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ABSTRACT
This paper attempts to provide the working knowledge of linear machines. It classifies the linear
machines into different categories and highlights the differences between them. Magnetic levitation
(MAGLEV), an interesting implementation of linear machines is also explained and classified. The
machines peculiarities and various applications are also discussed.
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1.0 INTRODUCTION
Wherever efficiency and throughput are meant to be increased for translation motion, linear
machines can be a better alternative to rotary ones. According to Mohammed (2012), before the
advent of linear machines, rotary machines provided solution to produce linear motion. Ball and
screw, belt and pulley and other rotary solutions have been employed to convert rotary motion
into translational. However, compared to linear machines, these solutions are less precise and
display backlash error. While using linear machines, load can be directly coupled with the
mover. Moreover, when it comes to speed, accuracy and efficiency; linear machines are more
suitable to meet these needs. Direct linear motion is achieved without any rotary to linear
transmission devices in linear machines. As it were, linear machines are not so different from
rotary ones.
2.0 LINEAR MACHINES
The main technologies for linear machines are permanent magnet for the synchronous type,
induction and switched reluctance machines. A simple linear machine is composed of a
stationary track (often laid with permanent magnets- PMs) and a mover (which is supplied with
current); both components making relative motion due to the interaction of electromagnetic
fields (Mohammed, 2012). In practice, these two roles can be switched i.e. forcer holding the
magnets and stationary track encompassing the current coils. Each configuration has its pros and
cons. The stroke length in any case can be increased by annexing more tracks one after the other.
A linear motor construction, according to Hannes (online), could be analogous to that of an
unrolled DC Motor as shown in figure 1.
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Figure 1: Analogy of unrolled DC Motor (Hannes).

Figure 1 shows an illustration of a rotary motor cut along its enclosure length and streched flat
with the two poles S and N (rotor/armature) also resting side by side on the streched stator. The
concept is simple: when a rotary motor is radially cut and laid flat it becomes nothing but a
rotary machine cut and flattened. In this condition, according to Hannes, the analysis is similar to
that of rotary machines as the dimentions and displacements that were angular are now replaced
with linear ones: torgues are replaced by forces; commutation cycle between two consecutive
pole pairs that is 360 degrees in rotary motors now becomes distance between two consecutive
pole pairs along the stretched enclosure (stator). The insert in figure 3 dipicts the Motor Rule. A
force (F) is produced when Current (I) in the direction shown interacts with the Flux Density (β).
The force F then produces a linear motion along the stretched stator.
2.1 The working principle is the same as that of its rotary counterpart: magnetic flux from a
mover (rotor) is locked or synchronized with that of a stationary track (stator) converting
electromagnetic energy into translation motion. However, there are certain differences e.g. the air
gap is usually bigger than in a rotary motor and a mover is shorter with respect to a track (stator)
(Muhammad, 2012).
2.2. Types and configurations
Reffering to Table 1, John (2014), wrote that types and configurations are according to the table.
Voice Coil. The voice coil motor is the simplest type of linear motor. A permanent magnet is
placed inside a coil of wire. As current is sent through the coil the permanent magnet moves
away from the coil. These motors can generate a lot of force but are limited in travel of an inch
or so.
Force Tube. This type of linear motor places a stack of disk-shaped permanent magnets inside a
hollow non-magnetic tube. This tube is placed inside an assembly of coils. By selectively
applying current to the coils, the tube moves through the coils or the coils move down the length
of the tube. This type of linear motor can generate a lot of force but does not have the travel
limits of voice coil motors.
Stepper. This linear motor works just like a rotary step motor and has all of the same advantages
and disadvantages. They are most often operated open loop and move in discrete steps. Linear
stepper motors are simple to commutate but have poor speed force characteristics. They are
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inefficient, and have low stiffness because they are operated open loop. Their main advantage is
that the rack base of the motor is passive. The rack is basically a slab of iron with slots milled
into it. Since the magnets and motor coils are located in the forcer, the rack base does not attract
and capture ferrous materials.
Hybrid. The hybrid linear motor’s construction is almost identical to the linear stepper motor.
The motor’s magnets and coils are just configured differently. The main difference is in its
performance. It is operated closed loop so it has higher stiffness and is more efficient.
Brush DC. The brush DC linear motor was one of the first linear motors. The rack base contains
all of the motor winding while the forcer has the permanent magnets and the brushes. The motor
is self-commutating so in some applications no controller is needed. The rack base is complex
and the motor has all of the disadvantages of all brush type motors – brush wear and arcing.
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Table 1: Linear Motor Properties (Long 2014).
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Linear motors can be grouped under the tabulation of Table 1.
2.3 Linear AC Machines

Figure 2: Chart categorizing types of linear AC machines (Muhammad (2012).
2.3.1 Linear Induction Motors [John long] The induction linear motor is the only linear motor
that does not use permanent magnets. The rack base consists of rods that are encapsulated such
that all of the ends of the rods on each side are shorted together. The windings in the forcer
induce currents in these rods to create a magnetic field. It is best suited for applications that have
low duty cycle and long travels.
2.3.2. Synchronous Induction Motors. This is the most common type of linear motor. It is also
known as a DC brushless linear motor or AC linear motor. They come in two styles – (a) iron
core and (b) ironless core.
(a)The Forcer of the iron core motor consists of a section of laminated iron core with embedded
motor windings. The rack base has permanent magnets affixed along its entire length.
(b)The ironless core linear motor uses a U-shaped rack base that has permanent magnets affixed
to both inside legs of the U-shaped channel. The forcer windings are embedded in a nonmagnetic
core material that slides inside of the U-shaped channel. There is no iron used in the forcer.
The iron core type linear motors dissipate heat better that the ironless core motors. To overcome
the heat build-up in ironless core motors, they are available with cooling tubes built into the core
through which air or a fluid is pumped to remove the heat.
2.4.3 Single and Double-Sided Linear Motors
Independent of the motor type, linear motors can be single or double-sided i.e. whether mover
faces the stationary track from one side or both. In applications where high power density is
required (such as trains or escalators) magnets can be embedded and mingled to form a ‘Halbach
array’. Halbach array converge the magnetic field on one side while nullifying on the other.
Referring to figure 2, there are short-primary and short-secondary types of linear machines. A
short primary implies that the moving part carries the windings (power supply) and the frequency
converter mechanism. The track is stationary and consists of permanent magnet bars. The
moving primary type machines get their performance limited by coils connected to them causing
decreased dynamic capability and problems in thermal dissipation in coils.
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For a short secondary linear machine, the track contains a multi-phase winding while the mover
is passive (containing PMs or short-circuited induction bars). Since the vehicle no longer needs
power to be supplied from outside, this configuration is ideal for high-speed trains. Only sections
of track where vehicle is present are powered-up one after the other. As far as induction type
machines are concerned, short-primary type is usually preferred as the guide way cost is
decreased and manufacturing is simple (Muhammad (2012).
2.4.4 Brushless
According to Parker et al (goggle search), three technologies of brushless motors are discussed.
They are: (a) Iron-core, (b) Air-core (ironless), and (c) Slot-less.
(a) Iron Core Linear Motor
Construction:

Figure 3: Iron Core Linear Motor (Parker et al, 2017)
This motor takes its design straight from a brushless rotary motor. As shown in
Fig 3, the motor consists of a flat iron rail to which rare earth permanent magnets are bonded.
The Forcer is constructed of laminations and coil’s wound around the “teeth” of the laminations.
Thermal sensors are internally mounted to the windings to sense temperature. Hall Effect sensors
are either mounted in the coil area or mounted on the edge of the motor. These sensors are
activated by the magnets on the rail and used for commutation of the windings.
Advantages:
Highest Force per Size: Utilizing laminations to concentrate the flux field, this type of motor
produces the greatest force per package size. Lower Cost / Lower weight Rail
(b) Air-Core Linear Motor
Construction:
This design is referred to as Air Core or Ironless. Two magnet rails oppose each other, north and
south, as shown in figure 4. A spacer bar between them keeps the two sides from closing
together. The forcer is constructed of coils wound and held together with epoxy. This winding
assembly is then topped off with an aluminum bar (Parker et al, 2017).

Website: www.ijiets.coou.edu.ng

Email: editor@ijiets.coou.edu.ng

Page 191

INTERNATIONAL JOURNAL OF INNOVATIVE ENGINEERING, TECHNOLOGY AND SCIENCE

ISSN: 2533-7365 Vol. -2, No. -1
A Publication of Faculty of Engineering Chukwuemeka Odumegwu Ojukwu University Uli - Nigeria.
March – 2018

Figure 4: Air-Core or Ironless linear motor (Parker et al, 2017)
This bar is used for mounting the load and also for heat removal. The Winding itself has no iron
in it, thus the names “Air-Core” or “Ironless." As with the Iron-Core, thermal sensors and Hall
Effect sensors are mounted to the Forcer.
Advantages:
No Attractive Forces: Because the forcer contains no iron, there exist no attractive forces
between the forcer and the rails. This means no additional forces on bearings. The motor is easier
to handle and install without these attractive forces.
No Cogging: With its ironless forcer, this type of motor has no cogging. This is ideal in
applications requiring extreme velocity control. This type of motor is normally used in
conjunction with air bearings due to the air-bearing’s “frictionless” / ultra- smooth
characteristics.
Low Weight Forcer: These Forcers have low weight. In applications that have very light
payloads, this can be a benefit. Higher acceleration / deceleration may be possible due to this
lower weight, which of course results in higher throughput.
Disadvantages:
Heat Dissipation: Since the forcer is made of wound coils and held together with epoxy, the
heat must leave the coils by traveling up the coil to the aluminum mount plate and out to a heatsink. Heat also passes through the air gap and into the magnet rail. Both of these paths have high
thermal resistances and thus make thermal management of the motor difficult.
Structural Stiffness: The forcer is made of coils and epoxy. The force is generated at the coil.
This means that all of the exerted force is on the windings and epoxy. This is a weak structure as
compared to the Iron-Core. This weakness limits the maximum sizes and forces to which these
types of motors can be manufactured without additional structural members being added.
Force per Package Size: Due to the thermal and structural limitations, the force per package
size of this type of motor is low. In addition, the double rail design, also takes up additional
space [Parker].
(c) Slotless Linear Motor
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Figure 5: Slotless Linear Motor copied from (Parker et al, 2017)
Advantages / Disadvantages:
Since the Slotless Design is a hybrid between the Iron Core and the Air Core, the advantages and
disadvantages are really comparisons between these two types.
Lower Cost Magnet Rail: Since the same type of magnet rail is used as the Iron Core (single
row), this design also has a low cost magnet rail compared to the Air Core.
Lower Weight Magnet Rail: As a single magnet rail is employed, the weight is less than half
that of the Air Core. This means less load and higher throughput in multi-axis systems.
Structurally Strong Forcer: With the body of the forcer being made of aluminum and the
windings being bonded to this housing, the strength of the forcer is much greater than that of the
Air Core. Thus reducing the possibility of motor fatigue contributed failures.
Light Weight Forcer: Although not as light as the Air Core, the slotless design is much lighter
than its equivalent Iron-Core. This results in higher throughput in light load applications.
Lower Attractive Forces: The Slotless design has a back-iron causing attractive forces between
the forcer and the rail. This attractive force is significantly less than that of the Iron-Core, on the
order of five or seven times the continuous force.
Lower Cogging: With the larger magnetic gap between the magnets and forcer back iron, the
slotless design has lower cogging. This enables the Slotless design to operate in applications
requiring good velocity control.
Heat Dissipation: The Slotless design, with the coil resting across the back-iron, which is in
direct contact with the aluminum housing, has very good heat transfer and is easy to manage.
Force per package size: The force per package size of this design is between the Air-core and
the Iron-Core. Since the Slotless Design has a very good thermal path it is capable of handling
higher currents than the Air-Core design and thus generates higher forces.[Parker et al]
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Summary Chart:
Table 1: Summary of Linear Motor Attributes and how each type of
motor compares to the others (Hannes).
Linear Brushless DC Motor Type
Feature

Iron Core

Ironless

Slotless

Attraction Force

Most

None

Moderate

Cost

Medium

High

Lowest

Force Cogging

Highest

None

Medium

Power Density

Highest

Medium

Medium

Forcer Weight

Heaviest

Lightest

Moderate

3.0 REVIEWING LINEAR MACHINES IN A MUCH PRACTICAL
APPROACH
According to Muhammad (2012), precise motion control with good dynamic response, minimal
friction, low maintenance owning to less mechanical wear are few of the advantages that can be
achieved using linear motors. They have the accuracy of ball screw as well as speed and
repeatability of timing belts. However these benefits come at a price. Low production along with
high price of permanent magnets and linear feedback devices make them an expensive option.
Figure 6 shows a linear machine with mover placed over permanent magnet (PM) track.

Figure 6: Linear machine with moving primary and a track with permanent magnets
(Muhammad, 2012).
(a) Cylindrical or tubular linear motor
The cylindrical linear machine can have magnets on the inner tubular housing or on the mover.
Figure 7 shows a tubular linear machine in which the inner tube contains the radial magnets
whereas the forcer contains the coils. The design is similar to the linear actuator while the
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difference being that coils or magnets are repeated to increase the stroke length. The main
problem with this type of linear machine is that it can only be supported at its ends [Simplex
CNC].

Figure 7: Cylindrical linear motor with circular magnets on a shaft and a forcer with coils
(Nippon America).
(b) U-Channel linear motor
U-Channel type of linear motor (figure 8) houses two parallel plates of magnets opposing each
other and has T-shaped forcer travelling between the two. The polarity of two magnets facing
each other in both rows is opposite to each other. The magnets in the same row are also arranged
with alternating polarity. The forcer is attracted simultaneously by parallel magnets, nullifying
the attractive forces and making the travel smoother.
Figure 8 depicts the components of a linear motor. The Forcer (Motor Coil); Windings (coils)
provide current (I). The windings are encapsulated within core material and the Mounting Plate
is on top which usually contains the sensors (Hall Effect and Thermal).
Magnet Rail comprises of the Iron Plate / Base Plate and Rare Earth Magnets of alternating
polarity provide the flux (B)
The rail could be single or double rail.

Figure 8: U-channel linear motors with parallel permanent magnets and T-shaped primary
[Hannes]
The forcer is often built with coils placed in ironless assemble (sometimes also referred as air
core) assembly, which further reduces the attractive forces. The low mass of forcer (due to
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ironless structure) allows high acceleration rates [Hannes]. The tracks can be annexed together to
increase the stroke length. This design is more expensive as double amount of permanent
magnets is used for the same length. In this type of machine, the heat dissipation is more difficult
to control compared to other designs as heat must be removed from the portion of coils in the
bottom of U-channel. Figure 10 shows a U-channel linear machine.
(c) Flat type linear motor
Flat type linear motors (shown in figure 8) can be further grouped in the following types:
(a) Slotless ironless flat linear motors consist of copper coils mounted on the base (typically
aluminum). Toothless motors have windings without slots and teeth and because of this, cogging
and reluctance forces are absent [Chevalier, (2006)]. This is beneficial in applications where fine
position control is required. Disadvantages for this type of configuration are high leakage flux
and low thrust output. According to AeroTech (1999), the Slotless iron flat linear motors produce
more thrust than slotless ironless due to the iron laminations at the back of the coil mounting
structure. The mounted iron structure straightens the magnetic path flux. However, the presence
of the iron causes cogging force in this design.
(b) Slotted iron flat linear motors consists of coils in laminated iron slots. The iron track carries
the permanent magnets. The arrangement causes more thrust for a given amount of flux and
input current because the iron slots consequently the machines becomes compact and powerful
but expensive. However, cogging force is present because core is attracted by PMs causing
cogging force which is present even when current is not supplied to the primary. According to
Muhammed (2012), the cogging force can be decreased by skewing the magnets. Heat
dissipation is good as coils are wound around the iron laminations. Stating that the force of
attraction in the slotted iron machine can be 3 to 10 times higher than thrust in linear direction
and that this high force of attraction requires the guidance system to be very robust so that it is
able to keep the precise air-gap (~1.5mm) between the mover and magnets.
4.0 MAGNETIC LEVITATION (Maglev)
The principle at which the forcer travels without making contact with the guard and implemented
in linear machines is called the Magnetic Levitation (Maglev). The inventor was Hermann
Kemper from Germany in 1934.
As already known the conventional trains employ rotational machines for propulsion and use
rails as guidance medium but according to Lee et al (2006) Maglev trains exploit linear motors
for propulsion while levitation and guidance is achieved using electromagnets achieving high
speeds without making contact with the guide way.
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Figure 9: Typical Maglev train (Hannes).
According to Muhammad (2012), Maglev is based on two technologies: Electromagnetic
Suspension (EMS) and Electrodynamic Suspension (EDS).
4.1 Electromagnetic Suspension (EMS) uses the force of attraction between the magnets and
the guide way to lift the object from below the surface of guide way. Transrapid in Shanghai
(top speed 501km/h) takes advantage of it with conventional electromagnets (Shangai, 2010).
Constant control of air gap between track and vehicle is important as this system is inherently
unstable.
4.2 Electrodynamic Suspension (EDS) on the other hand generates repulsive forces between
magnets (attached to rails and vehicles) to levitate the vehicle. Another land mark was recorded
with the development of the Japanese MLX-01 (with record speed of 581 km/h) on this principle
using super-conducting magnets (SCM). In EDS magnetic field is induced in the track (using
either PMs or SCMs) by induction. These two fields repel each other causing levitation. SCM
requires more complex design (due to the cooling of SCMs) but allows larger air gap and
increases the levitation to drag ratio (Sawada, (2006). Compared to its sister technology EMS,
EDS is stable and no complicated feedback control is required. In EMS precise air-gap control is
difficult but it is able to levitate vehicle at low speeds, which is difficult for EDS (Muhammad,
2012).

Figure 10: Guide way and vehicle arrangement in EMS and EDS (red arrow represents vertical
force) (Muhammed, 2012).
Certain challenges exist in Maglev, because of the absence of friction between rails and wheels,
braking must be done by electromagnetic means. Like propulsion force, the levitation force is
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also directly proportional to current. So, higher levitating forces require higher current which
makes it technically impractical for freight transport for the time being. Talking about current
and magnetic field, protection and shielding of passengers or field sensitive goods is of immense
importance (Lee et al, (2006). Moreover, due to complexity of structure of rails,
shunting/branching of passenger cars is not currently possible.
5.0 OTHER APPLICATIONS
(a) Robotic Applications of Linear Machines
According to Muhammad (2012), quoting Tsuboi et al, an assembly of linear motors which can
be used to perform motion in both x- and y- direction simultaneously has been disclosed. The XY stage is composed of one linear machine (x-stage) capable to move in defined x-axis whereas
the other linear motor (y-stage) can move in the y-direction. Both linear motors consist of a
stationary part which is composed of paralleled placed permanent magnets and a moving part
consisting of winding coils wound on either core made of either iron or epoxy. The y-stage stator
is fixed over the moving primary of x-stage. The wires for power and position signals are placed
so that they do not interference with the movements of the moving primaries. Precise x-y
movement can be performed using this x-y stage.
He stated that similar construction is proposed by Bundschu et al. It describes a similar
configuration consisting of a linear motor capable to move in the x- direction. The primary of
this motor is connected to a bridge that can move in the same direction as the primary of linear
motor. Over the bridge is the second motor installed such that its stator is held by the two ends of
the bridge. The bridge also holds linear bearings over which a second primary can move in the ydirection. The primary of the second motor incorporates a machine tool like laser cutting head.
Figure 10 presents one such linear machine system for pick-and-place mechanism.
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Figure 10: Linear machines are capturing market where precision and repeatability is vital.

(b). Rope-less Elevator
According to Cruise et al (1997), on the feasibility of a safe Linear Synchronous Motor (LSM)
propelled elevator system for ultra-deep underground applications he argued that is possible
while saying the conventional rope elevator systems are very inefficient when it comes to depths
more than 2000m. The more the depth, the thicker must be the rope to withstand the weight and
tensile strength. Increased diameter further increases weight making the system even more
inefficient.
(c) Aircraft and shuttle launch
Linear machines according to Muhammad (2012), are being studied to replace the old catapult
type aircraft launch systems of US Naval Aircraft carriers. The project ‘Electromagnetic Aircraft
Launch System’ (EMALS) can offer higher acceleration rates and fast throughput thus
decreasing both the travel length and time to launch the aircrafts. As low maintenance is
inherited in linear machine based systems, fewer personnel will be required. According to him,
linear Induction motors (>200MW, ~180 000 hp) are being tested for this project by General
Atomics.
CONCLUSION
The advantages are that at high maximum speed, there is limited primarily by bus voltage,
control electronics and high precision, accuracy, resolution, repeatability limited by feedback
device, budget. There is zero backlashes, that is no mechanical transmission components. The
response rate can be over 100 times that of mechanical transmission faster accelerations, settling
time (more throughputs). There is no mechanical linkage and stiffness depends mostly on gain
and current. Also, modern linear motors have few/no contacting parts and no wears.
On the downside, there is low production volume (relative to demand), high price of magnets;
linear encoders (feedback) are much more expensive than rotary encoders, cost increases with
length and higher bandwidth drives and controls, with lower force per package size. The Heating
2
issues are forcer is usually attached to load  I R losses are directly coupled to load. For
minimal friction, there is no automatic brake. The applications are:
Small Linear Motors are for:
 Packaging and Material Handling
 Automated Assembly
 Reciprocating compressors and alternators
Large Linear Induction Machines (3 phase) are for:
 Transportation
 Materials handling
 Extrusion presses
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