220 160 152| 3.30| 1.30| 1.65| 1.25

1.4/ 400 500 450 4.25| 1.95| 2.45| 1.70

1.5 700| 1500 900| 4.90| 2.30| 2.85| 1.95

1.6] 1300 4000 2400 2.65| 3.35| 2.20

1.7| 4000 6500 6500

1.8| 8000{10,000f 17,000

1.9(15,000{16,000
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Fig. 2.5. Magnetization curve of Arnon™ 5 nonoriented electrical steel.
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Fig. 2.6. Specific core loss curves of Arnon™ 5 nonoriented electrical steel.

of the thickness of the standard silicon ferromagnetic steels 0.25 mm (0.010”)
or more, core loss due to eddy currents is excessive. Nonoriented electrical
steels with thin gauges (down to 0.025 mm thick) for ferromagnetic cores of
high-frequency rotating machinery and other power devices are manufactured,
e.g., by Arnold Magnetic Technologies Corporation, Rochester, NY, USA.
Arnold has two standard nonoriented lamination products: Arnon™ 5 (Figs
2.5 and 2.6) and Arnon™ 7. At frequencies above 400 Hz, they typically
have less than half the core loss of standard-gauge nonoriented silicon steel
laminations.

2.2.2 High-Saturation Ferromagnetic Alloys

Cobalt—iron alloys with Co content ranging from 15% to 50% have the highest
known saturation magnetic flux density about 2.4 T at room temperature.
They are the natural choice for applications where mass and space saving are of
prime importance. Additionally, the iron—cobalt alloys have the highest Curie
temperatures of any alloy family and have found use in elevated temperature
applications. The nominal composition, e.g., for Hiperco 50 from Carpenter,
PA, USA is 49% Fe, 48.75% Co, 1.9% V, 0.05% Mn, 0.05% Nb, and 0.05% Si.

The specific mass density of Hiperco 50 is 8120 kg/m?, modulus of elastic-
ity 207 GPa, electric conductivity 2.5 x 10% S/m, thermal conductivity 29.8
W/(m K), Curie temperature 940°C, specific core loss about 76 W /kg at 2 T
and 400 Hz, and thickness from 0.15 to 0.36 mm. The magnetization curve of



54 Linear Synchronous Motors

25

1.5

magnetic flux density, T

0.5

T T T T T
0 5000 10000 15000 20000 25000 30000 35000 40000
magnetic field intensity, A/m

Fig. 2.7. Magnetization curve of Hiperco 50.

Table 2.4. Specific losses (W /kg) in 0.356 mm iron—cobalt alloy strips at 400 Hz.

Magnetic flux density
Alloy 1.0T 1.5 T 20T
Hiperco 15 30 65 110
Permendur 24 42 105 160
Hiperco 27 53 110 180
Rotelloy 5 40 130 200
Hiperco 50 25 44 76
Hiperco 50A 14 31 60
Hiperco 50HS 43 91 158
Rotelloy 3 22 55 78
Permendur 49 22 55 78
Rotelloy 8 49 122 204
HS 50 — — 375

Hiperco 50 is shown in Fig. 2.7. Specific losses (W /kg) in 0.356 mm strip at
400 Hz of iron—cobalt alloys from Carpenter are given in Table 2.4.

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 (NiFeMn), but on the other
hand, its saturation magnetic flux density is lower than that of electrotech-
nical steel sheets. Permalloy is also a good ferromagnetic material for cores
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of small transformers used in electronic devices and in electromagnetic A/D
converters, where a rectangular hysteresis loop is required.

2.2.4 Amorphous Materials

Core losses can be substantially reduced by replacing standard electrotechnical
steels with amorphous magnetic alloys. Amorphous ferromagnetic sheets, in
comparison with electrical sheets with crystal structure, do not have arranged—
in—order, regular inner crystal structure (lattice). Table 2.5 shows physical
properties, and Table 2.6 shows specific core loss characteristics of com-
mercially available iron-based METGLAS®! amorphous ribbons 2605C0 and
2605SA2 [143].

Table 2.5. Physical properties of iron based METGLAS® amorphous alloy ribbons
(AlliedSignals, Inc., Morristown, NJ, USA)

[Quantity | 2605CO [ 2605SA1 |
Saturation magnetic flux 1.59 annealed
density, T 1.8 1.57 cast

Specific core losses
at 50 Hz and 1 T, W/kg | less than 0.28 about 0.125
Specific 7200 annealed
density, kg/m?> 7560 7190 cast
Electric conductivity, S/m[0.813 x 10° S/m|[0.769 x 10° S/m
Hardness in

Vicker’s scale 810 900
Elastic modulus, GN/m? 100 to 110 100 to 110
Stacking factor less than 0.75 | less than 0.79
Crystallization

temperature, °C 430 507
Curie temperature, °C 415 392
Maximum service

temperature, °C 125 150

METGLAS amorphous alloy ribbons are produced by rapid solidification
of molten metals at cooling rates of about 106 “C/s. The alloys solidify before
the atoms have a chance to segregate or crystallize. The result is a metal al-
loy with a glass-like structure, i.e., a noncrystalline 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 magne-
tostriction to develop hysteresis loops ranging from flat to square.

! METGLAS® is a registered trademark of AlliedSignal, Inc.
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Table 2.6. Specific core losses of iron based METGLAS® amorphous alloy ribbons
(AlliedSignals, Inc., Morristown, NJ, USA).

Magnetic flux density, B|Specific core losses, Ap, W/kg
T 2605CO 2605SA1
50 Hz |60 Hz|50 Hz [60 Hz
0.05 0.0024/0.003 [0.0009|0.0012
0.10 0.0071]0.009 [0.0027|0.0035
0.20 0.024 [0.030 {0.0063|0.008
0.40 0.063 [0.080 [0.016 |0.02
0.60 0.125 [0.16 [0.032 |0.04
0.80 0.196 [0.25 ]0.063 |0.08
1.00 0.274 10.35 |0.125 |0.16

Owing to very low specific core losses, amorphous alloys are ideal for
power and distribution transformers, transducers, and high-frequency appa-
ratus. 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 ex-
pensive [148]. Recently, the problem of cutting hard amorphous ribbons has
been overcome by using a liquid jet [194]. 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
that 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 2.7 shows magnetization characteristics B-H
of a mild carbon steel (0.27% C) and cast iron. Fig. 2.8 shows B-H curves for
three types of solid steels: Steel 35 (Poland), Steel 4340 (U.S.), and FeNiCo-
MoTiAl alloy (U.S.).

Electrical conductivities of carbon steels are from 4.5 x 10° to 7.0 x 10°
S/m at 20°C.



Materials and Construction 57

Table 2.7. 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
0.2 190 900
0.4 280 1600
0.6 320 3000
0.8 450 5150
1.0 900 9500
1.2 1500 18,000
1.4 3000 28,000
1.5 4500
1.6 6600
1.7 11,000
2
18 —
ke =
. C‘//D/T./ [ g
ha Vo o ——Steel 35 (Poland) | |
f /‘/ i — Steel 4340
1.2 ;F o —o—Alloy FeNiCoMoTial [ |
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Fig. 2.8. Magnetization curves of solid steels.
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Table 2.8. Magnetization and specific core loss characteristics of nonsintered Ac-
cucore, TSC Ferrite International, Wadsworth, IL, USA

Magnetization curve Specific core loss curves
Magnetic flux|Magnetic field
density, B | intensity, H |60 Hz|100 Hz| 400 Hz
T A/m W/kg| W/kg | W/kg
0.10 152 0.132] 0.242 | 1.058
0.20 233 0.419| 0.683 | 3.263
0.30 312 0.772 | 1.323 | 6.217
0.40 400 1.212 | 2.072 | 9.811
0.50 498 1.742 | 2.976 | 14.088
0.60 613 2.315| 3.968 | 18.850
0.70 749 2.954 | 5.071 | 24.295
0.80 909 3.660 | 6.305 | 30.490
0.90 1107 4.431 | 7.650 | 37.346
1.00 1357 5.247 | 9.039 | 44.489
1.10 1677 6.129 |10.582| 52.911
1.20 2101 7.033 |12.214| 61.377
1.30 2687 7.981 [13.845| 70.151
1.40 3525 8.929 | 15.565| 79.168
1.50 4763 9.965 |17.394| 90.302
1.60 6563 10.869|19.048 | 99.671
1.70 9035 11.707|20.635 | 109.880
1.75 10,746 12.125]21.407

2.2.6 Soft Magnetic Powder Composites

Powder metallurgy is used in the production of ferromagnetic cores of small
electrical machines or ferromagnetic cores with complicated shapes. The com-
ponents 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 [235]

e dielectromagnetics and magnetodielectrics,
e 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 [235]. The main tasks of the
dielectric material are 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 [235].

Magnetics International, Inc., Burns Harbor, IN, USA, has developed a
new soft powder material, Accucore, which is competitive to traditional steel
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laminations [1]. The magnetization curve and specific core loss curves of the
nonsintered Accucore are given in Table 2.8. When sintered, Accucore has
higher saturation magnetic flux density than nonsintered material. The spe-
cific density is 7550 to 7700 kg/m?3.

2.3 Permanent Magnets

2.3.1 Demagnetization Curve

A permanent magnet (PM) can produce magnetic flux in an air gap with no
exciting winding and no dissipation of electric power. As any other ferromag-
netic 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.

The basis for the evaluation of a PM is the portion of its hysteresis loop lo-
cated in the upper left-hand quadrant, called the demagnetization curve (Fig.
2.9). If a reverse magnetic field intensity is applied to a previously magnetized,
say, toroidal specimen, the magnetic flux density drops down to the magni-
tude determined by the point K. When the reverse magnetic flux density is
removed, the flux density returns to the point L according to a minor hystere-
sis 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
Hrec-

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 B;, = poM due to the presence of ferromagnetic material, and
magnetic field intensity H may be expressed as [133, 166]

B = poH + Bin, = pio(H + M) = po(1 + x)H = poper H (2.6)

in which B, H, B,,,, and M are parallel or antiparallel vectors, so that eqn
(2.6) can be written in a scalar form. The magnetic permeability of free space
po = 0.47 x 107 H/m. The relative magnetic permeability of ferromagnetic
materials p,, = 14+x >> 1. The magnetization vector M = yH is proportional
to the magnetic susceptibility x of the material. The flux density pgH would
be present within, say, a toroid if the ferromagnetic core were not in place. The
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Fig. 2.9. Demagnetization curve, recoil loop, energy of a PM, and recoil magnetic
permeability.

flux density B, is the contribution of the ferromagnetic core. The intrinsic
magnetization from eqn (2.6) is B;, = B — poH.

A PM is inherently different from an electromagnet. If an external field
H, is applied to the PM, as was necessary to obtain the hysteresis loop of
Fig. 2.9, the resultant magnetic field is

H=H,+ Hy (2.7)

where —Hy is a potential existing between the poles, 180° opposed to Bjy,,
proportional to the intrinsic magnetization B;,. In a closed magnetic circuit,
e.g., toroidal circuit, the magnetic field intensity resulting from the intrinsic
magnetization Hy = 0. If the PM is removed from the magnetic circuit,
My B;
Hy=——2"" (2.8)
Lo
where M, is the coefficient of demagnetization dependent on the geometry of
a specimen. Usually M, < 1 (see Appendix B).

2.3.2 Magnetic Parameters
PMs are characterized by the following parameters.

Remanent magnetic flur density B,., or remanence, is the magnetic flux den-
sity corresponding to zero magnetic field intensity.

Coercive field strength H., or coercivity, is the value of demagnetizing field
intensity necessary to bring the magnetic flux density to zero in a material
previously magnetized.
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Saturation magnetic flur density Bsq: corresponds to high values of the mag-
netic 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 pi .. is the ratio of the magnetic flux density to
magnetic field intensity at any point on the demagnetization curve, i.e.,

AB
AH
where the relative recoil permeability piyre. =1 to 3.5.

Mrec = Holrrec = (29)

Mazimum magnetic energy per unit produced by a PM in the external space
is equal to the maximum magnetic energy density per volume, i.e.,

BH m
Wmaz = ( 2) L J/m3 (210)

where the product (BH)mes corresponds to the maximum energy density
point on the demagnetization curve with coordinates By,q, and Hie. (Fig.
2.9).

Form factor of the demagnetization curve characterizes the concave shape of
the demagnetization curve, i.e.,

(BH)max _ Bmaa:Hmaz
B,H. B,H.

For a square demagnetization curve v = 1 and for a straight line (rare-earth
PM) v = 0.25.

Owing to the leakage fluxes, PMs used in electrical machines are subject to
nonuniform 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 demagneti-
zation curve with B, and H, about 5% to 10% lower than those for uniform
magnetization.

The leakage flux causes the magnetic flux to be distributed nonuniformly
along the height 2h,; 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. 2.10).

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 hj; per pole, is replaced by an equivalent flux. This equivalent
flux goes through the whole height hj,; 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.,

N = (2.11)
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where H, is the magnetic field intensity at a distance x from the neutral cross
section, and Fjs is the MMF of the PM per pole (MMF = 2F); per pole
pair).
The equivalent magnetic field intensity (2.12) allows the equivalent leakage
flux of the PM to be found, i.e.,

Div =Py — Py (2.13)

where @, is the full equivalent flux of the PM, and @, is the air gap magnetic
flux. The coefficient of leakage fluz of the PM,

P o
M4 M (2.14)

oM =
2, 2,

simply allows the air gap magnetic flux to be expressed as &4 = Prr/o1r.
The following leakage permeance expressed in the flux #-MMF coordinate
system corresponds to the equivalent leakage flux of the PM:

Py
Gy = — 2.15
For (2.15)
An accurate estimation of the leakage permeance G;); is the most difficult
task in calculating magnetic circuits with PMs (Appendix A and Appendix

B). This problem exists only in the circuital approach since using the field
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approach and, e.g., the finite element method (FEM), the leakage permeance
can be found fairly accurately.

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

BH
W= ==V J (2.16)

where V) 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 hj;, width wjs, length [y, two mild-steel yokes
with average length 2/p. and an air gap of thickness g. From the Ampere’s
circuital law,

2Hpolpe
2Hnrhas = Hyg + 2Hpelpe = Hyg (1 + ;gF) = Hykya
g

where H,, Hp., and H); are the magnetic field intensities in the air gap, mild
steel yoke, and PM, respectively. The coefficient

2I—IFelFe
ksat = 1+ Hyg (2.17)
takes into account the magnetic voltage drops in the mild steel and is called
saturation factor of the magnetic circuit.

Since @yo1p = P or BySy = BarSwm/oinm, where By is the air gap
magnetic flux density, Bjys is the PM magnetic flux density, S, is the cross
section area of the air gap, and Sy = wyslps is the cross section area of the
PM, the following equation can be written:

Vi 1 %
M " By =uH, -2
s oy M 10T
where V,; = S,g is the volume of the air gap, and Vi; = 2hpSis 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

LV
B, = poH, = \/Of‘lok LM B Hay (2.18)

Assuming kot =~ 1 and oy, = 1,
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~— BvHum (2.19)

For a PM circuit, the magnetic flux density B, in a given air gap volume Vj is
directly proportional to the square root of the energy product (BasHps) and
the volume of magnet Vi = 2hprwarlas.

Following the trend toward 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 (BH)mqz-

The air gap magnetic flux density By can be estimated analytically on
the basis of the demagnetization curve, air gap, and leakage permeance lines
and recoil lines (Appendix A). Approximately, for an 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

B, har = By hM‘f'&g
Holrrec Holrrec Ho

where fi,rec is the relative permeability of the PM (relative recoil permeabil-
ity). Hence,

_ Byhy B,
hM + Hrrecd 1 + /fl'rrecg/hM

The air gap magnetic flux density is proportional to the remanent magnetic
flux density B, and decreases as the air gap ¢ increases. Eqn (2.20) can only
be used for preliminary calculations.

Demagnetization curves are sensitive to the temperature. Both B, and H,
decrease as the magnet temperature increases, i.e.,

B, (2.20)

ap

B, = B[l + -2 ) 2.21
20[1 + 100 (Vpn — 20)] (2.21)

(0%
H. = Hu[l + ng(ﬁpM —20)] (2.22)

where ¥pjs is the temperature of the PM, B9y and H.oy are the remanent
magnetic flux density and coercive force at 20°C, respectively, and ap < 0
and ay < 0 are temperature coefficients for B, and H, in %/°C, respectively.

2.3.4 Properties of Permanent Magnets

In electric motors technology, the following PM materials are used:

Alnico (Al, Ni, Co, Fe);
Ferrites (ceramics), e.g., barium ferrite BaO x 6Fe2O3 and strontium ferrite
SI‘OXGFGQOg;

e Rare-earth materials, i.e., samarium—cobalt SmCo and neodymium—
iron—boron NdFeB.
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Fig. 2.11. Demagnetization curves of different permanent magnet materials.

Demagnetization curves of these PM materials are given in Fig. 2.11.

The main advantages of Alnico are its high magnetic remanent flux den-
sity and low temperature coefficients. The temperature coefficient of B, 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. Un-
fortunately, coercive force is very low, and the demagnetization curve is ex-
tremely nonlinear. 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
[166].

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 re-
manent magnetic flux density. Temperature coefficients are relatively high, i.e.,
the coefficient of B, is —0.20%/°C and the coeflicient of H, 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 MOx6(Fe3O3), where M is
Ba, Sr, or Pb. Strontium ferrite has a higher coercive force than barium fer-
rite. Lead ferrite has a production disadvantage from an environmental point
of view. Ferrite magnets are available in isotropic and anisotropic grades.
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Table 2.9. Magnetic characteristics of sintered NdFeB PMs manufactured in China

Remanent |Coercivity Intrinsic Maximum

Grade |magnetic flux H., coercive energy product
density Br, T| kA/m |force iH., kA/m|(BH)maz, kJ/m3

N27 1.02 — 1.10 |764 — 836 > 955 199 — 223
N30 1.08 — 1.15 {796 — 860 > 955 223 — 247
N33 1.13 — 1.17 |844 — 884 > 955 247 — 263
N35 1.17 — 1.21 |876 — 915 > 955 263 — 286
N38 1.20 — 1.28 |899 — 971 > 955 286 — 302
N27M | 1.02 — 1.10 |764 — 836 > 1194 199 — 223
N30M | 1.08 — 1.15 |796 — 860 > 1194 223 — 247
N33M | 1.13 — 1.17 |844 — 884 > 1194 247 — 263
N35M | 1.17 — 1.21 [876 — 915 > 1194 263 — 286
N27H | 1.02 — 1.10 |764 — 836 > 1353 199 — 223
N30H | 1.08 — 1.15 {796 — 860 > 1353 223 — 247
N33H | 1.13 — 1.17 (844 — 884 > 1353 247 — 263
N35H | 1.17 — 1.21 |876 — 915 > 1353 263 — 286
N27SH | 1.02 — 1.10 |764 — 836 > 1592 199 — 223
N30SH | 1.08 — 1.15 {796 — 860 > 1592 223 — 247
N33SH | 1.13 — 1.17 (844 — 884 > 1592 247 — 263
N35SH | 1.16 — 1.22 |876 — 915 > 1592 263 — 279
N25UH| 0.97 — 1.05 |748 — 812 > 1910 183 — 207
N27UH| 1.02 — 1.10 |764 — 836 > 1910 199 — 223

During the last three decades, great progress regarding available energy
density (BH)maa has been achieved with the development of rare-earth PMs.
The rare-earth elements are in general not rare at all, but their natural miner-
als 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 SmCos, which
has been commercially produced since the early 1970s. Today it is a well es-
tablished hard magnetic material. SmCos has the advantage of high remanent
flux density, high coercive force, high energy product, linear demagnetiza-
tion curve, and low temperature coefficient. The temperature coefficient of
B, is —0.03%/°C to —0.045%/°C, and the temperature coefficient of H, is
—0.14%/°C 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 spe-
cific 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 of a second generation of rare-earth magnets on the
basis of cost-effective neodymium (Nd) and iron (Fe), a remarkable progress
with regard to lowering raw material costs has been achieved. This new gener-
ation of rare-earth PMs was announced by Sumitomo Special Metals, Japan,
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Table 2.10. Physical properties of sintered NdFeB PMs manufactured in China

Temperature| Curie| Specific | Recoil
Operating | coefficient |temp.| mass |permea-
Grade |temperature| for B, 9C | density | bility
oc %/°C g/cm?
N27 < 80 —0.11 310 |74 — 7.5 1.1
N30 <80 —0.11 310 (7.4 — 7.5 1.1
N33 < 80 —0.11 310 |74 — 7.5 1.1
N35 < 80 —0.11 310 |74 — 7.5 1.1
N38 <80 —0.11 310 (7.4 — 7.5 1.1
N27M < 100 —0.11 320 (7.4 — 7.5 1.1
N30M <100 —0.11 320 |74 — 7.5 1.1
N33M <100 —0.11 320 |74 — 7.5 1.1
N35M <100 —0.11 320 |74 — 7.5 1.1
N27H <120 —0.10 340 |74 — 7.5 1.1
N30H <120 —0.10 340 |74 — 7.5 1.1
N33H <120 —0.10 340 |74 — 7.5 1.1
N35H <120 —0.10 340 |74 — 7.5 1.1
N27SH <150 —0.10 340 |74 — 7.5 1.1
N30SH <150 —0.10 340 |74 — 7.5 1.1
N33SH <150 —0.10 340 |74 — 7.5 1.1
N35SH <150 —0.10 340 |74 — 7.5 1.1
N25UH <170 —0.10 340 |74 — 7.5 1.1
N27UH <170 —0.10 340 |74 — 7.5 1.1

Table 2.11. Magnetic characteristics of bonded NdFeB PMs manufactured in China

Remanent |Coercivity Intrinsic Maximum

Grade|magnetic flux H., coercive energy product
density B, T| kA/m |force iH., kA/m|(BH)maz, kJ/m3

N36G >0.70 > 170 > 210 32 — 40
N447 > 0.47 > 360 > 540 40 — 48
N527 > 0.55 > 360 > 500 48 — 56
N60Z > 0.58 > 380 > 680 56 — 64
N68G > 0.60 > 410 > 1120 64 — 72
N76Z > 0.65 > 400 > 720 70 — 80
N847Z >0.70 > 450 > 850 80 — 88
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Table 2.12. Physical properties of bonded NdFeB PMs manufactured in China

Maximum |Temperature|Curie|Specific
operating | coefficient |temp.| mass

Grade|temperature for B, density
oc %/°C °C | g/em?®
N36G 70 < -0.13 300 6.0
N447 110 < -0.13 350 6.0
Nb527 120 < —-0.13 350 6.0
N60Z 120 < -0.13 350 6.0
N68G 150 < -0.13 305 6.0
N76G 150 < —-0.13 360 6.0
N48Z 150 < -0.13 360 6.0

in 1983 at the 29th Annual Conference of Magnetism and Magnetic Materi-
als 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
B, is —0.095%/°C to —0.15%/°C and the temperature coefficient of H, is
—0.40%/°C 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 cor-
rosion. 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
clasified into sintered PMs (Tables 2.9 and 2.10) and bonded PMs (Table 2.11
and 2.12).

2.4 Conductors

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

2.4.1 Magnet Wire

The magnet wire or winding wire is an insulated copper or aluminum con-
ductor typically used to wind electromagnetic devices such as machines and
transformers. American Wire Gauge is the standard used to represent suc-
cessive diameters of wire. The system is based on the establishment of two
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arbitrary sizes: 4/0 defined exactly as 0.4600 inch diameter, and 36, defined
as exactly 0.0050 inch diameter. The ratio of these two sizes is 92, and the
sizes, between the two are based on the 39th root of 92, or approximately
1.123, so the nominal diameter of each gauge size increases approximately
by this factor between AWG 36 and AWG 4/0, and decreases by this factor
between AWG 36 and AWG 56, which is the smallest practical diameter for
commercial magnet wire. Nominal wire diameters to AWG 44 are rounded to
the fourth decimal place and are not necessarily rounded to the nearest digit.

There are a number of film insulation types ranging from temperature
Class 105°C to Class 240°C. Each film type has its own unique set of char-
acteristics to suit specific needs of the user. A very common wire used in
many applications is single build polyurethane Class 155°C with a nylon top-
coat. It is stocked in most sizes and is a good general-purpose insulation for
undecided customers. Armored polyester insulation is another option when a
higher temperature class is desired.

Bondable wire has a thermoplastic adhesive film superimposed over stan-
dard film insulation. When activated by heat or solvent, the bond coating
cements the winding turn-to-turn to create a self-supporting coil. The use of
bondable wire can eliminate the need for bobbins, tape, or varnishes.

2.4.2 Resistivity and Conductivity

Electric conductivity o of materials used for windings of electrical machines
is given in Table 2.13. The electric conductivity is temperature dependent.

The variation of resistance R, electric resistivity p and electric conductivity
o with temperature in temperature range from 0°C to 150°C is expressed by
the following equations:

R(9) = Rao[l + azo(v — 20)] (2:23)
p(9) = pao[l + a0 (¥ — 20)] (2.24)
o) = — 0 (2.25)

B 1+ 0420(19 — 20)

where Roq, p2o, 020, (oo are the resistance, resistivity, conductivity, and tem-
perature coefficient at 20°C, respectively, and 1 is the given temperature.
For copper wires, a = 0.00393 1/°C, and for aluminum wires o = 0.00403
1/°C. For ¥ > 150°C, additional electric temperature coefficient 9 must be
introduced, e.g., for resistance

Ry = Roo[1 + ago (¥ — 20) + Bao (1 — 20)?] (2.26)

At temperatures higher than room temperature (up to 1000°C), the resistivity
of copper, aluminum, and brass changes more or less linearly with tempera-
ture, while the resistivity of steels abruptly increases (Fig. 2.12).
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Fig. 2.12. Variation of resistivity p of metals with temperature: 1 — mild steel

0.11%C, 2 — mild steel 0.5%C, 3 — mild steel 1% C, 4 — stainless and acid
resistant steels, 5 — brass 60%Cu, 6 — aluminum, 7 — copper [126].

Table 2.13. Electric resistivity, conductivity, and temperature coefficient at 20°C

Electric temperature
Material Electric resistivity| Electric conductivity| coefficient at 20°C
x107% 2m x10% S/m 1/Kor 1/°C

Aluminum 0.0278 36 +0.00390
Brass (58% Cu) 0.059 17 +0.00150
Brass (63% Cu) 0.071 14 -+0.00150
Carbon 40 0.025 —0.00030
Cast iron 1 1 —
Constantan 0.48 2.08 —0.00003
Copper 0.0172 58 +4-0.00380
Gold 0.0222 45 —
Graphite 8.00 0.125 —0.00020
Iron (pure) 0.10 10 —
Mercury 0.941 1.063 +-0.00090
Mild steel 0.13 7.7 +0.00660
Nickel 0.087 11.5 +0.00400
Platinum 0.111 9 +0.00390
Silver 0.016 62.5 +0.00377
Zinc 0.061 16.5 +0.00370
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Normally, the resistivity of copper used for electric conductors is p =
0.017241 x 1075 Qm at 20°C, conductivity o = 58 x 10° S/m, the specific
mass density 8900 kg/m3, coefficient of linear expansion 1.68 x 107° 1/K,
specific heat to 390 Ws/K, and unit heat conductivity 3.75 x 10> W/(K m).
Various impurities degrade the electrical conductivity of copper.

The resitivity of aluminum, in normally refined form, is p = 0.0282 x 1076
Om at 20°C, conductivity o = 35.5 x 105 S/m, specific mass density 2640
kg/m?3 for cast aluminum, 2700 kg/m? for drawn aluminum, coefficient of
linear expansion 2.22 x 107° 1/K, specific heat 810 Ws/K, and unit heat
conductivity 2.0 x 102 W/(K m).

Table 2.14. Maximum temperature rise A for armature windings of electrical
machines according to IEC and NEMA (based on 40° ambient temperature)

Rated power of machines, Insulation class

length of core A E B F H
and voltage °C °C °C °C °C
IEC

a.c. machines < 5000 kVA
(resistance method) 60 75 80 100 125
IEC

a.c. machines > 5000 kVA
or length of core > 1 m 60 70 80 100 125
(embedded detector method)
NEMA

a.c. machines < 1500 hp 70 — 90 115 140
(embedded detector method)

NEMA

a.c. machines > 1500 hp and < 7 kV
(embedded detector method) 65 — 85 110 135

Table 2.15. Magnet wire insulation summary

Thermal class Insulation type
105°C Oleoresinous enamel (plain enamel) polyurethane
130°C Polyurethane HT, polyurethane—nylon
155°C Polyester
180°C Polyester—imide, polyester—imide—nylon
200°C Polyester—imide—amide, polytetrafluoroethylene (Teflon)
220°C Polyamide, Kapton®) tape
500°C Aluminum oxided, ceramic coated
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Table 2.16. Insulation specifications according to MWS Wire Industries,

WWW.mwswire.com

Thermal |Insulation MWS | NEMA Federal
class type Product| Standard |specifications
code |(MW1000)|(JW1177/xx)
105°C  [Plain Enamel — Available 40-44 AWG PE None None
Formvar (RD) F MW 15 /4
Formvar (SQ and rect) F MW 18 /16
Polyurethane bondable PB MW 3 /44
Formvar bondable FB MW 19 /6
Polyurethane nylon bondable PNB MW 29 /30
130°C  |Polyurethane nylon®” PN MW 28 /9
155°C  |Polyurethane 1557 P155 | MW 79 /41
Polyurethane nylon 155" PN155 | MW 80 /42
180°C  [Polyurethane 180" P180 | MW 82 None
Polyurethane nylon 180% PN180 | MW 83 None
Polyester—imide PT MW 30 /12
Polyester nylon" PTN | MW 76 /38
Solderable polyester® SPT | MW 77 /39
Solderable polyester nylon®) SPTN | MW 78 /40
Polyester—imide bondable? PTB None None
Polyester—amide—imide bondable® APTB None None
Solderable polyester bondable SPTB None None
200°C  |Glass fibers (RD) Glass | MW 44 /21
Glass fibers (SQ and RECT) Glass | MW 43 /23
Dacron glass (RD) Dglas | MW 45 /20
Dacron glass (SQ and RECT) Dglass | MW 46 /25
Polyester 200" PT200 | MW 74 /43
Polyester A /I Topcoat? (RD) APT | MW 35 /14
Polyester A/I Topcoat? (SQ and RECT) APT | MW 36 /13
Polyester A /I Polyamide—imide (RD) APTIG| MW 35 None
Polyester A/I Polyamide—imide (SQ and RECT)| APTIG| MW 73 None
Polytetrafluoloethylene (Teflon)) Teflon None None
240°C  |Polyimide-ML? (RD) ML | MW 16 /15
Polyimide-ML? (SQ and RECT) ML MW 20 /18

D UL-recognized insulations
2 Registered trademark of DuPont Corp.
RD = round, RECT = rectangular, SQ = square
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2.5 Insulation Materials

2.5.1 Classes of Insulation

The mazimum temperature rise for the windings of electrical machines is de-
termined by the temperature limits of insulating materials. The maximum
temperature rise in Table 2.14 assumes that the temperature of the cooling
medium 9, < 40°C. The winding can reach the maximum temperature of

Omaw = Ve + AD (2.27)

where A is the maximum allowable temperature rise according to Table 2.14.
Polyester—imide and polyamide—imide coat can provide operating temperature
of 200°C.

2.5.2 Commonly Used Insulating Materials

Magnet wire insulation summary is given in Table 2.15. Insulation specifica-
tions according to MWS Wire Industries, Westlake Village, CA are listed in
Table 2.16.

Heat-sealable Kapton®) polyimide films are used as primary insulation on
magnet wire at temperatures 2200C to 240°C [154]. These films are coated
with or laminated to Teflon® fluorinated ethylene propylene (FEP) fluo-
ropolymer, which acts as a high-temperature adhesive. The film is applied
in tape form by helically wrapping it over and heat-sealing it to the conduc-
tor and to itself.

The highest operating temperatures (over 600°C) can be achieved using
nickel clad copper or palladium—silver conductor wires and ceramic insulation
[34].

2.5.3 Impregnation

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 conduc-
tors of electrical machines in place:

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

e Trickle impregnation method, which uses heat to cure a catalyzed resin
that is dripped onto the component

Polyester, epoxy, or silicon resins are most often used as impregnating mate-
rials for treatment of stator or rotor windings. Silicon resins of high thermal
endurance are able to withstand ¥4, > 225°C.

Recently, a new method of conductor securing that does not require any
additional material and uses very low energy input has emerged [132]. The
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solid conductor wire (usually copper) is coated with a heat- and/or solvent-
activated adhesive. The adhesive, which is usually a polyvinyl butyral, utilizes
a low-temperature thermoplastic resin [132]. This means that the bonded
adhesive can come apart after a 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 nonbondable conductor. However, a less than two sec-
ond current pulse is required to bond the heat-activated adhesive layer, and
bonding machinery costs about half as much as trickle impregnation machin-
ery [132].

Polyester, epoxy, or silicon resins are used most often as impregnating
materials for the treatment of stator windings. Silicon resins of high thermal
endurance are able to withstand 9,,,, > 225°C.

2.6 Principles of Superconductivity

Superconductivity (SC) is a phenomenon occurring in certain materials at low
temperatures, characterized by the complete absence of electrical resistance
and the damping of the interior magnetic field (Meissner effect). The critical
temperature for SCs is the temperature at which the electrical resistivity of
an SC drops to zero. Some critical temperatures of metals are aluminum (Al)
T. = 1.2 K, tin (Sn) T, = 3.7 K, mercury (Hg) 7. = 4.2 K, vanadium (V)
T. = 53 K, lead (Pb) T, = 7.2 K, niobium (Nb) 7T, = 9.2 K. Compounds
can have higher critical temperatures, e.g., T, = 92 K for YBasCu3O7, and
T. = 133 K for HgBasCayCu3Og. Superconductivity was discovered by the
Dutch scientist H. Kamerlingh Onnes in 1911 (Nobel Prize in 1913). Onnes
was the first person to liquefy helium (4.2 K) in 1908.
The superconducting state is defined by three factors (Fig. 2.13):

1. Critical temperature Ty;
2. Critical magnetic field H;
3. Critical current density J,.

Maintaining the superconducting state requires that both the magnetic field
and the current density, as well as the temperature, remain below the critical
values, all of which depend on the material.

The phase diagram T, H.J. shown in Fig. 2.13 demonstrates the relation-
ship between T,, H., and J.. When considering all three parameters, the plot
represents a critical surface. For most practical applications, SCs must be able
to carry high currents and withstand high magnetic field without reverting to
their normal state.
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Fig. 2.13. Phase diagram TcH.J..

Meissner effect (sometimes called the Meissner—Ochsenfeld effect) is the
expulsion of a magnetic field from an SC.

When a thin layer of insulator is sandwiched between two SCs, until the
current becomes critical, electrons pass through the insulator as if it does not
exist. This effect is called Josephson effect. This phenomenon can be applied
to the switching devices that conduct on—off operation at high speed.

In type I superconductors, the superconductivity is “quenched” when the
material is exposed to a sufficiently high magnetic field. This magnetic field,
H,, is called the critical field. In contrast, type II superconductors have two
critical fields. The first is a low-intensity field H.;, which partially suppresses
the superconductivity. The second is a much higher critical field, H.o, which
totally quenches? the superconductivity. The upper critical field of type II su-
perconductors tends to be two orders of magnitude or more above the critical
fields of a type I superconductor.

Some consequences of zero resistance are as follows:

e When a current is induced in a ring-shaped SC, the current will continue
to circulate in the ring until an external influence causes it to stop. In

2 Quenching is a resistive heating of an SC and a sudden temperature rise.
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the 1950s, “persistent currents” in SC rings immersed in liquid helium
were maintained for more than 5 years without the addition of any further
electrical input.

e An SC cannot be shorted out. If the effects of moving a conductor through
a magnetic field are ignored, then connecting another conductor in parallel,
e.g., a copper plate across an SC, will have no effect at all. In fact, by
comparison to the SC, copper is a perfect insulator.

e The diamagnetic effect that causes a magnet to levitate above an SC is
a complex effect. Part of it is a consequence of zero resistance and of
the fact that an SC cannot be shorted out. The act of moving a magnet
toward an SC induces circulating persistent currents in domains in the
material. These circulating currents cannot be sustained in a material of
finite electrical resistance. For this reason, the levitating magnet test is one
of the most accurate methods of confirming superconductivity.

e C(Circulating persistent currents form an array of electromagnets that are
always aligned in such as way as to oppose the external magnetic field. In
effect, a mirror image of the magnet is formed in the SC with a North pole
below a North pole and a South pole below a South pole.

The main factor limiting the field strength of the conventional (Cu or Al wire)
electromagnet is the IR power losses in the winding when sufficiently high
current is applied. In an SC, in which R ~ 0, the I?R power losses practically
do not exist.

Lattice (from the mathematics point of view) is a partially ordered set
in which every pair of elements has a unique supremum (least upper bound
of elements, called their join) and an infimum (greatest lower bound, called
their meet). Lattice is an infinite array of points in space, in which each
point has surroundings identical to all others. Crystal structure is the periodic
arrangement of atoms in the crystal.

The only way to describe SCs is to use quantum mechanics. The model
used is the BSC theory (named after Bardeen, Cooper, and Schrieffer) was
first suggested in 1957 (Nobel Prize in 1973) [20]. It states that

e lattice vibrations play an important role in superconductivity;
e clectron—phonon interactions are responsible.

Photons are the quanta of electromagnetic radiation. Phonons are the quanta
of acoustic radiation. They are emitted and absorbed by the vibrating atoms
at the lattice points in the solid. Phonons possess discrete energy E = hv,
where h = 6.626 068 96(33) x 10734 Js is Planck constant. Phonons propagate
through a crystal lattice.

Low temperatures minimize the vibrational energy of individual atoms in
the crystal lattice. An electron moving through the material at low temper-
ature encounters less of the impedance due to vibrational distortions of the
lattice. The Coulomb attraction between the passing electron and the posi-
tive ion distorts the crystal structure. The region of increased positive charge
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density propagates through the crystal as a quantized sound wave called a
phonon. The phonon exchange neutralizes the strong electric repulsion be-
tween the two electrons due to Coulomb forces. Because the energy of the
paired electrons is lower than that of unpaired electrons, they bind together.
This is called Cooper pairing. Cooper pairs carry the supercurrent relatively
unresisted by the thermal vibration of the lattice. Below T, pairing energy
is sufficiently strong (Cooper pair is more resistant to vibrations), the elec-
trons retain their paired motion and, upon encountering a lattice atom, do not
scatter. Thus, the electric resistivity of the solid is zero. As the temperature
rises, the binding energy is reduced and goes to zero when T' = T,.. Above
T., a Cooper pair is not bound. An electron alone scatters (collision interac-
tions), which leads to ordinary resistivity. Conventional conduction is resisted
by thermal vibration within the lattice.
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Fig. 2.14. Discovery of materials with successively higher critical temperatures over
the last century.

In 1986, J. Georg Bednorz and K. Alex Mueller of IBM Ruschlikon,
Switzerland, published results of research [23] showing indications of super-
conductivity at about 30 K (Nobel Prize in 1987). In 1987 researchers at
the University of Alabama at Huntsville (M. K. Wu) and at the University
of Houston (C. W. Chu) produced ceramic SCs with a critical temperature
(T. = 52.5 K) above the temperature of liquid nitrogen. Discoveries of mate-
rials with successively higher critical temperatures over the last century are
presented in Fig. 77.

There is no widely accepted temperature that separates high-temperature
superconductors (HTS) from low-temperature superconductors (LTS). Most
LTS superconduct at the boiling point of liquid helium (4.2 K = —269°C at 1
atm). However, all the SCs known before the 1986 discovery of the supercon-
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ducting oxocuprates would be classified LTS. The barium-lanthanum-cuprate
BaLaCuO fabricated by Mueller and Bednorz, with a T, = 30 K = —243°C, is
generally considered to be the first HT'S material. Any compound that will su-
perconduct at and above this temperature is called HT'S. Most modern HTS
superconduct at the boiling point of liquid nitrogen (77 K = —196°C at 1
atm).

The most important market for LTS electromagnets are currently magnetic
resonance imaging (MRI) devices, which enable physicians to obtain detailed
images of the interior of the human body without surgery or exposure to
ionizing radiation.

All HTS are cuprates (copper oxides). Their structure relates to the per-
ouskite structure (calcium titanium oxide CaTiOg) with the general formula
ABXj. Perovskite CaTiOj is a relatively rare mineral occurring in orthorhom-
bic (pseudocubic) crystals®.

With the discovery of HTS in 1986, the US almost immediately resur-
rected interest in superconducting applications. The US Department of En-
ergy (DoE) and Defense Advanced Research Projects Agency (DARPA) have
taken the lead in the research and development of electric power applications.
At 60 to 77 K (liquid nitrogen), thermal properties become more friendly, and
cryogenics can be 40 times more efficient than at 4.2 K (liquid helium).

In power engineering, superconductivity can be practically applied to syn-
chronous machines, homopolar machines, transformers, energy storages, trans-
mission cables, fault-current limiters, LSMs, and magnetic levitation vehicles.
The use of superconductivity in electrical machines reduces the excitation
losses, increases the magnetic flux density, eliminates ferromagnetic cores,
and reduces 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. Using SCs for field excitation winding, the magnetic
flux density can exceed the saturation magnetic flux of the best ferromagnetic
materials. Thus, ferromagnetic cores can be removed.

2.7 Superconducting Wires

The first commercial low LTS wire was developed at Westinghouse in 1962.
Typical LTS wires are magnesium diboride MgB, tapes, NbTi Standard, and
NbsSn Standard. LTS wires are still preferred in high field magnets for nuclear
magnetic resonance (NMR), magnetic resonance imaging (MRI), magnets for
accelerators, and fusion magnets. Input cooling power as a function of required
temperature is shown in Fig. 2.15.

3 Perovskite (In German “Perovskit”) was discovered in the Ural mountains of
Russia by G. Rose in 1839 and named for Russian mineralogist, L. A. Perovski
(1792—1856).
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Fig. 2.15. Input cooling power in percent of requirements at 4.2K versus tempera-
ture.

Manufacturers of electrical machines need low-cost HTS tapes that can
operate at temperatures approaching 77 K for economical generators, motors,
and other power devices. The minimum length of a single piece acceptable by
the electrical engineering industry is at least 100 m.

2.7.1 Classification of HTS Wires

HTSwires are divided into two categories:

1. First generation (1G) superconductors, i.e., multifilamentary tape con-
ductors BiSrCaCuO (BSCCO) developed up to industrial state. Their
properties are reasonable for different use, but prices are still high.

2. Second generation (2G) superconductors, i.e., coated tape conductors:
YBaCuO (YBCO) which offer superior properties.

Fig. 2.16 shows basic 1G and 2G HTS wire tape architecture according to

American Superconductors [10]. Each type of advanced wire achieves high

power density with minimal electrical resistance, but differs in the SC materi-

als manufacturing technology, and, in some instances, its end-use applications.
Parameters characterizing superconductors are

critical current I, x (wire length), Am (200,580 Am in 2008) [196];
critical current I./(wire width), A/cm-width (700 A/cm-width in 2009)
[10];

critical current density J., A/cm?;

engineering critical current density J., A/cm?.
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The engineering critical current density J, is the critical current of the wire
divided by the cross sectional area of the entire wire, including both super-
conductor and other metal materials.

(a) (b)

2222222722222

Fig. 2.16. HTS wires: (a) 1st generation (1G); (b) 2nd generation (2G). 1 — silver
alloy matrix, 2 — SC filaments, 3 — SC coating, 4 — buffer layer, 5 — noble metal
layer, 5 — alloy substrate.

BSCCO 2223 is a commonly used name to represent the HTS material
Bi(2—4)Pb;Sr2CagCuzO19. This material is used in multifilamentary compos-
ite HT'S wire and has a typical superconducting transition temperature around
110 K. BSCCO-2223 is proving successful presently but will not meet all in-
dustrial requirements in the nearest future. According to SuperPower [196],
there are clear advantages to switch from 1G to 2G,

better in-field performance;

better mechanical properties (higher critical tensile stress, higher bend
strain, higher tensile strain);

better uniformity, consistency, and material homogeneity;

higher engineering current density;

lower a.c. losses.

There are key areas where 2G needs to be competitive with 1G in order to be
used in the next round of various device prototype projects. Key benchmarks
to be addressed are

long piece lengths;
critical current over long lengths;
availability (high throughput, i.e., production volume per year, large de-
liveries from pilot-scale production);
e comparable cost with 1G.

Commercial quantities of HTS wire based on BSCCO are now available at
around five times the price of the equivalent copper conductor. Manufacturers
are claiming the potential to reduce the price of YBCO to 50% or even 20%
of BSCCO. If the latter occurs, HT'S wire will be competitive with copper in
many large industrial applications.

Magnesium diboride, MgBs, is a much cheaper SC than BSCCO and
YBCO in terms of dollars per current-carrying capacity x length ($/kA-m).
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However, this material must be operated at temperatures below 39K, so the
cost of cryogenic equipment is very significant. This can be half the capital
cost of the electric machine when cost-effective SC is used. Magnesium di-
boride, SC MgBs, might gain niche applications if further developments will
be successful.

As of March 2007, the current world record of superconductivity is held
by a ceramic SC consisting of thallium, mercury, copper, barium, calcium,
strontium, and oxygen with 7, = 138 K.

2.7.2 HTS Wires Manufactured by American Superconductors

American Superconductors (AMSC) [10] is the world’s leading developer and
manufacturer of HT'S wires. Two types of HTS wires branded as 344 and 348
have been commercially available since 2005. AMSC HTS wire specifications
are given in Table 2.17.

Table 2.17. Specifications of HT'S wires manufactured by American Superconduc-

tors, Westborough, MA,

USA [10]

Bismuth based, 344 HTS copper| 344 HTS stainless
Specifications multifilamentary | stabilized wires,| steel stabilized
HTS wire encased in| 4.4 mm wide wires, 4.4 mm
a silver alloy matrix wide

Grade BSCCo, 1G YBCO, 2G YBCO, 2G
Average thickness, mm 0.21 to 0.23 0.20 4+ 0.02 0.15 £ 0.02
Minimum width, mm 3.9

4.35+0.05 4.33 £0.07
Maximum width, mm 4.3 average average
Minimum double bend
diameter at 20°C, mm 100 30 30
Maximum rated tensile
stress at 20°C, MPa 65 150 150
Maximum rated wire
tension at 20°C, kg 4
Maximum rated tensile
stress at 77K, MPa 65
Maximum rated tensile
strain at 77K, % 0.10 0.3 0.3
Average engineering Je =12,700 I. =115
current density Je, Je = 13,900 I. = 125 Je = 8000 Je = 9200
A/cm?; at minimum | J, = 15,000 I. = 135 I.=170 I. =60
critical current I., A | J. = 16,100 I. = 145
Continuous piece
length, m up to 800 up to 100 up to 20
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Today, AMSC 2G HTS wire manufacturing technology is based on 100-
m long, 4-cm wide strips of SC material that are produced in a high-speed,
continuous reel-to-reel deposition? process, the so-called rolling assisted bi-
azially textured substrates (RABITS). RABITS is a method for creating tex-
tured® metal substrate for 2G wires by adding a buffer layer between the
nickel substrate and YBCO. This is done to prevent the texture of the YBCO
from being destroyed during processing under oxidizing atmospheres. This
process is similar to the low-cost production of motion picture film in which
celluloid strips are coated with a liquid emulsion and subsequently slit and
laminated into eight, industry-standard 4.4-mm wide tape-shaped wires (344
SCs). The wires are laminated on both sides with copper or stainless-steel
metals to provide strength, durability, and certain electrical characteristics
needed in applications. AMSC expects to scale up the 4 cm technology to
1000-m lengths. The company then plans to migrate to 10 cm technology to
further reduce manufacturing costs.

Sumitomo Electric Industries, Japan, uses the holmium (Ho) rare element
instead of yttrium (Y). According to Sumitomo, the HoBCO SC layer al-
lows for higher rate of deposition, high critical current density J., and better
flexibility of tape than the YBCO SC layer.

2.7.3 HTS Wires Manufactured by SuperPower

SuperPower [196] uses ion beam assisted deposition (IBAD), a technique for
depositing thin SC films. IBAD combines ion implantation with simultane-
ous sputtering or another physical vapor deposition (PVD) technique. An ion
beam is directed at an angle toward the substrate to grow textured buffer
layers. According to SuperPower, virtually, any substrate could be used, i.e.,
high-strength substrates, nonmagnetic substrates, low-cost, off-the—shelf sub-
strates (Inconel, Hastelloy, stainless steel), very thin substrates, resistive sub-
strates (for low a.c. losses), etc. There are no issues with percolation (trickling
or filtering through a permeable substance). IBAD can pattern the conductor
to very narrow filaments for a low a.c. loss conductor. An important advantage
is small grain size in the submicron range.

IBAD MgO—based coated conductor has five thin oxide buffer layers with
different functions, such as

alumina barrier layer to prevent diffusion of metal element into SC;
yttria seed layer to provide good nucleation surface for IBAD MgO;
IBAD MgO template layer to introduce biaxial texture;
homoepitaxial MgO buffer layer to improve biaxial texture;

Ll

4 Deposition (in chemistry) is the settling of particles (atoms or molecules) or
sediment from a solution, suspension mixture, or vapor onto a preexisting surface.

5 Texture in materials science is the distribution of crystallographic orientations of
a sample. Biaxially textured means textured along two axes.
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5. SrTiO3 (STO) cap layer to provide lattice match between MgO and YBCO
and good chemical compatibility.

Tables 2.18 and 2.19 show the cost and selected specifications of HTS 2G
tapes manufactured by SuperPower [196].

Table 2.18. Cost per meter and parameters of SCS4050 4 mm HTS tape [196].

I. at 4 mm width, Width with copper
SCS4050 $/m 77 K, self field, A $/kA-m stabilizer, mm
2006 100 80 1250 4
2007 65 100 650 4
2010 40 100 400 4

Table 2.19. Cost per meter and parameters of SF12050 12 mm HTS tape [196].

I, at 12 mm width, Width without copper
SF12050 $/m 77 K, self field, A $/kA-m stabilizer, mm
2006 150 240 625 12
2007 90 300 400 12

2.8 Laminated Stacks

Most LSMs use laminated armature stacks with rectangular semiopen or open
slots. In low-speed industrial applications, the frequency of the armature cur-
rent is well below the power frequency 50 or 60 Hz so that, from the elec-
tromagnetic point of view, laminations can be thicker than 0.5 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 ma-
chines when making prototypes of LSMs. If the stack is thicker than 50 mm,
it is recommended that laminations be grouped into 20 to 40-mm thick pack-
ets 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

t1=bi1+c = 2p7’/81 (2.28)

where b1 is the width of the rectangular slot, ¢; is the width of tooth, 2p is
the number of poles, 7 is the pole pitch, and s; is the number of slots totally
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filled with conductors. The shapes of armature slots of flat LSMs are shown
in Fig. 2.17.

The laminations are kept together with the aid of seam welds (Fig. 2.18),
spot welds, or using bolts and bars pressing the stack (Fig. 2.19).

Stamping and stacking can be simplified by using rectangular laminations,
as in Fig. 2.20 [227]. 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.
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Fig. 2.17. Armature slots of flat LSMs: (a) semiopen, (b) open.

For slotless windings, armature stacks are simply made of rectangular
strips of electrotechnical steel.

LSMs for heavy-duty applications are sometimes furnished with finned
heat exchangers or water-cooled cold plates that are attached to the yoke of
the armature stack.

Armature stacks of tubular motors can be assembled in the following three
ways by using

1. star ray arranged long flat slotted stacks of the same dimensions that
embrace the excitation system:;

2. modules of ring laminations with inner different diameters for teeth and
for slots;

3. sintered powders.

The last method seems to be the best from the point of view of performance
of the magnetic circuit .
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single lamination

J J J

stack assembly seam weld N

Fig. 2.19. Laminated stack assembled by using: 1 — bolts, and 2 — pressing angle
bars.

Fig. 2.20. Slotted armature stack of an a.c. linear motor assembled of rectangular
laminations.
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2.9 Armature Windings of Slotted Cores

Armature windings are usually made of insulated copper conductors. The
cross section of conductors can be circular or rectangular. Sometimes, to ob-
tain a high power density, a direct water-cooling system has to be used, and
consequently, hollow conductors.

It is difficult to make and shape armature coil if the round conductor is
thicker that 1.5 mm. If the current density is too high, parallel conductor wires
of smaller diameter are recommended rather than one thicker wire. Armature
windings can also have parallel current paths.

Armature windings can be either single layer or double layer. Fig. 2.21
shows a three-phase, four-pole winding configured both as double-layer and
single-layer windings. In Fig. 2.21a, the number of slots s; = 24 assumed for
calculations is equal to the number of slots totally filled with conductors, i.e.
19 plus 50% of half filled slots, which is 19 + 0.5 x 10 = 24. The total number

of slots is [63]
1 w 1 5
= _— (2 J) =-(4+>)24=29
%1 2p(p+ )Ty +6

where w,. < 7 is the coil pitch.

Double-layer armature winding wound with rectangular cross section of
conductors of a large-power flat LSM is shown in Fig. 2.22. The coil pitch
is equal to three slots, three end slots are half filled, and the end turns are
diamond-shaped.

Armature windings of long-core, large-power LSMs can be made of cable.
For example, the German Transrapid maglev system uses a multistrand, very
soft aluminum conductor of 300 mm? cross section. The insulation consists of a
synthetic elastometer with small dielectric losses. Inner and outer conductive
films limit the electric field to the space of the insulation. The cable has
a conductive sheath, also consisting of an elastometer mixture, for external
protection and electric shielding.

The resistance of a flat armature winding as a function of the winding
parameters, dimensions, and electric conductivity is expressed as

Likir + lie) N1

O S ayGyp

R, = A (2.29)
where N7 is the number of series turns per phase, L} is the length of the
laminated stack including cooling ducts, [1. is the average length of a single
end connection, k; g is the skin effect coefficient (k1g =~ 1 for round conductors
with diameter less than 1 mm and frequency 50 to 60 Hz), o is the electric
conductivity of the conductor at the operating temperature — eqn (2.25),
Swi1 18 the cross section of the armature conductor wire, a, is the number
of parallel conductors, and a, is the number of parallel current paths. For
tubular LSMs, I3, = 0 and 2L} in the numerator should be replaced by an
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Fig. 2.21. Three-phase, four-pole (2p = 4) full pitch windings of an LSM distributed
in 24 slots: (a) double-layer winding; (b) single-layer winding.
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Fig. 2.22. Double-layer winding wound with rectangular cross section wires of a
large PM LSM. Photo courtesy of Dr. S. Kuznetsov, Power Superconductor Appli-
cations Corp., Pittsburgh, PA, USA.

average length of turn Iy, = 7(D1in + h1) O l1ay = T(D1out — h1), where hy
is the height of the concentrated primary coil, Dy;, is the inner diameter of
the armature stack, and D1, is the outer diameter of the armature stack.

A more accurate method of calculating the armature resistance of a tubular
a.c. linear motor is given below. For a ring-shaped coil consisting of n layers of
rectangular conductor with its height h;- = h1/n, the length of the conductor
per coil is expressed by the following arithmetic series:

270 (1 + hair) +270(r + 2hyir) + 270(r + 3hwir) + ... + 270(r + nhyir)

1
=270 4 27 (hwir + 2Rwir + 3hwir + o + Nhair) = 2mn(r + hwi,.¥)
where the sum of the arithmetic series is S,, = n(a1 + a,,)/2, the first term
a1 = hwir, the last term a,, = nhy;-, and the inner radius of the coil is

. Diin + 2(h14 + hiz + hi2)
2
where hy4 is the slot opening, and hi3 and his are dimensions according to
Fig. 2.17. For the whole phase winding the length of the conductor per phase
is

(2.30)

S1 1+n
where s; is the number of the armature slots, and s;/m; is the number of
cylindrical coils per phase in the case of an m; phase winding. The resistance
of the armature winding per phase is
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N
R1 = 8717'1' !
mi1  Qq
Ny k
X | Drin + 2(h1a + hag + hig) + hyir (14 =2 ) | = (2.31)
oy ahwirbwirawafp

where h,,;- is the height of the rectangular conductor, b, is the width of the
conductor, o is the electric conductivity of the conductor, Ny is the number of
conductors per slot, a,, is the number of parallel wires, n = Ny /a,, provided
that parallel wires are located beside each other, and a, is the number of
parallel current paths. It is recommended that the cross section area of the
conductor in the denominator be multiplied by a factor 0.92 to 0.99 to take
into account the round corners of rectangular conductors. The bigger the cross
section of the conductor, the bigger the factor including round corners. Eqn
(2.31) should always be adjusted for the arrangement of conductor wires in
slots.

The armature leakage reactance is the sum of the slot leakage reactance
X1, the end connection leakage reactance Xi., and the differential leakage
reactance X4 (for higher space harmonics), i.e.,

L;,N? l1e
pq11 (Alsle + %)\16 + )\1d + /\1t) (232)

X1 =X+ Xie + Xug =4nfuo

where N; is the number of turns per phase, ky x is the skin-effect coefficient for
leakage reactance, p is the number of pole pairs, ¢; = s1/(2pm;1) is the number
of primary slots s; per pole per phase, [;. is the length of the primary winding
end connection, A\1s is the coefficient of the slot leakage permeance (slot-
specific permeance), A, is the coefficient of the end turn leakage permeance,
and A4 is the coefficient of the differential leakage. For a tubular LSM, A\, =
0, and L; should be replaced by L; = 7(D1in + h1) or L; = 7(D1gur — h1).
There is no leakage flux about the end connections as they do not exist in
tubular LIMs.

The coeflicients of leakage permeances of the slots shown in Fig. 2.17 are:

o for a semiopen slot (Fig. 2.17a)

. h11 h12 2hl.?) h14

Mg = | T2 fhis P 2.33
! 3b11 b1 bii4+bis bus ( )
e for an open slot (Fig. 2.17b)
h h h h
A, A 11 i 12 + 13 + Nig (2.34)

3b11 b1

The above specific-slot permeances are for single-layer windings. To obtain the
specific permeances of slots containing double-layer windings, it is necessary
to multiply eqns (2.33) and (2.34) by the factor
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3we/T+ 1
4
Such an approach is justified if 2/3 < w./7 < 1.0.
The specific permeance of the end turn (overhang) is estimated on the
basis of experiments. For double-layer, low-voltage, small- and medium-power
motors,

(2.35)

2
Ao &~ 0.34¢ (1 — =) (2.36)

71' lle

where [1, is the length of a single end turn. Putting w./l1. = 0.64, eqn (2.36)
also gives good results for single-layer windings,

Ale = 0.2¢1 (2.37)
For double-layer, high-voltage windings,

2w,
Are & 0.42¢ (1 — = 2)k2 (2.38)
7T lle

where the armature winding factor for the fundamental space harmonic v = 1
is

kw1 = kaikpr (2.39)

sin[mw/(2m1)]

= 2.40
q1 sinfr/(2my ¢ ] ( )
k1 = sin (gw?) (2.41)
In general,

)‘le =~ 03(]1 (242)

for most of the windings.

The specific permeance of the differential leakage flux is
miqiT k2 1

Nj = ——— WL 2.43
t ﬂ—zgkCI ksat ( )

where the Carter’s coefficient including the effect of slotting of the armature
stack
i

ko1 = —— 2.44
“t t1 — Mg ( )

4 b14 b14 b14 2
= — | =—arctan — —1 1 — 2.45
m= 5% arctan 5% n + (29) ( )
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and the differential leakage factor 74 is

1 Kty
Tar = o Z( 172 (2.46)
wl > v
or
72102 +2) [ ./ 30° \]°
Tal = 57 {sm ( — 1>} -1 (2.47)

where k1, is the winding factor for v > 1,

kwlu == kdlykplu (248)
sin[vm/(2my)]

ka1, = - 2.49

di q1 sin[vm/(2my1qy)] ( )

kp1, = sin <V§%) (2.50)

Eqns (2.49) and (2.50) express the distribution factor k41, and pitch factor
kp1, for higher space harmonics v > 1. The curves of the differential leakage
factor 741 are given in publications dealing with the design of a.c. motors, e.g.,
[63, 70, 86, 113].

The tooth-top specific permeance

. 5gt/bua
5 + 4gt/b14

should be added to the differential specific permeance A14 (2.43).

At (2.51)

2.10 Slotless Armature Systems

Slotless windings of LSMs for industrial applications can uniformly be dis-
tributed on the active surface of the armature core or designed as moving
coils without any ferromagnetic stack (air-cored armature). In both cases, the
slotless coils can be wound using insulated conductors with round or rectan-
gular cross section (Fig. 2.23) or insulated foil. Fig. 2.24 shows a double-sided
PM linear brushless motor with moving inner coil manufactured by Trilogy
Systems, Webster, TX, USA [222]. A heavy duty conductor wire with high
temperature insulation is used. To improve heat removal, Trilogy Systems
forms the winding wire during fabrication into a planar surface at the inter-
face with the aluminum attachment bar (US Patent 4839543, reissue 34674)
[P38, P63]. The interface between the winding planar surface and the alu-
minum flat surface maximizes heat transfer. Once heat is transferred into the
attachment bar, it is still important to provide adequate surface area in the
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Fig. 2.23. Slotless winding for coreless flat PM LSM according to US Patent
4839543 [P38].

carriage assembly to reject the heat. The use of thermal grease on the coil
mounting surface is recommended.

A large-power PM LSM with coreless armature and slotless winding has
been proposed for a wheel-on-rail high-speed train [139]. There is a long
vertical armature system in the center of the track and train-mounted double-
sided PM excitation system.

High-speed maglev trains with SC electromagnets use ground coreless ar-
mature windings fixed to or integrated with concrete slabs. A coreless three-
phase slotless winding is designed as a double-layer winding [197]. The U-
shaped guideway of the Yamanashi Maglev Test Line (Japan) has two three-
phase armature windings mounted on two opposite vertical walls of the guide-
way (Table 2.20). The on-board excitation system for both the LSM and elec-
trodynamic (ELD) levitation is provided by SC electromagnets located on
both sides of the vehicle.

Guideways of the Yamanashi Maglev Test Line are classified according
to the structure and characteristics of the side wall to which the winding is
attached [241]:

(a) Panel type
(b) Side-wall beam type (Fig. 2.25)
(c) Direct attachment type
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Fig. 2.24. Flat double-sided PM LBM with inner moving coil. Photo courtesy of
Trilogy Systems Corporation, Webster, TX, USA.

Table 2.20. Specifications of three-phase armature propulsion winding of SC LSM
on Yamanashi Maglev Test Line

Length x width of a coil, m 1.42 x 0.6
Coil pitch, m 0.9
Number of layers 2

8 (front layer)
Number of turns for the Northern Line| 10 (back layer)
7 (front layer)
Number of turns for the Southern Line| 8 (back layer)
22 Northern Line
Rated voltage, kV 11 Southern Line
Conductor Al

Panel type windings are produced in the on-site manufacturing yards. Coils are
attached to the side of the reinforced concrete panel. The panel is attached to
the cast-in-place concrete side walls with the aid of bolts. This type is applied
to elevated bridges and high-speed sections.

A side-wall beam shown in Fig. 2.25 is a box-type girder. Styrofoam is
embedded in the hollow box-type beam to reduce the mass and facilitate the
construction. Ground coils are attached to the beam in the manufacturing
yard. The beam is then transported to the site and erected on the preproduced
support. This type is also applied to elevated bridges and high-speed sections.

In the direct attachment type guideway, the coils of the winding are at-
tached direct to the side wall of a cast-in-place reinforced concrete structure.



94 Linear Synchronous Motors

Fig. 2.25. Side-wall beam-type guideway of the Yamansahi Maglev Test Line: 1 —
armature (propulsion) winding, 2 — levitation and guidance coil, 3 — twin beams.
Courtesy of Central Japan Railway Company and Railway Technical Research In-
stitute, Tokyo, Japan.

This type, unlike the panel or side-wall beam type, cannot respond to struc-
tural displacements [241]. The direct attachment guidaway is applied mainly
to tunnel sections situated on solid ground.

The resistance of the slotless armature winding can be calculated using
eqn (2.29). It is recommended that the finite element method (FEM) be used
for calculating the inductance.

2.11 Electromagnetic Excitation Systems

Electromagnetic excitation systems, i.e., salient ferromagnetic poles with d.c.
winding, are used in large-power LSMs. For example, the German Transrapid
system has on board mounted electromagnets (Fig. 2.26), which are used both
for propulsion (excitation system of the LSM) and electromagnetic (EML)
levitation (attraction forces). Electromagnet modules are approximately 3-
m long [234]. There are 12 poles per one module. To deliver electric power
to the vehicle, linear generator windings are integrated with each excitation
pole. Electromagnet modules are fixed to the levitation frame with the aid of
maintenance-free joints. The necessary freedom of movement is obtained by
the use of vibration-damping elastic bearings.
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Fig. 2.26. Electromagnetic excitation system with salient poles of Transrapid ma-
glev vehicle: 1 — d.c. excitation winding, 2 — linear generator winding, 3 — air
gap sensor. Courtesy of Thyssen Transrapid System, Miinchen, Germany.

Fig. 2.27. Hexagonal assembly of PMs of LBM. Courtesy of Anorad Corporation,
Hauppauge, NY, USA.

2.12 Permanent Magnet Excitation Systems

To minimize the thrust ripple in LSMs or LBMs with slotted armature stack,
PMs need to be skewed. The skew is approximately equal to one tooth pitch of
the armature — eqn (2.28). Instead of skewed assembly (Fig. 1.9) of rectangu-
lar PMs, Anorad Corporation proposes to use hexagonal PMs, the symmetry
axis of which is perpendicular to the direction of motion (Fig. 2.27) [12].

There are practically no power losses in PM excitation systems (except
higher harmonic losses), which do not require any forced cooling or heat ex-
changers.
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2.13 Superconducting Excitation Systems

Table 2.21. Specifications of SC electromagnet of MLXO01 vehicle

Length of four pole unit, m 5.32
Length of electromagnet, m 1.07

Height of electromagnet, m 0.5

Mass, kg 1500

Pole pitch, m 1.35
Number of coils 4
Magnetomotive force, kA 700
Maximum magnetic flux density, T |approximately 4.23
Levitation force per electromagnet 115.5 kN
Refrigeration capacity 8 Wat 4.3 K

Fig. 2.28. MLX01 SC electromagnet and bogie frame. 1 — SC electromagnet, 2 —
tank, 3 — bogie frame. Courtesy of Central Japan Railway Company and Railway
Technical Research Institute, Tokyo, Japan.

Superconducting (SC) excitation systems are recommended for high power
LSMs which can be used in high speed ELD levitation transport.

In 1972, an experimental SC maglev test vehicle ML100 was built in Japan.
Since 1977, when the Miyazaki Maglev Test Center on Kyushu Island opened,
maglev vehicles ML and MLU with SC LSMs and electrodynamic suspension
systems have been systematically tested. Air-cored armature winding has been
installed in the form of a guideway on the ground. In 1990, a new 18.4 km
Yamanashi Maglev Test Line (near Mount Fuji) for electrodynamic levitation
vehicles with SC LSMs was constructed. In 1993, a test run of MLUOO2N
(Miyazaki) started and since 1995 vehicles MLX01 (Yamanashi Maglev Test
Line) have been tested.
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Fig. 2.29. Structure of the MLX01 SC electromagnet and on-board refrigeration
system: 1 — SC winding (inner vessel), 2 — radiation shield plate, 3 — support,

4 — outer vessel, 5 — cooling pipe, 6 — 80 K refrigerator, 7 — liquid nitrogen
reservoir, 8 — liquid helium reservoir, 9 — 4 K refrigerator, 10 — gaseous helium
buffer tank, 11 — compressor unit. Courtesy of Central Japan Railway Company

and Railway Technical Research Institute, Tokyo, Japan.

Fig. 2.28 shows the bogie frame and Fig. 2.29 shows the structure of the
LTS electromagnet of the MLXO01 vehicle manufactured by Toshiba, Hitachi,
and Mitsubishi. The bogie frame (Sumitomo Heavy Industries) is laid under
the vehicle body. The LTS electromagnet (Table 2.21) is wound with a BSCCO
wire and enclosed by and integrated with a stainless inner vessel (Fig. 2.29).
The winding is made of niobium—titanium alloy wire, which is embedded
in a copper matriz in order to improve the stability of superconductivity.
Permanent flow of current without losses is achieved by keeping the coils
within a cryogenic temperature (4.2 K or —269°C) using liquid helium. The
inner vessel is covered with a radiation shield plate on which a cooling pipe is
crawled and liquid nitrogen is circulated inside the pipe to eliminate radiation
heat [224]. The shield plate is kept at liquid nitrogen temperature, the boiling
point of which is about 77 K.

These components are covered with an outer aluminum vacuum vessel
(room temperature) and an insulating material that is packed in the space
between the inner vessel and outer vessel [224]. The space is maintained in a
high-vacuum range to prolong the life of the insulation. There are four sets
of inner vessels (LTS electromagnet) per one outer vessel. The on-board 4
K Gifford-McMahon/Joule-Thomson refrigerator for helium, 80 K Gifford—-
McMabhon refrigerator for nitrogen, liquid helium reservoir, and liquid nitrogen
reservoir are incorporated inside the tank on the top of the outer vessel. This
refrigerator reliquefies the helium gas evaporated as a result of heat genera-
tion inside the LTS electromagnet. For commercial use, electromagnets should
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be operated with no supply of both liquid helium and liquid nitrogen. The
necessary equipment such as the compressor, which supplies the compressed
gas to the helium refrigerator and control units for the operation of LTS elec-
tromagnets, are located inside the bogie.

2

Fig. 2.30. PM HLSM. 1 — forcer, 2 — platen, 3 — mechanical or air bearing, 4 —
umbilical cable with power and air hose. Courtesy of Normag Northern Magnetics
Inc., Santa Clarita, CA, USA.

N
PHASE A PHASE B

(@
(b)

N
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PHASE A PHASE B

Fig. 2.31. Longitudinal sections of forcers of HLSMs: (a) symmetrical forcer, (b)
asymmetrical forcer.




Materials and Construction 99
2.14 Hybrid Linear Stepping Motors

The PM HLSM manufactured by Normag Northern Magnetics, Inc., Santa
Clarita, CA, USA is shown in Fig. 2.30 [161].

Magnetic circuits of forcers of HLSMs are made of high permeable elec-
trotechnical steels. The thickness of lamination is about 0.2 mm as the input
frequency is high. Forcers are designed as symmetrical, i.e., with the PM join-
ing the two stacks (Fig. 2.31a) or two PMs (Fig. 1.19) or asymmetrical, i.e.,
with PM located in one stack (Fig. 2.31b) designs. The asymmetrical design
is easier for assembly.

Examples

Example 2.1

An LSM rated at 60 Hz input frequency is fed from a 50 Hz power supply at
the same voltage. Losses in the armature teeth at 60 Hz are APpetg0 = 420 W
and losses in the armature core (yoke) are APpecs0 = 310 W. The hysteresis
losses amount to 75% of the total core losses. Find the hysteresis, eddy current
and total losses in the armature core at 50 Hz.

Solution

Hysteresis losses in armature teeth at 60 Hz

APhtGO = O.75APF€1§60 =0.75 x 420 = 315 W

Hysteresis losses in armature core (yoke) at 60 Hz

APthO = 0-75APFec6O =0.75 x 310 =232.5 W

Total hysteresis losses at 60 Hz

APhG(] = APhtG() + APhC(;() == 315 -|— 2325 == 5475 W

The magnetic flux density is proportional to the EMF, which in turn is pro-
portional to the frequency. Therefore, the magnetic flux density at 60 Hz
magnetic flux density at 50 Hz ratio is

bﬁ@fGO

= = =1.2
fso 50

On the basis of eqn (2.2) hysteresis losses in teeth at 50 Hz are

50
APyis0 = %IFAPMO =55 1.22 x 315 =378 W
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Hysteresis losses in armature core at 50 Hz are

. 50
! B2 AP0 = o x 1.22 x 232.5 = 279 W
feo 60

Total hysteresis losses at 50 Hz

APpes0 =

APps0 = APriso + APpeso = 378 + 279 = 657 W

Eddy-current losses in armature teeth at 60 Hz

APe60 = APretso — AP0 = 420 — 315 = 105 W
Eddy-current losses in armature core (yoke) at 60 Hz
AP0 = APreco — APreso = 310 — 2325 =775 W
Total eddy-current losses at 60 Hz

AP.g0 = AP.ys0 + APeco = 1054 77.5 = 182.5 W

On the basis of eqn (2.2), eddy-current losses in armature teeth at 50 Hz are

fs0\? 2 50 2
APuso = | 5= | b*APugo = | == ] x1.2* x105=105 W
feo 60
Eddy-current losses in armature core at 50 Hz are
2 2
50
AP.50 = <f5°> b2 AP0 = () x 1.22 x 77.5 = 77.5 W
feo 60

Total eddy-current losses at 50 Hz

APeSO = AP&tSO + A.Pec50 = 105 + 775 - 1825 W

If the frequency is reduced from 60 to 50 Hz, hysteresis losses increase while
eddy-current losses remain the same.
Total losses in the armature stack at 60 Hz

APreso = APygo + AP.go = 547.5 +182.5 =730 W
Total losses in the armature stack at 50 Hz
APpeso = APyso + AP.50 = 657 + 182.5 = 839.5 W

If the frequency is reduced form 60 to 50 Hz, the total losses in the armature
stack increase, i.e.,
APpeso  839.5

=——=115
APpes0 730

because the magnetic flux density at the same number of turns and voltage
increases as the frequency decreases.
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Example 2.2

Find the losses in the armature core of a single-sided 6-pole, 18-slot, 100-Hz,
3-phase PM LSM. The dimensions of the armature core are as follows:

pole pitch 7 = 48.0 mm

coil pitch w, = 48.0 mm

effective length of armature stack L; = 96.0 mm
height of primary core (yoke) hi. = 10.0 mm
armature tooth width ¢; = 7.0 mm

armature tooth height h; = 23.5 mm

armature slot width b;; = 9.0 mm

armature slot opening b4 = 3.0 mm

The magnetic flux density in armature teeth is B1; = 1.678 T, flux density in
the armature core (yoke) Bj. = 1.468, specific core losses at 50 Hz and 1 T are
Apy /50 = 1.07 W/kg, stacking factor k; = 0.96, and the factors in eqn (2.3)
accounting for the increase in losses due to metallurgical and manufacturing
processes are kqq¢ = 1.6 and kgq. = 3.2.

Solution

Slot pitch according to eqn (2.28)

t1=9.0+8.0=16 mm

Number of slots half-filled with armature winding according to eqn (2.9)

1 48.0
=6+ 27 ) x18 =21
51 6<6+48.0>X 8

Length of stack with half-filled slots
Lstack = sit1 + ¢ = 21 x 0.016 + 0.007 = 0.343/m
Mass of armature teeth
my = 7800(s}+1)cihy Lik; = 7800(21+1)x0.007x0.0235x0.096 x0.96 = 2.60 kg

Mass of armature core (yoke)

Mie = 7800LgsqcrhicLik; = 7800 x 0.343 x 0.01 x 0.096 x 0.96 = 2.47 kg

Core losses at f = 100 Hz calculated according to eqn (2.3)

100\ /3
APp, = 1.07 <50> (1.6 x 1.678% x 2.60 + 3.2 x 1.468% x 2.47) = 77.4 W
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Example 2.3

Find the operating point of an NdFeB grade N35H PM with rectangular cross
section placed in a mild steel magnetic circuit with air gap. The parameters
of the PM are

remanent magnetic flux desnity at 20° C Bygg = 1.18 T
coercive force at 20° C H.g9 = 900 kA/m

temperature coefficeint for B, ag = —0.11 %/°C
temperature coefficeint for H. ag = —0.45 %/°oC

The PM temperature is # = 100 °C; the dimensions of PM are wy; = 42 mm,
Ipr = 105 mm, Ay = 5.0 mm; the air gap is g = 1.6 mm, and the PM leakage
flux coefficient is oy = 1.2.

Solution

Remanence and coercivity at § = 100 °C according to eqns (2.21) and
(2.22)

—0.11
B, =118 {1 + 5o (100 - 20)} =1.076 T

—0.45
H. =900 [1 + 1700(100 — 20)} =576 kA/m

Relative recoil magnetic permeability

1.076

rrec — = 1.487
H 0.47 x 10-6 x 576 000

Equivalent air gap

hr 5.0
=1. — =4,
tren 1Ot gy = 490 i

Jeq =9 +

Permeance of the air gap according to eqn (B.2)

60.042 x 0.105

=1.117x 107" H
0.00496 710

Gy =04m x 107

Permeance for total magnetic flux

0 1060042 x 0.105

12=1340x 107" H
0.00496 34010

l
Gy = pio M.

€q

oM

Line representing the total permeance, which intersects the demagnetization
curve (Fig. 2.32)
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Fig. 2.32. Operating point (By = 0.608 T, H; = 185 694.5 A/m) of PM on demag-
netization curve. Numerical example 2.3.
ha
By(H) = ﬂ07H T

Magnetic field intensity corresponding to By

B,
- MOhM/g + Br/Hc

H,

1.076
~ 0.47 x 106 x 0.005/0.0016 + 1.076/576 000

=185 694.5 A/m

For H; = 185 694.5 A /m, the corresponding magnetic flux density By = 0.729
T. The air gap magnetic flux density as obtained from the PM diagram (Fig.
2.32)

H;\ 1 185 694.5\ 1
By=B,(1- -] —=1076(1— ——— ] — =0.608 T
g ’”( ) o ( 576 000 ) 1.2

This point (B, = 0.608 T, H, = 185 694.5 A/m) is the intersection point of
the demagnetization curve B(H) and permeance line B;(H) in Fig. 2.32. The
air gap magnetic flux

b, = Bywplyr = 0.608 x 0.042 x 0.105 = 0.00268 Wb
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Example 2.4

Given below are dimensions of the armature core of a single-sided 6-pole,
18-slot, 50-Hz, 3-phase PM LSM with semiopen slots (Fig. 2.17a:

pole pitch 7 = 48.0 mm

effective length of armature stack L; = 96.0 mm

dimensions of PM: hp; = 3.0 mm, wy; = 40.0 mm, [p; = 96.0 mm
height of primary core (yoke) hi. = 10.0 mm

height of reaction rail core (yoke) ho. = 12.0 mm

armature tooth width ¢; = 8.0 mm

armature tooth height h; = 23.5 mm

armature slot vertical dimensions hy1; = 20 mm, hi1o = 1.0 mm, hy3 = 2.0
mm, hi4 = 0.5 mm

armature slot width b1; = 8.0 mm

armature slot opening b14 = 3.0 mm

air gap (mechanical clearance) g = 1.5 mm

The number of turns per phase is Ny = 180, the coil pitch is equal to the slot
pitch (w. = 7), the armature core stacking factor k; = 0.96, the skin effect
coefficient for reactance k1 x = 1.0, and the armature slots are unskewed. The
saturation factor of magnetic circuit is kgq¢ = 1.153.

Find the stator winding leakage reactance X;.

Solution

The number of slots per pole is @)1 = 18/6 = 3, number of slots per pole per
phase ¢; = 18/(3x6) = 1, winding distribution factor k4 = sin[r/(2x3)]/(1x
sin[r/(2x3x1)] = 1, winding pitch factor kj,; = sin[r x0.048/(2x0.048)] =1,
winding factor k.1 =1 x 1 =1, and slot pitch ¢t; = ¢; + b1; = 8.0+ 8.0 =16
mim.

The coefficient of leakage permeance for semi-open slot according to eqn (2.33)

200 +E+2x2.0 +%_1489
T 3x80 80 80430 3.0

1s
Estimated length of single-sided end turn

lie = 1.37 +0.004 = 1.3 x 0.048 + 0.004 = 0.066 m
The coefficient of leakage permeance for end turns according to eqn (2.36)

2 0.048

AMe=034x10(1- 22
e =034 0< 7 0.066

> =0.184

where w, = 7 = 0.048 m. The armature winding differential leakage factor cal-
culated according to eqn (2.46) for v = 2000 is 741 = 0.096456. This coefficient
can also be calculated on the basis of simplified formula (2.47), i.e.,
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2(10 x 1.0 + 2 30°\1?
= T 5 ha )[sin(l())] —1 = 0.09662

Carter’s coefficient according to eqn (2.44)

B 0.016
~ 0.016 — 0.5587 x 0.016

kca = 1.0553

where v, = 0.5587 has been obtained from eqn (2.45). The specific permeance
for differential leakage flux according to eqn (2.43)

3 x 1 x0.048 x 1.02
g = 0.096456 = 0.771
1= 2127570.0015 x 1.0553 x 1.153

The coefficient of tooth-top permeance according to eqn (2.51)

5x 1.5/3.0

=22 0357
5+4x1.5/3.0

At

Leakage reactance of the armature winding according to eqn (2.32) in which
kix =1.0

50.096 x 1802

X1 =47 x50x0.47rx10~
3x1

0.066
1.489 x 1.0 + ———0.184 + 0.771 + 0.
( 89 % 10+ 520,184 +0.77 +0357>

= 2.246 Q
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Theory of Linear Synchronous Motors

3.1 Permanent Magnet Synchronous Motors

3.1.1 Magnetic Field of the Armature Winding

The time-space distribution of the magnetomotife force (MMF) of a symmetri-
cal polyphase winding with distributed parameters fed with a balanced system
of currents can be expressed as

F(x,t) = L Z kw1, COS (1/ x)

N1V 21 1
—I—L (t—2 )Z k:wll,cosu< x—27r>+...
mi

p

N1V2I, 1 =1 -1
+L sin (w 271') Z — kw1, COSV (Wm _m 27r>
f—rt 14 T mi

;i_o: " {sm {(wt — Vﬂ-x> +(v— 1);771]

+sin {(wt—i—ujx) - (u+1)27r” (3.1)

mi

where I, is the armature phase current, m; is the number of phases, p is the
number of pole pairs, N; is the number of series turns per phase, k1, is the
winding factor, w = 2x f is the angular frequency, 7 is the pole pitch, and

e for the forward-traveling field

v ="2mik+ 1, k=0,1,2,3,4,5,... (3.2)
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e for the backward-traveling field

v="2mk—1, k=1,2,3,4,5... (3.3)

The magnitude of the vth harmonics of the armature MMF is

2myv/2
=
where [Fpuu]m,=1 is the magnitude of the armature MMF of a single-phase
winding. The winding factor for the higher-space harmonics v > 1 is the
product of the distribution factor, kq41,,, and the pitch factor, k,1,, as given by
eqns (2.48), (2.49), and (2.50) in Chapter 2. See also eqns (2.39), (2.40), and
(2.41) given in Chapter 2, expressing kw1, = kw1, ka1y = ka1, and kp1, = kp1
for v =1.

Assuming that wt F vma /T = 0, the linear synchronous speed of the vth
harmonic wave of the MMF is

1
fmu Nlla;kwlu =my [‘qu]nh:l (34)

1
Vgy = :FQfT; (3.5)

For a three-phase winding, the time space distribution of the MMF is

Fla,t) = % g}“my {sin [(wt - ufx) + (- 1)2;}

i
. ™ 27
+ sin [(wt + fo> —(v+ 1)] } (3.6)
T 3
For a three-phase winding and the fundamental harmonic v =1,
1
F(x,t) = §Fm sin (wt - §x> (3.7)
2 2 N1k,
Fon = ml\[Nllewl ~ 0.9 et o (3.8)
g p

the winding factor k.1 = kq1kp1 is given by equs (2.39), (2.40), and (2.41),
and vs = vg,—1 is according to eqn (1.1).

The peak value of the armature line current density or specific electric
loading is defined as the number of conductors (one turn consists of two con-
ductors) in all phases 2m Ny times the peak armature current V21, divided
by the armature stack length 2pr, i.e.,

A, = M (3.9)
pT
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3.1.2 Form Factors and Reaction Factors

The form factor of the excitation field is defined as the ratio of the amplitude
of the first harmonic-to-maximum value of the air gap magnetic flux density,
ie.,

Bmgl 4 .ooogT

ky = —>= = — 3.10
’ Bong 7Tsm 5 ( )
where «; is the pole-shoe b, to pole pitch T ratio, i.e.,
b
a; =L (3.11)
T

The form factors of the armature reaction are defined as the ratios of the first
harmonic amplitudes to mazimum values of normal components of armature
reaction magnetic flur densities in the d-axis and g-axis, respectively, i.e.,

Badl ke — Baql
Baa fa Baq

kg = (3.12)
The direct or d-axis is the center axis of the magnetic pole, while the quadra-
ture or g-axis is the axis perpendicular (90° electrical) to the d-axis. The peak
values of the first harmonics Byq1 and B,q1 of the armature magnetic flux
density can be calculated as coefficients of Fourier series for v =1, i.e.,

4 0.57

Baa1 = f/ B(x) cos xdx (3.13)
T Jo
4 0.57

Bug1 = —/ B(z)sinxdx (3.14)
T Jo

For a salient-pole motor with electromagnetic excitation and the air gap g = 0
(fringing effects neglected), the d- and g¢-axis form factors of the armature
reaction are

T+ si . T — sl .
k?fd _ ;T n o, m qu _ ;T n o, m (3.15)

0 T
For PM excitation systems, the form factors of the armature reaction are [70]
o for surface PMs

krg=kps=1 (3.16)
e for buried magnets

4
k :7042
fd T

1
21 cos 2; kpq = ;(aﬂr — sin ay7r) (3.17)
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Formulae for krq and ky, for inset type PMs and surface PMs with mild steel
pole shoes are given in [66].
The reaction factors in the d- and g-axis are defined as

k’fd k}fd
kod = —— kag = = 3.18
d kf q kf ( )
The form factors ky, krq, and ky, of the excitation field, and armature reac-
tion and reaction factors kqq and k., for salient-pole synchronous machines
according to equs (3.10), (3.15), and (3.18), are given in Table 3.1.

Table 3.1. Factors k¢, kfd, ktq, kad, and kqq for salient-pole synchronous machines
according to eqns (3.10), (3.15), and (3.18)

ai:bp/T
Factor| 0.4| 0.5 0.6] 2/x| 0.7] 08| 1.0

ky 10.748]0.900(1.030(1.071{1.134|1.211|1.273
kfq 10.703|0.818]|0.913|0.943]0.958(0.987| 1.00
krq 10.097|0.182]0.287|0.391]0.442(0.613| 1.00
kaa ]0.939(0.909|0.886|0.880]0.845(0.815|0.785
kaq 10.129]0.202|0.279|0.365|0.389|0.505|0.785

Assuming g = 0, the equivalent d-azis field MMF (which produces the
same fundamental wave flux as the armature-reaction MMF) is

m1\/§N1kw1
s

fad = kadFad = kadIa sin¥ (319)

where I, is the armature current, and ¥ is the angle between the phasor of
the armature current I, and the g-axis, i.e., I,4 = I,sinW. Similarly, the
equivalent q-axis field MMF is

m1V2 N1k

Fag = kagFaqg = kagly cos ¥ (3.20)

where I,; = I,cos¥. In the theory of synchronous machines with electro-
magnetic excitation, the MMFs Feycq and Fepeq are defined as the armature
MMFs referred to the field excitation winding.

3.1.3 Synchronous Reactance

For a salient-pole synchronous machine, the d-axis and ¢-axis synchronous
reactances are
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Xea= X1+ Xag qu =X+ Xaq (321)

where X7 = 27 fL; is the armature leakage reactance according to eqn (2.32),
Xaa is the d-axis armature reaction reactance, also called d-axis mutual reac-
tance; and X, is the g-axis armature reaction reactance, also called g-axis
mutual reactance. The reactance X,q is sensitive to the saturation of the mag-
netic circuit, while the influence of the magnetic saturation on the reactance
Xqq depends on the field excitation system design. In salient-pole synchronous
machines with electromagnetic excitation, X,, is practically independent of
the magnetic saturation. Usually, X4 > X, except for some PM synchronous
machines.
The d-axis armature reaction reactance

Niky1)? 7L;
% 7 kfa (3.22)

where p, is the magnetic permeability of free space, L; is the effective length
of the stator core, ¢’ ~ kcksatg + har/fhrrec 1 the equivalent air gap in the
d-axis, k¢ is the Carter’s coefficient for the air gap according to eqn (2.44),
ksqt > 1 is the saturation factor of the magnetic circuit, and

Xad == kdea == 4m1,ufof

(Nl kwl)z TLl'

™ g
is the armature reaction reactance of a non-salient-pole (surface configuration
of PMs) synchronous machine. Similarly, for the g-axis,

Xo=4dmipof (3.23)

(Nl kwl)Q TLZ'

T kasatng
where g, is the air gap in the g-axis. For salient-pole excitation systems, the
saturation factor kgqq = 1 since the g-axis armature reaction fluxes, closing
through the large air spaces between the poles have insignificant effect on the
magnetic saturation.

The leakage reactance X7 consists of the slot, end-connection differential
and tooth-top leakage reactances — see eqn (2.32). Only the slot and differ-

ential leakage reactances depend on the magnetic saturation due to leakage
fields.

Xaq = quXa = 4m1,uof qu (3.24)

3.1.4 Voltage Induced

The no-load rms voltage induced (EMF) in one phase of the armature winding
by the d.c. or PM excitation flux &y is

E; = 1V2fNiky1 O (3.25)

where N; is the number of the armature turns per phase, k1 is the armature
winding coefficient, f = v,/(27), and the fundamental harmonic $s; of the
excitation magnetic flux density @ without armature reaction is
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g 2
By = L; / Bugsin (2a) dz = Z7LiBug (3.26)
0 T T

Similarly, the voltage E,q induced by the d-axis armature reaction flux @,q4
and the voltage E,, induced by the g-axis flux ®,, are, respectively,

Eoaq = 1V2fNikyi1Pag (3.27)

Eug = 7V2f N1k ®ag (3.28)

The EMFs Ef, Eqq, Eq.q, and magnetic fluxes @¢, @,4, and ., are used in
the construction of phasor diagrams and equivalent circuits. The EMF E; per
phase with the armature reaction taken into account is

E; = 7V2f N1k &, (3.29)
where @, is the air gap magnetic flux under load (excitation flux @; reduced
by the armature reaction flux). Including armature leakage flux &y,

E; = nV2fNiky (3.30)
where & = &, — &5, At no-load (very small armature current), ¢, ~ P;.
Including the saturation of the magnetic circuit,

Ei = 4O'ffN1]€w1€p (331)

The form factor oy of EMFs depends on the magnetic saturation of armature
teeth, i.e., the sum of the air gap magnetic voltage drop (MVD) and the teeth
MVD divided by the air gap MVD.

3.1.5 Electromagnetic Power and Thrust

The following set of equations stems from the phasor diagram of a salient-pole
synchronous motor shown in Fig. 3.1:

Visind = —IqR1 + 14qXsq

Vicosd = IpgRy + InaXea + Ef (3.32)

in which ¢ is the load angle between the terminal phase voltage V; and Ey
(¢ axis). The currents

Vi(Xsqco86 — Rysind) — Er Xy,

Iy = 3.33
d XogXoq + R2 (3.33)

V1(R1 cosd + Xgq sin5) — Ele
Loy = 3.34
q Xstsq + R% ( )
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(@) (b)

—lﬂllad.‘?1 ‘ﬁH V,sin s

Fig. 3.1. Phasor diagram of an underexcited salient pole synchronous motor: (a)
full phasor diagram; (b) auxiliary diagram for calculation of input power.

are obtained by solving the set of equs (3.32). The rms armature current as
a function of Vi, Ef, Xgq, X, 0, and Ry is

Vi
L= I+ 12 = ———— 3.35
¢ at e T XX, TR (3.35)

FE E
X X080 — Rysinéd ——fXS 24+ [(Rycosd + Xgqsind ——fR12
q Vl q Vl

The phasor diagram (Fig. 3.1) can also be used to find the input power [70],
ie.,

Py, =miVil, cos g = myVi(Iyqcosd — Iyqsind) (3.36)
Putting eqns (3.32) into eqn (3.36),

P = m[LagEf + laglagXsq + IogR1 — TaalaqXsq + 124R1]

=mi[LagEy + RiI2 + Lnalug(Xsa — Xsq)] (3.37)

Because the armature core loss has been neglected, the electromagnetic power
is the motor input power minus the armature winding loss APy, = m11, 3R1 =
my (12, + 12,)Ry. Thus,

Peym = Py, — Ale = ml[Iaqu + IadIaq(Xsd - qu)]
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_ ml[Vl(Rl cos + Xsd sin 5) — Ele)] (3 38)
(XsaXsq + R7)? '

X [V1(Xsq 0086 — Ry sin 8)(Xsq — Xsg) + B (XsaXsqg+ RY) — B Xog(Xsa— Xsq)]

Putting Ry = 0, eqn (3.38) takes the following simple form,

ViE, . V2 1 1 .

P = mq %Sdf sind + 71 <qu — Xsd) sin 25} (3.39)

Small PM LSMs have a rather high armature winding resistance R; that is

comparable with X 4 and X,,. That is why eqn (3.38), instead of (3.39), is

recommended for calculating the performance of small, low-speed motors.
The electromagnetic thrust developed by a salient-pole LSM is

Fpp = fom (3.40)

Us

Neglecting the armature winding resistance (Ry = 0),

2
mq VlE . V 1 1 .
Fyp = { L ging 4 - - sin 26 (3.41)
Vs Xsd 2 qu Xsd
— A
] Fd
| 3 1
|
g
,.|><
—
NN
g N
ur| B
- 4 _ Nyl
// \\ // \\\ E_|>m
,2180°  135° N00° [ -45° | AN | v_. 6
! N ! o 45" 90° " 135°' 180%”
N\ /
N Vi /\ /
\\_// \\_//
2
MOTOR MODE GENERATOR MODE
.

Fig. 3.2. Thrust-angle characteristics of a salient-pole synchronous machine with
Xsq > Xsq. 1 — synchronous thrust Fysy, developed by the machine, 2 — reluctance
thrust Fgre;, 3 — resultant thrust Fjy.

In a salient-pole synchronous motor, the electromagnetic thrust has two com-
ponents (Fig. 3.2)
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Fyp = Fdazsyn + Fizrel (342)
where the first term,
m1 ViEy .
desyn = Vs TSd Sln5 (343)

is a function of both the input voltage V; and the excitation EMF Ef. The
second term,

m1V12 1 1 .

F = — 26 3.44
dzxrel 2113 <qu Xsd Sin ( )
depends only on the voltage V; and also exists in an unexcited machine (Ey =
0) provided that X4 # Xsq. The thrust Fygey, is called the synchronous
thrust, and the thrust Fj.,.e; is called the reluctance thrust. The proportion
between X4 and X, strongly affects the shape of curves 2 and 3 in Fig. 3.2.
For surface configurations of PMs, X4 =~ X, (if the magnetic saturation is
neglected) and

mi VlEf .
— =i

Iy =~ desyn = nd (345)

Us sd

3.1.6 Minimization of d-axis Armature Current

For zero d-axis armature current, all current I, = I, is torque producing.
The d-axis armature current is zero (I,q = 0) if the numerator of eqn (3.33)
is zero, i.e.,

ViXsqcosd — ViRisind — Er Xy =0 (3.46)
or
(=ViR;sind)? = (B Xgq — V1Xsqc086)?

After putting sin®d = 1 — cos? §, the following 2nd order linear equation is
obtained,

(V1 Xsq)?+ (V1 R1)?] cos? §f2v1EfX§q cos 0+ (EfXsq)?—(ViR1)* =0 (3.47)

or

az? +br+c=0 (3.48)

where z = cosd, a = (ViXy)? + (ViR1)?, b = —2ViE; X2, and ¢ =
(EfXsq)> — (ViR1)2. Eqn (3.47) or eqn (3.48) has two roots:
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d1 = arccos(z1) = arccos (—I);\/Z) (3.49)
a
dy = arccos(zz) = arccos (b;;/Z) (3.50)

where the discriminant of quadratic equation A = b? —4ac. To obtain I54 = 0,
at least one root must be a real number. Sometimes both two roots are complex
numbers. In this case, for motoring mode, most often the EMF Ey, is greater
than the terminal voltage V;. It means that the number of turns per phase
must be reduced.

3.1.7 Thrust Ripple

The thrust ripple can be expressed as the rms thrust ripple /> F7,  weighted
to the mean value of the thrust Fj, developed by the LSM, i.e.,

Ir - 3.51
Fdx 2 (351)

The thrust ripple of an LSM consists of three components: (1) detent thrust
(cogging thrust), i.e., interaction between the excitation flux and variable per-
meance of the armature core due to slot openings, (2) distortion of sinusoidal
or trapezoidal distribution of the magnetic flux density in the air gap and, (3)
phase current commutation and current ripple.

Case Study 3.1. Single-Sided PM LSM

A flat, short-armature, single-sided, three-phase LSM has a long reaction rail
with surface configuration of PMs. High-energy sintered NdFeB PMs with the
remanent magnetic flux density B, = 1.1 T and coercive force H, = 800 kA /m
have been used. The armature magnetic circuit has been made of cold-rolled
steel laminations Dk-66 (Table 2.3) The following design data are available:
armature phase windings are Y-connected, number of pole pairs p = 4, pole
pitch 7 = 56 mm, air gap in the d-axis (mechanical clearance) g = 2.5 mm, air
gap in the g-axis g, = 6.5 mm, effective width of the armature core L; = 84
mm, width of the core (back iron) of the reaction rail w = 84 mm, height
of the armature core (yoke) hi. = 20 mm, length of the overhang (one side)
le = 90 mm, number of armature turns per phase N; = 560, number of parallel
wires a,, = 2, number of armature slots s; = 24, width of the armature tooth
¢ = 8.4 mm, height of the core (yoke) of the reaction rail ho. = 12 mm,
dimensions of the armature open rectangular slot: h1; = 26.0 mm, hio = 2.0
mm, hyz = 3.0 mm, hyqy = 1.0 mm, b14 = 10.3 mm (see Fig. 2.17b), stacking
coefficient of the armature core k; = 0.96, conductivity of armature wire
020 = 57 x 105 S/m at 20°C, diameter of armature wire dy; = 1.02 mm,
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temperature of armature winding 75°C, height of the PM hj; = 4.0 mm,
width of the PM wjy; = 42.0 mm, length of the PM (in the direction of
armature conductors) {3; = 84 mm, width of the pole shoe b, = wy = 42.0
mm, and friction coefficient for rollers at constant speed pu, = 0.01.

The coil pitch w, of the armature winding is equal to the pole pitch 7 (full
pitch winding).

The LSM is fed from a VVVF inverter, and the ratio of the line voltage to
input frequency Vi1,/f = 10. The PM LSM has been designed for continuous
duty cycle to operate with the load angle § corresponding to the maximum
efficiency. The current density in the armature winding normally does not
exceed j, = 3.0 A/mm? (natural air cooling).

Calculate the steady-state performance characteristics for f = 20,15,10
and 5 Hz.

Solution

For Vi1./f = 10, the input line voltages are 200 V for 20 Hz, 150 V for 15
Hz, 100 V for 10 Hz, and 50 V for 5 Hz. Steady-state characteristics have been
calculated using analytical equations given in Chapters 1,2, and 3. The volume
of the PM material per 2p7 is pX2hpr X wpy Xlpr = 4X2x4x42x84 = 112,896
mm?3.

Given below are parameters independent of the frequency, voltage, and

load angle 9:

number of slots per pole per phase g; = 1

winding factor k.1 = 1.0

pole pitch measured in slots = 3

pole shoe to pole pitch ratio a; = 0.75

coil pitch measured in slots = 3

coil pitch measured in millimeters w, = 56 mm
armature slot pitch ¢; = 18.7 mm

width of the armature slot by1 = b1o = b4 = 10.3 mm
number of conductors in each slot Ny = 280
conductors cross section area to slot area (slot fill factor) & i = 0.2252
Carter’s coefficient ko = 1.2

form factor of the excitation field £y = 1.176

form factor of the d-axis armature reaction kyq = 1.0
form factor of the g-axis armature reaction kpq = 1.0
reaction factors kqq = kqq = 0.85

coefficient of leakage flux oy = 1.156

permeance of the air gap G, = 0.1370 x 107> H
permeance of the PM Gy = 0.1213 x 107° H
permeance for leakage fluxes Gy = 0.2144 x 1076 H
magnetic flux corresponding to the remanent magnetic flux density @, =
0.3881 x 1072 Wb
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relative recoil magnetic permeability piype. = 1.094
PM edge line current density Jj; = 800,000.00 A/m
mass of the armature core mi. = 5.56 kg

mass of the armature teeth mi; = 4.92 kg

mass of the armature conductors mg, = 15.55 kg
friction force F, = 1.542 N

Then, resistances and reactances independent of magnetic saturation have
been calculated,

armature winding resistance R; = 2.5643 € at 75°C

armature winding leakage reactance X; = 4.159 Q at f = 20 Hz
armature winding leakage reactance X; = 1.0397 Q at f =5 Hz
armature reaction reactance X,q = Xqq = 4.5293 Q at f =20 Hz
armature reaction reactance Xqq = Xqq = 1.1323 Q at f = 5 Hz
specific slot leakage permeance A5 = 1.3918

specific leakage permeance of end connections A, = 0.2192
specific tooth-top leakage permeance A1y = 0.1786

specific differential leakage permeance A4 = 0.21

coefficient of differential leakage 741 = 0.0965

Note that for calculating X,4 of an LSM with surface PMs, the nonferromag-
netic air gap is the gap between the ferromagnetic cores of the armature and
reaction rail. The relative magnetic permeability of NdFeB PMs is very close
to unity.

Steady-state performance characteristics have been calculated as functions
of the load angle §. The load angle of synchronous motors can be compared
to the slip of induction motors, which is also a measure of how much the
motor is loaded. Magnetic saturation due to main flux and leakage fluxes has
been included. An LSM should operate with maximum efficiency. Maximum
efficiency usually corresponds to the d-axis current 1,4 ~ 0. Table 3.2 shows
fundamental steady-state performance characteristics for f = 20,15, 10, and
5 Hz. In practice, the maximum efficiency corresponds to small values (close
to zero) of the angle ¥, i.e., the angle between the phasor of the armature
current I, and the g-axis, which means that the d-axis armature current I,
for maximum efficiency is very small, or I,4 = 0 (Section 3.1.6 and Chapter
6).

Table 3.3 contains calculation results for maximum efficiency and two ex-
treme frequencies f = 20 Hz and f = 5 Hz, including magnetic saturation.
The magnetic flux density in armature teeth for maximum efficiency is well be-
low the saturation magnetic flux density (over 2.1 T for Dk-69 laminations).
This value is close to the saturation value for higher load angles § > 60°.
Also, the armature current I, and, consequently, line current density A,, and
current density j, increase with the load angle 4.
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Table 3.2. Steady-state performance characteristics of a flat three-phase, four-pole
LSM with surface PMs and 7 = 56 mm

)
deg

4
deg

Pout
W

Fe
N

'z =

Ia n
A o

cos ¢

f=20Hz Vi

- =200V, v
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S

24 m/s

—20.0
—10.0
1.0
10.0
12.0
15.0
20.0
224
30.0
40.0
60.0

58.69
80.18
70.51
40.75
33.77
23.53
7.20
0.11
—18.73
—36.89
—72.75

—670.0
—178.0
308.7
739.5
839.1
991.1
1253.0
1383.0
1803.0
2374.0
3562.0

—300.4
—85.2
145.3
342.1
387.7
457.2
577.2
636.4
829.1
1091.0
1644.0

992
1004
1108
1273
1319
1393
1544
1628
1931
2461
5511

5.91 1 0.5987
5.01]0.0312
4.27 1 0.6582
4.10 | 0.8223
4.16 | 0.8351
4.32 1 0.8463
4.78 |0.8515
5.09 1 0.8493
6.41 | 0.8287
8.79 | 0.7805
20.23| 0.5212

0.1960
0.0032
0.3172
0.6326
0.6976
0.7823
0.8894
0.9238
0.9807
0.9985
0.9754

f=15Hz, Vi

L—r =150V, v

s = 1.

68 m/s

—-20.0
—-10.0
1.0
10.0
15.0
19.4
20.0
30.0
40.0
60.0

64.25
84.85
65.31
33.47
15.03
0.21
—1.64
—27.01
—44.18
—75.94

—406.1
—63.5
276.4
576.8
749.1
903.4
924.6
1278.0
1616.0
1911.0

—243.8
—44.1
172.3
355.3
460.4
554.6
567.6
783.6
990.7
1179.0

977
1024
1160
1350
1487
1628
1646
2055
2595
5190

5.78 1 0.3703
4.79 1 0.6035
3.94 |1 0.6714
3.75 1 0.8146
4.00 |0.8332
4.44 | 0.8320
4.51 | 0.8309
6.24 | 0.7898
8.66 | 0.7203
18.64| 0.4104

0.1002
0.0845
0.4018
0.7258
0.8658
0.9420
0.9491
0.9986
0.9973
0.9615

f=10Hz, i

- =100 V, v

s = 1.

12 m/s

—20.0
—10.0
1.0
10.0
12.0
15.0
20.0
30.0
40.0
45.0
60.0

72.91
87.43
55.89
20.14
11.97
0.36
—16.30
—39.74
—55.12
—61.75
—80.56

—167.7
15.5
2174
380.5
416.2
469.0
554.5
708.8
822.6
851.9
634.9

153.2
17.8
202.2
351.4
384.1
432.5
510.9
652.5
757.8
785.4
592.4

990
1085
1265
1479
1535
1625
1795
2196
2709
3029
4507

5.300.2779
4.23 | 0.0974
3.30 | 0.6973
3.15 | 0.8068
3.240.8118
3.46 | 0.8108
4.05 | 0.7920
5.81]0.7140
8.12 | 0.6060
9.50 | 0.5404
15.50| 0.2525

0.0507
0.2176
0.5462
0.8648
0.9138
0.9642
0.9979
0.9856
0.9654
0.9576
0.9363

=5

Hz, Vi

—r =250

V, vs = 0.56

m/s

—20
—10
1
8.6
10
15
20
30
40
60

87.20
73.13
35.88
0.10
—6.18
—25.54
—40.01
—59.02
—71.27
—88.42

—-8.2
45.8
102.2
134.3
139.4
155.4
167.4
176.4
160.6
21.2

—-20.5
86.8
190.0
248.8
258.3
287.8
309.8
326.9
298.8
467.9

1149
1278
1469
1630
1661
1781
1911
2201
2521
3254

3.70 | 0.0866
2.7510.4260
1.99|0.7424
2.0010.7859
2.06 | 0.7822
2.44 10.7478
2.99 1 0.6891
4.36 | 0.5346
5.94 | 0.3650
9.53 | 0.0292

0.2957
0.4520
0.7999
0.9885
0.9978
0.9831
0.9397
0.8745
0.8547
0.8795
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Table 3.3. Calculation results for maximum efficiency with magnetic saturation

taken into account

[Quantity | f=20Hz [ f=5Hz
Load angle § 20° 8.6°
Angle between armature current I, and g-axis ¥ 7.2° 0.103°
Output power Poyt, W 1253 134.3
Output power to armature mass, W/kg 48.16 5.16
Input power P;,, W 1472 170.9
Electromagnetic thrust Fg,, N 578.7 250.4
Thrust F,, N 577.2 248.8
Normal force F,, N 1544 1630
Electromagnetic power Py, W 1296 140.2
Efficiency n 0.8515 0.7859
Power factor cos ¢ 0.8894 0.9885
Armature current I,, A 4.78 2.0
d-axis armature current I,q, A 0.6 0.0
g-axis armature current I,q, A 4.74 2.0
Armature line current density, peak value, A, A/m 50,670 21,170
Current density in the armature winding j,, A/mm? 2.946 1.231
Air gap magnetic flux density, maximum value B4, T 0.5244 0.5338
Per phase EMF excited by PMs Ef, V 91.22 23.42
Magnetic flux in the air gap &4, Wb 0.1852 x 1072|0.1901 x 1072
Armature winding loss APy, W 175.6 30.65
Armature core loss APipe, W 14.45 2.39
Mechanical losses AP,,, W 3.45 0.90
Additional losses AP,q4, W 25.1 2.7
Armature leakage reactance X, {2 4.1268 1.0351
d-axis synchronous reactance X4, {2 8.566 2.144
g-axis synchronous reactance X4, {2 8.656 2.167
Magnetic flux density

in the armature tooth, B¢, T 1.2138 1.2471
Magnetic flux density

in the armature core (yoke) Bic, T 0.574 0.5893
Saturation factor of the magnetic circuit ksqt 1.0203 1.0208

3.1.8 Magnetic Circuit

The equivalent magnetic circuit shown in Fig. 3.3 has been created on the

basis of the following assumptions:

(a) Symmetry axis exists every 180° electrical degrees (one pole pitch).
(b) The magnetic flux density, magnetic field intensity and relative magnetic
permeability in every point of each ferromagnetic portion of the magnetic

circuit (PMs, cores, teeth) is constant.

(c) The air gap leakage flux is only between the heads of teeth.
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(d) The magnetic flux of the armature (primary unit) penetrates only through
the teeth and core (yoke).

(e) The equivalent reluctance of teeth per pole pitch is R;/Q1, where R; is
the reluctance of a single tooth and @ is the number of teeth (slots) per
pole.

Each portion of the magnetic circuit is replaced by equivalent reluctances:

e reluctance of PM

har
Ry=—"—¥— 3.52
M HolrrecWnr Ly ( )
e reluctance of air gap
gkc gkc
R = = 3.53
townrlar  pooyTLpg ( )
e reluctance of a single tooth
hy
R= ———F 3.54
Y7 poprect Lik; (8:54)
e reluctance of the armature core (yoke) per pole pitch
T+ hie
Riend ————— 3.55
' poprichicLiki ( )
e reluctance of a the reaction rail core (yoke) per pole pitch
T+ hQC
Roe ¥ ———————— 3.56
? /J/O,ur2ch20LM ( )
e reluctance for the PM leakage flux
Ront = —— (3.57)
IM Cinr .

in which

Gy ~ 2/10(0.52[]\/] + 0.26wys + 0308]7,]\4) it hy <zym (358)

harl
GZM%2!!0< MM
TM

+0.26wps + 0.308hM) it hay>aan (3.59)

e reluctance for the air gap leakage flux

1 5+4gkc/bis 1

R, ~
Y Bgko/bu L

(3.60)
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In the foregoing equations (3.52) to (3.60), fiyrec is the relative recoil magnetic
permeability of the PM, p,; is the relative magnetic permeability of the ar-
mature tooth, u.1. is the relative magnetic permeability of the armature core
(yoke), pro. is the relative magnetic permeability of the reaction rail (core),
has is the height of the PM per pole, wys is the width of the PM, and [,
is the length of the PM in the direction perpendicular to the plane of the
traveling field, hj. is the height of the armature core (yoke), ho. is the height
of the reaction rail core, by4 is the armature slot opening, k¢ is Carter’s coef-
ficient, 7 is the pole pitch, L; is the effective length of the armature stack (in
the direction perpendicular to laminations), and zjs is the distance between
adjacent PMs. The magnetic flux @; is excited by the MMF Fy; = Hchypy of
PMs, the armature reaction MMF F,4 is given by eqn (3.19), @4 is the PM
excitation flux (flux at no load), @, is the air gap magnetic flux, and @ is the
magnetic flux linked with the primary winding (air gap flux @, reduced by
the air gap leakage flux @4, if included).

TN NN

Fig. 3.3. Magnetic circuit of an LSM with surface PMs. Symbols are described in
the text.

Reluctances for leakage fluxes R, according to eqns (3.57), (3.58), and
(3.59), have been calculated by dividing the magnetic field into simple solids.
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The reluctance (3.58) is a parallel connection of the reluctances of two one-
quarters of a cylinder (B.16), two half-cylinders (B.15), and four one-quarters
of a sphere (B.21). The reluctance (3.59) is a parallel connection of the reluc-
tances of two prisms (B.13), two half-cylinders (B.15), and four one-quarters
of a sphere (B.21).

The following Kirchhoff’s equations can be written for the magnetic circuit
presented in Fig. 3.3:

R; 1 1
20— + —PRy. — =P = —2F, .61
Q1+2 Rie 2 lg%lg Fad (3.61)
@g =&+ @lg (3.62)
@f = Q-Sg + D (3.63)

1 1
2¢f8?M + §¢1M§RZM + 5@]0?}%26 =2Fm (3.64)
R, 1 1
2(Fn — fad) = 2@f§RM + 2@9%9 + 2@6 + 5@%10 + 5@10?)?20 (3.65)
1

The solution to these equations gives magnetic fluxes in the following form,

e magnetic flux excited by PMs

. 2(.7]\4 — Fod — 4fad8‘tg/8?lg)A + Q(fM + Jfad%lM/%lg)(2/§}%lM)B
N AC + BD

Py
(3.66)
e magnetic flux linked with the armature winding

_ 2(.7‘—”[ — Fad — 4fad§}%g/§}%lg)D — 2(.7]\4 + fad%”\/j/%lg)(2/%m{)c

e AC+ BD
(3.67)
e air gap magnetic flux
4F
b, = DA+ —¢ (3.68)
Riq
The leakage fluxes result from eqns (3.62) and (3.63), i.e.,
By, =, — & (3.69)
D1y =Py — Dy (3.70)

In the above eqns (3.66) to (3.68),
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1 R, 1 >
A=14+—(2— + =Ry, 3.71
§ng ( Ql 2 ! ( )
- R 1
B = 24R, + 251 + 3R, (3.72)
1

C =2Rpp + 5%20 (373)

§RM §RQC
D=14+4—+ 3.74
Ror Mo (8.74)

The coefficient of PMs leakage flux

P

=14 — 3.75
oM + ¥ (3.75)
The coeflicient of total leakage flux
oy~ 14 2T P (3.76)
Py

If R4 — oo and R;pr — oo, then A — 1. It means that leakage fluxes &, — 0
and @;p; — 0. Thus, the magnetic flux

2(Fm — Fad)
2 (%M + R, + %) +0.5(R1c + Rae)

D=0, =P = (3.77)

3.1.9 Direct Calculation of Thrust

The thrust of a PM LSM can be calculated directly on the basis of the elec-
tromagnetic field distribution [152]. Fig. 3.4 shows a single-sided PM LSM
in the Cartesian coordinate system. The problem can be simplified to a two-
dimensional (2D) field distribution where currents (y direction) in the arma-
ture winding are perpendicular to the laminations, and magnetic flux density
has only two components, i.e., tangential component B, and normal compo-
nent B,.

The 2D electromagnetic field distribution will be found on the basis of the
following assumptions:

(a) The armature core is an isotropic and slotless cube with its magnetic
permeability tending to infinity and electric conductivity tending to zero.

(b) The armature winding is represented by an infinitely thin current sheet
distributed uniformly at the active surface of the armature core.

(¢) The armature currents flow only in the direction perpendicular to the xz
plane, i.e., in the y direction.

(d) The width of the PM is b, < 7.
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Fig. 3.4. Model of a single-sided LSM with surface configuration of PMs for 2D
electromagnetic field analysis.

(e) Isotropic PMs are magnetized in the normal direction (z coordinate) and
have zero electric conductivity.

(f) Each PM is represented by an equivalent coil embracing the PM and
carrying a fictitious surface current that produces an equivalent magnetic
flux.

(g) The magnetic permeability of the space between PMs is equal to that of
PMs.

(h) The core of the reaction rail is an isotropic cube with its magnetic per-
meability tending to infinity and electric conductivity tending to zero.

Simplifications given by assumptions (a) and (b) can be corrected by replacing
the air gap g between the armature core and PMs by an equivalent air gap
g = kcg, where ko is Carter’s coefficient. The time-space distribution of
the armature line current density for the fundamental space harmonic can be
obtained by taking the first derivative of the primary MMF distribution with
respect to the x coordinate. According to eqns (3.7) and (3.8),

CdF(z,t)  omaV2
a(z,t) = T E— Ny Ik cos(wt — B) (3.78)
or
a(z,t) = —Re[Apne?t=P*] = —Re[A,, et e™1P7] (3.79)

where the peak value of the line current density

2N1 k11,
A, = M (3.80)
pT

and the constant
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g=" (3.81)

T

The line current density (3.80) obtained as dF(z,t)/dz has in numerator the

effective number of turns Nik,1, instead of the number of turns N; — see

eqn (3.9). Eqn 3.9) is according to the definition of the line current density.
The space distribution of the armature line current density is simply

a(r) = 7R€[Ameijﬁz] = —A,, cos fz (3.82)

According to assumption (f) and for 2D problem, the equivalent edge line
current density [152] representing a PM is the same as H. for the linear
demagnetization curve, i.e.,

B,

HoHrrec
where B, is the remanent magnetic flux density, and .. is the relative recoil
magnetic permeability of a PM (Chapter 2 and Appendix A). If, say, B, = 1.1
T and fiyrec = 1.05, the equivalent edge line current density Jy; ~ 0.834 x 106
A/m.

The PM magnetic flux density equal to the remanent flux density B, is
constant over the whole width b, = a;7 of the PM and takes its sign according
to the polarity of PMs. Such a periodical function b(z) = > | b, sin(vrz/7)
can be res