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Stator Iron Loss of Tubular
Permanent-Magnet Machines

Yacine Amara, Jiabin Wang, Senior Member, IEEE, and David Howe

Abstract—While methods of determining the iron loss in rotating
permanent-magnet (PM) machines have been investigated exten-
sively, the study of iron loss in linear machines is relatively poorly
documented. This paper describes a simple analytical method to
predict flux density waveforms in discrete regions of the laminated
stator of a tubular PM machine, and employs an established iron
loss model to determine the iron loss components, on both no load
and on load. Analytical predictions are compared with the iron loss
deduced from finite-element analyses for two tubular PM machine
designs, and it is shown that if a machine has a relatively high elec-
trical loading, the on-load iron loss can be significantly higher than
the no-load value.

Index Terms—Analytical model, iron loss, linear machines, per-
manent-magnet (PM) machines.

1. INTRODUCTION

INEAR electromagnetic machines, which can provide
L thrust force directly to a payload or generate electrical
power from an applied thrust, are being developed for a wide
spectrum of applications in market sectors as varied as manufac-
turing and household appliances [1]-[4]. They offer numerous
advantages over rotary-to-linear motion systems. Of the various
types and topologies of linear motor, tubular permanent-magnet
(PM) machines are particularly attractive, since they have a
high thrust force capability and no end-windings, and have zero
net attractive force between the stator and armature.

However, while methods of determining the iron loss in
rotating PM machines have been investigated extensively, the
study of iron loss in linear machines is poorly documented.
This paper uses a simple analytical model to predict flux
density waveforms in discrete regions of the laminated stator
of a tubular PM machine, and employs established analytical
expressions to determine the iron loss components, on both no
load and on load. Analytical predictions are compared with the
iron loss deduced from finite-element (FE) analyses for two
tubular PM machine designs, and it is shown that the on-load
iron loss can be significantly higher than the no-load value.

The laminated stators of the two machines have the same
topology, viz. nine teeth which carry a modular three-phase
winding, in which the coils of each phase are accommodated in
adjacent slots, as illustrated in Fig. 1, and the moving-magnet
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Fig. 1. Schematic of nine-slot tubular modular PM machine with
quasi-Halbach magnetized armature.

armature is quasi-Halbach magnetized, each pole comprising
one radially magnetized ring magnet and one axially magne-
tized ring magnet. This machine topology has the advantages
of high force capability, high efficiency, and low manufacturing
cost, while the cogging force associated with the stator slotting
can be very low. One machine was designed to produce a thrust
force of 4 kN at a speed of 11 m/s (equivalent to a rated power of
44 kW) while the other was designed to produce a thrust force
of 250 N at a speed of 6 m/s (equivalent to a rated power of
1.5 kW). In the high-power machine the PMs are mounted on
a nonmagnetic tube, while in the low power machine they are
mounted on a mild steel tube.

II. ANALYTICAL METHOD

The analytical method of iron loss calculation employs ana-
lytical expressions reported in [5] for predicting the magnetic
field distribution in the air gap due to the Halbach magnetized
magnets and the three-phase stator winding, and, thereby, to de-
duce flux density waveforms in three discrete regions of the lam-
inated stator core.

Fig. 2(a) shows the three regions, viz. tooth tip (D), tooth 2),
and the back-iron (3. The iron loss density is calculated in each
region using the experimentally verified iron loss density model
defined in [6], [7], (1)—(3) being, respectively, the hysteresis
loss component (neglecting minor hysteresis loops), the clas-
sical eddy-current loss component, and the excess eddy-current
loss component

Py =k, fB2 (D
2rod? f2 dB\?

Pe=—"15 126 ( 6€> 9. @
dB|?

P, =2k f% db, (3)

- db.
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Fig. 2. Discretization of stator teeth pitch. (a) For analytical model. (b) For FE
model (44-kW machine).

where f and B,, are the frequency and amplitude of the funda-
mental flux density; and o, 8, and d are the electrical conduc-
tivity, the mass density, and the lamination thickness, respec-
tively. kp, a and k. are experimentally determined loss coeffi-
cients, the values which were used for the calculations in this
paper being given in the Appendix . The total iron loss is then
given by

M
Pi=Y " (Pu+P.+ P.)mAp21ry, C))

m=1

where A,,, and r,,, are the area of region m in the 7—z plane and
the radius of its mass center, respectively, and M is the total
number of regions into which the stator is discretized, which is
three in the analytical model. The same procedure is employed
to estimate the iron loss both on n load and on load, and is
equally applicable to the FE model, when M is the number of
FEs into which the stator core is discretized [see Fig. 2(b)].
Analytical field solutions for the tubular PM machine are ob-
tained by assuming that the ferromagnetic armature and stator
cores are infinitely permeable [5]. In order to account for core
saturation, however, a fictitious increase in air-gap length AG,
given by
AG — (Fathstc) 5)

Ho

is introduced, where F,. and Fj. are the magnetomotive force
(MMF) drops in the armature and stator cores, respectively, and
B,y is the average flux density at the stator bore, as described
in [8]

A. No-Load Operation

1) Tooth Tip Region: The flux density in the tooth tip region
is essentially alternating in the axial direction, and it experi-
ences a rapid reversal in polarity as the PM armature moves past
the teeth. Maximum flux density in the tooth tip region occurs
after the axis of a tooth has coincided with a transition between

Fig.3. No-load flux distribution when tooth axis coincides with interpole axis.

magnet poles, as shown in Fig. 3. On open circuit, the maximum
flux entering into the tooth tip region can be evaluated analyti-

cally from
1 0 Tpt/2
= / 2rRsBrdz — / 2rRB,dz | (6)
2 —Tpt/2 0

where B, is determined using the expression given in [5], viz.

\Ijmax =

By, (r,2)

= [arnBI(mpr) + brn BKy(myr)]sin(myz) (7)

n=1,2

32y

where Bly(e), BI(e) are modified Bessel functions of the first
kind; BK(e), BK;(e) are modified Bessel functions of the
second kind, of order 0 and 1, respectively; and ar,, and by, are
given in [1]. The maximum flux density in the tooth tip region
is, therefore,

\Ilmax
W((Rs + ht + thh)Q - Rz)

Btp max — (8)
where R is the stator bore radius, the other geometric parame-
ters being defined in Fig. 4.

The transition time from flux of one polarity to the other is
given by the following empirical equation:

TmzT;
te = 71)29 )
v (Tmr + I)

where ¢ is the air-gap length, u,- is the relative recoil perme-
ability of the magnets, v is the linear speed of the armature, 7,,,,-
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Fig. 4. Geometric parameters.

and 7, are, respectively, the axial lengths of the radially mag-
netized and axially magnetized ring magnets and 7, is the pole
pitch.

2) Tooth Region: The flux passing through the tooth can be
obtained from the following integration:

“Tpt /2
Py = / 27 R B, dz.
Tpt/2

(10)

The flux is a maximum when the axis of a tooth coincides with
the PM poles, as illustrated in Fig. 5, and is a minimum when
the tooth axis coincides with a transition between magnet poles
Fig. 3. The flux is predominantly radial, and flux density in the
middle of tooth is given by

_ ¥
21 (R + by + thn + %) T

(1)

3) Yoke Region: Similarly, the flux passing through the yoke
can be obtained by the following integration:

1 Tp/2
%:7/ 27 R, Bydz. (12)

2z,

However, the flux is now predominantly axial, and the flux den-
sity is given by

_ )
By = =R = k)

where I, is the outer radius of the stator, and h, is the yoke
thickness.

13)

B. On-Load Operation

The on-load armature reaction field can also be derived ana-
lytically. The resultant field in the air gap is then obtained by su-
perposition of the open circuit and the armature reaction fields.
The flux density waveforms in the different regions of the stator
and the on-load iron loss are then evaluated in the same way
as under the no-load operation. By way of example, the current
distribution in phase B of the slotted stator may be represented
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Fig. 5. No-load flux distribution when tooth axis coincides with pole axis.
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Fig. 6. Equivalent current sheet distribution in phase B.

using a current sheet model, as shown in Fig. 6, and can be ex-
panded into a Fourier series of the following form:

z) = Z J,, sinmy, z (14)
n=1
where
2-N.-1
Jo =2 Kgen - Kpen (15)
Tp
n-2-m
n = 16
m Ny -7 (16)
: mn-bo
sin | —5—
den = 751,7—-1)20) (17)
2
2. ) 3.
Kpen = NTi . [Zsin <”N“> —sin< ;\; ”)] (18)

where N. is the number of turns per coil, Ny is the number of
slots over the modular pitch of ten poles, and ¢ is the instanta-
neous value of current in phase B.
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TABLE 1
IRON L0ss COMPONENTS FOR HIGH-POWER MACHINE AT 11m/s (44 kW)

Per unit iron loss

Hysteresis loss Classical eddy current loss Excess eddy current loss Total iron loss
FE Analytical FE Analytical FE Analytical FE Analytical
No-load 0.40 0.41 0.24 0.24 0.36 0.34 1.00 0.99
Rated load 0.94 0.98 0.54 0.56 0.66 0.63 2.14 2.17
TABLE 1I
IRON L0Oss COMPONENTS FOR LOW-POWER MACHINE AT 6 m/s (1.5 kW)
Per unit iron loss
Hysteresis loss Classical eddy current loss Excess eddy current loss Total iron loss
FE Analytical FE Analytical FE Analytical FE Analytical
No-load 0.39 0.39 0.27 0.27 0.34 0.33 1.00 0.99
Rated load 0.45 0.47 0.30 0.30 0.37 0.36 1.12 1.13

In order to establish an analytical solution for the armature
reaction field, the axial length of the machine is assumed to be
infinite, and the stator core is assumed to be infinitely perme-
able. Since the field is axially symmetrical, the vector magnetic
potential A only has the component Ay, which is independent
of 6. The field equation, in terms of Ay, is then given by

9 (19 g (10
9% <;£(TA9)> T o <;E(TA9)> =0. (19

The boundary conditions to be satisfied by (19) are given by

Bz|r:R0 = 07
Br|r:0 =0,

for a nonmagnetic support tube
for a magnetic support tube

H.|—g, = J, (20)
where Ry is the outer radius of the mild steel support tube of
the smaller machine. A field solution is obtained by solving (19)
subject to the boundary conditions of (20), By way of example,
with a nonmagnetic support tube, flux density components are
given by

oo

_ Z [A,, - BI;(m,, -7) - m,, - cos(m,, - 2)]

n=1

B,

B, = Z [Ap - Blo(my - 1) - My - sin(my, - 2)] @b

n=1
where

Jn'MO

A, = }
Bly(my, - Rs) - my,

(22)

The flux density components due to phases A and C can simi-
larly be obtained, by shifting the axial displacement by +27,,/3.
The resultant armature field reaction is then obtained by sum-
ming the armature reaction fields of the three phases.

III. VALIDATION

FE analysis has been used to assess the validity of the de-
veloped analytical method for predicting the stator iron loss in
tubular PM machines. It has been applied to two machines with
different power ratings. The flux density waveforms in the stator

Fig. 7. Different groups of teeth.

core are calculated by time-stepped FE analysis, and the stator
iron loss is evaluated using (1) to (4).

Tables I and II compare the iron loss components for the two
machines operating on no-load and at rated-load and at rated
speed. For each machine, the losses are normalized to the total
no-load value obtained by FE analysis. It should be noted that
the on-load iron loss in the high-power machine is significantly
higher than the no-load value. This is due to the fact that its
stator is water cooled, and, hence, has a relatively high elec-
tric loading. The associated armature reaction field is, therefore,
much stronger, and results in a higher saturation level, signifi-
cant flux harmonics, and, consequently, a greater iron loss.

It should be noted that on no load the loss in each tooth of
the stator is the same. However, under load conditions, the flux
density waveforms which result from the combined effect of the
open-circuit and armature reaction fields are different in each
tooth of a phase module. Consequently, the iron loss in three
groups of teeth, viz., [ D, @, D], [ @, ®, ®],and [ 3®), ©),
)], as defined in Fig. 7, are different. The analytical method is,
therefore, applied to one tooth in each group, and the total loss
is the sum of the loss in three groups of teeth

P, =3(P1+ P>+ Ps) (23)

where P;, P>, and P5 are the iron losses in teeth 1, 2, and 3,
respectively.

Fig. 2(a) shows the various points in the stator core at which
analytically derived flux density waveforms have been com-
pared with that deduced from FE analysis for the larger ma-
chine under no-load and rated load operation. Figs. 8—10 com-
pare the FE and analytical flux density waveforms on no load,
in the tooth tip, tooth body, and back-iron regions, respectively.
Similar comparisons for the rated load conditions are given in
Figs. 11-13 for tooth (3). As will be seen, the FE and analyt-
ically predicted flux density waveforms in the tooth body and
back-iron regions agree reasonably well both on no load and at
rated load. The flux density waveforms in the tooth tip region
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Fig. 8. Comparison of no-load flux density waveforms in tooth tip. (a)

Analytical (b) FE.

are, however, much more complex, and vary with axial posi-
tion. Thus, the analytically predicated flux density waveforms
can only approximate the actual waveforms.

Despite the fact that the FE and analytically predicted flux
density waveforms do not compare very well in the tooth tip
regions, and the fact that the analytically calculated iron loss is
determined only from the dominant single component of flux
density in each of the three regions, while the FE calculated
value accounts for the loss due to each orthogonal flux density
component in each element, the total iron loss predicted by the
two methods is in good agreement.

By way of example, Fig. 14 compares the variation of the an-
alytically and FE predicted iron loss of the larger machine on
no load and at rated load as a function of the armature speed.
As will be evident, the iron loss predicted by the two methods
agrees well. Fig. 15 shows a similar comparison for the smaller
machine. Again, good agreement is obtained between the ana-
lytical and FE predictions.

It should be noted that the iron loss in the tooth tips is quite
similar under the full-load and on-load conditions. This is due
to the fact that the armature reaction field tends to increase the
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flux density on one side of a tooth tip and decrease it on the other
side. Thus, the total iron loss does not change significantly.
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Experimental validation of the predictions is extremely chal-
lenging, since most linear machines operate in reciprocating
systems, and are, therefore, constantly being accelerated and
decelerated. Furthermore, in practice, the actual core loss will
also be sensitive to the lamination stack pressure and mechanical
stress, and will be affected by the presence of burrs on the lam-
inations, effects which are difficult, if not impossible to model.
Nevertheless, it has been shown [6], [7] that iron loss prediction
by time-stepped FE analysis, using experimentally determined
iron loss coefficients for the particular grade of lamination ma-
terial, and based on an experimentally validated iron loss model
is extremely accurate, and, therefore, may provide adequate val-
idation of the proposed analytical method. However, further ex-
perimental work is still necessary in order to ultimately validate
the proposed method.

It should also be noted that due to the MMF space harmonics
of the stator winding and the slotting effect of the stator core,
eddy current losses will also be induced in both the magnets
and supporting tube (if they are electrically conductive). The
techniques for predicting these losses have been reported in [10]
and [11].

500 T T T T i)
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—— No-load (FE)
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—&— No-load (analytical)

Linear velocity (m/s)

Fig. 14. Variation of iron loss with speed (44-kW machine).
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Fig. 15. Variation of iron loss with speed (1.5-kW machine).

TABLE 1II
MATERIAL CHARACTERISTICS (TRANSIL300)

Name Value
Lamination density & (kg / m®) 7650
Lamination thickness ¢ (mm) 0.35
Conductivity ¢ (Q"' m™) 1.33x 10°
Loss constant o 2.45
Loss constant k; 15.5x10°
Loss constant k, 0.1x107°

IV. CONCLUSION

A relatively simple analytical method to predict the stator iron
loss in tubular linear PM synchronous machines has been de-
scribed. Its utility has been demonstrated on two linear machines
under both no-load and full-load conditions. It has been shown
that, despite the simplicity of the analytical model, the predicted
iron loss is in excellent agreement with that deduced from FE
analysis. The analytical tool should, therefore, be useful for
comparative design studies, and aid design optimization.

APPENDIX
See Table III.
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