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Abstract—Design aspects of the trans-rotary magnetic gear
(TROMAG) integrated rotary machine are discussed in this
paper with particular focus on optimizing system cost and weight.
Analytical models are used for design of the TROMAG. Optimal
designs of the rotary machine are found by using a population
based genetic algorithm and two dimensional (2D) finite element
analysis (FEA) and thermal considerations. Weight, volume, and
cost of the resultant system are then compared with the Pareto-
optimal set of a permanent magnet linear tubular machine (LTM)
that is designed for the same force and speed specification. It is
shown in this paper that, for high-force, low-speed reciprocating
motion applications, an electromechanical motion system
consisting of a TROMAG and a rotary electric machine can far
surpass a conventional direct drive linear machine in terms of
weight, volume, and initial and operating cost.

Index Terms-- Magnetic gear, Trans-Rotary magnetic gear,
Linear PM machines, Finite element analysis.

I. NOMENCLATURE

G TROMAG'’s gear ratio

P TROMAG’s number of poles

La TROMAG'’s active length

> Pole pitch (for TROMAG and LTM)

w  Magnet width (for TROMAG and LTM)

hu  Magnet thickness (for TROMAG, IPM, and LTM)
o Magnet coverage (for TROMAG and LTM)

Rm Outer radius of inner part (for ROMAG and LTM)
Rri IPM’s Rotor inner radius

Rro IPM’s rotor outer radius

SR IPM’s ratio of stator outer radius to rotor outer radius
des  Stator core thickness (for IPM and LTM)
detLTM’s translator core thickness

W; Tooth width (for IPM and LTM)

bo  Slot opening (for IPM and LTM)

Slot tip height (for IPM and LTM)

Slot wedge height (for IPM and LTM)

t,  Bridge thickness of IPM

J  Conductor current density (for IPM and LTM)

Ns IPM’s number of slots
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Np IPM’s number of poles

Viet  Total volume (for TROMAG, IPM, and LTM)

Ma Active mass (for TROMAG and LTM)

Mstroke EXtra mass due to stroke (for TROMAG and LTM)
Mw:  Total mass (for TROMAG, IPM, and LTM)

Ca Cost of active material (for TROMAG and LTM)

Cnm IPM’s cost of material

Csroke  Cost of stroke material (for TROMAG and LTM)

Ce Cost of electricity over 5 years (for TROMAG, IPM,
and LTM)

Cwt  Total cost of material and electricity (for TROMAG,
IPM, and LTM)

Tspot ~ Slot hot spot temperature (for IPM and LTM)

Il. INTRODUCTION

HE last decade has witnessed intense interest in

integrating magnetic gears and electric machines to
achieve machine configurations that offer high torque density
and high power factor. It was, in fact, the emergence of high
torque density field-modulated magnetic gears that paved the
way for development of the gear-integrated machines. These
gears generally consist of a set of ferromagnetic pole pieces
inserted between two concentric rotors that have different
number of permanent magnet (PM) poles. While the inner
rotor has a low number of poles and operates at high speed and
low torque, the outer rotor with high number of poles operates
at high torque and low speed [1, 2].

The first proposed gear-integrated machine topologies were
radial flux rotary systems that either inserted the stator inside
the high speed rotor [3] or added the stator as the outermost
layer of the system [4]. It was shown that these systems could
offer torque densities roughly twice as the conventional PM
machines while maintaining high power factors. The
applications that propelled the research on the rotary gear-
integrated machines were mainly electric traction [3, 5] and
wind turbines [6, 7].

Later, high-force, low-speed linear motion applications
stimulated the researchers to propose linear counterparts of the
rotary gear-integrated machines mentioned above. A linear
gear-integrated generator was investigated in [8] for a free-
piston engine application and in [9] and [10] for wave energy
conversion application. The proposed linear systems, similar
to their rotary configurations, were able to offer roughly twice
the force density of a PM linear machine.
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Recently, another approach has been taken on to address
the problem of designing an electric machine for low speed
reciprocating motion applications more effectively. To design
a generator, the idea is to first convert the low speed linear
motion of the prime mover to high speed rotation, and then use
a high speed rotary generator. The conversion can be
performed by a mechanical roller screw system. Such a
system, although offering high force density, would suffer
from high friction due to direct mechanical contact between
sliding parts and, therefore, low reliability. In addition, the
mechanical contact would require proper lubrication at all
times and necessitate regular maintenance. As such, a contact-
free force transmission system would be preferable for
applications that mandate low maintenance and high
reliability. Conversion of linear motion to high speed rotation
through magnetic field seems to have been first proposed in
[11]. The idea has recently attracted attention for applications
such as wave energy conversion [12, 13] and force-dense
actuators [14].

The magnetic device that performs the conversion of high-
force, low-speed linear motion to low-torque, high-speed
rotation is referred to as the trans-rotary magnetic gear
(TROMAG) [15]. Different views of a TROMAG are depicted
in Fig. 1. A TROMAG consists of two cylindrical parts that
are ideally concentric: a translator moving back and forth
along its central axis and a rotor rotating about the same axis.
Both rotor and translator are made of ferromagnetic iron cores
lined with helically shaped alternating PM poles. Although in
Fig. 1 the inner part is identified as the rotor, depending on the
application the mechanical assembly can be arranged such that
the inner part plays the role of the translator. In both cases,
either the rotor or translator has to be longer than the other to
allow magnetic engagement of the two parts while the
translator reciprocates. In this paper, the length of the shorter
part is called the active length, and the total difference between
the lengths of the two parts is referred to as the “stroke”. The
same terms will be used for the LTM in which either the stator
or the translator has to be longer than the other part. Moreover,
the maximum axial force a TROMAG can develop, which
depends on the dimensions and materials used, is called pull-
out force in analogy with synchronous machines [15]. The
pull-out force per active air gap area, the area that is enclosed
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Fig. 1. Views of an idealized TROMAG,; (a) 3D view; (b) side view.
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between the rotor and translator, is referred to as the shear
stress of a TROMAG.

Gear ratio of TROMAG, G, can be defined as the ratio of
translator force, F: to the rotor torque, T, and equals:

G=F /T, =27/(Pzp) €]

in which P is the number for poles as viewed from the XY
plane (2 poles in Fig. 1), and zp is the pole pitch along the Z
axis.

A TROMAG can be used in both motoring mode and
generating mode drive trains. In a generating mode of
operation, for example when a TROMAG is used along with a
buoy as its prime mover, the TROMAG’s translator is coupled
to the floating part of the buoy and moves up and down with
ocean waves at low speed. As a result of the translator motion,
the rotor that is coupled to a rotary generator rotates at high
speed. For motoring operation, when a TROMAG is used to
propel a translating load, the TROMAG’s rotor is driven by a
high speed rotary motor that is coupled to it. As a result, the
TROMAG’s translator, which is coupled to the load, moves at
low speed and propels the load. The schematic of a TROMAG
set-up assembly is shown in Fig. 2, in which a short outer
translator and a long inner rotor are used. The translator is
press-fit into a cubical flange that is mounted on linear
bearings sliding on rails. To be able to couple the translator to
a load, an end-flange is provided that is connected to the main
translator flange by means of two rods. The rotor is held at its
two ends by rotary ball bearings, and is coupled to a rotary
electric machine through a torque transducer. The actual test-
bed is presented in Fig. 3, where a PM LTM (with a
significantly lower force rating) is coupled to the translator
through a force transducer. A zoomed-in view of the
prototyped TROMAG is shown in Fig. 4. The translator is
fully covered by magnets but the rotor is covered partially.

Principles of operation of the TROMAG [15] and its
magnetic design [16-18] have been presented in earlier
publications. This paper aims to show that for high-force, low-
speed load characteristic, the proposed approach; that is,
integrating a TROMAG and a rotary machine, which hereafter
is referred to as MITROMAG for the ease of reference, can
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Fig. 2. Schematic of a TROMAG set-up assembly.
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Fig. 4. Zoomed in view of the TROMAG of Fig. 3

significantly save on weight and cost of the required material
(ferromagnetic iron, copper, and magnet) compared to a direct
drive linear PM machine that is designed for the same force
and speed. It is shown in [18] that with typical magnet material
and dimensions, shear stress of a TROMAG can reach almost
10 times that of a conventional PM linear machine. Intuitively,
such superiority should hold a MITROMAG significantly
lighter and compacter than a linear machine even after adding
the cost and weight associated with the rotary machine that
needs to be added to the TROMAG, given that the rotary
machine operates at high speed and low torque. The goal of
this paper is to quantify this advantage of MITROMAG over a
PM LTM for different force ratings of design, as well as
investigate the contribution of each of the two main parts of a
MITROMAG to its overall weight and cost. In order to
compare the two technologies, the approach taken here is to
optimally design a MITROMAG for a constant force and
speed and compare it, in terms of weight, volume, and cost of
the material and electricity, with a linear machine that is
optimally designed for the same specifications. The
optimization problem framed for each topology has identical
set of objectives, constraints and materials employed, thus
making a fair comparison between the two. Multi-objective
optimization to achieve lighter and less costly designs (which,
in this paper, are referred to as “Pareto Optimal” designs) is
performed by using GOSET 2.4, a population-based genetic
algorithm (GA) toolbox [19]. Part Il explains the design
constraints, design constants, design variables, and the design
procedure for the MITROMAG. The same is presented for the
benchmark linear machine in part 1V. The results of design
optimization are demonstrated and discussed in part V.

I11. OPTIMAL DESIGN OF A MITROMAG

A MITROMAG consists of a TROMAG and a rotary
machine that is coupled to the shaft of the rotor of the
TROMAG. Due to this, the two components do not impose
any geometric constraint on one another. However, the choice
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of gear ratio for the TROMAG determines the torque and
rotational speed for which the rotary machine has to be
designed. In general, optimal design of the MITROMAG
entails simultaneous design of both the TROMAG and the
rotary machine part.

A. Design considerations

1) Choice of pole pitch

The TROMAG is designed to meet the given force and
speed, which can be achieved by the right combination of pole
pitch, zp, magnet height, hy, magnet coverage, «, rotor radius,
and active length. According to (1), choosing a narrower
thread (shorter pole pitch) results in a larger gear ratio and
therefore lower torque and higher speed for the rotary
machine, which means a higher power density design can be
achieved for the rotary machine. However, a large rotational
speed may cause rotor vibrations due to long stroke (and
hence shaft) if the TROMAG is not perfectly concentric [20].
Moreover, considering the low stiffness of the TROMAG [16],
a large rotational speed may also cause difficulties in
controlling the system, especially given that the direction of
rotation of rotor has to be reversed every time the translator
reaches the end of its course of motion.

In addition, as shown in [18] a narrow thread can result in a
poor shear stress for the TROMAG. Especially, as the air gap
is increased for the larger systems there is a need for a longer
pole pitch to maintain the shear stress at its optimum.
Moreover, a narrower thread means that a higher number of
magnet blocks have to be mounted, which leads to an increase
in manufacturing complexity and cost. The consequence of a
longer pole pitch is a lower gear ratio and larger torque
demand on the rotary machine side of the MITROMAG.

2) Dynamic behavior

Another issue that mandates the simultaneous design of
both parts is the dynamic performance, which is application-
specific. The TROMAG effective gear ratio “seen” by the
rotary machine can be different from the rated gear ratio given
by (1). For example, it is shown in [21] that in an application
like ocean wave energy the rotor moment of inertia would
significantly affect the effective gear ratio when the wave
energy conversion system is under the reactive control
strategy. Such factors have to be considered when designing
for a specific application.

3) Overload capability

An electric machine may be designed such that it can
temporarily deliver more than its rated power upon injecting



higher current. On the other hand, a TROMAG force cannot
exceed the pull-out value which is determined by its magnetic
design and is not controllable. To enable a fair comparison, for
each case the TROMAG is designed for a pull out force that is
25% larger than the rated force for which the LTM is
designed. This assures that the TROMAG can operate at
forces up to 25% higher than its rated value without slipping.

4) Choice of rotary machine

The best choice for rotary machine configuration, overall,
depends on the application and optimization objectives. In this
paper, a V-shaped interior permanent magnet machine (IPM)
is chosen for the rotary machine part of the MITROMAG in
order to achieve good torque density and efficiency at rated
operating point. It has to be noticed however that depending
on the specific application for which the MITROMAG is
designed, surface-mount configuration or buried PM rotor
configurations other than V-shaped such as trough shaped or
PM-assisted synchronous reluctance may be superior to the V-
shaped IPM.

In the following, design constraints, variables, and
constants are given as well as a general design procedure for
the MITROMAG.

B. Design constraints, constants, and variables of a
MITROMAG

Design of the MITROMAG is performed for a given rated
force and speed as the constraints. The speed is set at 1 m/s for
all designs. Several levels of pull-out force are considered
from 1.25 kN to 125 kN (each 25% above the rated force of
the corresponding LTM), which are corresponding to 1 kW to
100 kW power. Moreover, the winding maximum temperature
is restricted to 180 °C.

In this study, for the sake of a general design, designs are
performed for constant speed of 1 m/s, and several values of
constant force. It has also been decided to set the rotor speed
at 3000 rpm. This way, the gear ratio of the TROMAG will be
fixed at 100m for all cases, and designs of TROMAG and
rotary machine become mutually exclusive. Therefore, the
TROMAG and rotary machine is designed separately, thus
reducing the complexity of the optimization problem.

According to (1), a lower P results in a larger gear ratio;

hence, only 2-pole TROMAGs are considered here.
Consequently, to achieve a gear ratio of 100z, in each case a
2-pole TROMAG with 10 mm pole pitch has to be optimally
designed for the given force. Design variables for the
TROMAG are then the magnet thickness hm, magnet coverage
(ratio of magnet width to pole pitch) o, and rotor radius, some
of which are illustrated in Fig. 1.
A 2D view of one pole of a V-shape IPM, along with its
geometrical design variables, is shown in Fig. 5. For the IPM,
the selected design variables are the slot-pole combination,
(Ns, Np), magnet thickness, hy, magnet angle, ay, rotor inner
radius, Ry, rotor outer radius, Ry, split ratio (ratio of stator
outer radius to the rotor outer radius), SR, stator core
thickness, dcs, tooth width W, slot opening b, slot tip height,
Hso, slot wedge height, Hs1, and the conductor current density,
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Fig. 5. One pole of the V-shaped rotary IPM and its geometrical design
variables

J. Rotor length is assumed to equal the stator stack length.
Bridge width ty is set at a constant value for all designs of a
power level. The bridge thicknesses are chosen to be 0.5 mm
for 1 kW, 1 mm for 10 kW and 2.5 mm for 100 kKW designs
based on the maximum chosen rotor outer diameter in order to
maintain the structural integrity of the bridges at operating
speed while considering a factor of safety. In addition, to avoid
high switching frequencies, the maximum supply frequency is
limited to 300 Hz. With 3000 rpm as the top speed, the
maximum number of poles of the IPM is then restricted to 12.
The values considered for the “slot per pole per phase” are 1,
1.5,2,and 3.

In all designs, the air gap length for both the IPM and
TROMAG is set at 1 mm. Moreover, M19 laminations with
0.5 mm thickness and a stack factor of 95% are used for the
IPM. Ferromagnetic iron such as 1020 steel can be employed
for the TROMAG. NdFeB magnets with B, = 1.1 T and pr =
1.05 are considered for both machines and the TROMAG. The
ambient temperature, Tamp is Set at 40 "C. It is decided to
account for the efficiency by adding the cost of electricity over
a 5-year time period [22]. This cost represents the energy lost
to losses if the system was used as a motor, or the energy that
would not be harvested if the system was used as a generator.
Electricity price is set at a constant value of 0.05 $/kWh. The
cost of lamination steel, copper, and magnet is assumed to be
3, 8, and 90 $/kg, respectively.

C. Design procedure of a MITROMAG

1) Design of the TROMAG

Aspects of magnetic design of a TROMAG are discussed in
detail in [18]. Main conclusions of that paper are summarized
below:

e Magnets of rotor and translator, assuming that they are of
the same material, have to be of the same thickness; otherwise
the thinner magnets may get demagnetized.

e Assuming unity coverage for magnets, that is, if the magnets
fully cover the pole pitch, for a given air gap length and



magnet thickness there is an optimum pole pitch that
maximizes the shear stress. For example, with 1 mm air gap
and 5 mm thick NdFeB magnets that have B,=1.1 and po=1.05,
the optimum pole pitch is 10 mm and results in shear stress of
230 kN/m?. For practical values of magnet thickness and air
gap length, the optimum pole pitch for maximizing the shear
stress is usually about 10 mm. That is why this value is chosen
for all TROMAG:S here.

e As the magnet thickness increases, the shear stress increases
as well. However, the rate of increase plummets as thicker
magnets are used.

e As the air gap length increases the shear stress decreases. To
maintain a constant shear stress despite the increase of air gap
length, both the magnet thickness and pole pitch have to be
increased proportionally.

o For a given pole pitch, magnet thickness, and air gap length
there is an optimum magnet coverage that maximizes the force
per magnet volume. For example, with 10 mm pole pitch the
maximum force per magnet volume turns out to be 40 MN/m?
and is achieved in the case of 2 mm thick magnets with 65%
coverage. As the rare earth magnets are the main contributor to
the cost of a TROMAG, this is an important aspect of
optimization.

o If the stroke is not considered the individual values of air
gap radius and length of the active air gap area will not affect
the cost and weight; however, when the stroke is accounted
for, longer parts with smaller radius are more preferable in
terms of material consumption especially if the stroke is long
compared to the active length of the TROMAG.

Restrictions on outer radius and total length are imposed by
the space restrictions of a certain application. Even without
any space restrictions, very long rotors with small radius
should be avoided as they are more prone to rotor deflection
and consequently unbalanced radial forces [13]. In the studied
TROMAG it is assumed that the outer part is the translator and
it is longer than the rotor by the amount of stroke. The rotor
length to radius ratio is also set at 12. In each design case,
magnet thickness and coverage are varied and the total weight
and cost of the material are obtained. An accurate analytical
model is used for calculating the TROMAG axial force [14].
The model is derived from field equations and has shown very
good agreement with 2D FEA.

It is shown in [15] that in an ideal TROMAG as long as the
rotor and translator are moving in synchronism, which is the
case in steady state operation, the relative position of rotor
magnets and translator magnets remains constant. Therefore,
the losses in magnets and iron cores are expected to be
insignificant. The main losses of a TROMAG are then
attributed to the bearings. The 17 kN lab prototype presented
in [13] has exhibited an efficiency of over 90% at most
operating points. Higher efficiencies are expected as the
technology matures. In this study, efficiency of the TROMAG
is assumed to be independent from the magnetic design, and is
set at 95%, 92%, 90%, and 80% for force levels of 125 kN,

62.5 kN, 12.5 kN, and 1.25 kN respectively.

2) Design of the IPM

In each case, the IPM rated torque is obtained from (1) by
knowing the gear ratio (fixed at 100m) and the rated force for
which the MITROMAG is designed. Notice that 25% margin
is not considered for the rotary machine because, similar to the
LTM, it can be designed to be capable of delivering higher
power for short periods of time. The IPM speed is also set at
3000 rpm for all designs. Design optimization of the IPM is
performed by using multi-objective GA. Each “individual”
design generated by the GA is evaluated by employing two-
dimensional (2D) magnetic FEA combined with thermal
calculations based on an approximate thermal circuit to
determine the operating temperature. Material properties are
updated with temperature to recalculate losses and this process
is performed iteratively until operating temperature converges.
As the first step, the slot geometry is created and populated
with wires accounting for the wire enamel, varnish, and slot
lining [23]. The inter-strand distance is calculated based on
practical data from manufactured machines. The conductor fill
factor can then be obtained by dividing the area occupied by
copper to the whole slot area. In addition, once the slot is
populated, the heat generated in the slot (slot copper losses) is
calculated for an arbitrary current density. Assuming a unity
stack length, a thermal FEA is then performed to obtain the
resultant temperature distribution in the slot. Upon dividing the
highest temperature in the slot, Tsyor by the slot copper loss, the
thermal resistivity from the hot spot to the core pw- spot IS
obtained in "C.m/W. Average temperature of the slot is also
calculated and divided by the slot heat to obtain the average
thermal resistance from the winding to the core, pi- ag. While
the latter parameter is later used for calculating the average
temperature of the slot to find the average copper resistivity,
the former parameter is used for calculating the winding hot
spot to ensure the insulation thermal limit is respected.

The next step is to create the IPM geometry for performing
the magnetic FEA. In order to save on computations time,
periodic or anti-periodic boundary conditions are imposed so
analyzing a fraction pole of the machine suffices. By knowing
the current density, as an attribute of each individual, and
conductor fill from the previous step the phase current can be
calculated. Since the selected rotor configuration is salient, the
maximum torque position depends on the d-axis and g-axis
inductances, Lq and Lg, as well as the PM flux linkage, Awm.
Therefore, a magneto-static FEA is run to obtain Lg, Lq and Awm
at the given phase current. Moreover, the phase current is
injected in the negative d-axis direction and the flux density
distribution in the PM is obtained to ensure demagnetization
will not occur. To obtain the average torque, accounting for
the torque ripple, the rotor is rotated by 180 electrical degrees
over 24 equal steps. At each step a static 2D magnetic FEA is
performed and the torque per unit of stack length is calculated.
Iron losses, Pee, including hysteresis, classic eddy, and excess
eddy losses are also calculated at each step by using the
“CALZ2” iron loss model [24].



The required stack length, Lswack to yield the desired torque
can then be calculated. The total copper loss, Pg, is calculated
accounting for the end winding length. Eddy current loss in
PMs is considered negligible assuming that the PMs are
segmented [25]. Afterwards, the winding hot spot temperature
is checked against the maximum temperature constraint. To
calculate Tspot, first the core temperature, Teore IS calculated
from (2).

Tecore = Tamb + Rth,core > (PCu + PFe) 2)

In (2), Run_core is the thermal resistance between the stator
housing and the ambient, and is given in (3).

Rth,core =1/(hA) @)

In (3), A is the housing area and h is the heat transfer
coefficient in W/m?.°C. The coefficient h is calculated through
an empirical thermal model, assuming a TEFC structure [26].
The fluid velocity at the surface of housing, required for
calculation of h, is roughly approximated to be 10, 15, 20, and
30 m/s for 1, 10, 50, and 100 kW machines rotating at 3000
rpm, based on the experimental data available for induction
motors. Also, the outer area of the stator core is roughly taken
as the housing area.

Once the core temperature is known, the winding hot spot
temperature can be determined from (4) to ensure it is below
the maximum permissible temperature for the insulation.
Otherwise, the individual design is discarded.

Tspot = Teore + (Pth, spot / Lstack )X Fcu ()

Eventually, the cost of the active material, Cy, and their
weight, My are calculated as well as the cost of losses, Ce. The
GA objective is to minimize both quantities.

IV. OPTIMAL DESIGN OF THELTM

Due to their high force density, high efficiency, and
dynamic characteristics, linear PM machines are proposed as a
strong contender for a variety of applications from servo
drives and aerospace actuators to transportation and wave
energy conversion systems. In [27], a flat double-sided linear
PM machine with surface mount magnets is manufactured for a
wave energy converter. Here, a PM linear machine with
tubular structure, similar to [28], is considered as the
benchmark because of its similarity to the TROMAG structure.
In this structure there are no end windings, which is an
advantage over a flat structure.

The approach taken here for optimal design of an LTM,
similar to the rotary IPM, is the use of thermal and magnetic
FEA for evaluation of each individual design generated by the
GA. To enable a fair comparison with the rotary machine, a
similar thermal analysis is performed assuming the same air
velocities over the stator core of the LTM as those of the
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rotary IPM. It will be observed however, that incorporating the
efficiency in the cost calculation results in the current density
being mainly capped by the efficiency-tied cost of the system
not by the temperature limit.

A. Design constraints, constants, and variables of the PM
LT™M

Design constraints of the LTM are the same as those of the
MITROMAG: the speed is set at 1 m/s for all designs, and
power levels from 1 to 100 kW are considered. The winding
maximum temperature is limited to 180 "C. No restriction is
posed on the radius and length of the machine.

An LTM is shown in Fig. 6 along with its geometrical
design variables. Given the tubular structure of the machine,
only full pitch windings with one slot per pole per phase are
considered [29]. The selected design variables are the rotor
outer radius Rm, pole pitch, zp, magnet thickness hym, magnet
coverage (ratio of magnet width to pole pitch w /z) «, tooth
width W;, winding height hw, slot opening by, slot tip height
Hso, slot wedge height Hgi, translator core thickness, dg, stator
core thickness, dcs, and the conductor current density J.
Lamination material and thickness, stack factor, magnet
material, cost of material and electricity, air gap length, and
the ambient temperature are assumed equal to the
corresponding values for the rotary IPM.

B. Design procedure of a PM LTM

Similar to the rotary IPM, the first step of evaluating each
individual is to create its slot geometry and populate the slots
in order to obtain the conductor fill factor. Thermal FEA is

Fig. 6. A PM LTM and its geometrical design variables; (a) cut-away view,
and (b) 2D view



then run and the thermal resistivity between slot and core is
calculated. By knowing the current density of the individual
and its conductor fill factor, the copper losses of one pole is
calculated. Low speed of the motion implies negligible iron
losses; hence, only the copper losses are accounted for in
calculating the winding hot spot temperature and ensuring that
the insulation thermal limit is respected.

In the next step, geometry of one pole of the machine is
created in axis symmetric magnetic FEA and phase currents
and anti-periodic boundary conditions are applied. Afterwards,
the translator is moved by one slot pitch and the average force
generate by one pole, Fpoe is calculated. Moreover, the flux
density vector is extracted for iron loss calculations.

By knowing Fyoe, the total number of poles required to
achieve the desired force can be obtained. Eventually, the total
weight and cost of iron, copper, and magnet are calculated.
Losses are incorporated in total cost calculation considering a
5-year time period.

V. RESULTS

Fig. 7 shows contour plots of force per cost and weight of
the TROMAG with 10 mm pole pitch and 1 mm air gap versus
magnet thickness and magnet coverage, assuming zero stroke.
The last assumption makes the plots independent from the
force for which the design is performed. These plots illustrate
the ranges of magnet thickness and coverage for optimum
material cost and weight. Core thickness is set at 10 mm for
both the rotor and translator to provide mechanical rigidity.

A maximum of 47 N/$ is achieved for the force per cost
with 2.2 mm thick magnets and 70% coverage. The force per
weight for the given magnet thickness and coverage works out
to 0.7 kN/kg.

On the other hand, maximum force per weight of 1 kN/kg
occurs when magnets turn out to be 4.9 mm thick and cover
90% of the pitch. Such a design would result in force per cost
of 34 N/$. It must be noticed, however, that with the assumed
efficiencies, the cost of electricity associated with losses
dominates the material cost. For the case of 125 kN
TROMAG, assuming that it operates at 100 kW, 5% loss
translates to about $11000 over 5 years whereas the material
cost assuming 34 N/$ would be only $3700. This means that
the two objectives are not strongly conflicting and can be
concurrently  optimized. Therefore, under the made
assumptions, designs that minimize the weight can be picked
without significantly compromising the overall cost.

When accounting for the stroke, the individual values of
radius and length affect the material weight and cost, and the
optimum design would depend on the desired pull-out force as
well. For 125 kN pull out force, stroke of 1 m, and rotor length
to radius ratio of 12, the optimum values of magnet thickness,
magnet coverage and active length of the translator to
minimize the cost are 1.9 mm, 70%, and 1.5 m, respectively.
This design results in force per cost of 35 N/$ and force per
weight of 0.44 kN/kg. To minimize the weight, the optimum
values are 4.5 mm, 90%, and 1.1 m, which yield force per cost
of 24 N/$ and force per weight of 0.65 kN/kg. Compared to
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Fig. 7. Contour plots of variations of force per cost and force per weight of a
TROMAG with zero stroke vs magnet thickness and coverage; (a) force per
cost (N/$), (b) force per weight (kN/kg).

the case of zero stroke, the optimum values of magnet
thickness and coverage have slightly changed and the increase
in weight and cost is noticeable. In the presented case, the
stroke is not very different from the optimum values for the
active length. As the stroke increases, the cost and weight
associated with it would gradually overshadow those of the
active part. Design details of the 125 kN TROMAG above for
the cases of optimum cost and optimum weight are
summarized in Table I. Subscript “a” denotes the association
of a quantity to active material; that is, material which is not
used to provide the stroke. La, Ma, and C, denote the length,
mass, and cost of the magnetically engaged parts while Mstroke
and Csuoke denote the weight and cost associated with the
material added to provide the stroke. Ce signifies the cost
pertinent to losses, and Ci represents the total cost. To
calculate the volume, Vi, largest length and radius of the
design are employed.

Optimal design of rotary IPM for 100/(100m) kN.m is
performed using a two-objective GA. In order for both
objectives to converge while achieving a reasonable data set, a
population size of 200 over 20 generations is used. The Pareto
optimal front is shown in Fig. 8. The conflict of cost and
weight as optimization objectives is clearly observed.

Three designs are chosen from the Pareto optimal front: a
design with low cost, a design with low weight, and a design
which exhibits a compromise between the two objectives.
Main details of the three designs are presented in Table Il
along with their corresponding weight, cost, and efficiency. Cn



denotes cost of the active material. For IPM #2, a populated
slot and its temperature distribution for an arbitrary current
density of 12 A/mm?, obtained from thermal FEA, is shown in
Fig. 9 as well as the design geometry and mesh in magnetic
FEA.

Weight and cost of the three IPM designs presented in
Table Il are added to those of a 125 kN TROMAG with 1 m
stroke to yield the total MITROMAG cost and weight. For the
TROMAG, design with optimum weight is picked. Results,
graphically presented in Fig. 10, are given in Table Ill. It is
observed that at this force level, while the rotary machine has a
weight comparable to that of the TROMAG, its contribution to
the overall cost of a MITROMAG is less significant. The
reason lies within the extensive use of costly rare-earth magnet
material by the TROMAG, as opposed to the dominance of
iron and copper in the IPM design. Also, the magnetically
engaged material dominates the material used for the stroke.
Moreover, for both the TROMAG and IPM, loss-related cost
is noticeably greater than the material cost.

Similarly, an LTM is optimally designed for 100 kN and 1
m stroke. Minimum core thickness for both stator and
translator is set at 10 mm. Table IV presents details of three
designs picked from the Pareto optimal front, and Fig. 11
shows LTM#2 in magnetic FEA. For better clarification,

TABLE |
DESIGN DETAILS OF A 125 KN TROMAG WITH 1 MM AIR GAP, 1 M STROKE,
AND LENGTH TO RADIUS RATIO OF 12

Minimum Minimum
initial cost weight
hm (mm) 1.9 4.5
o 0.7 0.9
Rm (mm) 126 88
La (m) 15 1.1
F/C (N/$) 35 24
F/W (N/kg) 441 650
Vot (Lit) 151 69
Ma (kg) 210 127
Mistroke (KQ) 73 66
Mot (kg) 283 192
Ca (k$) 2.7 3.5
Cstroke (k$) 0.9 1.7
Ce (k$) 10.9 10.9
Crot (k$) 14.5 16.1
_43 ! :
g o
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Fig. 8. Pareto-optimal front of 100 kW rotary IPM

TABLEII
DESIGN DETAILS OF THREE OPTIMALLY DESIGNED 100 KW IPMS FROM THE
PARETO OPTIMAL FRONT

IPM Design # 1 2 3
Ns, Np 36,8 54,12 72,12
Rri (mm) 48.3 61.7 44.0
Rro (Mm) 170 175.1 151.8
hm (mm) 6.1 6.1 6.3
SR 1.4 1.3 1.4
W (mm) 9.9 7.1 4.1
des (Mm) 19.7 14.2 10.2
bo (mm) 7.2 7.2 4.9
Hso (mm) 3.1 3.2 2.6
Hs1 (mm) 15 1.6 2.6
J (A/mm?) 4.4 4.7 5.7
Ks 0.56 0.59 0.56
eff (%) 98.9 98.8 98.6
Vit (Lit) 16.5 13.1 11.7
Mot (kg) 105 79 70
Cn (k$) 1.1 1.0 1.0
Ce (k$) 2.3 2.7 3.1
Crot (k$) 3.4 3.7 4.1

[ij =
e

(a) (b)
Fig. 9. Thermal and magnetic FEA of IPM design #2; (a) a populated slot and
its temperature distribution, (b) mesh and flux lines in magnetic FEA.

weights and costs of the three LTM designs are shown in Fig.
12. Clearly, less costly designs use lower current density to
reduce the loss-related cost. Moreover, they tend to have larger
radius, longer pole pitch, and larger volume. Lighter designs
are longer and more compact, with higher current density and
lower efficiency. The winding temperature approaches the
maximum permissible value for lighter designs, but for cost
effective designs it remains well below that value. It is also
interesting to learn that, in contrast with the TROMAG, the
cost and weight associated with the material required for the
stroke is very small compared to those of active material. In
addition to very large shear stress of the TROMAG compared
to that of a PM LTM, this is due to the fact that length to
radius ratio of the LTM is not restricted, and the Pareto
optimal designs tend to have large lengths; several times the
stroke. Comparing Tables Il and IV clearly indicates the
superiority of the MITROMAG over LTM. For example, in
design #1 the MITROMAG is an order of magnitude lighter
and compacter than the corresponding LTM while its cost is
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are still lower than those of the PM LTM.

So far, to exclude the influence of air gap length, this
parameter has been kept constant for all designs. Choosing the
right value for the air gap, especially for the two less-known
systems, the PM LTM and the TROMAG, entails further
research and manufacturing experience. Factors such as shaft
material ~ stiffness, manufacturing tolerances, possible
eccentricities and resultant unbalanced magnetic pulls, and
rotor speed can affect the required air gap length. To study the
effect of air gap length, design of the 100 kW PM LTM has
been repeated for two air gap length values of 2 and 3 mm, and
the Pareto-optimal fronts corresponding to different values of

TABLE IV
DESIGN DETAILS OF THREE OPTIMALLY DESIGNED 100 KW LTMS FROM THE
PARETO OPTIMAL FRONT

........... ' TVEREY

g Design# ! 2 3
710 Rm (mm) 161 160 93.5

] I TROMAG (loss) p (MM) 48.6 37.3 30
5 BITROMAG (active) hy (mm) 5.2 3.6 45

[ ITROMAG (stroke) p 084 068 074

HIPM (loss) : . -

0 HIPM (material) Wi (mm) 8.0 5.3 44

#1 #2 #3 hw (mm) 77.4 32.0 35.9

Design number bo (mm) 25 3.2 33

(b)

Fig. 10. Weights and costs of three designs of a 100 kW MITROMAG; (a) Hso (mm) 0.6 0.8 0.6
weight, and (b) cost of material and energy Hs1 (mm) 2.0 2.1 0.8

det (mm) 13.1 10 10

Vv sty 100 KW MITROMAG des (mrm) 10 10 10

OLUME, WEIGHT, AND COST OF THREE K S

CORRESPONDING TO OPTIMUM IPMs OF TABLE I J (A/mm?) 2.0 4.2 6.5

Desiqn # #1 #2 #3 Ky 0.55 0.48 0.49
Viar (Lit) 85.5 82.1 80.7 Fpote (N) 1404 796 685
Ma (k) 2315 206.2 197.1 eff (%) 88.3 78.1 64.0
Mstroke (k@) 66 66 66 Viot (Lit) 897 764 344
Mot (ka) 297.5 272.2 263.1 M. (Kg) 2973 1862 1178

Cca ( ki) 4113 ‘11? ‘11? Mtroke (KQ) 123 89 53
suoke (KS) : : : Mot (KQ) 3096 1951 1231

Ce (k9$) 13.2 13.6 14.0 C. (kS 23.0 151 104

Ciar (K$) 195 19.8 20.2 a (k%) : : :
Cstroke (k$) 32 19 14

less than half of the LTM. Also notice that inactive material Ce (k$) 25.6 48.1 78.7
required for maintaining the air gap is not considered when Crot (k$) 51.8 65.1 90.5
comparing the weights of the two systems. For large direct Tspot (C) 66 91 167

drive systems the inactive material contributes to the most of
the system total weight [30]. Since MITROMAG is much
lighter and compacter, it is expected to need less inactive
material compared to the LTM; thus its overall weight would
be further reduced.

Designs are repeated for power levels of 50, 10, and 1 kW
for the same stroke and air gap length. Weight and cost of
MITROMAG and LTM is compared in Fig. 13. As the force
level decreases with the stroke length being constant, the
MITROMAG significant margin of advantage over the LTM
gradually shrinks. At 1.25 kN, for example, the stroke length
of TROMAG turns out to be more than 10 times its
magnetically engaged length. With the efficiency assumed for
TROMAG at this force level, the MITROMAG cost
approaches that of the LTM, although its weight and volume
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Fig. 11. Mesh and flux lines of LTM design #2 in magnetic FEA
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Fig. 13. Comparison of MITROMAG and PM LTM at four levels of force
with similar speed and stroke; (a) weight, and (b) cost
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air gap are shown in Fig. 14. The effect of an increased air gap
length on the total weight and cost is clearly observed. Fig. 15
presents the Pareto-optimal fronts corresponding to
TROMAGs with different air gap lengths (other parameters
are kept the same as designs presented above). To obtain these
curves, the cost and weight associated with material are
considered only. As an example, for the case of 100 kW power
and 1 m stroke, a low-weight, high-cost design of
MITROMAG is compared with a low-weight, high-cost design
of LTM for air gap lengths of 1 mm and 3 mm. A similar
comparison is also made for high-weight, low-cost designs.
The results are presented in Table V. For the studied case, the
adverse influence of an increased air gap length on material
consumption and cost is more on the MITROMAG than on the
LTM, although the MITROMAG still maintains a great margin
of advantage over the LTM.
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Fig. 14. Pareto-optimal fronts of 100 kW LTMs with different values of air
gap length
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Fig. 15. Pareto-optimal fronts of TROMAGs with different values of air gap
length

TABLE V
COMPARISON OF TOTAL WEIGHT AND TOTAL COST OF 100 KW, 1 M STROKE
MITROMAG AND LTM FOR 1 MM AND 3 MM AIR GAP LENGTHS

A low-weight, high- | A high-weight, low-

cost design cost design
g=lmm | g=3mm | g=1mm | g=3 mm
263 kg 395 kg 298 kg 553 kg
MITROMAG 20.2 k$ 242k$ | 195k$ | 21.0k$
LTM 1231 kg | 1601 kg | 3100 kg | 3169 kg
90.5 k$ 88.0k$ | 51.8k$ | 61.3k$




V1. CONCLUSIONS

It was shown in this paper that for high-force, low-speed
reciprocating applications, the electromechanical energy
conversion system formed by integration of a TROMAG and a
rotary PM machine can far surpass a conventional direct drive
linear PM machine in terms of weight, volume, and material
cost. When accounting for the efficiency-tied cost of
electricity, MITROMAG can still be much more cost effective
than LTM if mechanical losses of TROMAG can be kept
reasonably small. The margin of advantage of MITROMAG
over PM LTM is very large: at 100 kN force with 1 m stroke, a
MITROMAG can be an order of magnitude lighter and more
compact than a PM LTM and three times less costly at once. It
was also observed that while a rotary IPM can be a large
portion of the overall weight of a MITROMAG, the cost of the
MITROMAG is mainly determined by cost of its TROMAG.
Moreover, the cost associated with losses of a TROMAG can
be the largest contributor to a MITROMAG cost.

The MITROMAG, however, may lose its advantage over
PMLTM for applications that require a smaller force and a
longer stroke. Depending on the force and the stroke for which
the system is designed, if the stroke of a MITROMAG turns
out to be much larger than its active length, then the advantage
of the MITROMAG over the PM LTM can diminish
especially in terms of the overall cost.
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