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PRINCIPAL SYMBOLS

A magnetic vector potential

A line current density; surface

a operator a = exp (727/3)

a instantaneous value of the line current density

apr coeflicient taking into account the nonlinear magnetic permeability and
hysteresis losses in calculating the resistance and active power loss

ax coefficient taking into account the nonlinear magnetic permeability and
hysteresis losses in calculating the reactance and reactive power loss

B magnetic flux density

b instantaneous value of the magnetic flux density; width of slot
C capacitance

¢, width of a tooth of the primary core

D diameter; damping (friction) coefficient

d thickness of the highly conducting layer; thickness of the secondary of a
double-sided LIM; height or diameter of the secondary conductor (bar)

E electric field intensity; electromotive force (EMF); induced voltage
F force

f frequency; force per unit area

g airgap (mechanical clearance)

g: total airgap

H magnetic field intensity

h height

hsec thickness of the secondary ferromagnetic core (back iron)

I current; functional

1 instantaneous value of the current

J current density

PRINCIPAL SYMBOLS xv

j imaginary unit j = V-1

K stiffness coefficient

ke Carter’s coefficient

k. longitudinal end effect factor

k,.: saturation factor of the magnetic circuit due to the main (linkage)
magnetic flux

kg goodness factor

kgn factor for reducing the secondary conductivity due to transverse edge
effects (modified Russell and Norsworthy factor)

k.. turns ratio for reducing the secondary impedance to the primary wind-
ing

k, imbalance factor

k,, winding factor

factor for increasing the secondary impedance due to transverse edge
effects

k, attenuation factor of the electromagnetic field in the secondary for the
vth space harmonic

L self-inductance

L, effective width of the primary core

L. length of the primary core (along the pole pitch)
M mutual inductance

m number of phases; mass

N number of turns per phase

n time harmonic

P active power

p number of pole pairs

Q number of slots per pole; reactive power
g number of slots per pole per phase

R resistance

r radius




xvi PRINCIPAL SYMBOLS

S apparent power
s slip

Scr critical slip corresponding to maximum (pull-out) electromagnetic thrust
Fmaz

str stray loss
t time; slot pitch

to, thickness of highly conducting layer behind the secondary core (back
iron)

V' electric voltage; volume

v instantaneous value of the electric voltage
V., magnetic voltage

v velocity of the secondary in the = direction
v, synchronous velocity

w width of the secondary (core)

w, coil pitch

wWoy width of the highly conducting layer behind the secondary ferromag-
netic core (back iron)

X reactance

x,y,z Cartesian coordinates

Z impedance Z = R+ jX

z number of slots

a angle between currents in neighbouring bars of a cage winding

a; average value-to-mazimum value ratio of the magnetic flux density
B real constant § = 7/T

Ba,B,c angle between phase voltages

B, real constant 8, = vw/7 dependent on the space harmonic order v
n efficiency

© magnetomotive force (MMF); coordinate of cylindrical system

9 instantaneous value of the magnetomotive force

Ksqu saturation factor of the magnetic circuit due to leakage magnetic fluxes

PRINCIPAL SYMBOLS xvii

K, complex propagation constant for the vth space harmonic dependent
on the pole pitch

A coefficient of leakage permeance (specific leakage permeance)
1 magnetic permeability

o magnetic permeability of free space g, = 0.47 x 1075 H/m
1, relative magnetic permeability

tre complex equivalent relative magnetic permeability

v space harmonic of the field distribution along the pole pitch
& reduced height of the conductor

o electric conductivity

o; form factor

T pole pitch

& magnetic flux

¢ phase angle between current and voltage

¥ linkage magnetic flux

Q angular speed ! = 27n

w angular frequency w = 27 f
Subscripts

Al highly conductive material (aluminium)

av average

b bar of cage (ladder) winding

cag cage (ladder) winding

d differential

e equivalent; end connection (segment of the side bar)
Fe ferromagnetic core

1 number of the subsequent layer

in input

m peak (maximum) value




xviii PRINCIPAL SYMBOLS

n nth time harmonic

out output

ov overhang (end connection)

r,©,x projections of a vector on cylindrical coordinates r, 9,z
s surface value; slot

str stray loss

u,v rectangular coordinates moving with any velocity vy

z,y, z projections of a vector on rectangular coordinates z,y, z
v vth space harmonic

1 primary

2 secondary

Superscripts

+ positive-sequence component; forward-travelling field
- negative-sequence component; backward-travelling field

(?) number of layers of which the secondary is composed

1

REVIEW OF CONSTRUCTION

Linear electric motors belong to the group of special electrical machines
that convert electrical energy directly into mechanical energy of translatory
motion. Linear electric motors can be classified as follows:

e d.c. motors,

¢ induction motors,

e synchronous motors, including reluctance and stepping motors,

e oscillating motors,

e hybrid motors.

The most popular are linear induction motors (LIMs), which are manu-
factured commercially in several countries and are finding many applica-
tions.

1.1 History

The concept of linear electric motors is more than 150 years old. The
first proposal was patented in 1841 (Wheat:stone).79v 81, 142 The first LIM
was patented in 1890.115 A lot of patents on the use of LIMs in textile
shuttle propulsion appeared between 1895 and 1940. In 1905 two projects
for applications of LIMs to traction were proposed.81 In 1923 a mowing
pavement for pedestrians propelled by a flat LIM along 42nd Street from
Grand Central Terminal to Times Square in New York was designed.81
The construction of a flat, single-sided LIM with a synchronous velocity of
100 m/s to be used to accelerate starting airplanes, by the Westinghouse
Company of America in 1945, was an important event in the development
of LIMs.”9: 81 This apparatus, called ‘Electropult’ could develop an initial
starting thrust of 75 600 N and accelerate a mass of 5 000 kg to a speed
of 185 km/h in a distance of 160 m in 4.2 s. The short primary had a
three-phase winding and the long secondary (1 600 m) was also wound.
After taking off (input phase current 7 kA), the primary was disconnected
from the three-phase power supply and decelerated by applying dynamic
braking (input d.c. current 10 kA).

Progress in construction of nuclear reactors demanded efficient pumps
for liguid metals like sodium, sodium-potassium alloy, and bismuth. In
the late 1950s induction pumps for liquid metals were designed.139' 141 1
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{a)

Fig. 1.1. The HSST-05 magnetic levitation train: (a) general view;
(b) single-sided LIM for propulsion. (Photo courtesy of HSST Cor-

poration, Japan.)

HISTORY 3

F1G. 1.2. The Transrapid 07 magnetic levitation train. (Photo courtesy of
Thyssen Henschel, Germany.)

the early 1960s induction pumps for the transportation of melted steel in
ironworks were designed.l38

In the 1960s various devices for the simulation of car collisions were
also worked out, with tested cars being accelerated to 100 kn1/11.95' 142

There was a great deal of interest in high-speed transportation systems,
that is, magnetic levitation systems, in the 1970s (Figs. 1.1, 1.2). Vehi-
cles that are suspended magnetically can reach speeds of more than 500
km/h and can be propelled either by synchronous linear motors or by
LIMs.1: 9, 95, 142 Also, application of LIMs to wheel-on-rail traction cars
can offer advantages since, amongst other things, propulsion and braking
are independent, of adhesion.130. 140

LIMs have found the widest prospects for applications in transportation
systems, beginning with electrical traction on small passenger or material
supply cars (used at airports, exhibitions, clectrohighways, elevators) and
ending with pallet transportation, wafer transportation, belt conveyors,
transportation systems of bulk materials, etc. The second important place
for LIM applications is in industry, i.e. manufacturing processes (machine
tools, hammers, presses, mills, separators, automated manufacturing sys-
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Fic. 1.3. Evolution of a rotary induction motor: (a) solid rotor induction
motor into a flat, single-sided LIM, (b) hollow-rotor induction motor
into a flat double-sided LIM: 1 — primary, 2 — secondary.

tems, strip tensioners, textile shuttles, index tables, turntables, disc saws
for wood, sliding doors, robots, etc. )} LIMs can also play an important
part in industrial investigations and tests, e.g. high acceleration of model
aircraft in aerodynamic tunnels, high acceleration of vessels in laboratory
pools, propulsion of mixers, shakers and vibrators, adjusting = — y tables
and instruments, etc. There is also a possibility of using LIMs in consumer
electronics (sound and vision equipment, knitting machines, curtains) and
in offices (transportation of documents, letters, and cash). The ‘Hand-
book of linear motor applications’ 142 printed in Japan in 1986 contains
about 50 examples of applications of LIMs in operation or in the process
of implementation.

There are a lot of research and development centres carrying out re-
search on LIMs, the majority of them in Europe, Japan, and Northern
America. '

1.2 Geometry and classification

A linear motor can be obtained by cutting a rotary motor along its radius
from the centre axis of the shaft to the external surface of the stator core
and rolling it out flat. A LIM can be obtained by cutting in the same way
either a cage rotor induction motor or a wound rotor induction motor. The

GEOMETRY AND CLASSIFICATION 5

FiG. 1.4. The primary of a flat LIM with two degrees of freedom.

stator becomes the primary and the rotor becomes the secondary. The sec-
ondary of a LIM can be simplified by using a solid steel core and replacing
the cage (ladder) or slip-ring winding with a high-conductivity nonferro-
magnetic plate (aluminium or copper). The nonferromagnetic plate is a
secondary electric circuit with distributed parameters, and the ferromag-
netic core is a conductor both for the magnetic flux and the electric current.
It does not matter from the principle of operation point of view which part
(primary or secondary) is in motion. Thus, the flat, single-sided LIM can
be obtained from a solid rotor induction motor (Fig. 1.3a) and the flat,
double-sided LIM can be obtained from a hollow-rotor induction motor
with wound external and internal stator (Fig. 1.3b). In a double-sided
LIM the secondary ferromagnetic core is not necessary, since the magnetic
flux excited by one of the primary windings after passing through the air-
gaps and nonferromagnetic secondary is then closed up by the core of the
second primary.

Theoretically, a double-sided LIM with primary windings located on
two cores, in comparison with a single-sided LIM exciting the same MMF,
has twice the airgap magnetic flux density. Therefore, the thrust of such a
motor is four times greater, assuming the same dimensions.11° If only one
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Table 1.1  Design data of small, single-sided, three-phase LIMs
Quantity LIM Unit
SL-5-100 | SL-5-270
Thrust at s =1, F, > 100.0 > 270.0 N
Input frequency, f 50.0 50.0 Hz
Input phase voltage, V) 220.0 220.0 A%
Number of poles, 2p 4 4
Number of turns per phase, NV, 840 420
Number of compensating
turns per phase, N). 140 70
Diameter of conductor, d; 0.75 1.10 mm
Effective width of primary core, L; 0.05 0.10 m
Pole pitch, 7 0.05 0.05 m
Length of single
end connection, [, 0.12 0.12 m
Coil pitch, w, 0.05 0.05 m
Airgap, g 1to2 1to2 mm
Number of slots, z; 12 12 -
Width of slot, by, 10.2 10.2 mm
Width of slot opening, b4 8.0 8.0 mm
Depth of slot, h, 45.0 45.0 mm
Height of yoke, Ay, 31.0 31.0 mm
Conductivity of solid
secondary core at 20°C, op, 4.5 t0 6.5 | 4.5 t0 6.5 | x10% S/m
Conductivity of aluminium
cap at 20°C, o4 = 30.0 % 30.0 | x10% S/m
Width of secondary core, w > 0.05 > 0.10 m
Thickness of secondary
core, hgec >5.0 > 5.0 mm
Thickness of aluminium cap, d 3.0 3.0 mm

primary core is wound the output parameters of a double-sided LIM are
the same as those for a single-sided LIM with laminated secondary back
iron.143 The fundamental advantage of double-sided LIMs is the elimina-
tion of the normal attractive force between the primary and the secondary,
because the secondary is usually nonferromagnetic.

The design data of low-power LIMs manufactured in Poland are pre-
sented in Table 1.1.

Flat LIMs can have primary cores consisting of an array of cores ar-
ranged in parallel at appropriate distances and connected magnetically by
additional yokes perpendicular to the direction of the travelling field. A
magnetic circuit designed in such a way makes it possible to apply two wind-

GEOMETRY AND CLASSIFICATION 7
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Fic. 1.5. Tubular LIMs: (a) single-sided with an external short primary,
(b) single-sided with an external short secondary, (c) double-sided with
short primary. 1 — primary, 2 — secondary.

ings, in general multi-phase windings, with perpendicular conductors,142

as shown in Fig. 1.4. Adjusting the current in each winding, the secondary
can be moved in two perpendicular directions and can be positioned at any
point of the z — y plane. A flat LIM with two degrees of freedom can be
designed both as a single-sided and a double-sided machine.

By rolling a flat, single-sided or double-sided LIM around the axis par-
allel to the direction of the travelling magnetic field, i.e. parallel to the
direction of the thrust, a tubular motor can be obtained (Fig. 1.5).

A tubular (cylindrical) LIM, similar to a flat LIM, can be designed
both as a single-sided and a double-sided machine and can have a square,
or rectangular cross—sect:ion,144 as in Fig. 1.6. There are possible configu-
rations other than that in Fig. 1.6, regarding the length of the secondary
with respect to the length of the primary.

The design data of some tubular LIMs with cylindrical cross-section
manufactured by Demag Fordertechnik Antriebstechnik, Hamburg, Ger-
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Fig. 1.6. Tubular, double-sided LIM with a square cross-section:

1 primary, 2 — secondary, 3 — primary coil, 4 — internal core.

(a)

L=

TR
OOAD

Fig. 1.7. Flat LIM with transverse magnetic flux and salient poles:
(a) single-sided, (b) double-sided. 1 — primary, 2 — secondary.

(b)

many, are presented in Table 1.2. According to International Electrotech-
nical Commission (IEC) standards, S1 means continuous running duty and
52 means short-time duty (IEC Publication 34-1).

All the above-mentioned LIMs are motors with longitudinal magnetic
fluz, i.e. the lines of magnetic flux lie in the plane parallel to the direction of
the travelling magnetic field. A LIM can also be designed in such a way as
to obtain magnetic flux lines perpendicular to the direction of the travelling

GEOMETRY AND CLASSIFICATION 9
Table 1.2 Data of small three-phase tubular LIMs

Duty | Quantity LIM Unit
type LMP 19/12 | LMP 19/18 | LMP 19/24
Thrust at
s=1F, 10.0 12.0 13.0 N
S1 | Input phase
current, I; 0.23 0.27 0.28 A
Input power, P;, 120 145 160 W
Thrust at
s=1, F; 150...16 230...19 315...21 N
S2 Input phase
current, Iy 8.2...0.37 10.5...04 12.5...0.5 A
Input power, P, | 3.2...0.18 5.0...0.20 5.9...0.22 kW
Duty time 10...1800 10...1800 10...1800 s
Rated input
phase voltage, V1, 220 \'
Connection Y -
Input frequency, f 50 Hz
Synchronous velocity, v, 3.9 m/s
Class of insulation F -
Secondary diameter 19 mm
Secondary mass 0.48...1.28 kg
Secondary length 0.28...0.75 m
Max. temperature
of secondary 115 0C
Mass of primary 4.2 5.7 7.2 kg
Number of
primary coils 12 18 24

field 35, 38, 42, 115 gych motors are said to have transverse magnetic fluz
(Fig.1.7).

The fundamental advantage of a LIM with transverse magnetic flux
in comparison with a LIM with longitudinal magnetic flux is the lower
magnetizing current necessary, due to the shorter magnetic flux paths.
The significant disadvantage is lower thrust. A flat LIM with transverse
magnetic flux usually has a primary winding of concentrated coils located
on salient poles.

A flat, single-sided LIM with transverse flux can produce not only thrust
but also electrodynamic suspension. In the design shown in Fig. 1.8 the
secondary is suspended electrodynamlcally, and propelled and stabilized
laterally by the primary magnetic field.3° The primary magnetic circuit
consists of E-shaped laminations assembled in two rows. The short sec-
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Fic. 1.8. Flat LIM with transverse magnetic flux, salient poles, and non-
ferromagnetic secondary propelled, suspended, and stabilized electro-
dynamically: (a) straight primary, (b) arc-shaped primary.

ondary is made of light aluminium alloy in the form of a boat. The lateral
sides of the boat are inclined by 60% with respect to the active surface.
Such a shape provides maximum normal repulsive force and maximum lat-
eral stabilization.

In a similar way a flat LIM with salient poles and longitudinal magnetic
flux (Fig. 1.9) can be designed to obtain electrodynamic suspension, propul-
sion, and stabilization.91 59 The long primary consists of three-phase elec-
tromagnets assembled in two rows. The short secondary (vehicle) consists
of three parallel parts in the shape of boats creating a threemaran. Such a
LIM was invented by P. Hochhéusler (German patent No. 2422083/1980).

In this section only typical and the most popular configurations of LINs
have been described. Special designs are discussed in Chapter 5.

According to their geometry, the LIMs can be divided into the following
groups:

e with movable primary or movable secondary,

GEOMETRY AND CLASSIFICATION 11

Fig. 1.9. Flat LIM with longitudinal magnetic flux, salient poles, and
nonferromagnetic secondary propelled, suspended, and stabilized elec-
trodynamically (German patent No. 2422083/1980).
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Table 1.3 Design data of single-sided, three-phase LIMs for propulsion of vehicles

(a) 3 (b] Quantity LIM Unit
\ \ S JLMDR | ICTS KU | CIGGT | GEC
E N Pull-out thrust at
\ \ \ frequency
\—| | given below, F, 12.5 9.0 3.5 1.7 0.7 kN
- S * | Input frequency, f 20.0 40.0 25.0 40.0 60.0 Hz
Rated phase
AN 7 TRTAN TR N current, V) 275.0 465.0 130.0 200.0 200.0 A
Number of poles, 2p 8 6 4 6 4
(c) Number of turns per
phase, N; 128 96 128 108 48
Equivalent diameter
\ : of conductor, d; - 8.93 5.28 1.115 8.1 mm
S m Number of parallel
conductors 1 19 1
| | Effective width of
' primary core, L; 0.23 0.216 0.29 0.101 | 0.1715 m
A ‘ Pole pitch, = 0.27 | 0.2868 0.30 0.25 0.20 m
Length of single
FiG. 1.10. LIM-driven wheel-on-rail cars: (a) single-sided LIM with short | end connection, L | 0.3483 0.2955 | 0.3685 m
primary mounted on the undercarriage, (b) single-sided LIM with short ‘ Coil pitch, w, 0.225 | 0.1673 0.25 | 0.1944 | 0.1555 m
secondary mounted on the undercarriage, (c) double-sided LIM with | | Airgap, g 15.0 12.6 12.0 15.0 18.2 mm
short primary mounted on the undercarriage, (d) double-sided LIM Number of slots, z;(z}) | 96(106) | 72(79) | 48(58) | 54(61) | 36(43)
with short secondary mounted on the undercarriage. Width of slot, byy 15.6 17.0 15.0 13.08 mm
| | Width of slot
e single-sided and double-sided, , opening, biy 15.6 10.44 | 13.08 mm
e flat and tubular, Depth of slot, k3 53.0 38.0 34.21 61.47 mm
e with short primary and short secondary, Height o’f yOke’ hay 43.6 39.3 71.63 50.0 mm
e with longitudinal and transverse magnetic flux. Con.ductlwty of back
iron at 20°C, o, 446 | 9.52 446 | 512 | x10° S/m
) Conductivity of Al
1.3 Propulsion of wheel-on-rail vehicles cap at 20°C, o - 30.0 30.3 32.3 21.5 | x105 S/m
: . . . Width of back iron, w 0.3 0.24 0.3 0.111 | 0.1715 m
Modern railway systems and electrical traction should meet the following Thickness of back
requiremegts; o o iron, Raee 190 ] 125| 250 254 | 474| mm
e high level of automatization and computerization; ' | Thickenss of Al cap, d 50 45 5.0 | 4.5(2.5) 3.9 mm
e propulsion and braking independent of adhesion which in turn is af- Thickness of Al cap,
fected, first of all, by climate and weather; behind Fe core. ¢ 50 17.0 5.0 12.7 3.9 mm
e low level of noise, sometimes below 70 dB (A); Width of Al rer
e ability to cope with high slopes, at least 6%, and sharp bends with cap, w + 2wes 0.30 0.32 0.40 0.201 | 0.2985 m

radius of curvature less than 20 m;
e no pollution to natural environtment and landscape;
o high reliability.

JLMDR = Japanese Linear Motor Driven Railcar, Japan,

ICTS = Intermediate Capacity Transit System, Canada,

KU = Kyushu University LIM, Japan,

CIGGT = Canadian Inst. of Guided Ground Transport, Canada,
GEC = General Electric Company, USA.
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FiG. 1.11. The undercarriage of a wheel-on-rail vehicle: (a) rotary motor
propulsion, (b) LIM propulsion.

The congestion problems of big cities should be solved by creating col-
lective transport forms that can be implemented without affecting a highly
populated city. For example, there are many cities in Italy where the
historical centre has remained the same since the Renaissance. A heavy
railway might be a completely wrong solution and have a notable impact
on the city planning. An adequate solution might be a light railway, a
people mover, with transport capacity of 10 to 20 thousand passengers per
liour, to replace the traditional transport nets and to integrate the existing
railway nets.117

All the above requirements can be met by using LIMs as propulsion
machines. Replacing electrical rotary motors with linear motors in trac-
tion drives (electrical locomotives) generally does not require new tracks,
but only their adjustment to linear drives. Single-sided LIMs (Fig. 1.10a,
1.10b) are best, since the normal attractive force of these can strengthen
the adhesion of wheels and rails. The airgap is from 10 to 15 mm. Most
frequently, the locomotive, car, or cart has two LIMs with short primaries
(Fig. 1.10a) assembled in series. The double-layer secondary consists of
a solid back iron and an aluminum cap, and is located between the rails.
Cables for computer communication with the vehicle and, quite often, col-
lectors for electrical energy delivery to the vehicle are located along the
track. Three-phase LIMs are fed from variable-voltage, variable-frequency
(VVVF) voltage-source inverters. A linear propulsion system of wheel-on-
rail vehicles allows more flexibility (Fig. 1.11), reducing noise on bends and
wear of the wheels and rails.

PROPULSION OF WHEEL-ON-RAIL VEHICLES 15

Table 1.4 Design data of double-sided, three-phase LIMs for propul-
sion of vehicles

Quantity LIM Unit
GEC | LIMVR
Maximum thrust at given below
input frequency, F, 0.85 16.68 kN
Input frequency, f 60.0 173.0 Hz
Input phase current, I; 200.0 2000.0 A
Number of poles, 2p 4 10
Number of turns per phase, N; 144 100
Diameter of conductor, d; 0.75 1.10 mm
Effective width of
primary core, L; 0.0869 0.254 m
Pole pitch, 7 0.1795 0.3556 m
Coil pitch, w, 0.05 0.05 m
Number of slots, z1(z]) 36(45) | 150(160)
Width of slot, by 13.7 16.0 mm
Width of slot opening, b;4 13.7 mm
Depth of slot, h; 63.0 mm
Height of yoke, hi, 23.9 - mm
Width of tooth, ¢; 20.0 7.7 mm
Resultant airgap, g; 38.1 38.075 mm
Airgap, g 2x127 | 2x11.1 mm
Thickness of secondary, d 12.7 15.875 mm
(hollow)
Effective thickness
of aluminium secondary 12.7 7.2 mm
Width of secondary, w > 0.3046 m
Conductivity of aluminium
cap at 20°C, o4 ~ 24.34 ~24.0 | x10% S/m

GEC = General Electric Company, USA,
LIMVR = Linear induction Motor Research Vehicle, Pueblo, Colorado, USA.

Double-sided LIMs (Fig. 1.10c, 1.10d) have found very limited applica-
tion due to the technical difficulty of eliminating faults caused by bends in
the secondary with primary cores on either side. It is more difficult to keep
a small and uniform airgap in double-sided LIMs than that in single-sided
LIMs.

The LIM-driven wheel-on-rail vehicles are built for low velocities, i.e.
less than 100 km/h, and for short routes, i.e. less than 50 km (urban transit
systems and short-distance trains). At present, LIM-driven trains operate
in Toronto and Vancouver, Canada,so' 140 Detroit, USA, and Tokyo
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trock slider,

Fi1G. 1.13. Linear table movement.

and Osaka, Japan.97' 130 small car units propelled by LIMs mounted
on the track between the rails are used in Walt Disney World (Orlando,
Florida) and at Houston Intercontinental Airport (Texas).65' 136 There
have also been attempts to replace steel wheels and rails with air support
pads (Dulles International Airport, Washington; Duke University, Durham;
UTDC Kingston, Canada).

The design data of some single-sided traction LIMs are presented in
Table 1.3 and double-sided traction LIMs in Table 1.4.

LINEAR BEARINGS 17

1.4 Linear bearings

Linear ball bearings offer a simple solution to reciprocating linear motion
problems. A LIM furnished with linear bearings can be used in industrial
drives, control systems, and various mechanisms. It includes automation
devices, feed mechanisms, packaging machines, sound proofing panels, pas-
senger vehicle doors, welding machines, guides for pneumatic cylinders,
X-ray equipment, battery modules, copying machines, etc.

Fig. 1.12 shows a typical linear ball bearing. It consists of a linear
bearing track T, slider S, ball cage, and double row of high-precision balls.
The slider runs inside a track rail supported by a double row of balls,
individually located and spaced by the ball cage.

Fig. 1.13 shows an application involving two linear bearings. It is desir-
able for the length of the slider S to be very similar to the distance between
the track rail E. If the ‘wheel-base’ S is too small the table top may tend
to wobble and jam in the two track rails. It is recommended that ratio
E/S < 2. The two linear bearings must be absolutely parallel. If the table
top is very long, linear bearings with two separate short sliders (Fig. 1.12b)
should be used.

1.5 Magnetic levitation

High-speed trains need high-precision tracks. The wear time of tracks for
high-speed trains is rather short. Therefore, the maximum velocity for
traditional railways is 250 to 300 km/h. The world’s fastest train TGV At-
lantique has established the world rail speed record of 515.3 km/h, but the
maximum authorised speed of this train is 300 km/h. At higher speeds, the
construction and maintenance of railway systems would not be justifiable
from a technical and economical point of view. Nowadays, the transport
in highly industrialized countries requires speeds higher than 300 km/h.
These requirements can be met by air transport, which, on the other hand,
consumes a lot of energy and is expensive. Research done in Germany and
Japan shows that vehicles suspended magnetically and propelled by linear
motors are the optimum solution to modern transport problems. These
magnetic levitation vehicles run at speeds of about 500 km/h on routes
longer than 100 km.

Fig. 1.14a shows energy consumption per passenger per 1 km against
speed of trains, cars, aircraft, and magnetic levitation trains.8® The speed
of magnetic levitation trains is less than that of airplanes but the energy
consumption is much lower. The track costs at high cruising speeds (above
250 km/h) are lower than those for wheel-on-rail trains. Other advantages
include low level of noise (Fig. 1.14b), high level of security of riding (Fig.
1.14c), high comfort of riding, easy maintenance, possibility to reach the
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Fic. 1.14. Comparison of passenger transportation systems: (a) energy
consumption per passenger per kilometre against speed, (b) maximum
noise level at 25-m distance (IC — intercity train, ICE — intercity ex-
press, TGV-A — TGV Atlantique), (c) safety analysis — transportation
system risk. (Courtesy of Thyssen Henschel, Germany.)
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FiG. 1.15. Electromagnetic levitation system: z, — required airgap,
2 — actual airgap, v. — speed of the electromagnet in the z-direction,

m — mass of yoke (part being suspended).
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FiG. 1.16. Electrodynamic levitation system: a — coil width, ! coil
length, d — aluminium plate thickness, g — airgap.

centres of big cities, low land absorbtion, adaptability to the landscape due
to the high gradability of 10% and the short curvature radii of 2.25 km at
300 km/h, and no pollution to natural environment.

Both electromagnetic levitation systems (Fig. 1.15) and electrodynamic
levitation systems (Fig. 1.16) are used for the magnetic suspension.

In electromagnetic levitation systems the attraction force between the
steel yoke (guidance) and electromagnets lifts the vehicle. The electro-
magnet is fixed to the undercarriage. The current of the electromagnet
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Fi1G. 1.17. Basic designs of magnetically levitated vehicles propelled by
linear motors: 1 — propulsion system, 2 — suspension system,
3 — lateral stabilization system. Description of propulsion systems (a),
(b), (c), and (d) is the same as in Fig.1.10.

is automatically controlled. The attraction force can be found using the
well-known formula:36

£ n oy (Vi)
. Lot

(1.1)

where: p, is the magnetic permeability of free space, A4 is the area of the
airgap under a single pole of the electromagnet, 7 is the current in the coil
of the electromagnet, N is the number of turns of the coil, and g is the
airgap.

An electromagnetic levitation system needs a control system. When the
airgap between the pole and the yoke increases, the current in the coil of
the electromagnet also increases. When the airgap decreases, the current
must decrease. In practice, to keep the required airgap z, constant (about
10 mm), a control system with three feedback signals is used: displacement
2, linear velocity v. in the 2z direction, and current 7.
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In electrodynamic levitation systems the repulsive forces between the
superconductive electromagnet mounted on the undercarriage and an alu-
minium plate (guidance) fixed to the track are used. The airgap (100 to
300 mm) is much higher than that in electromagnetic levitation systems.
Owing to the large airgap, the electrodynamically levitated trains can
operate in severe climates with heavy snowfalls, ice formations, and white
frost formations. The repulsive force between the d.c. fed coil moving with
velocity v and a nonferromagnetic conductive plate placed below the coil
can be calculated using Hannakam's 67 formula, which has been modified

by Guderjahn et al, 64 ;e

e NORSIORTE

V@@ | 4| er w00

where k = 2/(povod) if the plate thickness d < § and k = 2/(povod) if d >
6. The parameter § = 1//7fu,0 is the equivalent depth of penetration.
The coefficient 1/(1k?) in eqn (1.2) can also be replaced by exp{—&/[1+
2(g/1)%/?)}, where € = [47/(povog)]'/?. The coil moving with velocity v
is subject to the braking force F, = kF.. More detailed discussion of eqn
(1.2) is given in Bogarov and Nagorski 9 and Guderjahn et al64

A number of details on electrodynamic levitation systems in application
to transportation systems can be found in publications by Alscher et al,1
Linacre,84 Menden et al,88 Miller and Ruoss,91 Money,92 Nagaike and
Ta.katsuka,94 Ohishi, 111 Pa.scal,ll4 Pollard and chhes,119 Raschbichler
and Miller.12! The basic designs of magnetically levitated vehicles pro-
pelled by linear motors are shown in Fig. 1.17.

Table 1.5 shows the most important design data of magnetic levitation
vehicles built so far. The projects still in blue print such as the Canadian

Maglev System 1 6r Russian projects have not been included.
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Table 1.5 Characteristics of magnetic levitation vehicles

Name of Year of | Suspen- Pro- Max. Mass Load
vehicle intro- sion pulsion | speed | of unit | capacity
duction km/h t t
Germany
Transrapid 01 1970 ELM SLIM - - -
MBB-PV 1971 ELM DLIM 90.0 5.8 0.6
Transrapid 02 1971 ELM DLIM | 164.0 11.3 0.6
Transrapid 03 1972 AC DLIM | 140.0 10.0 2.0
Transrapid 04 1973 ELM DLIM | 253.0 20.0 1.5
HMB 2 1974 ELM | LSMFe | 36.0 2.0 0.3
KOMET 1975 ELM RM 400.00 9.0 0.2
LSV 301 1975 ELM | LSMFe | 20.0 2.2 0.2
EET 01 1974 ELD DLIM | 140.0 17.0 5.0
EET 02 1977 tyred LSM 230.0 14.0 3.0
wheels
Transrapid 05 1979 ELM | LSMFe | 75.0 36.0 5.2
Transrapid 06 1983 ELM LSMFe | 400.0 122.0 20.0
M-Bahn 1984 ELM | LSMFe | 50.0 7.8 6.0
Transrapid 07 1989 ELM | LSMFe | 500.0 | 100.0 20.0
Japan
EML-50 1975 ELM SLIM 40.0 1.8 -
HSST-01 1977 ELM SLIM | 307.8 1.0 -
HSST-02 1977 ELM SLIM 110.0 1.8 0.6
HSST-03 1985 ELM SLIM 60.0 12.3 5.7
HSST-04 1987 ELM SLIM 43.0 19.8 7.2
HSST-05 1988 ELM SLIM 55.0 39.5 14.5
ML-500 1977 ELD LSM 517.0 10.0 1.5
MLUO001 1980 ELD LSM 400.0 10.0 1.5
Rumania
Magnibus 01 1984 ELM HLSM 54.0 3.0 -
UK
BMS . 1984 ELM SLIM 42.0 8.0 3.2

AC = air cushion,

BMS = Birmingham Maglev System,

DLIM = double-sided LIM,

ELM = electromagnetic levitation, ELD = electrodynamic levitation,
HLSM = homopolar linear synchronous motor,

LSM = air-core linear synchronous motor,

LSMFe = linear synchronous motor with ferromagnetic core,

RM = rocket motor,

SLIM = single-sided LIM.
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FiG. 1.18. Three-phase, double-layer winding of a small, flat LIM with
2p = 4, q; = 1, and with six half-filled end slots.

1.6 Windings

The primary windings of LIMs are copper conductors with round or rectan-
gular cross-section. Aluminium conductors are not used since they increasc
the primary winding losses and, consequently, the winding temperature.
The windings can be located in slots, i.e. windings with distributed param-
eters or in the form of coils located on salient poles (in flat LIMs with
transverse flux or in some tubular LIMs), i.e. windings with concentrated
parameters. Low-power LIMs have random windings made from round
wire (semi-open slots), while medium-power and large LIMs have wind-
ings made from preformed coils from rectangular copper bars (open slots).
The insulation class is usually F or H. The current density in the primary
windings is from 4 to 25 A/mm® and depends on the output power and
on the cooling system. When the primary current density is more than
15 A/mm?, the conductors have internal channels and direct water cooling

system is required.

The primary windings are usually three-phase windings with the num-
ber of slots per pole per phase q; = z1/(2pm;) > 1, where z; is the number
of primary slots totally filled with conductors, m; is the number of pri-
mary phases, and 2p is the number of primary poles. The larger is qi,
the closer is the distribution of magnetic flux density along the z axis to
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FiG. 1.19. The envelope b.,, of the space-time distribution along the
z axis of the normal component of the airgap magnetic flux density
produced by a three-phase, double-layer, four-pole winding: (a) without
compensating coils, (b) with compensating coils.

a sinusoidal function. This rule is not applied to low-power LIMs with
small dimensions. For these LIMs, q; = 1. To improve the distribution
of the magnetic flux density and reduce the resistance and leakage reac-
tance, chorded windings are quite common. Therefore, it is better to design
flat LIMs with double-layer primary windings than LIMs with single-layer
windings.

It is very important to obtain small resistance and leakage reactance of
the primary windings of LIMs with large airgaps. The airgap of single-sided
LIMs is from a few to several millimetres, and the nonferromagnetic airgap
of double-sided LIMs is much larger, i.e. it can reach a few centimetres.
The large magnetizing current magnifies the input current, which in turn
results in much higher voltage drops in the primary circuit than in the
case of rotary induction motors where the airgap is from a fraction of a
millimetre to a few millimetres.

A double-layer winding fills only half of the slots at each end of the
core, i.e. the end slots accommodate only one side of a coil, which causes

WINDINGS 25

>~

I“'----ﬁ-'\
e == -

[
’

—

&\

) 09 d S o
Al c1 3 A2 C2 B2
Fic. 1.20. Three-phase, double-layer winding of a small, flat LIM with
2p = 4, q1 = 1, and with compensating coils. The thin line shows
the coils containing one-third of the number of slot conductors. The
solid line shows the coils containing two-thirds of the number of slot
conductors.

nonuniform distribution of MMF along the = azis, weakened at each end of
the primary core. Owing to this fact and to the necessity of compensating
the pulsating component of magnetic flux density, so-called compensating
coils are applied.139 The pulsating component of magnetic flux density
is caused by the end effects. The additional compensating coils create
supplementary groups of coils and are located in the half-filled end slots.
Fig. 1.18 shows a double-layer winding with m; = 3, 2p = 4, ¢; = 3, and

12345678 910111213% 15161718 19 2021 2223 % 252627 28 29303132 333 3536 3738304041 4243

s

Fi1G. 1.21. Three-phase, double-layer winding of a large, flat LIM with
2p=4, Q@ =9, g1 =3, and w./T = 7/9, without compensating coils.
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FiG. 1.22. A single section of a three-phase, single-layer winding with
2p =4, and q; = 2 of a flat LIM with segmented primary core.

¢1 = 1 of a small LIM. There are three half-filled slots at each end of the
primary core. The number of slots z; = 12 assumed for calculations is
equal to the number of slots totally filled with conductors, i.e. nine plus
50% of half-filled slots, i.e. 9 + 0.5 x 6 = 12. The total number of slots for
such a winding is

w 1
7= (217 + —C) mq = 5 (213 + E) z (1.3)
T 2p T

The envelope by, of the space-time distribution b(z,t) of the magnetic
flux density in the airgap of a LIM with the primary winding according
to Fig. 1.18 is shown in Fig. 1.19a (the influence of slotting is neglected).
Unfavourable distribution of the magnetic flux density along the x coor-
dinate, weakened at each end of the core, can be seen. After adding the
compensating coils, the winding diagram becomes more complicated (Fig.
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F1G. 1.23. A single-layer winding of three-phase LIMs with 2p = 4, z; = 24,
and g = 2: (a) tubular LIM, (b) flat LIM.

1.20) but the envelope of the magnetic flux density (Fig. 1.19b) — neglect-
ing the slotting — is parallel to the z axis within the interval 0 < z < 2p7.
When calculating the reactances, the equivalent number of turns per phase
for the windings with compensating coils, as shown in Fig. 1.20, can be
assumed

w/
N{ ~ Ny, + —<Ny. (14)
We
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FiG. 1.24. Connection diagram of coils of a three-phase, single-sided LIM
with transverse magnetic flux.

where N; is the number of turns per phase, Ni. is the number of compen-
sating turns per phase, w. is the coil pitch, and w., is the compensating
coil pitch. The typical ratio w’./w. = 1/3 for small single-sided LIMs.99
The compensating coils are applied only to small LIMs with 2p < 4. In
medium-power and large LIMs with 2p > 4, the compensating coils are
not necessary since the ratio number of half-filled slots to total number of
slots is small (less than or equal to 0.2). Fig. 1.21 shows a three-phase,
double-layer winding of a large LIM with 2p = 4, Q1 = 9, ¢ = 3, and
we/T = 7/9, without compensating coils.

Single-layer windings should be used either for flat LIMs with segmented
primary core, e.g. for traction LIMs with long primary fixed to the track,
or for tubular LIMs. A single-layer winding of a flat LIM with segmented
primary core is shown in Fig. 1.22. A single-layer winding of a tubular
LIM (Fig. 1.23) consists of cylindrical coils and is created by rolling the flat
winding (Fig. 1.23b) around the z axis (Fig. 1.3). The beginnings and the
ends of the conductors are connected together so that the end connections
are eliminated. This is the fundamental advantage of tubular motors. The
windings of tubular LIMs can also be equipped with compensating coils.139

The windings of LIMs with transverse magnetic flux (Fig. 1.24) consist
of coils with concentrated parameters and rectangular cross-section, and are
made similarly to windings of small transformers. If the phase sequence
is A-B,C,-A, B-C,..., the shape of the MMF wave will be close to the
sinusoidal, which means the LIM will produce the highest thrust. The
same phase sequence can also be used in tubular motors.
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Fic. 1.25. Laminated core of a tubular, single-sided LIM consisting of six
segments: 1 — single segment, 2 — primary winding, 3 - double-layer
secondary.

The secondary windings, in general, have distributed parameters. In
single-sided LIMs (Fig. 1.3a) the secondary winding consists of a solid steel
core (back iron), whose surface adjacent to the airgap is covered with alu-
minium or copper layer. Laminated secondary cores are rather rare. The
thickness of the aluminium layer is from 2 to 6 mm, while the thickness of
the copper layer is from 1 to 4 mm. In general, flat LIMs (Fig. 1. 3a) have
an aluminium cap and single-sided tubular LIMs (Fig. 1.5a) have a copper
cap. A solid secondary core is a conductor both for magnetic flux and for
electric current.

The secondary of double-sided LIMs usually does not have a ferromag-
netic core. In flat, double-sided LIMs the secondary is an alurninium or
copper plate (Fig. 1.3b) and in double-sided tubular LIMs (Fig. 1.5¢) the
secondary is aluminium or copper pipe. The thickness of a copper or alu-
minium secondary ranges from a few to several millimetres. In many cases
a nonferromagnetic secondary of flat, double-sided LIMs is hollow or it
consists of two aluminium layers with an insulating nonferromagnetic layer
between them, e.g. air.

Secondary cage (ladder) windings or phase windings are rather rare.
Their construction is similar to the rotor windings of rotary induction mo-
tors (Section 4.3).

1.7 Magnetic circuits

Magnetic circuits of LIMs are made of the same magnetically soft materials
as those of rotary machines, i.e. they are made from nonoriented, cold-rolled
electrotechnical steel sheets. The thickness of the sheets is 0.2 — 0.65 mm
and the silicon content is 0.3 — 3.2% or sometimes no silicon is added. In
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FiG. 1.26. The primary slots of flat LIMs: (a) semi-open. (b) open.

low-speed LIMs fed from a 5 — 10 Hz power source, it is possible to replace
electrotechnical steel sheets with steel sheets of thickness up to 2.5 mm used
for deep drawing (lower wear of punch and die). It is better to produce the
primary cores of tubular motors, due to their complicated shapes, by pow-
der metallurgy (sintered ferromagnetic powders).76 A simple primary core
of a tubular LIM made of electrotechnical steel sheets (Fig. 1.25) consists
of from four to eight rectangular segments located uniformly around the
periphery. In large LIMs with transverse flux, the primary cores of which
are almost the same as transformer cores, oriented (anisotropic) steel sheets
can be used.

The thickness of the edge sheets of laminated cores is increased to about
1.5 mm. Instead of applying thick edge laminations it is better to weld
together a couple of normal thickness edge laminations since punch and
die are not designed to cut thick sheets. To improve the heat transfer, it
is recommended that cooling ducts be perpendicular to the conductors in
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Fi1G. 1.27. Magnetization curves u-(H,,) of carbon steels.

large LIMs. The recommended width of cooling ducts is 6 — 15 mm, about
10 mm on average.

Traction LIMs with large pole pitches 7 = 200...300 mm and number
of poles 2p > 6 have a primary core of at least 1.2 m length. It is wise in
these motors to divide the laminations into shorter segments and then to
assemble them in such way that the segments in each alternate layer are
shifted by half the segment length.

The primary slots {Fig. 1.26) of flat LIMs are rectangular and are semi-
open (for random windings) or open (for preformed coils).

The secondary cores of flat and tubular LIMs are hardly ever laminated
or sintered. In general, there are solid cores made from flat steel bars or
plates (flat LIMs), or from round steel bars or pipes (tubular LIMs). The
thickness of solid cores is usually from 10 to 30 mm at input frequency 50
or 60 Hz. The radius of the secondary core of a tubular LIM should also
be from 10 to 30 mm. The less thick the core, the lower is the thrust and
the power factor due to an increase in the magnetizing current (increased
magnetic voltage drop in the secondary core.)‘s3 On the other hand, the
thick secondary ferromagnetic core enlarges the dimensions and the costs
of a linear drive. In practice, the thickness does not exceed 25 mm.
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Fig. 1.27 shows the magnetization curves p, = f(Hrn ), where p, is the
relative magnetic permeability, of typical carbon steels which can be used
for manufacturing the secondary cores of LIMs. The electrical conductivi-
ties of those steels are from 4.5 x 10° to 6.2 x 10° S/m.32

The saturation factor of the magnetic circust for LIMs is defined simi-
larly to that for rotary induction motors, i.e.

2Vu1t + 2V#2t + Vuly + V#?-y
2Vuyl

kst =1+ (1.5)
where: V,1; is the magnetic voltage drop across the primary single tooth,
Vo, is the magnetic voltage drop across the secondary single tooth, Vj1,
is the magnetic voltage drop of the primary yoke, V2, is the magnetic
voltage drop of the secondary yoke, and Vg, is the magnetic voltage drop
across the total (resultant) airgap g, multiplied by Carter’s coefficient. For
LIMs with a solid secondary, V2, = 0 (no teeth).

The total airgap is:

o for single-sided LIMs (Fig. 1.3a, 1.5a, 1.5b)

g=g+d (1.6)
e for double-sided LIMs (Fig. 1.3b, 1.5¢)

g=g+g+d (1.7)

where: d is the thickness of the high-conductivity layer and g, g1, and g2
are the mechanical clearances.
Some researchers, e.g. Voldek 139 yse the saturation factor of the teeth

2V + 2V

* 2‘/#91
and the saturation faétor of the yokes
Vity + Vo,
Kyury = 1+ nly u2y 1.9
saty 2‘/;“7! + 2‘/;:11 + 2v,12¢ ( )
The resultant saturation factor is then
Kyar = ksutlksuly (110)

Since the saturation magnetic flur density for cold-rolled electrotechnical
steel sheets is about 0.5 T higher than that for carbon mild steels, the mag-
netic permeability of laminated cores is much higher than the permeability
of solid cores. Therefore, for LIMs containing solid secondary cores, par-
ticularly under high magnetic saturation, the following inequality is valid:
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2V + Viiy € 2Via + Vigy (1.11)

and the saturation factor of the magnetic circuit can be expressed using a
simplified formula

2Vu2£ + ‘/;t'.!y

1.12
2Vt ( )

ksat =1+
The calculation of the magnetic voltage drop of a solid ferromagnetic
core is made on the basis of the distribution of the magnetic field inten-
sity. There is always some calculation error. The longer the pole pitch, the
higher the calculation error. The calculation results of V2, should be re-
garded as simplified, particularly for LIMs with long pole pitches (traction
LIMs), i.e. 7 > L,.
Carter’s coefficent k¢ of the airgap should be calculated using the exact
formula. According to Carter, for the primary core:68

koy = ———— (1.13)

where

(1.14)

where t; is the primary slot pitch and b4 is the primary slot opening.
For large LIMs b1y < g or biy =~ g,. The approximate formulae in which
bi4/g. > 1 results in errors in the calculations.

The Carter’s coefficient koo for a slotted secondary core can also be
calculated with the aid of eqns (1.13) and (1.14), putting t2, 2, and by
instead of ¢1, 71, and by 4, respectively. The resultant Carter’s coefficient is

kc = kCl x kcg (1.15)

For single-sided LIMs with an aluminium cap it is recommended to use
the following modified Carter’s coefficient
ke(g+d)g+d° — gd

kcg = 1.16
Cg gg + d2 ( )

to obtain an effective airgap kcgg, instead of kgg.
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for example, Dombrovsky and Khutorietsky 23 and Richter.124. 125 The
remaining symbols are: m; = number of phases, h;; = height of the primary
tooth, hy, = height of the primary yoke, b;; = width of the primary slot,
d = thickness of the high-conductivity layer, L; = effective width of the
primary stack, t,, = thickness of the high-conductivity layer behind the
back iron, w = width of the secondary core (back iron), w,, = width of
the secondary ‘side bars’, J; = primary current density, and k; = stacking
factor of the primary core.

Assuming the coefficients v1, v1pe, Y241, and Y2p. are equal to unity,
the functions F} and F3 express the volumes of the active materials. If
these coefficients are equal to specific mass densities, the functions F} and
F express the masses of the active materials. If these coefficients are equal
to the costs per volume, the functions Fy and F» express the costs of the
active materials.

The basic constrains imposed on LIM design are: (1) minimum value
of the product ncos ¢, (2) maximum magnetic flux densities in any fer-
romagnetic portion of the magnetic circuit, (3) maximum temperature of
the primary winding, (4) maximum length L, of the primary core, and (5)
maximum value of the space factor of the primary slots. Additionally, for
inverter-fed LIMs, (6) maximum permissible peak value of the pulsating
thrust, (7) maximum commutation time, and (8) maximum permissible
voltage across the terminals of the commutation capacitors of the inverter.
The LIM and the inverter should be designed simultaneously.

The extremum of the objective function F(T) of several variables can
be obtained by the first-derivative test (equating the partial derivatives to
zero), using gradient methods, nonlinear programming, dynamic program-
ming, and other methods.

The quality of the designed LIM can be evaluated with the aid of the
goodness factor

I Y
ko = 22 = — 9 s 8.98
Q= 7, = T25(s)] (8.98)

where I is the secondary current referred to the primary system, Iy is the
magnetizing current, X, is the mutual reactance, Z5(s) is the secondary
impedance, and s is the slipfor the fundamental harmonic. The higher the
goodness factor kg at a given slip, the better the LIM.

9

EXPERIMENTAL TESTS

Experimental tests play a very important part in the research and design
of linear electric drives. Since errors in calculation are always possible, the
parameters must often be indentified on physical models in order to verify
the accuracy of calculations. A digital simulation of an electromechanical
system also requires knowledge of its parameters which should when possi-
ble, be measured on the same or similar real system. The successful design
of a new linear drive is nearly always accompanied by prior experimental
tests performed on a physical model.

9.1 Test facilities

The majority of applications of LIMs, e.g. electrical traction or industrial
drives, demand full knowledge of their characteristics during motoring,
braking and generating modes. To obtain the steady-state velocity and
required accuracy of measurements, the test facilities incorporate a long
secondary and are designed according to one of the following options:

(a) a short primary installed in a car riding on a linear track;118

(b) a short primary installed in a car which is fixed to an arm and is
riding on a circular track;lG’ 17,93

(c) a motionless, short, double-sided primary propelling an elastic con-
ductive closed belt, similar to a conveyor belt;37

(d) a motionless short primary propelling  acylinder, drum, or
disc. 2. 39, 107, 122

All of the above-mentioned facilities are aimed at testing flat LIMs.
Tubular LIMSs can be tested using facility (a).

A few metres to several hundred metres (depending upon the syn-
chronous velocity) of linear track with a flat LIM mounted to the undercar-
riage of a wheel-on-rail car is very expensive to test and requires installation
in a large assembly house or secure open-air space. In research laborato-
ries, such an option is economically justifiable only for testing small LIMs.
When a linear track is not long enough to achieve steady-state velocity, the
steady-state characteristics of the LIM being tested can be determined on
the basis of dynamic tests.118
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The circular track test facility built at the University of Palermo, Italy,
uses a flat, single-sided LIM riding around a double-layer, aluminium-
capped reaction rail which lies in the horizontal plane.lﬁ' 17 The mean
diameter of the reaction rail is 9.6 m and its width is 0.9 m. The short
primary is mounted on one end of an arm, spinning around a vertical shaft.
A counterweight fixed to the other end of the arm balances the centrifugal
forces. In addition, the LIM and the counterweight are supported by four
idle wheels which are allowed to move along two circular guide rails. The
electric energy delivered to the primary unit is provided through three slid-
ing contacts. An additional external 10.6-m diameter circular secondary for
a double-sided LIM, replacing the counterweight, has been built recently.
In this way, load tests on both the single-sided and double-sided LIM, can
be performed for each LIM operating either as a motor or as a brake. The
layout of the test facility employing both the single-sided and double-sided
LIMs is shown in Fig. 9.1, while the LIMs are shown in Fig. 9.2.

The test facility with a closed belt secondary (Fig. 4.14) poses a seri-
ous problem when manufacturing a durable and flexible nonferromagnetic
current conducting belt.37 120 Usually, it is impossible to make a homo-
geneous belt.

The simplest, most durable, and most reliable test facilities are those
where a motionless primary propels a wheel, drum, or disc. Testing the
LIM in motoring, generating, and braking modes is easy. The LIM can
easily be loaded using a rotary machine. The measurements of forces and
velocity are simple. The thrust F, and linear velocity can be measured in
the same way as the shaft torque and shaft speed of rotary motors. The
layout of components is shown in Fig. 9.3a, while the electrical power circuit
is shown in Fig. 9.3b. The LIM in Fig. 9.3 is composed of an arc-shaped
primary unit and a cylindrical rotor (secondary unit). The motionless
primary unit is mounted in such a way as to assure its three-degrees of
freedom. Three-directional displacement enables the measuring of thrust,
normal force, and lateral force with the aid of loads cells. The cylindrical
rotor shaft is coupled with a d.c. machine which can function as a motor,
generator, or brake. Both static and dynamic tests can be carried out. The
largest test facility of this type has been built at the INREST laboratory
in Grenoble, France. The 12-m diameter rotating wheel with horizontal
axis is installed in a special bunker.26 120 The second largest test facility,
with 7.6-m diameter rotating wheel with vertical shaft, has been built at
Queen’s University (CIGGT), Kingston, Canada. The Kyushu University,
Fukuoka, Japan, test facility has a 1.4-m rotating wheel with a horizontal
axis.107 A test facility 39 with a disc-type secondary and a flat primary is
shown in Fig. 9.4. Using a flat primary and a rotating disc, the parasitical
braking forces due to the disc curvature contribute to errors in the thrust

TEST FACILITIES 249

(b) SECONDARY
(DOUBLE-SIDED LIM) DOUBLE-SIDED LIM

DC GENERATOR

SYNCHRONOUS
MOTOR

AC GENERATOR
DC MOTOR

POWER

INDUCTION
q MOTOR ~  CONTRO

ROTATING P
CONVERTER INVERTER

Yia
STARTER MAIN [___—] SECONDARY
BoAaRD ] SINGLE-SIDED LIM (SINGLE-SIDED LIM)

F1c. 9.1. Test facility built at the University of Palermo, Italy: (a) general
view, (b) layout. (Photo courtesy of Prof. Cecconi and Prof. Di Maio.)
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Fic. 9.4. Facility with a disc-type secondary for testing small LIMs built
by the author.

measurements. These errors should be estimated and the measurements
corrected.

9.2 Data acquisition system

The object of any data acquisition and processing system is to collect the
data, and then process it in the desired fashion, record the results in a form
suitable for storage, presentation, or additional subsequent processing, con-
trol the measurements with high timing accuracy or exact synchronization
requirements, and improve the quality of measurement. Such tasks cannot
be solved manually or at least can only be solved inadequately.

Tasks that could be performed only by mainframe or minicomputers
a few years ago, can now be performed by PCs. A PC-based data acqui-
sition system for testing LIMs is sketched schematically in Fig. 9.5. The
interface converts the data from its present form into another. Transducers
convert either nonelectrical quantities, i.e. stimulus (position, acceleration,
force, temperature, light) into an electrical signal, or an electrical signal
into another with different parameters. The transducer produces an out-
put voltage which is amplified to become compatible with the input voltage
of the analog-to-digital (A/D) converter. The A/D converter converts an
analog voltage to a digital value. Then, two continuous data domains, for

DATA ACQUISITION SYSTEM 253

instance voltage and time, are digitized. How precisely an A/D converter
can perform the data conversion is described by the precision, linearity,
frequency response, and hysteresis of the transducer plus sampling rate,
resolution, and throughput. Sampling rate is the number of A/D conver-
sions performed per second. Resolution or dynamic range, dictates how
many discrete values (number of bits) can be assigned to the analog level.
Throughput or acquisition rate is the amount of data (number of samples
per second) collected during a specific amount of time. The digital-to-
analog (D/A) converter outputs an analog voltage for a specific digital
value. The analog signals generated by a D/A converter are normally used
to control a device. The voltage sent to the device, e.g. static converter,
causes the device to operate at a specific rate. Power bipolar transistors,
MOSFETs, and IGBTSs require a wide range of supply voltage. Isolation
devices must be capable of relaying the fast switching signals to the device
in electrically noisy environments. The optocouplers allow for safe, easy
interfacing between the control circuit and the power circuit of drive.
There are hundreds of interface cards with A/D and D/A converters
available for IBM compatible PCs. For example, the PC-30B features 16
analog input channels with 30 kHz throughput, two 12 bit D/A outputs,
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Fic. 9.5. PC-based data acquisition system for testing LIMs.
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F

F1iG. 9.6. Bonded strain gauge force transducer (load cell).

two 8 bit D/A outputs and 24 digital I/O lines. Most of the interface
manufacturers provide some software to get the user started and ensure that
the hardware is operating correctly. Normally, a data acquisition system
created for the specific purpose requires the development of a software.

9.3 Measurement of forces

The thrust, normal, and lateral forces are, in general, measured using load
cells. A load cell is a bonded strain gauge force transducer (Fig. 9.6).
The circuit commonly used is some form of d.c. Wheatstone bridge. Since
the variations in strain are dynamic the bridge circuit is operated in the
unbalanced condition, e.g. an output proportional to the variation in the
resistance of the active gauge is obtained. To increase the sensivity, two or
four active gauges may be used. Load cells measure mass and force from
a few grams to a few hundred kilograms (a few thousand Newtons) with a
high degree of accuracy and almost no deflection. Accuracy ranging from
0.2% up to 0.03% is standard. It is easily to install the loadcells in test
facilities having a motionless primary unit and rotating secondary. The pri-
mary must have three degrees of freedom, which allow its diplacement in
three axes and measurement of the forces in three directions. The flexible
support can be provided with the aid of linear bearings or rollers. The arc-
shaped primary unit should be able to rotate freely about the central axis
of the test facility. The load cells are installed between the movable and
immovable part of the frame to detect the forces between them. Usually, a
minimum of two load cells per direction are installed. The Kyushu Univer-
sity test facility 107 yses two load cells for thrust, four compression load
cells for normal force, and two compression load cells for the vertical force
measurements. A sketch of the location of the load cells is given in Fig.
9.7. The forces are converted into d.c. voltages through strain amplifiers.
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F1G. 9.7. Location of load cells for measurement of thrust, normal, and
vertical forces in a test facility with rotating wheel: 1 wheel,
2 — primary, 3 — load cells for thrust, 4 — load cells for normal force,
5 — load cells for lateral force.

The steady-state thrust can also be measured using a rotary d.c. ma-
chine with additional bearings for its stator. The shafts of a rotary machine
and rotating wheel (disc) are coupled mechanically. The stator of the ro-
tary machine is allowed to rotate frecly about the axis of the shafts. So,
when used as a brake, the rotating machine with additional bearings op-
erates as a pendulum which can be scaled in newtonmetres. When the
stator of the rotary d.c. machine is not equipped with bearings, the thrust
under steady-state conditions can be calculated from the output of the d.c.
machine.

9.4 Mesurement of velocity

The velocity must be measurered when a LIM is tested in a laboratory
or is controlled using a closed loop. The linear velocity can be measured:
(a) directly, with the aid of linear tachogenerators or encoders, or (b) indi-
rectly, with the aid of rotary tachogenerators or encoders. Indirect methods
are used in test facilities with rotating wheels, where a tachogenerator or
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encoder is connected to the shaft and in test facilites with translatory mo-
tion or closed-loop drives, where the shaft of a tachogenerator or encoder is
driven by the moving primary or secondary via a nonsliding contact (fric-
tion gear or rack-and-pinion). Any backlash between the tachogenerator
shaft and rack rail affects the measurement accuracy and is not permissible,
e.g. in the case of a vector-controlled LIM. Both induction and permanent
magnet tachogenerators can be used as anolog speed sensors. While digital
encoders may be made for linear applications, rotary encoders are more
common. They consist of a disc or drum with a digitally coded scale. Such
discs are manufactured with diameters from 50 to 250 mm. An absolute
encoder is a position verification device that provides unique position in-
formation for each shaft location. The location is independent of all other
locations, unlike the incremental encoder, where a count from a reference is
required to determine position. Incremental encoders give between 100 and
50 000 pulses per 360°. The resolution for testing LIMs should be at least
2 000 pulses/rev. For reliability, it is desirable to have discs constructed
from metal rather than glass.

9.5 Measurement of electrical quantities
9.5.1 Voltage and current

For voltage and current measurements, digital meters with a frequency re-
sponse that is adequate for the range 10 Hz to 20 kHz should be used. For
testing low-frequency LIMs, e.g. for elevator drives, the minimum frequency
should be even lower (5 Hz). LIMs are usually fed with distorted waveforms
so high-frequency time harmonics should be included. When measurement
of fundamental voltage is required, a low-pass filter with sharp cut-off char-
acteristics is useful.

It is important to display the nonsinusoidal waveforms in the frequency
domain. A visual display of the Fourier components of a given waveform
against frequency can be produced using a spectrum analyser. Modern
spectrum analysers sample and store input signals, analyse them using fast
Fourier transform, display them on screen, and print out a hard copy. RS-
232C or GPIB interface is common. The oscilloscope and the spectrum
analyser come from the same family of general-purpose instruments. How-
ever, the spectrum analyser outclasses the oscilloscope since it can represent,
the signals in both the time and frequency domains, while the oscilloscope
can only work in the time domain.

9.5.2 Power

A digital power meter should be adjusted for accurate power measurement
of distorted waveforms. Three-phase rather than single-phase power me-
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Fic. 9.8. Longitudinal distribution of the normal component of magnetic
flux density in the airgap (25 Hz, 447 V) of the Kyushu University LIM
according to Nonaka et ak (a) s = 0.5, (b) s = 0.3, (c) s = 0.1, (d)

s = —0.2.
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F1G. 9.9. Transverse distribution of the normal compenent of magnetic
flux density in the airgap of the Kyushu University LIM (25 Hz, 135 A)
according to Nonaka et al: (a) at normal position of the secondary, (b)
at lateral displacement of 0.1 m.

ters are preferred because thay can be connected both to three-wire and
four-wire circuits. Modern digital power meters incorporate easy-to-use,
versatile computing functions, and provide direct digital reading of the
active, reactive, and apparent power, power factor, and more. Typical fea-
tures are: 0.1% accuracy, frequency range from 10 Hz to 20 kHz, analog
output, RS-232C or GPIB interface, and low-pass filter.

9.6 Measurement of magnetic lux density

Gauss meters with a germanium Hall generator or search coil are used for
measurement of the magnetic flux density distribution in the airgap of a
LIM. The most important is the normal component (perpendicular to the
active surfaces) of the magnetic flux density producing the thrust.
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Kyushu University research group 122 recommends three sizes of coil of
the length equal to the primary core length and of different coil spans for
measurement of the normal component of the airgap magnetic flux density.
The first set of search coils, with span equal to the width of the primary
tooth, is wound on top of each tooth. In the next set of search coils,
embracing every slot pitch, the coil span is equal to the width of slot pitch.
The coil span of the last set of search coils is equal to one pole pitch. The
longitudinal distribution of the normal component of the airgap magnetic
flux density 107,122 i5 shown in Fig. 9.8. To measure the distribution
of the normal component of the airgap magnetic flux density along the
bars, groups of search coils can be set at any longitudinal position. The
transverse distribution of the normal component of the airgap magnetic
flux density 107 122 j5 shown in Fig. 9.9.

Measurement of the airgap magnetic flux density distributions allows
for the evaluation of both the longitudinal end effect and the transverse
edge effect.
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FIc. 9.10. Location of thermocouples for temperature measurement: (a)
of the primary winding, (b) of the double-layer secondary.
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9.7 Measurement of temperature

The temperature of the primary winding is measured using thermocouples
inserted between the upper and lower coils in the slot. Thermocouples are
installed in the centre position of the primary, half-way between each end.
Three thermocouples are usually used: one in the middle of the bar and
two at cach end of the bar (Fig. 9.10a.)

The temperature of the reaction rail is also measured with the aid of
thermocouples. It is recommended that two thermocouples be installed
in the centre of the aluminium cap, allowing for one pole pitch distance
between them (Fig. 9.10b). The rules for the cage secondary are the same
as those for the primary winding. In test facilities with rotating wheels
the output is obtained from the inside of the shaft via slip rings with high-
quality contacts.

9.8 Measurement of vibration

Where the vibration forces or responses are measured during operation of
the machine under test, such measurement is called simply wbration mea-
surement or wibration monitoring. The type of test in which the structure
or component is vibrated with a known excitation, e.g. using a shaker, often
outside its normal service environment, is called modal testing. Owing to
the rigid structure of a LIM, the vibration monitoring is sufficient in most
cases.

Basic components of a vibration measurement system are shown in
Fig. 9.11. The piezoelectric type of transducer is by far the most pop-
ular and widely-used transducer. Three types of piezoelectric transducers
are available for mobility measurements: force gauges, accelerometers, and
impedance heads. The force transducer is the simplest type of piezoelec-
tric transducer. The transmitted force, or a known fraction of it, is applied
directly across the crystal, which thus generates a corresponding electrical
charge. In an accelerometer, transduction is indirect and is achieved using
an auxiliary, or seismic mass. The output of the transducer is proportional
to the acceleration of its body (Z). It has been found convenient for some
applications to combine both force and acceleration measuring elements in
a single housing, forming an ¢mpedance head. The main reason for using
such a device is to facilitate the measurement of both parameters at a sin-
gle point. The correct location and attachement of transducers, especially
accelerometers, is very important. One of the advantages of the piezoelec-
tric transducer is that it is an active device and does not require a power
supply. On the other hand, amplifiers are required which are necessary to
boost the very small electrical charge that is generated by the crystals into
a signal that is strong enough to be measured by the analyser.
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F1G. 9.11. Typical instrumentation system for vibration measurement.

In order to measure the specific parameters of interest, an analyser is
incorporated. The oldest type of analyser is the tracking filter, and the
most sophisticated is the digital spectrum analyser. Instead of using an
analyser, signals from amplifiers can be sent to the A/D converter of a
PC-based data acquisition system (Section 9.2).

9.9 Equivalent circuit parameters
9.9.1 d.c. primary resistance

An exact value of the primary resistance Ry, at the d.c. supply can be
obtained by measuring the d.c. voltage between winding terminals (each
line-to-line or phase) and the d.c. current corresponding to the rated a.c.
current. The d.c. resistances of three-phases are, in general, different.

9.9.2  Open-secondary circuit test

The a.c. primary winding resistance and leakage reactance can be obtained
by disconnecting the secondary branch of the equivalent circuit (Fig. 3.16).
Since the no-load slip of a LIM is much higher than that of its rotary
counterpart, a classical ‘no-load test’ cannot be used. Two other methods
can be applied for disconnecting the secondary branch:
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(a) driving the tested LIM at synchronous speed (s = 0) with the aid
of a second motor fed from a variable-frequency source;

(b) removing the secondary winding by replacing the real secondary
with a laminated ferromagnetic core of the same dimensions and retaining
the same airgap.

The second method, performed at standstill, is easier to apply since
in the case of single-sided LIMs, the same second primary unit with open
windings can be utilized. In the case of double-sided LIMs it is sufficient
to remove the nonferromagnetic reaction rail. The input power Py, (con-
sumed by the three phases), the phase voltage V;, phase current I;,, and
input frequency f should be measured. The voltage and current must be
measured in all three phases to detect any phase unbalance. The input
voltage should be set at the level of the rated voltage, i.e. ¥} = V,. The
a.c. primary resistance R; and the resistance R, (in series) expressed by
eqn (3.114), is

Vi
Ri+R,= I—cosd)a (9.1)
lo
where
P]o
Yy = ——— 9.2
st = Vil ®-2)

Similarly, the primary leakage reactance .X'; and the reactance X, (in
series) expressed by egn (3.114), is

V;
XN +X, = 1—1\/1 — cos? ¢, (9.3)
lo

Since the exciting current I.,. = I1,, the core loss current Ir. and the
magnetizing current I4 are

Ipe = I, cos ¢y; Iy = I,\/1—cos? ¢, (9.4)

The primary core losses are

APy pe = 0.5(Pyo — my I3, Ryac) (9.5)

The coefficient 0.5 takes into account the presence of the auxiliary
laminated core when a single-sided LIM is tested. For double-sided LIMs
this coefficient is equal to unity.

The parallel and series resistances representing the primary core losses
are
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AP AP
Rpe = Iqu i R, = _lf_e‘ (96)
m Ii-F'c my Ifo
The a.c. current primary resistance is
Wi
Ry = —cos¢, — R, (9.7)
Ilo

The primary leakage reactance X'y cannot be measured directly. First,
the mutual (airgap) reactance .X; given by eqns (3.116) and (8.39) must
be found. If Rp. > X, (R, < X,) the reactance X, is approximately
equal to the mutual reactance X'y, which can be calculated with reasonable
accuracy using eqn (8.39), in which k,p & 1. Thus, the primary leakage
reactance is

Vi
15 7=
Ilo

R-l?’e ‘\’9

X —reg
R}, + X2

1—-cos¢o — (9.8)

Finally, the parallel core loss resistance can be determined again as

X2 X2
R TR,

Rpe = R, + (9.9)
The end effect impedance Z. has not been included since the test has
been performed at standstill (Z, — oo).

9.9.3 Blocked-secondary test

When the resistances R;, Rp. and the reactances X;, X, are known, the
secondary resistance R5(s = 1) and the secondary reactance X}(s = 1)
can be determined by performing the blocked-secondary test with the real
reaction rail (containing the closed electric secondary circuit). The input
power Pj,, (absorbed by all three phases), input voltage Vi, and input
current I;,, are measured. The subscript ‘sh’ means ‘short circuit’ since
the blocked secondary test on a LIM corresponds to the short-circuit test on
a transformer. If the test has been performed under rated voltage V| = Vi,.,
the primary winding losses, the secondary losses, and the stray losses at
s=1 are

AP, + APy + APy, =Plah — AP p, (910)

where the primary core losses AP, g, have been obtained in preceding test.
The power factor at s =1 is
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Plsh

_Lsh 9.11
m Vil (011

cos ¢s;, =

Owing to the large airgap, the vertical branch current is much higher
than that in a rotary induction motor, so that the vertical branch cannot be
neglected at s=1. The vertical branch and the secondary branch resistance
and reactance, in parallel, are:

Vi
R, = cos g, — Ry (9.12)
Lsh
Vi
AX—( ! \V/ 1-— COS2 ¢3/1 - -Yl (913)

Ilsh

where Ry = Re[Z:], X, = Se[Z,], and Z, is according to eqn (3.117).
Eqn (3.117) allows separation of the secondary resistance and reactance at
standstill:

Ri(s = 1) = Re[Zh(s = 1)]

_ (RiRo = X Xo)(Ro — Ri) + (Xi Ro + RiXo)(Xo = X))

9.14
(Ro - Rl)2 + (-Ya - -\’1)2 ( )
Xo(s = 1) = Se[Zy(s = 1)]
_ (XtR, + RiX,)(Ro — Ry) — (B4R, — A NN — X)) (9.15)
(Ro — R¢)? + (X, — Xy)? ’
where
12 Zozl
Ws=1)= 9.
Zo(s=1) T (9.16)

and Z,, R,, and X, are according to eqns (3.112) and (3.114), and have
been determined in the preceding test.

Note that only for the cage secondary of a single-sided LIM and very
thin nonferromagnetic secondary of a double-sided LIM does R}, /s = Ry(s =
1)/s and X4 =~ X}(s = 1) = const. For a LIM with a double-layer sec-
ondary (aluminium cap over back iron) the secondary resistance and leak-
age reactance are complicated functions of slip (Section 4.2) and should be
determined separately for each value of the velocity.
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The starting thrust is

Fu = =LY Ry(s =1)

where

I = B
7 VB = DP + [Na(s = 1
B VR + X}

1= v
VR + R)Z+ (X + 3,2
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(9.17)

(9.18)

(9.19)
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