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CHAPTER

1

Basics of Tubular Linear
Machines

1.1 Introduction

The demand for linear electric machine, specially for controlled motion, has registered
a continuous growth in recent years, since its integration in industrial applications leads to
important advantages [1]. Furthermore, the tubular structure seems to be attractive for
industrial purposes due to both its closed form and the inherently absence of attractive
force between the stator and the mover.

In this chapter the fundamental characteristics of the linear machines will be illustrated
in order to highline their main advantages and drawbacks. Particular attention will be paid to
the technologic developments in soft and hard magnetic materials, which enable the
industrial realization of motor with high force density, improved dynamic behaviour within a
relatively low cost.

Finally the attention will be focused on permanent magnet (PM) tubular linear motors.

1.2 Structure of linear actuators

A. Geometries

Linear electric actuators can drive payloads in a straight line providing thrust force
directly, without any intermediate mechanical transmission such as gears, screws or crank
shaft [2],[3].

The range of linear machine types available today corresponds almost exactly with the
range of rotating counterpart [4], [5], [6], in fact It is known that cutting a rotating machine
with a radial emi-plane and unrolling it, as depicted in Figure 1, a flat single-sided topology is
obtained. If the rotating motor is cut by a radial plane and “squashed” as shown in Figure 2,
a flat double-sided topology occur. Finally, the tubular linear topology is derived from the
linear flat single-sided configuration rolling it up along the direction of motion, as depicted in
Figure 3. These transformations turn the stator of the rotating machine into the primary of
the linear machine, which is fed by a variable or fixed frequency supply, and the rotor into
the secondary, which is equipped with permanent magnet, with a multiphase winding or it is
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Figure 1-Imaginary process of splitting and unrolling a rotary
machine to produce a single-side linear motor.

characterized by a variable reluctance ferromagnetic structure depending on the kind of the
machine.

It is evident that, due to the finite length of the machine, linear or reciprocating
motions are achievable only by an extension of the linear stator or of the linear rotor. The
result, shown in Figure 4, is the so called long stator or short stator machine. In practical
applications both of them are used depending on the appliance requirements, for example,
short stator solutions are often used in packaging and manufacturing sectors, while long
stator types are adopted for transportation systems. The moving part of the linear machine
is often called forcer, mover or slider and can coincide both with the primary or with the
secondary of the machine.

B. Forces and fundamental principle of operations

In classical rotary machines there are two forces acting on the rotor surface [7]: a
tangential force which produces the torque and a radial force, acting perpendicularly to the
rotor surface. This latter force sums to zero around the circumference due to the cylindrical

/ s
| ™ mmm
G LITTE AR

ONMCHONO Motion Motion
OO I I T I T (1rssssrsssdanssassnssinssnssasssas

Figure 2-lmaginary process of cutting and squashing a rotary machine to
produce a double-side linear motor.
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Figure 3-Conceptual transformations to obtain a tubular motor starting to a
rotary machine, passing through a flat linear actuator.

symmetry of the machine. When the machine is “transformed” to create a linear machine,
the tangential forces sum each other to constitute the driving force. The normal forces in flat
configurations are not now balanced and a large net force acts between the unrolled rotor
and stator. The ratio between the latter and the thrust force is worthy of considerations,
typical value vary in the range 8+10. The propulsion force on the moving part of a linear
actuator is generated in different ways, according to the machine’s operation principle:

e linear induction motors produce thrust force by the electromagnetic interaction
between the primary translating magnetic field, generated by an alternate
current multiphase winding, and the induced current on the multiphase winding
or on the bar of the secondary;

o linear stepping or switched reluctance motors create thrust force by the action
of a magnetic field, produced by electronically switched direct current windings,
and an array of ferromagnetic poles or a variable reluctance ferromagnetic rail;

e linear synchronous motors produce thrust by the action of travelling magnetic
field, produced by an alternating current multiphase winding, and an array of
magnetic poles or a variable reluctance ferromagnetic rail;

The aforementioned list suggests structural differences among the range of linear
machine types; in this way the presence/absence of windings in the primary and in the
secondary, the use of permanent magnets, the utilization of innovative materials determine
the specific linear motor characteristics.

C. Applications

The use of linear actuators has received a growing interest in several applications [8],
[9], since a large number of linear or reciprocating motions is required.
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Figure 4-Linear motor with the so called short stator (a) or long stator (b).

Linear machines show performances comparable with the ones of the rotating
counterpart; developments in materials, design methodologies and in manufacture
technologies have increased force density, dynamic behaviour, robustness and reliability. In
some applications the design constraint limits or reduce performances of linear motors, viz.
in transport sector where large air-gap are obliged, but these restrictions are more than
compensated by many characteristics of linear motors that cannot be achieved by rotary
equivalents.

Historically the first linear motor topology that took place in industrial and transport
applications was the induction one, but in the last 25 years the improvements in power
electronics and permanent magnet materials has driven the linear synchronous machine
toward increasing number of utilizations.

Nowadays flat and tubular linear motors are applied for controlled motions and servo
actuation in high-speed packaging and pick-and-place machines, in automated structure
such as industrial robots [10], fast manipulators and automatic machine tool feeder [11].
Other applications are reciprocating compressors and refrigerators [12]. The
aforementioned applications share relatively low power requirement and they constitute
the main commercial demand of linear drives, furthermore they are often customized
solutions.

High-medium power applications are less frequent, however research are being carried
out in this particular field. Linear drives have been proposed in energy production systems,
free-piston energy converter was studied in [13] while tidal and wave-energy conversion
systems were analyzed in [14], [15].

An important application field concerns with transportation systems for public and
factories [16]; linear ‘people-movers’ are currently used in operations at several
international airports, while magnetically levitated or wheels supported trains are used in
Japan [1] and Europe.

Linear motor drives are strong candidates for both low-speed and high-speed mass
transit applications. Systems using linear induction and synchronous machines are prevalent
in industry.
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The future prospects of application of linear drives are expected to involve not only
traditional sectors, such as transport, material processing and automation equipments, but
also new one, like in aerospace and automotive sectors.

1.3 Brief comparison among different linear actuators

Researches and studies have been carried out for all type of linear machines, but only
some of them have been focused for real applications. The feasibility, the cost effectiveness,
the robustness and the reliability are key aspects that must be owned by an industrial
product. For some kind of motors most of these properties are inherently satisfied but for
other motor types these requirements have been satisfied with the developments of
materials and of digital controllers.

The latters covered an important role for the industrial diffusion of linear actuators. In
fact, control strategies for direct drive systems and servo actuations have become more
complex and precise, capable to generate smooth motion even in hard dynamic operations.

The operational principle strongly affects the motor structure, thus it determines their
attitude to be used for specific applications.

A. Linear induction actuators

Linear induction actuators (LIAs) have been built with an a.c. multiphase winding in the
primary, whilst the secondary houses a cage or a short-circuited three phase winding.
However, conventional secondary configurations have a conducting plate on a solid iron
plate or may have only the former [4], [17]. The plate solution gives an easy-manufactured
machine, with a robust and relatively cheap secondary, suited for hostile environment or for
low maintenance applications. The core of primary and secondary of flat LIAs, except for the
plate secondary solution, is laminated in order to reduce core losses and magnetizing
current, furthermore open-slot or semi-closed slot geometry facilitate their construction. For
tubular structure, open slot geometry has been used since recent developments of soft
magnetic materials, viz. soft magnetic composites. In fact, laminations of tubular core with
standard technologies manifest problems for flux paths or for construction feasibility.

The LIAs configuration depend on the travel length: for short travel applications, viz. 0.5
m, the tubular structure is favourite whilst for travel length up to 2+3 m the moving primary
flat configuration is preferred, and a flexible cable supplies the windings. For greater travel
length long primary flat configurations are used; the primary sections are placed along the
track and the secondary acts as the mover, the former are turned on only when the latter is
in their proximity.

B. Linear permanent magnet synchronous actuators

Linear permanent magnet synchronous actuators (LPMSAs) has penetrated into the
market and established the practical application, since developments in hard and soft
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magnetic material occurred [16]. Progress of high-energy rare-earth magnets, whose
remanence can be up to 1.2 T at 20°C and whose operating temperature can be up to 150°C,
has permitted to reach proper performances for several direct-drive applications. There is no
doubt that permanent magnet machines are more expensive than induction machines.
However, they offer improved performance especially in terms of force density and dynamic
response. This is particularly true in small sizes actuators, where the magnetising current for
induction machines becomes important to the disadvantage of the thrust force.
Unfortunately, the presence of magnets can be a problem in polluted environment due to
stray magnet fields, particularly in presence of iron particles, since they can be attracted and
cause a machine fault.

Primary core structure for flat and tubular LPMSAs is similar to the primary of LIAs. The
LPMSAs secondary is made up of permanent magnets, used for excitation flux production,
and a laminated core. Magnets can be buried in the core structure or can be surface
mounted.

Moving primary flat LPMSAs are used for travel up to about 3 m, whilst for longer travel
moving magnets flat configurations are used. For travel length of less than 1 m tubular
configurations may be preferred, since tubular structures make better use of materials,
resulting in compact actuators.

C. Linear reluctance synchronous actuators

Linear reluctance synchronous actuators (LRSAs) have the same primary characteristic
of LIAs and LPMSAs, but the secondary does not house windings or PMs. The thrust force
production is entrusted to the interaction between the secondary magnetic circuit
anisotropy and the primary travelling magnetic field. These actuators are specifically
designed to emphasize the magnetic anisotropy between g-d axes, in fact the force
production is proportional to the secondary saliency. Recent research in rotating reluctance
machine has led to development also in the linear counterpart, resulting in a relatively
inexpensive motor with good performance indices.

Good energy conversion is achieved by thin air-gap, but this feature implies large
normal forces, viz. large attractive force between the stator and the mover. Thus the
mechanical part of flat configuration merits special treatment, in order to obtain a sufficient
reliability and robustness.

LSRAs can constitute an alternative to LPMSAs and LIAs. Compared with the formers,
they have lower costs and can operate at very high speed because of the easier field
weakening capability and the rugged rotor. It doesn't have secondary winding that travels at
synchronous speed, so the controller is simpler than other of AC machines. If compared to
LIAs, it has theoretically no secondary losses and a comparable force density depending on
the design of the motors.
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In conclusion, LRSA are a rarity in industrial drives, although they are not completely
unknown [18], [19].

D. Linear switched reluctance and stepper actuators

Linear switched reluctance motor (LSRM) is an electric machine which posses simple
structure with a winding only on the stator. The costs are lower than other motors due to its
simple construction [20].

Further, the windings are concentrated rather than distributed, making them ideal for
low-cost manufacturing and maintenance. Concentrated windings enable a naturally fail-safe
system that can operate even with a phase shorted or open [21]. The availability of
numerous low cost converter topologies to drive them makes the LSRA advantageous over
linear induction and permanent-magnet synchronous motors, which incur a higher cost and
have thermal drawbacks [22], [23]. Although LSRAs have plenty of advantages, the fact that
the force ripple deteriorates the performance restricts its application to precision devices.
Much research has been reported to reduce force ripple, and improved performances have
been enhanced [24], [25]. Tubular construction of this kind of motor permits to overcome
the attraction force between excitation and mover, since the axial symmetry of the machine
allows a inherent neutralization of this force [26].

In linear stepper actuators (LSAs) the motion is caused by the tangential force which
tends to align poles of the moving part with the excitation poles of the static part [27], [28].
In contrast to rotary counterpart, where the normal force of attraction between stator and
rotor pole faces is neutralized by the same force acting between the diametrically opposite
pair of stator and rotor poles, the normal force in the linear counterpart is high and can be a
serious mechanical problem. The problem may, to some extent, be overcome by the use of a
symmetrical doubly-sided version of the rectilinear counterpart.

1.4 Technical characteristics of tubular linear drives

Tubular linear drive offers several advantages in comparison with both the flat linear
and the rotary counterpart. Some benefits are inherently introduced by the tubular structure
of the motor, hence they belong only to this category of motor, whereas other advantages
are commonly present in the other linear machines.

A. Linear tubular actuator

Tubular linear actuator is obtained through the transformation depicted in Figure 3,
which awards special feature to the motor if compared to the rotating counterpart. The first
one concerns the motor windings, indeed they do not have the end-windings, thus all the
conductors and the phase current actively participate to the magnetic field production [6].
The end-winding Joule losses disappear, hence an increased coil efficiency and a better
power-to-weight ratio compared to both the flat and the rotating topology results. The
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winding shape looks like a ring of conductors, so it is easy to implement and it is suited to be
industrially produced. Furthermore, the tubular geometry arises with inherent feature of self
neutralization of normal forces acting between the stator and the mover, since they are
symmetrically distributed over the mover circumference. The piston-like appearance of the
tubular linear machine gives the designer a firm foothold to connect the mechanical load,
and the closed frame makes it capable to operate in polluted and hostile environments [29].
On the other hand, the tubular topology imposes limits in the maximum mover stroke, since
excessive mover blending may cause vibrations and mechanical damage of the motor.

Among the various linear actuators, tubular topologies with permanent magnet
excitation are particularly attractive, since they do not show the typical assembly problems
of linear open machines, having indeed a compact structure and a high force density [30]-
[31], [32]. Unfortunately, the permanent magnets interact with stator core determining a
disturbance force, which can cause negative effects such as vibrations, noises, positioning
errors and non-uniform movement at low speed. Such a force in linear actuators is the sum
of two components: the cogging force and the extremity force [33]. The former is generated
by the tendency of the magnets to align with the stator at positions where the permeance of
the magnetic circuit is maximized and has a spatial wavelength depending on the pole
number, the slot number and the pole-pitch, whereas the latter depends on the interactions
between the finite length of the armature core and the moving magnet, and has a spatial
wavelengths of one pole-pitch. The effects of disturbance force can be minimized at the
motor design stage [34], [35], employing methods such as skewing and optimally disposing
the magnets, and optimizing the length of the armature core [36]. Further improvements to
get smooth motion can be obtained by employing a current-shaping control strategy [37].

The production of thrust force makes all linear drives suited to simplifying the
mechanics in automated machine through direct-drive actuators, jointly to the adoption of
advanced control methodologies.

To achieve precise motion control, most of these machines use rotary electrical motors
as their prime motion actuators, and couple their output shafts to mechanical motion
transmissions as reduction gear, belt, ball screw, pinion-rack, etc. Though this is the most
widely used method, mechanical transmissions suffer of several drawbacks, which are
emphasized through the high-dynamic performances of modern PM drives and controls.

The use of mechanical transmissions increase the whole dimensions of machines and
their costs. Figure 5 shows some applications where the linear drives can replace the
rotating counterparts.

The most evident disadvantages of indirect drives are:

e dead points in mechanical chain that can cause problem for position control.
e backlashes, which decrease the machine precision particularly during the
inversion of the motion.
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e stiffness

e torsional elasticity and bending of the shafts, imputable of resonance which
represents in many cases an insuperable limit both for the accuracy of the
positioning control and for the maximum speed.

e additional frictions which cause power losses, hence reduced efficiency.

e additional mechanical parts reduce the system reliability.

All these aspects engrave negatively on the performance of the system in terms of
accuracy, resolution and repeatability. Applications with short stroke enlarge these limits,
since the reduction of the positioning times increase the accelerations, viz. the dynamic
aspects.

The direct-drive philosophy, which provide thrust force directly to a payload, offer
numerous advantages over their rotary-to-linear counterparts. All the previous drawbacks
are overcame, since the mechanical transmission is now eliminated. Linear motors become
an integral part of the automatic machines, which are capable of higher dynamic
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performance, improved reliability and higher control bandwidth than the traditional
machines.

B. Linear tubular actuator competitors

Pneumatic and hydraulic pistons have the same appearance of tubular electric
actuators, thus they constitute an alternative choice to the electric counterpart.

Industrial applications often require controlled motion and, in some cases, also
controlled force. Traditional hydraulic and pneumatic thrusters often use open-loop force
control. The force is created by applying pressure to a working gas or fluid in a hydraulic or
pneumatic cylinder. A piston then converts the pressure to a force applied to the load.

This solution shows several disadvantages if compared with tubular linear electric one,
first of all, an electric tubular drive has larger accuracy, readiness and control reliability, it is
free-maintenance and it has easier energy supply availability, and secondly an electric drive
does not present any fluid dripping.

1.5 Iron core PM tubular linear actuator

Among the various linear actuators, tubular topologies with permanent magnet
excitation are particularly attractive, since they do not show the typical assembly problems
of linear open machines, having indeed a compact structure and a high force density. Figure
6 depicts a simplified three-dimensional sight of a PM tubular motor with axially magnetized
magnets.

Up to few years ago the tubular motor was not used in industry because of constructive
and performances reasons. Ironless actuators exhibited low specific force since high-energy
rare-heart magnets had been developed, while iron-core motors had the realization problem
of a magnetic circuit suited for the flux line path.

Usually, in the traditional rotating motors the planar lamination of the magnetic core

slider pole

/

stator core fﬂ

Figure 6-Three-dimensional sight of a PM tubular motor with axially magnetized magnets.
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interrupts the circulation of eddy current induced by time-variable magnetic fields. In a
tubular motor eddy currents flow around the actuator circumference, hence their
interruption should be realized with “pie-slice” lamination [38], as shown in Figure 7. The
latter is practically unfeasible, thus other solution were adopted. Core lamination able to
shorten the paths of the induced current can be longitudinal or transverse with respect of
the direction of motion [5], [6]. Both of them show drawbacks: the former exhibits the
practical difficulty to precisely align the laminations of every core all around the motion axle,
as shown in Figure 8, while the latter determines an increase of the magnetic circuit
reluctance due to the substantial total thickness of the insulations among the laminations on
the motor back-iron which has to be crossed by the flux lines. These problems have been
overcame thanks to the scientific and industrial development, which has produced the Soft
Magnetic Composites (SMC). This class of materials is basically that of iron powder particles
coated with an electrically insulated layer as shown schematically in Figure 9. These powders
can be compacted in complex form and, after a thermal treatment, are ready to use showing
isotropic magnetic properties.

Finally, windings of this kind of motor have not frontal connections, resulting in a
compact structure and a great density of force.

The principal parts that form a PM tubular linear actuator will be shortly described in
the following sections.

A. Permanent magnets

Permanent magnet tubular actuators can be constructed with surface-mounted radially
magnetized magnets, depicted in Figure 10, or with axially magnetized magnets, shown in
Figure 11. An interesting comparison between the two solutions was carried out in [39],
where it is concluded that the axially magnetized machine has a higher force density, but
more permanent magnet material is required. If the same volume of permanent magnet is
used, the two topologies lead to the same force density. However, axially magnetized
machine should be preferred because axially anisotropic rare-earth magnets are usually less

Figure 7-conceptual “pie-slice” lamination for magnetic core of tubular actuator.
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Figure 8-Practical arrangement of stator core using longitudinal laminates
with respect of the direction of motion.

expensive and widely available.

Magnet typology for this actuators have to be selected considering the motor
performance target fixed in design stage. However, the most diffused magnets are in Ferrite
or in Nd-Fe-B. The first ones represent the most economic choice, having low remanence,
low-energy product and a strong temperature de-rating.

The Nd-Fe-B magnets have at present the most elevated specific energy, similar
consideration concerns the remanence value and the intrinsic coercive field, even with
magnet temperature of 100-150°C. Typical value of main parameter for Ferrite and Nd-Fe-B
magnet are summarized in Table I.

All of these elements have to be considered during the motor design to make sure that
the magnet doesn't suffer permanent damages that jeopardize the reliability and the
performances of the motor.

Insulation

Ce N T el N Inen powder
- lron powder S particle
- -particle -~ T A7

Figure 9-Schematic picture of SMC material.

22| Page



Design optimization and control strategies for PM Multiphase Tubular Linear Actuators

Table I-Comparison among main parameter of ferrite and Nd-Fe-B magnets.

Parameter Ferrite Nd-Fe-B
Br [T] 0.2+0.5 1.1+1.3
Hc [kA/m] 150+295 700+1000

Relative recoil

N 1.1 1.08
permeability

Temperature

coefficient of -0.11/-0.12 -0.54/-0.60
Br [%°C]

Temperature
coefficient of -0.2 +0.3
Hc [%°C]

air axially magnetized

/N /N
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Figure 10-Axial section of a tubular mover composed Figure 11-Axial section of a tubular mover composed
of radially magnetized magnets. of axially magnetized magnets.

B. Magnetic circuit

The use of SMC material allows to overcome the problem of a proper magnetic circuit
for tubular actuators, since flux paths have both radial and axial direction. Magnetic
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properties of such a material have to be analyzed in order to fully understand its potentiality
[40].

In general, SMCs have lower initial permeability, lower saturation induction and higher
iron losses at 50-60 Hz than the laminated steel. These limitations can be cancelled if the
isotropic 3D behaviour of SMC will be exploited [41], [42]. Further, the aforementioned
characteristics are strongly dependant on the kind of powder and on the transformation
process used to obtain the finished component. In particular, the electromagnetic and
mechanical properties will depend on the added lubricant/binder and on the process, for
example, cold or warm compaction.

A low amount of additive results in a powder mix that can be compacted to higher
densities and heat treated with higher temperature, which is beneficial for the magnetic
properties, as shown in Figure 12. During compaction stress is introduced in the particles,
which deteriorates the soft magnetic properties. The higher the heat-treatment temperature
is set, the higher the degree of stress relief. However, it is crucial that no sintering take place

DC-loop
Tt
E |
[
-4000 /, 4000
Heat-treated at S00°C
— Green
-1,25
H [Afm]

Figure 12-Heat-treatment effect in hysteresis-loop characteristic of Somaloy 500°.
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Figure 13-Effect of material density on B-H curves of Somaloy 500°.
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between the particles, as the dynamic losses would increase rapidly with frequency.

As presented in Figure 12, the magnetic induction depends heavily on the compaction
pressure of the material, because it determines the material density. A higher magnetic
induction for a certain applied field means improved performance of the motor. Compared
to laminations, SMC has normally a slightly lower induction level, thought the difference is
small at higher fields. Hysteresis losses are worse if compared to that one of laminations,
instead dynamic behaviour is better due to reduced eddy current losses. This means that at
a certain critical frequency, typically around a couple of 100 Hz, the losses will be lower in
the SMC-material than in laminations. The maximum relative permeability is significantly
lower in SMCs compared to the in-plane property of steel laminations.

One of the main advantage with SMC is its 3D-properties; the material is isotropic, thus
magnetic flux can flow equally well in all directions. Another advantage is the opportunity to
obtain 3D-shapes by a compaction process. The combination of these two features applied
to particular machines, such as the PM tubular one, can compensate the lower magnetic
properties than laminations. Tubular PM machines have high natural reluctance due to
presence of magnets, thus the permeability is of less importance and good performance can
be still achieved.

The influence of the choice of SMCs on the performance of tubular permanent magnet
machines was carried out in [43], where it is shown that SMC machines have a slightly
inferior performance if compared with laminated one, but they are easier to manufacture,
and, therefore, potentially be lower cost.

C. Windings

The primary winding of tubular motors has simple disk-shape, like that one depicted in
Figure 14. The tubular motor, for its own nature, has a very simple statoric structure, thus its
construction consists only in an alternatively stack of SMC disks and windings.

The winding can be pre-assembled and pre-compacted in order to obtain good slot
filling coefficient.

The benefits arose by this operation are manifold: the electric exploitation of the slot is
increased, and finally the thermal exchange of winding is improved, bringing to a more
uniform distribution of the winding temperature.

Figure 14-Disk-shaped stator windings of tubular linear actuator.
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1.6 Conclusion

An overall comparison among different topologies of linear machines has been well
developed, showing merits and demerits of each type of motor. Hence, it results that,
among the various linear actuators, tubular topologies with permanent magnets are
particularly attractive. In fact they do not show the typical assembly problems of linear open
machines, then they have a compact structure, moreover soft and hard magnetic material
development bring them to higher force density. These machines have excellent
characteristics as servo motor, which make them suited to the use in automated industrial
machines.
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CHAPTER

2

Basics of Multiphase Drives

2.1 Introduction

The conventional structure for variable-speed drives consists of a three-phase motor
supplied by a three-phase voltage source inverter (VSI). The converter can be viewed as a
decoupling interface between the three-phase mains and the motor. Thus, the need for a
specific number of phases, such as three, disappears. Furthermore, the development of
power electronics makes it possible to consider the number of phases as an additional
design variable.

Nowadays, there is an increasing attention towards multiphase drives. Indeed they
offer a greater number of degrees of freedom compared with three-phase motor drives,
which can be utilized to improve the drive performance [44], [45]. In this chapter the
fundamental aspects of multiphase drives will be presented, focusing the attention to the so
called multi-motor multiphase drive.

2.2 Multiple space vector representation

As known, a multiphase motor drive cannot be analyzed using the space vector
representation in a single d-q plane. It is known that, to completely describe a multiphase
electromagnetic system, the space vector representation in multiple d-q planes (multiple
space vectors) must be adopted [46]. Some modern approach to the modulation of
multiphase inverters have overcome the inherent difficulty of synthesizing more than one
independent space vector simultaneously in different d-q planes, in order to fully exploit the
potential multiphase motor drives [47]. They have shown that the multiple space vector
notation is well suited to represent and to analyze multiphase systems.

In a n-phase system, for a given set of n real variables x;, x5, X3,...X,, @ new set of
variables can be obtained by means of the following symmetrical linear transformations [48]:

X, :12 x, "V, (h=0,1,2,.,n1) (2.1)

where a = exp(j 2zl n).
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With the exception for h=0 (and h=n/2 for even number of phases), the quantity
X, is a complex number and it is called space vector component of sequence h, or space

vector on the (d-q), plane.

It can be shown that the space vector component of sequence h is related to the space
vector component of sequence n-h through a complex conjugate relationship,
furthermore the space vector component of sequence n —h coincide with the space vector
component of sequence —h. These properties can be synthesized by the following
equation:

X, =X, (2.2)

The real variable X, =X, is obtained for h =0 and is called zero-sequence component,

whereas the additional real space vector component of sequence n/2 appears for an even
number of phases only.

Using the aforementioned classifications and applying (2.2), the space vector
transformations can be rewritten as follows:

2 _

X, =—> % a" (h=1,2,.,7) (2.3)
nia

_ 1

XO :—Z Xk (2'4)
nia

_ 13 _

X, :_z x, (1)< (2.5)

ni=

where r=n/2-1 for an even phase number and r=(n-1)/2 for an odd phase

number. The corresponding inverse transformations are:
k-1 - — h(k-1)
X, = %o + (X0, (<D )+ Y%, @ (k=1,2,..,n) (2.6)
h=1

where the symbol “-” represents the dot product.
In the particular case of balanced and sinusoidal operating conditions (sequence 1), the
space vector X, assumes a special relevance being the only space vector different from zero.
However, it is opportune to emphasize that, in the general case, all the r space vectors
as well as the zero-sequence component are necessary to completely describe the n-phase
system.
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2.3 Mathematical model of multiphase PM synchronous
machines
The behaviour of the rotating n-phase synchronous machine with surface mounted PM

can be described in terms of multiple space vectors by the following equations written in the
stator reference frame:

_ - do

Vsh = Rslsh + dtSh (27)

ash = I-shi_sh + Mse,hieejhg (28)
_ o _

%@B:R&ew+aﬂ@e” (2.9)
io . 0 NY -

P = I‘elee +EZI\/lse,hiRe[lsh] (210)

h=1

From the magnetic coenergy, the torque equation can be obtained as follow:
N < = jhe

T :Epthse,h(lsh : Jlee ) (211)

h=1

where p is the pole pairs number, h is the multiple space vector index, and @ is the electrical
position of the rotor reference frame.

Multiphase drives enable the independent control of a series of multiphase motors
supplied by one multiphase inverter, provided that the machines are designed to produce
sinusoidal-field distribution in their air-gap. The latter feature simplifies the torque
expression (2.11), in fact in this case only the first current space vector influences the torque
production. Moreover, considering a PM brushless tubular linear actuator, the equations
(2.7)-(2.10) remain unchanged, whereas equation (2.11) becomes the expression of the
thrust force (2.12) under the assumption of negligible end-effects.

nrz -
F=——M_,li, - ji.e"
27, se,l(sl Je ) (2.12)

t -
I

where 7 is the pole pitch, M, I,

is the voltage constant expressed in V /(m/s) and the

relation between electric position ¢ and linear position X is:
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9=—X (2.13)

2.4 Main feature of multiphase drives

Multiphase variable speed drive has received growing interest since the second half of
the 1990s. The area of electric ship propulsion and their developments acted in that period
as propeller for the research [49], [50]. Nevertheless, oldest records concerning this topic
dates back to the second half of the 1960s. Historical technical reasons that urged to adopt
the multiphase drive solution instead of three-phase one are listed below [51]:

1) Multiphase variable speed drive reduces the stator current per phase, for a
given motor output power.

2) The use of more than three phases offer an improved reliability due to the fault
tolerance features of multiphase drives

3) Multiphase machines present reduced pulsating toques produced by time-
harmonic components in the excitation waveform.

As stated at point n°1, the use of multiphase drive instead of the three-phase one
helped to overcome the problems related to high-power applications with current limited
devices. For a given motor power, an increase in phase number determines a reduction in
power per phase, enabling the use of smaller power electronic devices in each inverter leg,
without increasing the voltage per phase [52]. This is still a solution adopted for high-power
applications, such as transport and ship-propulsion drives. In fact, large multiphase machines
for ship propulsion have already been prototyped industrially, and are currently undergoing
commercial evaluation.

The improved reliability features of multiphase drives, listed at point n°2, enable their
use also in faulty conditions, in fact if one phase of a multiphase machine become open
circuit, the machine is able to self-start and to run with only a de-rating, which depends on
post-fault control strategy and in the number of the phases. In the three-phase case, the loss
of one phase determine an important de-rating of the machine while it is running,
furthermore the machine is not self-starting and, for this purpose, it requires an external
mean. Further details will be given in paragraph 2.5 and 2.6.

Finally, the advantages derived from statement at point n°3 was very important in the
60s, when three-phase inverter-fed ac drives operate with six-step mode. Time-harmonic of
voltages and currents introduced by this operation-mode produced low frequency torque
ripple, leading to difficulties on speed control and noise production. Since in a n-phase
machine torque pulsations are caused by supply time-harmonics of the order 2nt1, which
result in torque ripple harmonic 2n times higher than the supply frequency, an increase in
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the number of phases seem the best solution to the problem. This aspect of multiphase
drives has lost importance since the discover of PWM of VSI, which allows the control of
inverter output voltage harmonic content.

Another feature of multiphase machines concerns their efficiency [53], indeed stator
windings create a magnetic field in the machine air-gap with a lower space-harmonic
content. It results, for two identical machines with the same air-gap field and the same
fundamental component of stator current, a reduction of stator Joule losses, hence an
increased efficiency. The stator Joule losses saving obtained by increasing the number of
phases from three is relatively low. Unlikely, it approaches an asymptote, thus the use of a
fifteen-phase machine instead of twelve-phase one produces a stator Joule losses save of
only 0.2% [1].

Some of the aforementioned technical characteristics are nowadays still as relevant as
they were in the early days, such as that one at point n°1 and at point n°2 of the previous
list. Over the years, multiphase drive characteristics have been explored more in details and
other beneficial features have been recognized, such as the possibility to enhance the drive
torque capability [54], [55] and the opportunity to realize a multiphase multi-motor drive
system with single inverter supply [56].

The two latter aspects, together with the fault tolerant feature, appear as natural
solutions for some industrial problems, thus they will be described more in details in the
following paragraphs.

All the features above presented are suited both for multiphase rotary machine and for
multiphase linear ones.

2.5 Multiphase drives for torque capability enhancement

A possible way to use the large number of degrees of freedom of multiphase drives
consists in the utilization of the spatial third harmonic component of the flux density in the
air gap for increasing the torque production capability. This feature could be particularly
interesting in applications where volumetric or weight constraints are important, indeed for
a given torque value, the volume and the weigh of the multiphase machine controlled as
stated above are smaller than the ones of the three-phase motor.

The relation between time and space-harmonic fields produced by a multiphase
winding presented in [53] explains clearly the increasing torque capability feature. Under the
hypothesis of stator current with fundamental component of frequency f together with
time-harmonic components at integer multiples of f, the excited 2P pole n-phase stator
winding can be modelled by blocks of current and then resolved into rotating harmonic
surface current distributions, thus it results of the form:

Jo(0.t)=Red> Y N2 I eltorro (2.14)
k o
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where:
o=2rf (2.15)

In (2.14), k is a positive integer which ranges over all time harmonics produced by the
inverter, and & is the azimuthal co-ordinate. The rms phasor of stator surface current

density is represented by jgv , it has 2v P poles and rotates at a speed of Kk w=v P radians
per second with respect to the stator.

The expression for J&" is:

- nl,Z
J&' =——=K,, K,, (2.16)

where Z is the number of series-connected conductors per phase, |, is the k-th time-

harmonic component of phase current, and D is the mean air-gap diameter. Pitch and
distribution factor for the v —th harmonic are respectively K, and K, .

It is shown in [53] that jg” is non-zero only for values of v that are related to k and to

the phase number n by the expression:

v=k-2ni i=0,+1+2,%3,.. (2.17)

Equation (2.17) contains the basic information about the time and space harmonic
fields produced by an n-phase excitation. In a five-phase machine (n = 5), the fundamental
frequency excitation (k =1) produces space-harmonic fields of order v =1, -9, +11, ...
whereas the third time-harmonic (k =3) produces space-harmonic fields of order v =3, -7,
+13, ecc. It is shown that the fundamental time-harmonic in excitation controls the
fundamental space-harmonic in the air-gap of the machine, moreover the third time-
harmonic in excitation controls the third space-harmonic.

The independent control of the first and third spatial harmonic component of the
magnetic field in the air gap of a machine with concentrated windings (one slot per pole per
phase, i.e. g=1) can be used to synchronize the third spatial harmonic with the first one in
order to obtain an air-gap flux density nearly trapezoidal, leading to back-EMF voltages
having non-sinusoidal waveforms, so that the torque per ampere can be increased by 10%
[53], [55], [57]. A high performance induction motor drive with high torque density can be
obtained using an “Extended Field Oriented Control” [58], [59] or an “Extended Direct
Torque Control” [60].
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Furthermore, multiphase PM synchronous motors with surface mounted magnets in
the rotor have a nearly rectangular air-gap flux density distribution, whereas the armature is
realized with fractional slot windings in order to minimize the cogging torque effect.
Nevertheless, the use of concentrated winding with a full-pitch is able to maximize the
torque per ampere. These motors have the advantages of both BLDC (rectangular-fed
brushless dc motors) motors and PMSMs (sinusoidal fed PM synchronous motors). This
means that it has the controllability of a PMSM while having the high torque density of a
BLDC motor [61].

2.6 Fault tolerant drives

The increased number of phases in multiphase drives offers considerable benefits
because of the capability to continue operation when a single or multiple phase loss occurs
[62].

Three-phase drive is sensitive to different kinds of faults, both in motor phase and in
inverter leg. When one of these faults does occur in one phase, the drive operation has to be
stopped for a non-programmed maintenance schedule. The motor in faulty conditions is
able to run but it is not still self-starting. The cost of this schedule can be high, thus justifying
the development of fault tolerant motor drive systems.

On the contrary, multiphase machines in post-fault condition can continue to be
operated with an asymmetrical winding structure and unbalanced excitation, producing a
higher fraction of their rated torques with little pulsations when compared to the three-
phase machines [63], [64], [65].

Such a feature is very useful in safety critical applications, where the whole system
reliability has to be high, even when a fault occurs. Applications which use the “by wire”
technology, naval propulsion systems, “more-electric” aircraft and electric and hybrid
vehicles are typical examples.

Fault tolerant feature can be easily obtained in multiphase machine designed as n-
phase machine composed of b groups or windings of a-phase systems [66], [67], [68]-[69].
The whole motor has n=ab phases, but exists b isolated neutral points and each g-phase
system is fed by b a-phase drives. The post-fault strategy for this kind of motor is very
simple, the a-phase winding in which the fault has occurred is disconnected, whereas the
remaining a-phase windings can continue to operate without any control algorithm
modification. The torque and power de-rating coefficient for every a-phase system detached
is (b-1)/b.

A multiphase machine with single neutral point allows to fully exploit the degrees of
freedom of multiphase drives, thus it offers better characteristics in post-fault operations
than the multi-neutral point solution [70]. The exclusion of only the faulty phase within the
possibility to continue to operate the healthy phases, leaving out problems related to fault
isolation, permits to minimize the torque and power de-rating. Indeed, for a given n-phase
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motor, the single neutral point solution permits the exclusion of the only faulty phase,
whereas in multi-neutral point solution is necessary to take out of service the a-phase
system which contains the faulty phase, thus a phases are detached.

The control strategy for post-fault operation in a single neutral point machine has to
determine the relations between the currents in the remaining healthy phases in order to
pursue a specific aim. The effect of the strategies used, for a given multiphase drive,
depends on the load operating point and on the load torque characteristic. Keeping
magnitude and phase of the currents in the remaining un-faulted phases at their pre-fault
values, it results in a stator joule losses reduction by a factor (n-1)/n and a consequential
reduction in developed torque, but the slip increase along with the rotor loss. This easy
control strategy, does not exploit the whole number of degrees of freedom of the
multiphase drive.

An alternative solution can allow an increase in the magnitude of the current in each
un-faulted phase. Hence, the whole stator joule loss remains at its pre-fault value and low
torque pulsations result. This solution gives both a smaller drop in speed and a smaller rotor
joule losses than the previous strategy.

A third strategy could pursue the aim to maintain the torque and the power at their
pre-fault value. An increase of the magnitude of the current in each un-faulted phase, higher
than the previous strategy, is necessary; consequently it determines also an increase in
stator joule losses. Thus this solution is not suited for operations sustained for a long period
of time, since overheating problems reveal.

The practical implementation of any of these strategies might prove other problems,
such as to the rating of the power electronic switches and the limitation imposed by the DC
link voltage.

2.7 Multi-Motor drives

Another possibility offered by multiphase drives is related to the so-called multi-motor
drives. A well-defined number of multiphase machines, having series connected stator
windings with an opportune permutation of the phases, as shown in Figure 1, can be
independently controlled with a single multiphase inverter [71]-[72].

A vector control algorithm can be applied to each machine separately to generate the
inverter leg control signals, and to supply the stator windings of the multi-machine system
from a single current controlled by a voltage source inverter (VSI). Inverter current control is
performed in the stationary reference frame, using inverter phase currents. The number of
multiphase motors connected in series, or rather the number of driving axles, depends on
the number of the phases of the multiphase inverter. The maximum number of motor
connectable in series, for a system with n-phases, is M =(n—2)/2, in case of n is a even

number, while itis M =(n—1)/2 if nis an odd number.
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I~
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n-phase power supply

Figure 1-Conceptual winding connections of (n —1)/2 machines in multi-motor drives supplied by a n-phase
inverter.

The necessity to control several electrical machines with a coordinated motion is an
usual requirement in automatic industrial applications. Some examples are the X-Y placer,
high-speed packaging machine, pick-and-place machine used for electronic boards and
silicon mono-crystal production equipments.

The traditional solutions use three-phase drives, or rather one three-phase motor fed
by one inverter for each driven axle shown in Figure 2. The control architecture of such a
system can be centralized or decentralized. In the first case the control of each motor is
elaborated by a central control unit or by one control unit belonging to a more complex
hierarchical control system, and each inverter behaves in many cases as a power amplifier of
the control signals elaborated by the centralized control. In the second case the control of

three

phase net
Three-phase Three-phase Three-phase Three-phase
invertern”l invertern‘2 inverter n"3 inverter n"M
| |
1 .
|
L L L
Maotor power
supply J
|
Motor n°l Motor n'2 Motor n’3 Motor n* M

Figure 2-Multi-motors configuration with three-phase drives.
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each motor is directly implemented on its own inverter, and the motion synchronization
among the whole driving axles is managed by one “master” drive through an electronic cam.

Taking into account the power connection point of view, each inverter can be fed by
the three-phase grid or can be connected to a DC link as shown schematically in Figure 3,
enabling a complete energy recovery system.

Multiphase multi-motors drives provide different solutions rather than the three-phase
one, both for power feature and for control structure. The former results in a hardware
saving, indeed taking as example a two-motor drives, it results that the minimum inverter
leg number required for multiphase solution is five, whereas the classical three-phase
solutions uses six inverter legs. The hardware saving concerns, besides discrete components
of the inverter leg, all the auxiliary circuit and components used to control the components
of the leg, such as drivers, protection circuits, electronic power supplies etc. The saving
exists for a phase number greater than five, and in general, higher is the number of phases,
greater is the number of saved legs is.

Another excellent feature of the multiphase multi-motor drives consists in a control
components saving, in fact the implementation of the vector control algorithm for all the
motors connected in series can be managed within a single DSP. The control of each motor
can be executed in parallel to give the proper control references that, after appropriate
summation, results in the phase current control references. If the three-phase solution is
considered, one DSP will be used for each drive because each inverter is controlled with a
DSP.

The only drawback of multiphase multi-motor drives is an increase of the whole stator
winding losses due to the flow of the phase currents through the stator windings of all series
connected motors. Considering the situation where only one motor is running, it results in

rectifier

three
I
phasenet | Three-phase Three-phase Three-phase Three-phase
| invertern’l invertern®2 invertern®3 inverter n*M
|

| | | |
DC Link | ‘ i B
! _ |

motor power

supply

Motor n°1 Motor n"2 Maotor n*3 Motor n® N

Figure 3-Multi-motors configuration with three-phase drives connected with
common DC bus.
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stator Juole losses in the motor itself and in the other motors connected in the multi-motor
drive. The efficiency of the multi-motor drive decreases when compared to the equivalent
three-phase case, but the advantages above discussed seem to overcome the efficiency
drawback.

A. Multi-Motor drive concept

Vector control of multiphase machine requires at minimum only two current, i.e. only
one space vector current, if only the fundamental field is utilized, as shown by equation
(2.12). The additional degrees of freedom offered by multiphase drives can be utilized to
control independently other machines within a multiphase multi-motor drive system. There
are not any constraints concerning with the motor typologies connectable in series, then the
multi-motor drive can be composed of induction and/or permanent magnet synchronous
and/or synchronous reluctance motors.

If a machine is designed to produce sinusoidal-field distribution [51], then standard
modelling assumption applies and only the first harmonic of inductance terms exists in the
phase-variable model. The applications of Clarke’s transformation, given in the expression
(2.18) for an odd phase number, to the phase voltage equations produces a set of n
equations in the stationary frame reference. The first pair of equations is identical to the
corresponding one for a three-phase machine, and they are the two components of the first
space vector. The last row in (2.18), or the last two rows for even phase numbers, represents
the zero-sequence equation. The other couple of rows in expression (2.18), which are
(n-3)/2 for odd phase number and (n-4)/2 for even phase number, correspond to the h-th
space vectors, where the space vector index h has the same meaning expressed in (2.3).

As discussed above, the first space vector of the current is the only one able to produce
torque/force in the motor. The other current space vectors do not affect the torque/force
and their values are influenced by their relative voltage space vectors and the stator winding
leakage impedances. These current space vectors represent degrees of freedom that can be
used to control other machines connected in series with the first machine. If the control of
the machines has to be decoupled one from the other, torque/force producing current space
vector of one machine must not produce torque/force in all the other machines in the
group. This can be achieved with a proper series connection of the motors, able to transform
each current space vector into the first current space vector for its relative motor of the
group. In other words, the stator winding connections of multiphase machines must be such
that what one machine sees as the first current space vector, the other machines see as h-th
current space vector, and vice versa.

In order to do so, it is necessary to connect stator windings of all the multiphase
machines in series with an appropriate phase transposition, and finally close all phases of
the last motor in star connection, as shown in Figure 1. The necessary phase transposition is
taken directly from the Clarke's transformation matrix (2.18), reading it per columns in order
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to understand the spatial angle among the rows, which represents the phase step. Thus,
phases '1’ of all the machines will be connected in series without transposition, indeed the
phase step among the rows in column 1 is zero. Phase '2’ of the first machine, viz. column 2,
has a phase step equal to a; this means that it will be connected to phase '3’ of the second
machine, which will be further connected to phase ‘4’ of the third machine and so on. In the
same way, phase ‘3’ of the first machine is connected to the phase ‘5’ of the second
machine, which further gets connected to phase ’7’ of the third machine, and so on, because
of the phase step is 2. This explanation provides all the information to construct the
connection table or connectivity matrix proposed in [56], [75], and reported here in Table |
in the general case of a n-phase system. The first column in

Table | shows the machine number connected in series, the first row shows the phase
number.

Then it becomes possible to completely independently control the machines while
supplying the drive system from a single current-controlled voltage source inverter.

After the description of the main characteristics of multiphase drives, it is worth noting
that the multiple space vectors assume different meaning case by case. As an example, in
five-phase machines with concentrated windings, the first space vector of the stator currents
is responsible of the first spatial harmonic component of the magnetic field in the air gap,
whereas the third space vector is related to the third harmonic component [57], [58], [74].
On the other hand, in multiphase multi-motor drives, the first space vector of the output
currents is responsible for the first spatial harmonic component of the first machine,
whereas the third space vector generates the first spatial harmonic component of the
second machine [71].

1 cos(a) cos(2a) cos(3ax) cos(2a) cos(ax)
0 sin(«) sin(2a) sin (3a) —-sin(2a) —sin(a)
1 cos(2a) cos(4a) cos(6er) cos(4a) cos(2ax)
0 sin(2a) sin(4a) sin (6«) —sin(4a) —sin(2a)
1 cos(3a) cos(6a) cos(9«x) cos(6ar) cos(3a)
c_ 210 sin (3a) sin (6«) sin (9«) —sin(6a) —sin(3a)
1 cos(waj COS(MZQJ cos( (n _1)305] ... COs (n—_l)Za] oS Ma
2 2 2 2 2
0 sin(—(n _1)05) sin(—(n —1) ZaJ sin((n _1)305) —sin(—(n —1) ZaJ —sin(—(n _1)05)
2 2 2 2 2
1 1 1 1 1 1
z 2 2 2 2 z o
(2.18)
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Table I-Connectivity Matrix for general n-phase case.

A B C D E F G H | L M
M1 a b C d e f g h i I
M2 a b+1 c+2 d+3 e+4 f+5 g+6 h+7 i+8 [+9
M3 a b+2 c+4 d+6 e+8 f+10 g+12 h+14 i+16 1+18
M4 a b+3 c+6 d+9 e+l12 f+15 g+18 h+21 i+24 +27
B. Machine connectivity

The phase number n influences the number of connectable machines and their

individual phase numbers. This issue is well described in [75], where the multi-motor drive is

divided in three categories detailed as follows.

1)

2)

The number of phases n is a prime number, then the number of machines connected
in series with phase transposition is:

n-1
M= (-1 (2.19)
2
It corresponds to the number of independent space vectors obtained with
transformation (2.3). Every machine of the group has a number of phases equal to n.
Example of multiphase systems that belong to this category are n=3, 5, 7, 11, 13, 17,
19, etc.

The number of phases does not belong to the previous category, but it can be
calculated as:

n=I1" (m=2,3,4,.) (2.20)

The number of machines in series is still calculated with (2.19), but not all M
machines have n phases. For example, with a nine-phase system, the multi-motor
drive is composed of M=4 machines: one of them is a three-phase machine, whereas

39| Page



Basics of Multiphase Drives

the remaining three machines have nine phases. The connection diagram for this
case is shown in Figure 4. For the general case of m>1, the machines of the series
have a number of phases which belong to the following succession (2.21):

n

n n n
1|_ Y (2.21)

’|2’””,|m’1

Multiphase systems belonging to this category have a number of phases n=9, 25, 27,
49, 81, etc.

3) The number of phases does not belong to the category listed at point n°1 and n°2.
However, n is divisible by two or more prime numbers, denoted as ni, n,, ns, etc.
Then n= ny:ny'n3--- nj. Thus, the maximum number of machines connectable in series
is calculated by (2.22):

M <= (2.22)
2

Ordering rules require that all the n-phase machines are at first connected in series to
the source, with phase transposition. Then all the other machines follow, ordered
with a decreasing phase number. Thus, if the sequence of the largest prime number
which divides n is ny, ny, ns, ..., then the sequence of the motors connected in series is
ordered as the prime number sequence. The observation of this rule permits the
series connection of the whole group of motors, otherwise it should be impossible to

M, M, M, M,
- — e —
" " -

3 _— _— e

g SR - R — —°

° - == a

2 - ' .

% S —— —— -
- . -l_/

R R I

Figure 4-Connection diagram with phase transposition for the nine-phase case.
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connect a motor with higher number of phases after a lower phase number machine.
Thus the latest n-phase machine has to be connected with the first n;-phase
machine, the latest n;-phase machine has to be connected with the first n,-phase
machine, and so on. The connection of machines with different prime numbers, such
as n; and n,, seems to be impossible, since the ratio n;/n; is not a integer number. An
attempt to connect these kind of machines leads to the short-circuiting of some
terminals. The group of machines will be composed of motors with different phase
number, in general the machine phases are equal to n and one of the prime number
nq, Ny, n3, etc.

That is, the number of phases of machines are n, n; or n, n, orn, nzorn,... or n, n;.
This class of odd phase numbers encloses the situation where, besides the same
prime number, there is at least one other prime number in the sequence, such as n=
niny-nz-- nj-l’". The phase numbers belonging to this category are n= 15, 21, 33, 35,
39, 45,51, 55,57, 63, 65, 69, 75, 77, etc.

Categories at point n°2 and n° 3 of the list can be considered a sub-categories of a more
general case, where n is not a prime number. The common feature among these two
categories is that the series connection is composed with motors with two or more phase
numbers.

C. Control

The torque/force produced by a n-phase PM synchronous machine is directly
controllable through the current space vectors, as shown in (2.11). A machine designed for
multi-motor drive has to produce sinusoidal-field distribution in the air-gap in order to make
the machine controllable though the only first current space vector, whereas the other
current space vectors must not influence torque/force, viz. the motion control. Current
control VSl is thus required to supply the multi-motor system with decoupled control of each
motor. Any of the available vector control algorithm is applied in conjunction with each
machine in order to generate individual machine phase current references, which are further
summed in an appropriate way to obtain the inverter phase current references. Vector
control of multi-motor drives can be achieved by using either current control in the
stationary reference frame or in the rotating reference frame [73]. The latter shows in [76]-
[77] an increased parameter sensitivity. This heppens since the decoupling voltages become
functions of parameters of both machines, due to the need for compensating voltage drops
in one machine caused by the flow of the torque/force producing currents of the other
machine through out its windings. Thus, control in the stationary reference frame is better
suited series-connected multiphase multi-motor drive systems.
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2.8 Conclusion

Multiphase drives have large number of degrees of freedom if compared to the classic
three-phase system. Though the multiphase drive concept is not new, it has attracted the
attention of the research community since the 90s. Thus, new features have been
developed, such as the drive power capability enhancement, fault-tolerant characteristics
and, last but not least, the multi-motor drive configuration. The latter represents an
interesting and promising solution for automatic machine where coordinated motion control
among several motors is required. Then it will be investigated in the following chapters.
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CHAPTER

3

PM Tubular Motor modelling and
optimized design algorithm

3.1 Introduction

An optimal design of PM tubular linear actuators permits to fully exploit the limits of
soft and hard magnetic material, resulting in high performance motors. This objective can be
reached paying attention not only to the electromagnetic issues, but also to the thermal and
mechanical constraints.

An integrated electromagnetic, thermal and mechanical design is developed in order to
maximize the thrust force or the dynamic performance of a series of PM tubular linear
actuators. Furthermore, the dynamic behaviour of the motor is very important due to the
inherent reciprocating motion of the mover, thus an optimized number of wires per slot is
determined through numerical simulations which take into account also the inverter
constraints.

3.2 Review of design optimization methodologies

A variety of techniques has been employed to facilitate the design optimization,
prediction of magnetic field distributions through analytical field computation was carried
out in [78], [79], [4], whereas the most common approach employs a lumped equivalent
circuit [80], [81], [82], [83], finally Finite Element Method (FEM) represents another analysis
tool. The first one gives good calculation results of field distribution and thrust force,
considering also cogging force effect, but it does not allow to manage the relationship
between critical design parameters and machine performance, as happens with the second
methodology. Finally, FEM analysis provide an accurate mean to determine the field
distribution, that takes into account the saturation, but it remain time consuming.

It does not exist a better solution, because each technique have merits and demerits,
depending also on the motor design constraints and in the motor topology.
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3.3 Electromagnetic model

The structure of the PM tubular actuator is shown in Figure 1. The slider is constituted
by a tube containing axially magnetized Nd-Fe-B magnets alternated with ferromagnetic
disks. The stator is composed of a magnetic yoke, and several inner disks. The stator
windings, placed between the disks, have the form of cylindrical coils.

A. Preliminary considerations

In order to define an optimized algorithm, the main technical issues of tubular linear
actuators have to be considered.

Magnetic circuit lamination cannot be adopted because of the 3D flux paths, but the
use of Soft Magnetic Composites (SMCs) can solve the problem to mould the yoke, the
stator inner rings and the slider poles. Although SMCs have lower strength, higher losses at
low frequencies and lower maximum permeability than laminations, insulated iron powders
present isotropic magnetic properties combined with the possibility to mould complex 3D
magnetic circuits.

A preliminary machine design can be carried out on the basis of a simplified one-
dimensional field analysis in order to determine the main actuator dimensions, once some
key-parameters are prefixed. This allows, for given volume specifications, the determination
of the main actuator dimensions and performance, considering thermal and mechanical
issues.

B. Thrust force contributions

In the actuator topology shown in Figure 1, the constant component of the thrust force
is produced by the permanent magnet and winding current interaction. There is also an
additional constant component of force, the reluctance force, due to the varying reluctance
of the magnetic circuit. In this type of actuators, there are four sources of the force ripple:

1) the cogging effect, i.e. the tendency of permanent magnets to align with the stator
teeth at positions where the reluctance of the magnetic circuit is minimized,

2) the end-effects, due to the open magnetic circuit nature,

3) the presence of harmonics in the air-gap flux density distribution of the permanent
magnets,

4) the presence of high order harmonics in the reluctance of the magnetic circuits.
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‘WRRARAN
2 0 2 0 0 017

Figure 1-Basic scheme of a tubular permanent magnet motor with axial magnets.

The first contribution produces the cogging force, the second contribution the so-called
end-effect force, and the third contribution is responsible of the field harmonic
electromagnetic force. The causes of force pulsations coming from the PWM supply are not
considered in this paper.

Unfortunately, the traditional methods used in rotary PM brushless machines to reduce
the cogging torque, i.e. use of skewed or asymmetrical distributions of the permanent
magnets [34], are not easily applicable in tubular machines. As a consequence, in these types
of machines, the cogging force can be reduced acting only on the geometries of stator slots,
magnets and slider poles.

The end-effect force, instead, can be compensated adding ferromagnetic disks in one
or in both extremity of the stator assembly: this aspect will be discussed paragraphs 3.6,
section D.

C. Fundamental hypothesis

Some hypothesis has used to simplify the definition of the model equation for the
considered actuator topology. In particular, it has been assumed:

e one-dimensional field analysis;
e infinite iron permeability;

e cylindrical symmetry;

e negligible end effects;

e negligible iron saturation.

Despite some of the afore-listed assumptions seem to be very restrictive, they results
from approximations suitable for the kind of motor analyzed. The statement in the first point
simplifying the problem modelling, whereas the simplification stated in the second point
consider that PM tubular machines have low natural permeance due to presence of
magnets, thus the iron reluctance is less important and can be neglected. The cylindrical
symmetry listed in the third point is a inherent properties of the motor. The end-effect can
be neglected as stated in the fourth point if proper strategies are used. Finally, iron
saturation does not occur when the machine is designed such that the magnetic load is in
the linear part of the first-magnetization curve of iron.
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D. Design of the magnets

The main geometric parameters used to define the electromagnetic model of the
motor are depicted in Figure 2.
The magnetization curve of the Nd-Fe-B magnet can be expressed by the following
relationship
B, =uH,6 +B, (3.1)
where B,, is the magnet flux density in axial direction, H,, the magnetizing force, B, the
magnet remanence and L, the magnet permeability.

The magnet diameter can be related to the pole pitch by equating the slider core flux to
the air-gap flux as follows

2(B,%(d; -d;,)=B, nd, 1, (3.2)

where 1, is the pole pitch, B, is the air-gap flux density calculated in the mean diameter d,,
the latter defined as

d,=d,+2h, +g (3.3)

The magnet width can be expressed in terms of the air-gap flux density and magnet
magnetizing force as follows:

by
Wp Wp
Wep hb
N B
ds[b — —~
i) =) = 9 |
\\ { dSC dex
el el _f&l |,
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§ hep hvl g
| AN\
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L

Figure 2-Drawing of the tubular actuator showing the geometrical parameters.
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B
W, =————5, K¢ (3.4)

where 9y is the magnetic air-gap given by
Oy=h +g (3.5)

and K, is the Carter’s coefficient that takes the stator and slider slot effect into account. It

can be expressed by

tS tP
_ (€. = w,)/8,) &, ; _ (w /), (3.6)
5w, -w8)) T 5w, /8)

K.=

E. Slider and stator design

The slider core flux density B, can be related to the magnet flux density by
B, mwd,w, =2(B,5(d; ~d})). (3.7)

The tooth flux is equal to the pole flux divided by the number of teeth in a pole pitch,
and can be expressed as

®, =Bg 7zdg t, /Nsp (3.8)
where
Nsp:NS/NP' (39)

The radial cross-sectional area of a polar shoe facing the air-gap and that of the tooth
can be calculated respectively by
A4,=nd,+gw, (3.10)

and
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A =n(d,+g+2h,)w,. (3.11)

The tooth flux density is

_ @, _ Bg dg ’, (3.12)
"4, w(d,+g+2h,)N, '
whereas the stator pole shoe flux density results
B = o, Bg dg tp
ep A - d : (313)
ep Wep( g+g)Nsp
The slot width can be calculated as follows:
Ws = Wact /NS _Wt (314)

where w,, is the total actuator length.

Taking into account the pole flux to back iron flux ratio, assuming the tooth flux density
equal to the slider core flux density, the cross-sectional area of the back iron is given by

A,=4,N, /2 (3.15)
and the back iron height becomes as follows:

_ Ab
w(d,+2g+2h +h,)

(3.16)

b

Finally, the slot height can be expressed by

h,=1(d, —d,—2g-2h,) (3.17)

F. Thrust force calculation

The thrust force can be calculated as follows:

1 S do,
F=_— i 3.18
vs; dt (3.18)
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where ¢y is the magnet flux linked with the k-th phase, i, is the corresponding line current
and v, the slider speed.

Assuming sinusoidal winding currents, a thrust force is constant when also the induced
EMFs are sinusoidal. Applying Steinmetz’s transformation to (3.18) leads to the following
expression of the thrust force:

1 & —
F = V—Z](o@k -, (3.19)

The slider speed in (3.20) is related to the angular frequency of the supply voltage as
follows:

tp
v, =o—. (3.20)
T

The maximum value of the coil flux linkage can be calculated as

B, nd, t
¢ 2N, ( )
and the maximum value of the phase flux linkage is
o, =N,n0K, ®, (3.22)

where N_is the number of series-connected groups of coils, Qis the number of coils per
group, n is the number of wires per coil, and K, is the winding factor.

The current density can be expressed in term of Joule losses and geometric parameters
by

P
J= (3.23)
pN z(d, +20+h )w, h K,
where P, is the winding losses, K, is the slot fill factor and p is the copper resistivity. It is
worth noting that the value of P., in (3.23) should be chosen taking into account the cooling

capability of the tubular actuator.
The peak value of the total slot current value is

I =N2w, h K, J. (3.24)
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Finally, assuming that the machine operates in field oriented control conditions, the
electromagnetic thrust force can be expressed as

1

3
F=—"® =<
20 P, (3.25)

3.4 Thermal model

The thermal analysis allows to verify the compatibility between the temperatures
inside the actuator and the selected insulation class. The thermal analysis can be performed
by means of lumped equivalent thermal circuit or FEM analysis of the temperature
distributions.

The first method is particularly suitable in the preliminary design to determine the
average temperature of different inner parts of the actuator, but the precision of the results
is influenced by the accuracy of the lumped circuit schematization.

For simplicity, the temperature of the frame, moulded in aluminium or cast iron, can be
considered uniform because of the high value of thermal conductivity coefficient.
Considering the actuator fixed on an adiabatic surface, with the simplified frame shape
depicted in Figure 3, and with the slider in horizontal position, the frame-to-environment
temperature rise &, ,can be calculated by means of the following equation:

3,
Qtut = R +Qrad (326)

conv

where O, is the total power losses, R ., the thermal frame-to-environment resistance due
to natural convection, and Q,.,; the radiated thermal power. R, can be expressed as
follows:

R, = .
o achV +athH (3 27)

S

Ope

Sy
Qe

Figure 3-Simplified frame shape used for thermal modelling.
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where Sy and Sy are the values of the vertical and horizontal frame surfaces, whereas a,.
and oy, are the natural convection coefficients for vertical and horizontal surfaces. The
values of a,. and ay. can be calculated as follows:

e (3.28)

a, =05a, (3.29)

where / is the frame height and T,,, the ambient absolute temperature.
Finally, the radiated power can be calculated as follows:

Ot =0 ia Sraa [(Tenv + '9_/'72 )4 - (Tenv )4 ] (3.30)

where 6,44 is the frame radiation coefficient and S, is the radiation surface value, calculated
as the sum of Sy and Sy.

Under the assumption of winding losses uniformly distributed in the coils, the average
value of the winding-to-frame temperature rise can be expressed as

9 = fu (s 2w-—2s 3.31
NS\ 3 (3:31)

where s is the thickness of the slot insulation, S is the lateral surface of the winding, 4 is the
thermal conductivity of the slot insulation, and 4’ is the equivalent thermal conductivity of
the winding, depending on the enamelling, the impregnation and the fill factor of the slot.
The main slot parameters are highlighted in Figure 4, where a axial sight of the motor is
shown (a) and a 3-D view of one winding is depicted (b).

Finally, the winding-to-environment temperature rise is

l9wfe = w—f +19f7e (332)
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@ (b)
Figure 4-Drawing of the tubular actuator showing the geometrical
parameters of one highlighted coil (a), and 3D sight of the coil (b).

3.5 Mechanical model of the slider

The slider of tubular PM motors usually presents a slight eccentricity with respect to
the symmetry axis of the stator, due to the assembling misalighment and clearance of the
bearings [84]-[85]. As a consequence, the resultant radial force acting on the slider, due to
the magnets, is not zero and the static equilibrium configuration of the slider axis tends to
bend. The calculation of the maximum displacement of the slider axis is extremely important
in order to verify that there is no interference between slider and stator. In addition, the
reaction forces on the bearings have to be determined, because they increase the friction
reducing the life of the actuator.

The analysis of the static equilibrium configuration of the actuator is reported under
the assumption of elastic materials and small displacements.

A. Static equilibrium analysis

To analyze the static equilibrium of the slider, it is convenient to use the scheme of a
simply-supported beam loaded with a distributed force g, shown in Figure 5. As known, the
static equilibrium equation of the deflected beam is as follows:

d*v(z)

dz*

- EI

+q(z)=0 (3.33)
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Figure 5-Scheme of the simply-supported beam for the
study of the slider static equilibrium configuration .

The bending moment M(z) is related to the displacement v as follows:

d*v(z)

M(z)=—El == (3.34)
y4

Equations (3.33) and (3.34) can be solved imposing the boundary conditions that v(z)
and M(z) vanish for z=0 and z=L once the distributed load ¢ is known.

In order to determine g, reference is made to Figure 6, showing a transverse section of
the tubular actuator, where the slider is located in an eccentric position with respect to the
stator symmetry axis. Under the assumption of small displacements, the magnetic gap can
be expressed as follows:

0 =29p+ycos 0. (3.35)

Figure 6-Transverse section of the tubular motor
showing the eccentricity of the slider.
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The elementary force acting on the elementary surface dS of the slider is:

BO) 4.

df (0) = 5 (3.36)

Hy

The distributed force g, resultant of all elementary contribution, is directed downwards
and is given by

27 2
qg=—\d, @cos(ﬁ)dﬁ. (3.37)
St 4
0 ILIO

To explicit the expression (3.37), the function B(8) has to be determined. Considering

the motor section depicted in Figure 7 and calculating the MMF drop along the dashed line it
follows:

B(0) =+ py, utln

7 50) (3.38)

Substituting (3.35) in (3.38), the resulting equation can be expressed in Mc Lauren’s
series, as follows:

0

B(9) =BO(1—5lcose+...J (3.39)

where B(z) is the value of the flux density in the original configuration. Substituting (3.39) in
(3.37) leads to the following expression of ¢(z):

Figure 7-Longitudinal motor section.
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_ ﬂ-Rsi B(?

= V. (3.40)
2 1y 9,

q

In order to take the non-uniformity of the magnetic field in the actuator into account, it
can be demonstrated that in (3.40) By can be approximated by Bgrys. In addition, the
displacement y can be expressed as the sum of two terms, namely the eccentricity vy and the
displacement v due to bending. In this way, the distributed load ¢ becomes:

Vv, ). (3.41)

Substituting (3.41) in (3.33) and solving the differential equation it is possible to obtain
the analytical expression of v(z). Adding the maximum value of v(z) to the initial eccentricity
vo leads to the maximum displacement y,,,, of the slider axis.

B. Maximum slider displacement

Assuming that vy is the eccentricity of the slider axis with respect to the symmetry axis
of the stator, the maximum displacement of the slider can be expressed as

Ymax = Vo (3.42)

where ais a coefficient greater than 1 defined as

(o) ()
a=—||cosh— | +|cos— . (3.43)
2 2 2

In (3.43) L is the distance between the bearings and K is defined as follows

R, B,
K = 4| 25 Zns (3.44)
2u,6,E1

where By is the RMS value in a pole-pitch of the spatial distribution of the flux density, E is
the Young’s modulus and 7 is the moment of inertia of the slider tube with respect to the
bending axis.
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The behaviour of « is shown in Figure 8 as a function of the product KL. According to
(3.42), the maximum displacement is proportional to the slider eccentricity. Therefore
attention has to be paid to the choice of bearings type and the assembling accuracy.

Finally, it is worth noting that if KL is a multiple of &, then (3.42) has an infinite value,
i.e. a static equilibrium configuration is not possible. The case KL=1 gives the critical distance
between the bearings, that is

o, T’E 1
[, =2 =yff0 % 20 (3.45)
K Rsi BRMS

Obviously, the stator length should be far enough from the critical length L., in order to
avoid interference between stator and slider.

C. Reaction forces on the bearings

The resultant force R due to the radial magnetic forces can be calculated by means of
the following equations:

2
U dse B rms

R=p
Ly Oy

2 (3.46)

where £ is a constant greater than 1, depicted in Figure 9, whose expression is as follows:

,B—L tanhﬁvttanE (3.47)
KL 2 2 '

1
0 05 1 1.5 2 25 3n

Figure 8-Behavior of the parameter a.
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0.5 1 15 2 25

Figure 9-Behavior of the parameter a.

The reaction forces on the bearings are equal to R/2. They produce friction forces that
are opposed to the motion. It is necessary to verify that these friction forces are not too
relevant with respect to the rated thrust force.

3.6 Optimized design algorithm

A two-step procedure is applied to obtain the optimal design of a series of PM tubular
linear actuator. In the first step the integrated model of the motor is utilized for determining
the relationships between critical design parameters and machine performance, facilitating
the rapid assessment of a large number of potential designs, satisfying magnetic, thermal
and mechanical constraints. In the second step, a two-dimensional FEM analysis is adopted
to refine the preliminary design, allowing the force ripple to be minimized.

The design optimization can pursuit several target, such as the maximum force density,
the maximum mover acceleration, etc.. Assuming that the motor will be used in automated
industrial machine, then the dynamic performance represents the most meaningful
parameter. Thus, the design objective is to select the machine parameters in order to
maximize the force density/acceleration and minimize the total force ripple. In the same
time, thermal and mechanical constraints have to be satisfied. The thermal limit depends on
the insulating material adopted for the stator windings, whereas the mechanical constraints
are related to the maximum displacement due to the electromagnetic forces in presence of
assembling misalignment.

A. Input parameter and design constraints

The integrated model of the motor can be used to define different design algorithm,
each one differs from the others on the parameters chosen as input of the problem.

In particular, input parameters will be used in the design algorithm in different manner
on the basis of their meanings. Some inputs define the problem constraints, thus they define
one specified value that will be used in the algorithm, while other inputs define a range of
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values where one design parameter may vary. Finally, other input parameters set the limit
value of certain design parameter, so they represent a condition which determines the
discarding of the problem solution not compatible with the aforementioned condition.

The first typology of parameters can be named “fix-constraints”, the second one may
be named “range-constraints” while the third one can be called “limit-constraints”. The
choice of the input parameters had been done considering the technical issues which
concern the realization of the tubular motor with SMCs technology, viz. considering issues of
the SMC compaction process. Further, some mechanical constraints had to be fixed in order
to use commercial industrial components, thus obtaining a motor with potential low cost.

Among the “fix-constraints”, it is possible to list:

e Number of poles — N,,;

e Number of slots — Nj;

e Stator external diameter — d.,,;
e Actuator length — w,;

e Tooth shoe pole width — w,,;
e Shoe pole high — h,;

e Slider tube width — #;;

e Mechanical air-gap length — g;
e Innerslider bore diameter — d;;
e Tooth flux density — B,

e |Initial slider eccentricity — vy;

e Maximum windings over-temperature — 4, .

These constraints define the motor volume, the main electromagnetic specifications,
the maximum windings over-temperature and the initial slider eccentricity due to the
assembling misalignment and clearance of the bearings.

The input parameters variable in a reasonable range, defined “range-constraints”,
consider the feasibility issues related to SMCs and magnets, and are:

e  Maximum and minimum magnet width — Wy, e aNd Wy, mins

e Maximum and minimum inner slider diameter — dj; o and ds; min;

Finally, the parameter defined as “limit-constraints” are:

e Maximum slider core flux density — B, yax;

e Maximum slider displacement — y,4x.
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Keeping the tooth flux density and the slider core flux density limits under the knee of

the B-H curve of the magnetic material, iron saturation is avoided. The maximum slider

displacement has to be fixed as a small percentage of the mechanical air-gap, let’s say 10%.

B. Preliminary design: solution procedure of the integrated model
equations

The “fix-constraints” and the “range-constraints” are a problem input, and they can be

used to develop the problem solution. For a given set of “fix-constraints” and “limit-

constraints”, the following solution procedure can be repeated for each value of w,, and dj;

included in the “range-constraints”:

1)
2)
3)
4)

5)

6)
7)

8)

9)

Solving the system of equation formed with (3.1), (3.2), (3.4) and (3.6) then B,
H,, and B, can be calculated.

The value of w; is obtained using the (3.8), the (3.12) and B,

Substituting w; in (3.14), then results the value of w.

Using (3.11), (3.15), (3.16), (3.17) and w, it is possible to define the values of 4,
and A;.

Through(3.13) and (3.7), B, (3.11)and B, are calculated; B, is then compared
with By, max in order to discard/do not discard the current solution.

The previous result permit to calculate a numerical value for (3.21) and (3.22).
The solution of the thermal model, as illustrated in subsequent section, permits
to calculate P,,.

Using P., in (3.23) and substituting the result in (3.24), the slot current is
determined. The latter can be used to calculate the thrust force by (3.25).
Finally, all data are available to calculate (3.44), then (3.43) and finally the slider
displacement by (3.42), which is compared with y,,,, in order to discard/do not
discard the current solution.

C. Thermal model solution

The substitution of (3.28) and (3.29) in (3.27) define the relation between 19./76 and

R

cony *

Using the latter term and substituting (3.30) in (3.26) yield (3.48).

4
A35/4+B(—Te’” i gf‘eJ +C=0 (3.48)
f-e 100 - ot .
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where

p =(5.6 S, 568, J
nt,, 054nT,,
B=0,,(S,+Sy)
(3.49)

T 4
C=— e | (S +8
Grad(looj ( Vv H)

Do 1 i_’_g(ws—Zs)
N, S\A 3 42

Equation (3.48) can be solved using Newton-Raphson iterative method to calculate
., . The iterative formula which permits to calculate the frame over-temperature is:

4
194” :]9/1_ f( . *9) (350)

—e —e f' (]9}1_6)
where

Tenv + 19_/’72
100

4
]9'*@ lgwfe
J + D +C_T_th

16,.0-48 205
(3.51)

5 T +9,. 1 1
'19 :_A31/4+4B env f—e T
/(%) 4 I 100 100 D

D. Finite Element Analysis

The preliminary design obtained with the integrated model of the motor can be further
improved using an axis-symmetric finite-element analysis to calculate the flux density
distribution in the actuator and the localized saturation in the iron core. The effect of load
currents can be evaluated in order to refine the main actuator dimensions, such as tooth
width, tooth polar shoe width, etc.. This analysis allows the evaluation of the cogging and
end-effect forces, furthermore it permits the correct sizing and the correct positioning of the
compensation disks, as shown in Figure 10.

The finite-element analysis can be applied also to the thermal design, in order to
determine the temperature distributions in the different part of the actuator, as a
consequence of the core losses and winding losses.
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Figure 10-Magnetic field near a compensator disk.

E. Numerical optimization of the number of wire per slot

The dynamic behaviour of the tubular motor strongly influence its servo characteristics,
which are very important for automated machine in industrial applications. Thus, the drive
performance are limited by both the inverter limits and the motor limit. The former consists
in Dc bus voltage, nominal current and overload current, while the latter is the maximum
slot current, which define the maximum current before that magnet demagnetization
occurs. Thus the number of wires per slot, viz. the number of turns in series per phase,
influence the dynamic behaviour of the motor, since the phase parameters and the main
motor constants vary with it. It is well known that phase resistance and inductance depend
on the square of the number of wires per slot, while the back EMF constant and the force
constants depend on the number of wires per slot. Finally, the phase current is inversely
proportional to the number of wires per slot for a fixed nominal slot current, which
guaranties the invariability of the produced thrust force.

In classic rotary machine the number of wires per slot is sized for a specified voltage
and frequency, with constant rotor speed. Tubular linear actuators never operate at
constant speed because of its reciprocating motion, thus the number of wires per slot can be
considered as a design degree of freedom which can be optimized pursuing a specific target
for a given set of inverter and motor limits.

The following constraints are fixed: the DC bus voltage, the nominal current of the
inverter, its overload current, the nominal slot current and finally the maximum slot current.
The proposed optimization is based on a numerical simulation of the tubular drive with
variable number of wires per slot, assuming that the inverter feeds the motor with its full
voltage and fixing the mover stroke. The subsequent inertial start up is registered in terms of
position, velocity, phase current and slot current. The position transient, together with
phase and slot current, is used to select the better number of wires per slot. The selection
criterion considers at first the position curve: in first instance, the motor with number of
wires per slot which reaches for first the half stroke is considered the better. Then the slot
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current transient is analyzed to ensure that its limit is not reached, or at least it lasts for a
short period.
The drive model used for this simulation is depicted in Figure 11, where the motor

“uxn

parameters with change their value in concordance with the number of wires per slot
and m is the mover mass. The block “current limit” implements the maximum slot current
and the overload drive current, thus it limits the phase current in agreement with the
aforementioned current constraints. The inverter block considers the DC bus voltage and
calculates the v, voltage considering the amount of v, voltage necessary to keep the i,
current equal to zero. The calculation required for the latter purpose uses i, and o, which
enter in the inverter block.

An example of optimization is reported: for a given DC bus voltage, inverter overload
current and maximum slot current the transient behaviour of main electric and mechanical
characteristics have been registered. The number of wires per slot is measured in per unit
(p.u.), and the base value is the number of wires per slot calculated in the same manner of a
rotary machine.

Figure 12 shows a typical position transient, for the considered example, a reduction of
wires per slot results in a increased dynamic performance, since the half-stroke is quicker
reached by motors with slow number of wires per slot. Figure 13 show the phase current in
p.u., where the base value is the inverter overload current: the overload constraint never
occurs, in fact the maximum phase current value remains under the unity. The current
limitations highlighted with a dashed line in Figure 13 is introduced by the slot current limit.
Figure 14 depict slot current transient referred to the maximum slot current: the figure
highlights with a dashed ellipse the effect of the slot current limit, which it lasts for a period
growing with the reduction of the number of wires per slot.

v, - 1 i K| v T
DCbus q +O kR cu'rre'nt s f o ==
Voltage - R.*+s L* limit ms t

e —

Vqg + 1 ig
R*+s Lg*

e

inverter

Figure 11-Block diagram of the drive used to optimize the number of wires per slot, paying attention at drive
and motor constraints.
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Figure 14-Slot current in p.u. (base value:
maximum slot current), for a variable number of
wires per slot.

3.7 Conclusion

This chapter presents the mathematical model and an optimal design algorithm used to
design of a prototype of permanent magnet actuator, paying attention not only to the
electromagnetic issues, but also to the thermal and mechanical constraints. The model
allows to manage the relationship between critical design parameters and the machine
performance. Further, it permits to develop a large number of optimized motor design
quickly, with a precision smaller than +7%. Detail regarding the motor design and their
relative experimental results will be presented in next chapter.
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CHAPTER

4

Optimized design of a PM tubular
linear actuator and
experimental results

4.1 Introduction

The design methodology proposed in the previous chapter, which consider
electromagnetic, thermal and mechanical issues, will be used to size a three-phase PM
tubular linear actuator.

Initially, a preliminary optimized design will be applied in order to analyze the influence
of critical design parameters on the machine performance. Hence, a FEM analysis will be
used to refine the design and to take into account the end-effect problem. It will follow the
optimization of the number of wire per slot.

Finally, experimental results of a prototype of tubular linear actuator will be presented
and they will be used to validate the design procedure.

4.2 Definition of the design constraints

The optimized design algorithm can be applied after the definition of the constraints
described and listed in Paragraph 3.7 A in Chapter 3.

The first two parameters, N, and N;, are crucial for the motor design, indeed they
strongly affect the amplitude and the space periodicity of the cogging force. Brushless
motors use fractional pitch windings in order to minimize the cogging torque, thus this
solution will be adopted to define the number N, and N, since other technical solutions
cannot be equally effective for the tubular topology. The choice of N, = 8 and N; = 9 results
an optimum compromise for the cogging force issues, since the space periodicity of the
cogging force results 1/9 of the pole pitch. In addition further the equivalent number of slots
per phase and per pole is quite high, in particular it is 3.

Other design constraints, such as d., and w,., define the volume of stator. These two
parameters had been chosen in order to obtain a compact motor, since the ratio w,./ d, is
1.6.
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Then the stainless steel tube width %, that contains the magnets and the slider with the
SMC poles had been chosen considering the commercial dimensions of such an industrial
product. The mechanical air-gap length g represents a crucial parameter, since it strongly
influences the performance and the design of the machine. Indeed, the smaller the air-gap
is, the highest the thrust force is, but at the same time the radial force and the slider
bending become critical. Thus it had been repeated the preliminary optimized design for
three different values of g, which are respectively 0.5, 0.75 and 1 mm. The inner bore
diameter of the slider dy;, has been set in order to guarantee a easy slider feasibility and to
improve the motor dynamic feature. The width of the tooth shoe pole w,, had to leave a slot
opening larger than the sum between the stainless steel tube width %, and the mechanical
air-gap g, in order to minimize leakage fluxex in slot openings. The thickness of tooth shoe
pole has been fixed considering technical issues on the compaction process of the SMCs. The
initial slider eccentricity vy has been determined considering the typical value of bearing
clearance and assuming the presence of mounting misalignment of the slider, fixed at 0.1
mm. The maximum windings over-temperature depends on clearly by the insulation class of
the windings, which is class B.

The tooth flux density B; and the maximum slider core flux density B, ,..x has been fixed
at 1.1 T in order to avoid the saturation of the iron core. Figure 1 shows the B-H curve of
Somaloy® 500. It can be seen that the highlighted operational magnetic point is under the
knee of the curve.

Then, magnet width limits, viz. Wy, uax and Wy, i, have been fixed with the aim to obtain
the ratio w,,/t, within in the range 0.2+0.8, while the limits of the inner slider diameter dj; max
and d;.in have been selected in order to obtain the ratio d/d.. whithin in the range
0.16+0.65. The latter limits are related to the minimum mover diameter and to the minimum
slot depth.

Finally, the maximum slider displacement y,.,. of the slider was set to maintain the ratio

BT

°
3
P

0 10000 20000 30000 40000 50000  60°000  70'000  80'000 90000 100000  110'000
H[Asp/m]

Figure 1-B-H curve of Somaloy® 500, the magnetic operational point
is highlighted in the curve.

66| Page



Design optimization and control strategies for PM Multiphase Tubular Linear Actuators

Vmax/Vo under the value 0.1.

4.3 Analysis of the influence of the air-gap length on motor
performance

The preliminary design presented in the previous chapter can be used to carry out an
analysis of the influence of the air-gap length on the motor performance.

As in the rotating machine, the air-gap length represents a fundamental parameter for
the designer, and its value influences both the electromagnetic and the mechanical
behaviour. From the magnetic point of view, the designer has to design the machines with
thiny air-gap, thus higher force density can be achieved. At the same time, from a
mechanical point of view, thin air-gap may emphasize the slider bending because of the
bending force depends from the initial bearing clearance, on the slider mechanical
characteristics and from the square of the air-gap flux density. The bending effect of the
slider in a tubular linear motor must not be neglected, since the slider behaves like a thin-
beam loaded with distributed force. Thus, a thin air-gap is critical, in fact it can be further
reduced by the slider bending and, in some case, creeping between the slider and the stator
occurs.

Figure 2 depicts the optimized force density as a function of the ratio d;/d.,, calculated
as the ratio between the thrust force computed with the preliminary design equations and
the stator volume (wy. @ d2ex/4). It can be observed that the maximum force/volume is
achieved for inner slider diameter to external stator diameter included in the range 0.4+0.5.
Further, the mechanical air-gap length influences noticeably the thrust force density.
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Figure 2-Force-to-stator volume ratio as function of the ratio d,;/d.,, computed for three different
value of the mechanical air-gap.
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Figure 3 and Figure 4 depict respectively the radial force density, which produce the
slider bending, and the ratio y,.../vo, both as a function of the ratio d;/d.,.

Figure 3 shows a rapid growth of the radial force density, indeed its value depends on
the square of the air-gap flux density and, for a fixed air-gap length and with growing d;/d..
ratio, its value quickly increases. Considering the equation (3.1), (3.2) and (3.4) in order to
obtain the relation between the air-gap flux density B, and the magnet remanence B,, and

1.00E+07 7
= 1.00E+06 - 5’“
: | ,«rf ﬁ%
S //
3 // —s—g=0.5mm
“;, 1.00E+05 - / ——g=0.75mm
._g ] % —+—g=1mm
g 4

1.00E+04

0 01 02 03 04 05 06 07
dsi/dex

Figure 3-Radial force-to- stator volume ratio as function of the ratio d,;/d,., computed for three different values
of the mechanical air-gap.
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Figure 4-Maximum-to-initial slide displacement ratio as function of the ratio d/d.,, computed for three
different values of the mechanical air-gap.
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simplifying the final equation, it results (4.1).

B, =B, L
(th 0% KCJ (4.2)

w

si m

Equation (4.1) shows that for a given air-gap length g, viz. for a given dy, a growth in the
inner slider diameter d; results in an air-gap-flux density increase.

Figure 4 shows the maximum-to-initial slider bending as a function of the ratio d,;/d..,
although the increase of the bending force with the ratio dy;/d,, is important, the maximum
slider displacement decreases with d;;/d., since the moment of inertia of the slider tube with
respect to the bending axis increases with the fourth power of d;.

The final analysis of Figure 3 and Figure 4 allows to state that motors with d;/d,, ratio
smaller than 0.38+0.40 exhibit larger slider displacement and lower bending force density
than motors with higher dj;/d,, ratio. The former have to be preferred than the latter, since
large radial force can damage the mechanical sliding system and can strongly reduce the
motor reliability.

4.4 Optimized design of a tubular linear actuator

The analysis carried out in the previous paragraph gives some important guidelines for
the choice of the motor size among the various proposed by the preliminary design. Thus, it
was decided to develop a motor with an air-gap length of 0.5 mm, since the other two
solutions do not produce significant advantages in terms of maximum slider displacement
and radial force density, while the thrust force density results higher.

A. Preliminary design

The target of the design of the motor is to obtain a tubular actuator suited for
automatic industrial application, thus the thrust force do not represent the only choice-
parameter, but also the dynamic performance must be considered. Figure 5 depicts
respectively the normalized thrust force of the motor(the base value is 35 N) as a function of
the d;/d.. ratio, while Figure 6 shows the slider acceleration as a function of the d,;/d,, ratio,
assuming an inertial payload variable in the range 0+0.5 kg. The latter Figure shows that an
increasing in the additional inertial mass shifts the point of maximum acceleration toward
growing values of the d,;/d., ratio.

The d,;/d.. ratio range to be selected for the maximum thrust force is 0.4+0.5, but in
this range the dynamic behaviour, measured by the slider acceleration in Figure 6, is very
low. The dj;/d,, ratio range which maximize the dynamic performance is 0.2+0.32. Then, a
compromise value of the dy;/d,, ratio equal to 0.28 was selected. That value is highlighted
both in Figure 5 and in Figure 6.
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Figure 5-Normalized force as function of the ratio d,;/d.., computed for the mechanical air-gap of 0.5 mm.
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Figure 6-Maximum slider acceleration as function of the ratio d,;/d,,, computed for the mechanical air-gap of
0.5 mm and with an additional inertial mass variable in the range 0+0.5 kg.

B. FEM refining

The main motor dimensions calculated with the preliminary motor design have been
used to define a FEM model of the motor, shown in Figure 7. That model was used to verify
the preliminary design calculation. Further simulations permitted to analyze the end-effect
force disturbance, which has been minimized through the use of a compensator disk. The
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Figure 7-Fem model of the motor sized with the preliminary design.

a

latter aspect results very important in PM tubular linear actuator, since end effect force
ripple deteriorate the slider motion, produces noise, vibrations, etc.

Figure 8 depicts the end-effect force computed with FEM analysis, imposing a null value
of the current in the windings, for the motor chosen in the previous paragraph as a function
of the slider position; the force is in p.u. and the base value is the motor nominal thrust force
of 35 N, while the slider position is referred to the pole pitch.

Figure 9 shows the p.u. reluctance force of one stator disk, computed with FEM model
shown in Figure 10, as a function of slider position in p.u.. The comparison between Figure 8
and Figure 9 shows that the force produced by one disk has the same waveform and the
same amplitude of the end-effect force of the whole motor. Thus, one disk can be placed in
a particular position referred to the stator in order to produce the same force waveform
shifted of half space-periodicity, thus the net force with null current in the windings should
be minimized. The position of the compensator disk was investigated through a series of
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Figure 8-End effect force, normalized to the thrust force, computed by FEM analysis as function of the slider
position, expressed in p.u. of the pole pitch z,.
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Figure 9-Reluctance force produced by one stator disk, normalized to the thrust force, computed by FEM
analysis as function of the slider position, expressed in p.u. of the pole pitch z,.
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Figure 10-Magnetic flux path of the FEM model of one stator disk.

FEM simulations, where the compensator disk has been shifted in order to determine the
optimal position. The final results of this activities are shown in Figure 11, where the optimal
compensation of the end effect force results in a very low force ripple.

Finally, it has been calculated the thrust force with a FEM model completed with the
compensation system. The sinusoidal stator currents have been imposed to change in
synchronism with the slider position, in order to simulate real operative conditions. Figure
12 shows the thrust force produced by the motor: the force ripple is the residual end-effect
force, shown in Figure 11, while the circle represents the mean value of the computed thrust
force.

C. Optimization of the number of wires per slot

The model proposed in paragraph 3.7 section E has been used to optimize the number
of wires per slot in order to fully exploit the tubular linear drive capability. The main results
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Figure 11-Compensated end-effect force in p.u. as a function of the slider position referred to the pole pitch.
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Figure 12-Thrust force values obtained by FEM analysis with sinusoidal stator currents varying synchronously
with the position of the slider.

of this optimization are depicted in Figure 13, Figure 14, Figure 15, which show respectively
the mover position transient, the phase current transient and the slot current transient.

The base value for the slot and for the phase current are the maximum slot current,
which avoids magnet demagnetization, and the maximum phase current of the inverter. The
base value for the number of wires per slot is that one calculated in same manner of a
rotating machine.

The number of wires which gives better dynamic performance is the smaller one, but
this solution results very hazardous, since slot current limit occurs for a long period, as
shown in Figure 15. Among the various solution proposed, that one which appears to be a
good compromise is pointed out in Figure 13, Figure 14 and Figure 15. Thus, the number of
wires per slot has to be reduced by 33% in comparison to the that one calculated in the
traditional way.
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Figure 13-Mover position transient, for a variable Figure 14-Phase current in p.u. (base value: inverter
number of wires per slot. overload current), for a variable number of wires per
slot.
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Figure 15-Slot current in p.u. (base value:
maximum slot current), for a variable number of
wires per slot.

4.5 Experimental results

Figure 16 shows the prototype of a PM tubular motor realized in laboratory in
compliance with the design algorithm based on the relationships described in the previous
chapter. The stator and the magnetic cylinders of the slider are built in Somaloy™'500 with
0.5% Kenolube™, compacted to the density of 7.16 g/cm>. The Nd-Fe-B permanent magnets
(Bg=1.1T at 20°C) are assembled inside a non-magnetic stainless steel tube.

A. Thrust force

Figure 17 shows the behaviour of the force (normalized with respect to the rated force)
produced by the motor with null currents and calculated by means of FEM analysis when the
motor is without compensation disks.
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N

Figure 16-Prototype of tubular motor.
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Figure 17-End effect force (normalized with respect the rated thrust force) produced by the motor with null
currents, as a function of the slider position (normalized with respect the pole pitch). Behavior of the motor
without compensation disks, calculated with FEM analysis

Figure 18 shows the force measured on the prototype. The average force value in
Figure 18 is due to the friction of the slider bearings, whereas the superimposed alternative
force gives values close to those shown in Figure 17.

The measured values of the force in presence of compensation disks are shown in
Figure 19. As can be seen, the compensation disks have practically cancelled the force ripple.

Figure 12 shows the behaviour of the thrust force calculated by means of finite-
element analysis, under the assumption that the stator currents vary synchronously with the
slider position x according to the following relationships, taking to the field oriented control
principles into account.

sin nti—%”(k—l) k=1,2,3 (4.2)

p

rated

I =1
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The average value of the force in Figure 12 corresponds to the rated value. To confirm
the analytical results, the following constant currents have been injected in the stator
windings:

Iz = /3 = —%Il (43)

where /1 has the maximum positive value.

Figure 20 shows the force produced by the actuator for different slider positions, apart
from the contribution of the friction force shown in Figure 19. It's worth noting that the
maximum value of the force measured with constant currents (highlighted by the circle)
corresponds to the value of the force calculated with currents synchronized with the slider
position, shown in Figure 12. The agreement between experimental and numerical results is
satisfactory.
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Figure 18-End effect force (normalized with respect the rated thrust force) produced by the motor with null
currents, as a function of the slider position (normalized with respect the pole pitch). Behaviour of the motor
without compensation disks, measured.
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Figure 19-Compensated end-effect force (normalized with respect the rated thrust force) produced by the
motor with null currents, as a function of the slider position (normalized with respect the pole pitch),
measured.
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Figure 20-Measured force produced by the actuator with constant values of the stator currents, apart from the
contribution of the friction force.

B. Thermal behaviour

A test of thermal characterization in which the power losses are equal to the rated
losses has been performed. The calculation of the frame over-temperature by means of the
thermal model proposed in the previous chapter leads to values similar to those measured
by thermocouples fixed on the external surface of the motor, as shown in Table Il.

Finally, the windings-to-environment over-temperature rise was calculated (assuming
N =0,2 WmK™). Table 1ll compares the numerical results with the measured temperatures.
As can be noted, there is a good agreement among all results.

Table lI-Frame-to-environment over-temperature.

Value calculated with thermal 36.2 °C
model

Average value of the measures 34.1°C

Table lll-Average winding-to-environment over-temperature.

Value calculated with thermal

46.9°
model 6.9°C

Measured value | 43.7°C

4.6 Conclusion

The mathematical model and an optimal design algorithm presented in the previous
chapter was used to design a prototype of permanent magnet tubular linear actuator, paying
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attention not only to the electromagnetic issues, but also to the thermal and mechanical
constraints. The measures carried out on the prototype show a good agreement with the
results of the proposed model.
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CHAPTER

5

Five-phase dual-motor series-
connected drive: simulations
and experimental results

5.1 Introduction

Two five-phase tubular linear actuators, having series-connected stator windings of
distributed type (number of slot per phase and per pole greater than 1), with an opportune
permutation of the phases, can be independently controlled with only one five-phase
inverter. This drive structure will be described and analyzed, paying attention on the inverter
voltage limit. Then a position control, which is necessary due to the finite length of the
slider, will be presented.

Finally, experimental results of the proposed position control of the dual-motor series
connected drive will be presented.

5.2 Description of the five-phase dual-motor series-
connected drive

The five phase tubular linear motor used for the multi-motor drive has to be designed
with special characteristics. Sinusoidal flux density distribution produced by the stator
windings is required, then the inverter voltage limit has to be investigated in order to fully
exploit the speed-range of the two machines.

A. Motor connections

The independent control of the two five-phase motor is achieved using two
independent current space vectors of the five-phase system.
Applying the transformations (2.3) and (2.4) to the five currents of the system iy, iy,...,Is,

then three independent space vectors result: i, iy and i.. Relation (2.2) yields the following
equation: i, =i, and i, =1, . The zero-sequence of the current is null due to the neutral

point connection of the phases, while the sequence n°1 and n°3 can be used to control the
two five-phase motors connected in series.
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The connection scheme with the correct phase transposition can be obtained by the
connectivity matrix of Table | in Chapter 2, thus it results the scheme depicted in Figure 1.
M; and M, are the two tubular linear motors, while a, b, c, d, e represent the five windings
of each machine.

The proposed phase connection is not the only one which allows the independent
control of the five-phase dual-motor drives, since the independent control of the two motors
is achieved using each couple of independent current space vectors. All the possible
connection schemes can be derived by the combinations of the independent space vectors,
which is shown in Table I.

M, M,

a a
5 L L
et b b
o L L
£ C C
° L L
a d d
2 L ]
Q e e
1) L L

Figure 1-Connection scheme with the phase transposition for the two-motor series
connected drive.

Table I-Combinations of independent space vectors for the multi-motor drive.

M 1 M 2
i i,
i iy
i, i
i i,
iy i
iy iy
iy i,
iy iy
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B. Inverter voltage limit

The inverter voltage limit can be determined using Duty-Cycle Space Vector (DCSV)
approach, in fact it permits to define a modulation strategy of a five-phase inverter suited
for the problem solution.

Following the well-known carrier-based PWM approach, the DCSV approach directly
determines, in each switching period, the switching sequence of each inverter leg. The latter
can be obtained comparing a triangular carrier signal with five modulating signals assumed
constant in each switching period. The modulating signals are defined by the quantities mi (k
=1, 2, ..., 5), which represent also the duty-cycles of the five inverter legs.

The modulating signals must satisfy the following constraints:

m, € [01] (k=1,2,..,5). (5.1)

In order to analyze the modulation strategy, an opportune model is introduced, which
is valid considering ideal switches and a switching frequency much higher than the
fundamental frequency. Under these assumptions, the higher frequency components of the
variables can be neglected, and the input/output quantities are represented by their average
values over a switching period T..

The generic pole voltage Vi can be written as

Vo =VeMe  (k=1,2,..,5), (5.2)
being V. the voltage of the DC source.
The relationships between the pole voltages Vi and the line-to-neutral load voltages
Vin are
Viw =Vio = Vao»  (k=1,2,..,5). (5.3)
Note that, owing to the symmetry of the star-connected load, the zero-sequence

component of the line-to-neutral load voltages is zero.
Taking (2.3), (5.2)and (5.3)into account, leads to

v, =V.m,, (h=1,3), (5.4)
V.m
Vyo = °2 o, (5.5)
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where the DCSVs m, and the zero-sequence component My of the five-phase inverter are

given by
= 25 o ey _
m,==>ma , (h=1,3), (5.6)
513
2 5
m, :gz m, . (5.7)
k=1

As can be seen from (5.4)and (5.5), the two line-to-neutral load voltages expressed in
terms of space vectors are directly proportional to the corresponding DCSVs, whereas the
zero-sequence component of the duty-cycle m, does not affect the load voltages, but

determines the voltage vpo.
A general solution to the modulation problem of the five-phase inverter can be
obtained by using (2.6) and (5.4) leading to

1 1 _ _
me==my+=—> V@, (k=1,2,..,5) (5.8)
2 Vc h=1,3

Assuming the voltage space vectors V, . known as reference quantities, then (5.8)

allows the calculation of the modulating signals of all the inverter legs in each switching
period. The value of my in (5.8) is a degree of freedom which can be utilized to fully exploit
the dc voltage, and to optimise some characteristics of the modulation law, such as the
number of switch commutations in a switching period and the output voltage spectrum.

The duty-cycles constraints, emphasized in (5.1), introduce complicated limitations on
the possible values of V, . and V; . in each switching period.

In three-phase inverters this problem involves only the space vector V, , and it has

ref 7
been already completely solved. In five-phase inverters the analytical solution of this
problem represents a very hard task.

The modulation constraints expressed in (5.1)become:

me-m <1, (k=1,2,..,5), (i=1,2,..,5). (5.9)

Substituting (5.8) in (5.9) and taking the relationships (5.4) into account, it is possible to
transform the voltage limit problem in the DCSV limit problem, which is independent of V,
leading to
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S -Ered-a ) <1, k=125, (=12 ..5) (5.10)
h=13

A more useful expression can be obtained by representing the DCSVs in polar form as
follows:

My :|mh|emh ., (h=1,3). (5.11)

Taking (5.11) into account, (5.10) can be rewritten as

|ml|sin{[31 ~(k+i- z)ﬂsin[(k - i)ﬂ +|m3|sin[[33 ~(k+i- 2)3?“}sin{(k - i)%“} s% : (5.12)

The analysis of (5.12), written for each couple (k, i) (k=1,2,..,5andi=1, 2, .., 5),
allows the determination of the voltage limit in each switching period.

In the case of multi-motor drives, the DCSVs must be completely independent, with
arbitrary behaviour, being related to the first spatial harmonics in the two different
machines. In general, they can be described as follows:

m, =[mje /™ (5.13)

m; = [msle P2 (5.14)

It is very interesting to derive the validity domain of |m1| and |m3| regardless of the

values of the phase angles 3; and Bs.
Taking into account the worst condition for 3; and B3 allows (5.12) to be rewritten as

sin[(k - i)ﬂ

The five inequalities in (5.15) can be summarized by the two following simultaneous

|| + || g%, (k=1,2,..,5), (i=1,2,..,5). (5.15)

sin[(k - i)%’“}

constraints

. (mYy . (2m) 1
|m1|sm(gj+|m3|sm(?J§E, (5.16)
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. (27) . (=

1 _

|m |sm(—j+|m3|sm(—)<
5 5

The corresponding validity domain of |ml| and |m3| is represented by the shaded area in

N |

(5.17)

Figure 2. This figure can be used by the designer to set the voltage amplitude to size the
windings of the five-phase motor. For example, if the dual-motor application require that the
two machines work at different speed at the same time, such as the nominal speed for one

machine and quasi null speed for the second machine, then |ﬁi| can be selected equal to

0.5; finally the voltage amplitude can be calculated by (5.4).
The windings of the five-phase tubular linear motor have been designed for

|m1|=|m3|=0.326, which corresponds to point D in Figure 2, in order to fully exploit their

speed-range at the same time.

C. Magnetic design of the five-phase tubular motor

The optimal motor design described in chapter 4 has carried out the optimal
dimensions to realize a prototype of PM tubular motor. The stator and the magnetic
cylinders of the slider are built in Somaloy®500 with 0.5% KenolubeTM, compacted to the
density of 7.16 g/cm3, while axial Nd-Fe-B magnets are assembled inside a non-magnetic
stainless steel tube, which constitutes the slider. Due to the high cost of the prototype,
mainly determined by the mould costs of the stator SMC disks, it has been decided to use
one of the main feature of the tubular actuator: the modularity of stator and of the slider. A
constrained deign of the motor has been carried out, using the same stator disks and the
same magnets of the motor designed in chapter 4.

The design aim is to produce sinusoidal-field distribution in the machine air-gap, thus a
proper number of slot per phase and per pole have to be chosen. At the same time, a proper
ratio between the pole number and the slot number have to be set in order to minimise the

0.7
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0.4 |

||
03|
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0.1

0

0 01 02 03 04 05 06 07
M

Figure 2-Validity domain of |m1| and |m3| for five-phase dual-motor series connected drive.
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cogging force. Further, this ratio should be such that the pole pitch of the five-phase motor
results similar to that one of the three-phase prototype of chapter 4. The accomplishment of
all of these constraints produces a motor similar to three phase one, considering the
magnetic point of view.

wsen

If the main geometric parameters of the five phase motor are distinguished through
from that ones of the three-phase motor, then the following relations result:

Ngt; =N, t,, (5.18)
Noto=Npt,. (5.19)

Calculating ts from (5.18) and substituting it in (5.19) yields(5.20).

. N, N;
tP = *tP (5'20)
N, N

The choice of the Np=14 and Ns=15, t; /t, results in =0.9523, that is a 4.78% of
reduction in the pole pitch. Hence, the slider magnetic cylinder width of the five-phase
motor decrease by 12% if compared to the slider magnetic cylinder width of the three-phase
motor. Further, the proposed numbers of poles and slots result in a winding having an
equivalent number of slots per phase and per pole equal to 3, which provides a quasi
sinusoidal flux-density distribution in the air-gap of the machine.

FEM analysis has been performed in order to compensate the end effect force, using
the same methodologies used for the three-phase motor, and also for analysing the
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Figure 3-Compensated end-effect force, normalized with the five-phase motor thrust force, as a function of the
slider position in p.u..
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Figure 4-Zoom of the compensated end-effect force, normalized with the five-phase motor thrust force, as a
function of the slider position in p.u..

independent control of the motor. Figure 3 shows the compensated end-effect force as a
function of the slider position, normalized with the thrust force of the motor. The
effectiveness of the proposed compensation method is further confirmed by Figure 4, which
is a “zoom” of Figure 3.

Figure 5 depicts the FEM calculation of the compensated thrust force produced by the
injection of a constant first current space vector, which corresponds to a set of constant
currents iy, i,...,Is of sequence 1, as a function of the slider position. The thrust force is
normalized to the maximum value of its value. The spatial periodicity of the force is 2 t,, as in
the three phase motor.

Finally, Figure 6 and Figure 7 depict the FEM calculation of the compensated thrust
force produced by the injection of a constant third current space vector, which corresponds
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Figure 5-Compensated thrust force produced by the first current space vector, normalized with the five-phase
motor thrust force, as a function of the slider position in p.u..
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to a set of constant currents iy, iy,...,i5 of sequence 3, as a function of the slider position. The
spatial periodicity of this force contributions is one third in comparison to that one of the
force produced by the fundamental space vector, further its amplitude is similar to the
compensated end-effect force. Thus the effect of the third space vector on the force
production can be neglected if compared to the force produced by the first current space
vector, and independent dual-motor series connected drive can be realized.
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Figure 6-Compensated thrust force produced by the third current space vector, normalized with the five-phase
motor thrust force, as a function of the slider position in p.u..
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Figure 7-Zoom of the compensated thrust force produced by the third current space vector, normalized with
the five-phase motor thrust force, as a function of the slider position in p.u..

87| Page



Five-phase dual-motor series-connected drive: simulations and experimental results

D. Control scheme

The fundamental control scheme of the five-phase dual-motor series connected drive is
depicted in Figure 8. The motor n°1 (M;) is controlled by means of the first space vector,
while the motor n°2 (M,) is controlled through the third space vector. The scheme
implements a position control for each motor, which will be presented more in details later.
The position reference is compared to the slider actual position, thus each motor control
generate the corresponding voltage space vector in rotating frame, then they are calculated
in the stationary frame by means of each slider measured position. Finally, these references
enter in the block of the inverse Clarke transformation, which gives the modulating signals
for the inverter legs. Stator currents are measured using LEM sensors, and they are used to
calculate the first and the third current space vectors.

Each motor is controlled by the block corresponding “My motor control” in Figure 8, in
particular each block contains the control scheme shown in Figure 9.

The outer control-loop concerns the position control: the slider position, after a change
of measure units, is compared to the actual position and the error passes through a P
regulator. Furthermore, a feed-forward regulator, with k gain, acts on the subsequent node,
improving the dynamic behaviour of the drive. Then, the speed-regulator elaborates the
error signal resulting from the speed-reference, the actual speed and the feed-forward
action. Then, the inner control-loop concerns the g-component of the current, viz. the rated
force, while the d-component has a null reference, since the motor operates within its base
speed range. Finally, the block for the back-emf compensation provides the voltage space
vector in rotating frame.

> —
18lji1dal

M2 position M1 position
reference reference
Xref, 1 Va1 dq Va1 m,
Bm 1 Va1 Vo1 m
-6 b 59
< T
- C-l me [ol=y
< m z o
Vg2 ik Va2 Il ® o
Va2 Ve2 Me
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g by fcy Ty fo <"

Om2

M1 measured
slider position

M2 measured
slider position

Figure 8-Block diagram of the control scheme.

88| Page



Design optimization and control strategies for PM Multiphase Tubular Linear Actuators

E. Tuning of the regulator

The tuning of the regulators of the position control scheme, namely the regulators (a),
(b) and (c) in Figure 9, will be examined with reference to the motor parameters of

Table Il

The tuning of the regulators (a) and (b) is quite simple if the back-emf are supposed to
be compensated, as shown in Figure 9. The tuning for both regulators is usually obtained
with zero-pole cancellations.

Figure 10shows the Bode diagram of the open-loop transfer function from the output
of the regulator (a) to the current ig.m, the Bode diagram of the regulator (a) and of their
product. The zero of the Pl regulator (a) is selected so that it cancels the system pole at
lower frequency, due to the stator resistance and the inductance, whereas the gain is
selected so that the phase margin is about 85 degrees. The pole at high frequency is due to
the presence of the inverter and to other non ideal behaviours.

For the tuning of the regulator (b) the aforementioned methodologies can not be
applied, since the mechanical pole is not known because of the lack of information about the
viscous friction coefficient. Thus an experimental tuning has carried out, fixing the zero at
the pulsation of 1/15 rad/s and increasing the gain till a satisfactory speed response is
reached. The same methodology has been used to set the gain of the position regulator,
keeping inactive the feed-forward action. The gain of the position regulator is 50. Finally,
acting in parameter k of the feed-forward action, the position response is optimized in order
to have negligible position error.
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Figure 9-Position control scheme implemented in the the block “MM motor control” of .Figure 8

Table lI-Motor parameters.

Rs [Q2] 6.5
Ls [mH] 17.7
Mseie [Vs/m] 14.2
Slider mass [kg] 1
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Bode Diagram
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Figure 10-Bode diagram plot of the transfer function from the output of the regulator (a)in the block diagram
of Figure 9 to the current iq.n (solid), regulator (red dashed) and compensated system (blue dashed).

5.3 Experimental results

In order to verify the effectiveness of the proposed five-phase dual-motor series
connected drive, depicted in Figure 11, some experimental tests have been performed.

The experimental setup consists of a custom-designed five-phase voltage source
inverter, shown in Figure 12, feeding a five-phase dual-motor series-connected drive.
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Figure 12-Five-phase inverter.

The control algorithm is implemented in a Digital Signal Processor (DSP) TMS320F2812.
The switching period is 100 ps, corresponding to a switching frequency of 10 kHz.

The position references used to test the multi-motor drive have sinusoidal waveform

settable in frequency and amplitude.

A. Start-up test

(a) Experimental test. Behaviour of the multi-motor
drive with growing position references. Yellow: M,
actual speed (5(m/s)/div). Fuxia: M, actual speed
velocity (5(m/s)/div)). Green: M; actual position
(20cm/div). Ciano: M, actual position (20cm/div).

(b) Experimental test. Behaviour of the multi-motor
drive with decreasing position references. Yellow: M,
actual speed (5(m/s)/div). Fuxia: M, actual speed
(5(m/s)/div)). Green: M; actual position (20cm/div).
Ciano: M, actual position (20cm/div).

Figure 13-Start up test: the position references are increased and then decreased in order to test the

dynamic behaviour of the control scheme.
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B. Position reference variation
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Figure 14-Experimental test. Behaviour of the multi-motor
drive with reduction of the M, position reference, while
M, position reference is null. Yellow: M; actual speed
(5(m/s)/div). Fuxia: M, actual speed (5(m/s)/div)). Green:
M; actual position (20cm/div). Ciano: M, actual position

(20cm/div).

C. Velocity variation

?WJW\

(a) Experimental test. Behaviour of the multi-motor
drive during an acceleration of both motors, for a
fixed position amplitude of the sinusoidal position
references. Yellow: M; actual speed (5(m/s)/div).
Fuxia: M, actual speed (5(m/s)/div)). Green: M,
actual position (20cm/div). Ciano: M, actual position
(20cm/div).

(b) Experimental test. Behaviour of the multi-motor
drive during an deceleration of both motors, for a
fixed position amplitude of the sinusoidal position
references. Yellow: M; actual speed (5(m/s)/div).
Fuxia: M, actual speed (5(m/s)/div)). Green: M; actual
position (20cm/div). Ciano: M, actual position
(20cm/div).

Figure 15-Velocity variation test: the position references have a fixed amplitude, while the velocity

(freqeuncy) is increased and then decreased.
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D. Independent control test

Figure 16-Experimental test. Behaviour of the multi-motor
drive with sinusoidal position reference for My, while M,
position increase its frequency (velocity). Yellow: M;
position references (20cm/div). Fuxia: M, actual position
(20cm/div). Green: M, position references (20cm/div).
Ciano: M, actual position (20cm/div).

5.4 Conclusion

The effectiveness of the five-phase dual-motor series connected drive with tubular
actuator has been proved, and the consistency of the control scheme has been validated by
some experimental tests.

The position control implemented permits to have an independent control of each
motor, characterized by a low position error. Further improvement can be achieved using
motor with a number of slot per pole and per phase greater than 3.
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Conclusions

Linear electric machine are applied in a growing number of industrial applications, since
they can be easily integrated in the structure of the application, further enabling the direct
drive control. Among the various linear motor topologies, the tubular structure seems to be
particularly attractive for industrial purposes due to both its closed form and the inherently
absence of attractive force between the stator and the mover. Furthermore, technologic
developments in soft and hard magnetic materials have solved the feasibility problems of
the iron core and have enhanced the force density of such kind of actuator.

To fully exploit the aforementioned technologic developments and to obtain high
performance motors, accurate motor design have to be developed. Thus, the designer has to
pay attention not only to the electromagnetic issues, but also to the thermal and mechanical
ones.

Nowadays, multiphase drives exhibit excellent feature, especially for the industrial
sector. The larger number of degrees of freedom compared with three-phase motor drives
enable the implementation of new and promising drive structure, such as the so called
multi-motor multiphase drive. Multiphase machines with special design can be connected in
series and then independently controlled with a single multiphase inverter, resulting in a
more compact structure, with less inverter legs than the three-phase counterpart.
Furthermore, the centralized control of such a structure reflects in a high performance drive.
The features of the tubular linear actuator and that one of the multiphase drives can be
combined in order to obtain automated machine with better characteristics.

In this Thesis work, a mathematical model of the electromagnetic, thermal and of
mechanical issues has been developed for PM tubular linear actuators. It has been used as a
starting point for an optimal design algorithm definition. The proposed design equations can
be used to investigate the behaviour of a the motor as a function of some crucial
parameters, such as the air-gap length, the total volume, etc.. The design methodologies
described in this Thesis reveal to be effective and precise. Validation was obtained by means
of experimental results carried out on a prototype of tubular linear motor.

The control strategies for multi-motor drives have been defined, and the effectiveness
of a position control of a five-phase dual-motor series connected drive with tubular
actuators has been verified. The independent control of a such a motors has been verified
through dynamic tests, which also demonstrate the consistency of the control scheme.
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