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Abstract— This paper presents a minimization of eddy-current loss (ECL) in permanent-magnet (PM) of three tubular linear PM
motors (TLPMMSs). Three-dimensional Finite-Element Analysis has been used for the simulations. The ECL component is usually not
taken into consideration in conventional PM motors. In present technologies, ECL is generated inside magnets of PM motors, due to
both the high conductivity of the rare-earth magnets and the harmonics of the slot. This loss can increase the temperature inside the
magnets, and that may deteriorate their magnetic properties and potential risk of thermal demagnetization. Therefore, in the
translator, segmented magnets has been used, because the cancellation of the ECL with this technique is possible as illustrated by the
FEA results. Meanwhile, for the stator core of the three proposed motors, soft magnetic composite (SMC) material, Somaloy 700 has
been used for its low cost and approximately zero ECL.

Keywords— eddy current losses; FEA, tubular permanent-magnet motor

methods vary from simple and accurate to a complicated and
I. INTRODUCTION time-consuming model [8].

Tubular linear PM motors (TLPMMs) have good Usually, the ECL in the PMs of moving-magnet translator
characteristics, such as direct linear electromechanicalOf the linear PM motor 1s neglect_ed, and Fhe assumption Is
energy conversion, the avoidance of transmission system&CCeptable for ferrite magnets since their conductivity is
and mechanical gears as well as high efficiency and@ Very low, and also swtable_ for low-speed applications.
straightforward structure [1]-[3]. Because of these attractive 1OWeVer, the rare-earth sintered magnets, such as

characteristics, various types of linear motors have beenNeodymium-lron—Boron _(NdFeB) or Samarium-Cobalt
developed. (SmCo), because of their high energy product have been

With the progress in the rare-earth elements, so theused in several linear PM motors. These rare-earth magnets
magnetic materials with high energy are possible. Therefore,Conduqve to a high th“ﬁ'St force prO(_dL_Jctlon despite they h‘?“’e
linear motors with moving-magnet are gradually put in a relatlvel_y high electrical condu_ctlvny. Thus, the ECL is
several applications, such as in cryogenic engineering,PrOOluceOI in magnets [9]. N(.jl.:eB is composed of neodym|u_m,
refrigeration systems and electric vehicles [4]. The iron, boron and a few transition metals. These magnets with
Permanent magnets (PMs) rings of the tubular configurationSmall Siz€ are. extremely strong, metqlllc In appearance _and
are mounted on a ferromagnetic supporting tube. The&'® found in simple shapes such as rings, blocks, and discs.
ferromagnetic supporting tube provides a higher air gap field Moreover, due to their high coercive force can keep their

[2], [5]. All parts of the motor are encapsulated in a casing of magnet!c field stable under a proper application qﬁer being
non-magnetic material (aluminium) magnetized. The magnet materials are very sensitive to the

An accurate and fast calculation of the magnetic field temperature. They_may lose all their magnetic properties if
distributions created by the PMs are necessary for manyarc?r::eated_ tolcer}aln t?mﬁ)eratu_re [10]. for ferri d
electromagnetic machines; they can provide more efficient d e typical value of the main dparametar or er“te han
design and execution of such motors. Subsequently, highell\l FeB magnet are summarized in Table 1', All 1 ese
performance can be obtained [6], [7]. However numerouseIements have to be considered during the electrical machine

modeling methods exist for prediction and analysis the design to make sure that the magnet dpes__not suffer
electromagnetic behaviour of the electric motors. These Permanent damage that endangers the reliability and the
performances of the motor [11].
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TABLE |
COMPARISON OFMAIN PARAMETERS OFFERRITE ANDNDFEB MAGNETS

Parameter Ferrite NdFeB
Magnet remanence, Br [T] 02t005 | 1.1t01.3

. 700 to

O

Coercive force, Hc [KA/m] 150 to 294 1000
Relative recoil permeability, 1.1 1.08
Temperature coefficient d; 0.11to 0.54 to
[%°C] 0.12 0.60
Temperature coefficient ¢ 02 +0.3
[%°C]

Therefore, when the armature reciprocates, the variation
of the working points of the PMs and the excitation current
will induce EC flow circumferentially in moving PMs. The
ECL in the PMs will contribute to a temperature rise in the
linear PM motor [12], [13]. Fig. 1 3-D model quasi-Halbach magnetized motor with rectangular

In the proposed TLPMMSs, the ECL is generated inside magnets
PMs, due to both of the high conductivity of the rare-earth
magnet, NdFeB, and to the harmonics of the slot. These
losses increase the temperature inside the magnets that me
deteriorate their material properties and also may affect the sMcC
motor performance [14]-[16].

The investigation of ECL in TLPMMSs requires a greatly
long estimation time and a lot of memory, in light of the fact PMs
that the fine mesh must assign to all sections of the motor tc
consider the ECL in all parts of the motor [17].

The 3-D FEA has been used to quantifying the ECL in the
PMs. However, the 2-D analysis leads to overestimation of
the ECL. Thus, the 3-D FEA is necessary to quantify the
ECL more accurately [13, 18]. Moreover, the 3-D FEM
empowers us to perform a complicated analysis of linear PM
motors in minimum estimation time [17].

This paper presents an analysis of ECL in a translator of &y o
three proposed TLPMMs by using a commercial ANSYS 9
package 3-D FEA. The paper is organized as follows. The
FEA setup and linear motors models are described in sectior
II. Section Il introduces the time-stepped 3-D FEA of
magnetic flux density of the three proposed motors and the
FEA investigation of the PM ECL at no-load. Section IV SMC
reports the conclusions.

|

Ferromagnetic tube

|

Ferromagnetic tube

3-D model quasi-Halbach magnetized motor with trapezoidal
magnets

IIl. MATERIAL AND METHOD

In this study, FEA is utilized using commercial sadte
ANSYS Maxwell ™ 16. The FEA is performed on the
moving-magnet of the proposed linear motors. Figs. 1 to 3
show the 3-D models of the three TLPMMs which are used
to quantify the ECL in the PMs. Therefore, each radially or
axially magnetized ring magnet is modelled as a conducting
region in the 3-D FEA. The magnets are organized in quasi-
Halbach the way that the greater part of the flux across the
air gap. The mover is put in the stator with an air gap
between them. The translator moves using step of 0.001 m,
and hence the data are recorded with respect to the
displacement of 0.011 m.

It includes magnetic field calculation the following steps,
such as the geometry of the model, and determine th
boundary conditions, and assigning of the FE mesh, an
evaluate the indispensable parameters.

Ferromagnetic tube

Fig. 3 3-D model quasi-Halbach magnetized motor with T-shaped magnets

Figs. 4 to 6 show the 3-D meshed models of the proposed
linear motors, which are used to quantify ECL in
non-segmented and circumferentially segmented PMs. The

SPMS are segmented into 12 pieces. Thus, only one-twelfth of
the motors has been used for the analysis due to the
symmetry of the model.
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In the FEA of the model, the meshes must be suitably
selected based on the type of the analysis. The triangular or
rectangular elements can be adjusted based on the geometry
The map meshing can be made if the geometrical shape of
the model is regular. Otherwise, free meshing is made [19].

A number of degrees of freedom of 200000 elements have
been used to have a fine FE mesh of the model. Meanwhile,
for the time-stepping, in one fundamental electrical cycle,
200 steps have been used. These steps have been selecte
based on the experiences and dealing with the FE model.
The error of calculation is strongly influenced by the time-
stepping. The program can generate unexpected results wher
the selected time-stepping is too big.

Nonlinear B-H characteristics of the soft magnetic
composite stator core, Somaloy 700, as well as physical
properties of the material are identical in the 3-D models of
the three proposed d(.as.lgns.' Sm(.:e the mc_>t_0rs operate clo§e Qg. 6 3-D FE mesh quasi-Halbach magnetized motor with T-shaped
resonance and exhibit sinusoidal position and velocity nagnets
profiles, 3-D FEA has been performed by assuming that the
reciprocating motion of the armature follows a sinusoidal Figs. 7 and 8, respectively illustrate the linear
velocity profile and also the coil is excited with a magnetization curve of PMs, NdFeB, and the nonlinear
sinusoidal current waveform which is in phase with the magnetization curve of the Somaloy 700, which has been
velocity when the motor is operating at on-load. utilized for the simulation in 3-D FEA 3-D FEA. Basically,
the characteristics of the PMs are described in the second
quarter of the hysteresis loop by the following quantities:
coercive forceH; relative permeabilityyt,; remanenceBe,
as well as the chemical characteristics [20, 21].

In the FEA calculations, the material linearity of the
NdFeB PMs have been included, suchHas= -864 kA/m,

K = 1.05 an®B,= 1.14 Tesla [22].
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In order to analyze the performance of the proposed o
motors, an accurate knowledge of the magnetic field M, = z M,,sinm,z (8)
distributions in the different parts of the motor is necessary. n=1,2,...

The exact magnetic field distributions can be evaluated by

solving the partial differential equations issued from where m,=2m/T, and T, =21, +T, where T, was the
Maxwell's equations, by using FEA [23], [24]. The FEA  nqamental period of the magnetizatidiy, was the pole-
presents very attractive and likable merits, such as taking
into account the real geometry of the proposed design, agitch and wasdefined asT,=T,+T, , T was the

well as the magnetic saturation of the iron parts. separation distance between two adjacent armatures must be
_ The eIectn_caI energy in the exciting circuit is converte_d lmuch greater than tH, .

into mechanical energy based on the electro-mechanica

energy conversion, by means of induced electromotive force ll. RESULTS ANDDISCUSSION

(EMF) that is produced by the periodical variation of .

magnetic flux in the air gap. Therefore, the organization and. | he 3-D models of the TLPMMs which have been shown

distribution of magnetic field in the different parts of the 1N Figs. 1 to 3. Each radially or axially magnetized ring
motor they highly affect the performance of the motor. magnet is modelled as a conducting region in the 3-D FEA.

Figs. 9 to 11 show no-load flux densities of the proposed '€ three models are used to quantify the ECL in the PMs.

designs. The flux density distributions in the three motors FOr @ complete ring magnet, the induced EC will flow in a
are almost identical and fully periodic with slightly different circumferential direction. The resistance is zero. Meanwhile,

flux densities caused by leakage. The magnetic field analysigOr @ ring magnet with a slit, the induced current cannot flow
is categorized into air gap region and magnet region. In airl" @ complete circle, and this effect can be represented by an
. L . 7 infinite resistance. In these FE models, the value of the
gap. Ho, 1S the permeability and IS eq.ud\hxllo Him. T_he resistor for the ring is T8 ohm, and the resistivity of the
flux density of the whole motor is given in (1) for air gap PM is set to 0.162o0hm/m.

region and in (2) for magnets region [3, 25, 26] The distributions of the resultant magnetic flux density in
B = t,H (1) the proposed motors at the no-load and initial position of the

armature can be clearly observed as in Figs. 9 to 11.
B =ttt H + (oM (2

wherel, is the relative recoil permeability of the magnet and Blteslal

M is the remanent magnetization, the direction of M depends - S oeio0n
on the demands of orientation and magnetization. Therefore, - 316Be+000
for PM having linear magnetizatiov is related tdB,en, by [3]

. 1616e+B0E
L BE7Z2e+B0E
. B5Z28e+008
. B984e+E0E | |

Z
2
Z
2
1
E3 1
— 1, S44Be+EEE | \
M =0 (3) 1.3898:+BBB
A4) 1, 2352e+806
1. 0585:+a08
Generally, the governing field equations of the linear et
motors in the cylindrical coordinate system, in terms of the 5.1760¢-001
. &=
i i I 3. B588:-001
vector, magnetic potentialA,), are given by (4) for the . @ Baene-a01
airspace region and (5) for magnet region [3, 27-29] 8. B080e+000
9(1d (10 Fig. 9 Magnetic flux density distribution of the tubular mover of
Il 7—(I’A|9) + ——(I’Am) =0 4) rectangular-shaped PM, TLPMM
0z\ r 9z oriror

Bl[tes1al

3010 a(1a - 2. DE3Se+BDE
1. 9421e+PBE
— 77(rA(”g)) +— ——(I’A(Hg)) =—,UO|:|XM (5) . 82072 +000
0z\ r 0z or\ror . 6993 +D80
. 5780e+DBE
. 45662 +BBE
. 3352e+D0@
. 21382+8@
. BAZ4e+BBE

1

1

1
. . . . . i
In the cylindrical coordinate system, the magnetizakibn .
1
1
9. 7185e-001
g
7
51
1
3
z2
1

is given by

M=M& + Mg © e
JB691le-001
. B553e-B081
L E41Se-BE1
4E276e-001

where M, and M, denoted as the radial and axial
components of M, respectively. The magnetization .

distribution had expandable into Fourier series, Withand Pt

B, BEE0e +BEE

M, expressed as a function of z as in (7) and (8). Fig. 10 Magnetic flux density distribution of tubular mover of trapezoidal-
shaped PM, TLPMM

M, = z M,, cosm, z (7)

n=12,...
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B[teslal JLa_per_m2]
2, 4695 +EE0 114382003
- 2. 524 1e+EER - 1.BEzZe+BO3
2, 1788 +0E0 1 BLisennd
2.8336e+000 3. 4690e 002
1. 55832 +000 8. 792724802
5, 116384802
1.7431e+000 7. 439924802
1.5378e+008 6. 763664002
I 30730 va0 o e
5. 41@9=+@82
1. 182@e+0E80 4, 7345e+902
1. B1EGe+a00 4. B581e+BE2
8, 7153e-G81 3, 3818e+082
7. Z628e-0a1 2, TOSYE+0E2
5. 8lBZe-BE1 2, B201e+BE2
Y4, 3577e-@81 . 1, 3527e+B82
2,985 1e @81 6, TE36E+BEL
1, 4526e-@81 @, BBEEE-+HEE
@, BEREs +BEE

Fig. 11 Magnetic flux density distribution of tubular mover of T-shaped Fig. 13 Eddy current distribution in translator magnets of trapezoidal-
PM, TLPMM Shaped PM motor

The ECL in the motor core is caused by the induced EC in ITA_per_n2]
a magnetic core. Thus, an effective way to reduce the ECL is . 4ariewan:
to increase the resistivity of the material. This can be 3625c+082
achieved by adding low connecting material. However, too S
much low connecting material would make the material 80055+082
brlttle 273Ze+ABZ
ECL can be evaluated in every element volume of PM as
follows [30]:

@

F459e+E0 72
2186e+882
B91Ze+BE2
1639e+E8Z
G366e+EA2
1893e+882
5820e+BB2
B54Ge+EE2
2732e+001
BEEE e +BEE

L N L L - A BN

_1 Y X X *
%—Egpl (I 3y 9)

Fig. 14 Eddy current distribution in translator magnets of T-Shaped PM
motor

wheren is the number of element¥; element volume of
each element in the magnetsand Ji* are current density

and current density conjugate in the magnet, respectively, The developed proposed models are basically 3-D
and g is the resistivity of the PMs. models. As a 3-D FEA investigation of the ECL in the PMs
The ECL of the translator at no-load is generated becausds an adequate method, therefore, has been carried out.
of the effect of the slot opening. Thus, the flux density is The ECL in the magnets was calculated under various
lower under the slot opening and stronger under the teethgconditions when all the motors are running at a speed of
and it is not homogeneous. However, when the translatorlm/s when the time-stepped 3-D FEA has been utilized, the
moves, the EC is generated in the PMs. Figs. 12 to 14results presented as in Fig. 15. In order to reduce the ECL,
present the EC density generated by the translator, at theircumferential segmentation of the PMs has been employed,
time of 22.5 ms. As can be observed, the current densityand its effectiveness has been analyzed using 3-D FE
distributes are uniformly in the translator. techniques and the results presented as in Fig. 16. From the
simulation results, the minimum average value has been
obtained for the proposed motor with T-shaped PMs,

Japermd whereas among the proposed designs, the proposed motor
- 8. 3549e+002 with rectangular-shaped PMs has shown a higher average
7. 7979e+082
S — value of ECL.
6. B839e+882
6. 1269e+EE82 T T T T T T T T T T T T T T T T T T T T T
5.5693s+@02 2.4+ Rectangular-shaped+— Trapezoidal-shaped—+— T-shapet!
5.@129e+382 | ]
4. 4559e+882
3. 5989 +802 2.0+ 8
3, 3420 +BE2 =, L i
2. 78560e+882 7))
2. 228De+002 3 16r 7
1. 6718e+882 : L 4
1. 114Be+E82 c
. 5.5699e+@81 g 12r ¥ ]
8, 8866 e +E8E > L ’,H\
o [\
) o > 0.8 ! x
Fig. 12 Eddy current distribution in translator magnets of rectangular- 3 | \ f N AAN \
Shaped PM motor u ‘ / / \Y; ¥
0.4 \ v b
; VTV
00 L 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L 1 L 1 L 1
0O 2 4 6 8 10 12 14 16 18 20 22
Time [ms]
Fig. 15 No-load ECL in non-segmented PM rings of the three proposed
TLPMMs
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Fig. 16 Variation of eddy-current losses in four segments PM rings of the
three proposed TLPMMs

Moreover, the analysis of ECL in individual PM rings has [5]
been plotted as shown in Fig 17. As can be seen, the higher
value of the ECL has been obtained for the magnet at the
center of the PMs set which is facing the slot opening of the g
motor.

F— 1 ~ 1 T 1 T 1 T~ T "~ T T T T T T T " T4
7
1.50- —— Ml—~—M2——M3—— M4—<— M5 B [ ]
125
2 [8]
3
3 100
E L
2 075
3
3 L
>
g 0% (9]
A L
0.25
0.00F 4 =eae oL u e e bundmaona R 0 ‘ [10]
0O 2 4 6 8 10 12 14 16 18 20 22
Time [ms] [11]
Fig. 17 No-load ECL distribution in segmented individual PM rings of the
trapezoidal-Shaped PM motor
[12]

IV. CONCLUSIONS

This paper is a feasibility study on an ECL in three [13]
proposed designs of short-stroke tubular linear permanent
magnet motors (TLPMMs). The permanent magnets (PMs) 14]
are mounted on a ferromagnetic tube which may be possiblé
to provide higher thrust force and easier structure for the
manufacturing process. The ECL in the translator of the
three proposed topologies has been analyzed and calculateld®!
with a real dynamic field by means of 3-D FEA. It has been
shown that a significant ECL can be generated in the motors,
and the segmenting of the magnets is effective in reducing(16]
this component of loss. However, the T-Shaped and
trapezoidal-Shaped PM motors showed minimum average
ECL as compared with the conventional rectangular-shapedz17)
PMs TLPMM. It is also shown that the loss can be reduced
significantly by segmenting the magnets as supported by the
3-D FEA results.
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