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Abstract—The applicability of a soft magnetic composite
(SMC) material to a new double-sided buried-type interior
permanent-magnet flat linear brushless motor (IPM-FLBM)
with slot-phase shift is presented through the steady-state
performance improvement in this paper. The IPM-FLBM us-
ing a conventional electrical solid steel is used as a base
model prototype for the performance comparison. The ana-
lytic models for armature resistance, inductances of series-
connected asymmetric dual three-phase windings, no-load
flux linkages, and back electromotive forces (back EMFs)
are investigated to derive a closed-form equation for the
thrust force. The magnetic field capability due to the design
parameter changes of the new SMC prototype is analyzed
using two simplified nonlinear magnetic equivalent circuit
(MEC) models, comparing with the base model prototype.
The iron and copper losses of the SMC prototype also are
investigated in terms of the thermal limitation. The steady-
state performance enhanced by the reduced air-gap size
is experimentally validated through the comparison of the
static thrust force with that of the base model prototype.

Index Terms—Alternate teeth windings, asymmetric dual
three-phase motor, interior permanent-magnet flat linear
motor, soft magnetic composite (SMC).

I. INTRODUCTION

IN THE past decade, many linear motion-control platforms
based on conventional rotary actuators have been replaced

with linear motors with high-force density, fast dynamics, and
simple structure. Recently, they have become indispensable
components that produce the mechanical power in various
applications such as factory automation equipment, scientific
apparatuses, and electric trains. Such linear motors can be
classified into the air-core and iron-core types. Most iron-core
types use the laminated thin silicon steel sheets as the soft
magnetic material for the minimization of the eddy-current
loss. In order to overcome such drawbacks, new powder
iron-composite material was developed in the early 2000s [1].
Although this SMC material has several advantages such as low
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Fig. 1. Stator core with the phase coils (left) and mover with PMs (right).

eddy-current loss, flexible machine design and assembly, and
three-dimensional isotropic ferromagnetic behavior, relatively
good recyclability, and reduced production costs [2], its lower
magnetic permeability hindered the extensive use of the SMC
material in electric machines.

Thus, many studies compensating for the defect and utilizing
the advantage of the SMC material have been done in the var-
ious electric machine designs over the past decade. The air-gap
flux density analysis according to existence of the SMC slot
closure in a PM synchronous motor (PMSM) was studied [3].
The SMC hybrid brushless direct current (BLDC) motor and
SMC claw-pole motors were analyzed [4], [5]. The axial-flux
PMSM was introduced [6], [7]. The design optimization for
a tubular linear motor using the SMC was investigated with a
finite-element analysis (FEA) [8]. An axial-flux PM machine
using SMC wedge was introduced in [9].

In this sense, the steady-state performance improvement in a
buried-type interior permanent-magnet flat linear brushless mo-
tor (IPM-FLBM) using a Somaloy prototyping material (SPM)
is studied in this paper. The closed-form force equation of the
double-sided IPM-FLBM with slot-phase shift is derived. The
magnetic-field capability due to the key design parameters of
the IPM-FLBM is investigated using two simplified nonlinear
MECs under various electrical load conditions, comparing with
the base model prototype using an electrical solid steel. The im-
proved steady-state performance of the SPM prototype is veri-
fied through the comparison of the thrust forces in the analytic
solution and measurements. Fig. 1 shows the stator and mover
cores of the IPM-FLBM prototype machined using the SPM.

0278-0046 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 2. Cross-sectional dimensions and coordinates of the double-
sided 6/4 IPM-FLBM prototype.

II. BASE MODEL DESCRIPTIONS AND MODELING

A cross-sectional schematic diagram in Fig. 2 illustrates the
dimension definitions and reference frames of the base model
prototype with the electrical solid steel SS400. The step-shaped
end frames and slot-phase-shift configuration between the upper
and lower stators have been employed to minimize the end-effect
force and cogging force, respectively [10]. Thus, all teeth’s cen-
terlines in the upper stator are shifted by αs ahead of the stator
centerline, and the lower teeth’s centerlines are shifted by −αs .
The alternate teeth windings with a fractional pitch are used.
The horizontally magnetized PMs are buried in the mover’s iron
core. The three-phase windings in the upper and lower stators
have an asymmetric electrical angle. Each phase consists of two
series-connected coils of the upper and lower stators. Thus, the
stator centerline becomes as a stator reference axis with respect
to the resultant armature current vector. In a conventional
definition, the center of the iron core with the outgoing magnetic
flux is defined as the d-axis. The q-axis leads the d-axis by
Tp/2. The major mechanical design parameters of the base
model using the electrical solid steel are tabulated in Table I.

A. DC Resistance and Number of Turns

Assuming that the skin effect by the alternating current and
flux in the winding is negligible at a low-frequency operation,
the dc resistance of the concentrated rectangular winding shown
in Figs. 1 and 2 can be calculated by

Ra = 4ρcu lcu N (1 + α25 (T − 25)) /π D2
ci

= Rc (1 + α25 (T − 25)) (1)

where T is the temperature, the average length lcu per turn is
2Ts + lo + li , and the number of turns N per winding is given
as

N = Kf Hc (Ts − Tt) /D2
ci . (2)

The fill factor Kf and the diameter Dci of the 26 AWG copper
wire are 0.78 and 0.00045 m, respectively. The temperature

TABLE I
MECHANICAL SPECIFICATIONS OF BASE MODEL PROTOTYPE

Parameters Symbols Values (m)

Longer length of stator Sllen 0.0835
Shorter length of stator Sslen 0.0745
Length of stator housing hole Shlen 0.0600
Air gap δ 0.0010
Stator’s stack width of long-length portion Dss 0.0050
Stator’s stack width of short-length portion Ds 0.0200
Stack width of mover Dm 0.0200
Length of stator housing height Ha 0.0080
Stator height Hs 0.0110
Stator tooth height Ht 0.0070
One half of PM height Hm 0.0040
PM width Tm 0.0060
Pole pitch Tp 0.0180
Stator slot pitch Ts 0.0120
Stator tooth width Tt 0.0076
Slot-phase shift αs 0.0015
Outer length of winding lo 0.0278
Inner length of winding li 0.0210
Outer width of winding wo 0.0164
Inner width of winding wi 0.0076
Winding height Hc 0.0050

∗SS400 is used for soft-iron core material, and NdFeB 45 for PM.

coefficient α25 at 25 ◦C and the resistivity ρcu of the copper wire
are given as 0.0036 ◦C−1 and 1.7 × 10−8 Ω·m, respectively.
As a result, the number of turns of 85 was achieved. The dc
resistance per winding was calculated as 0.825 and 1.25 Ω at 25
and 150 ◦C, respectively. The actual resistance per winding was
measured as 0.836 Ω at 25 ◦C. Thus, the total dc resistance per
phase of the double-sided model becomes 1.672 Ω at 25 ◦C.

B. Inductances

Assuming that the tooth-top leakage inductance of the open
slot is negligible in the short stack width PM linear motor, the
generalized self-inductance function of phase b in a single-sided
IPM-FLBM with the saliency shown in Fig. 2 can be modeled
as [11]

Lbb s (xm ) = 2Lu + Lew + Lmb (xm )

= Lls + Los + L2s cos (pπxm /Tp) (3)

where Lmb is the total magnetizing inductance of phase b, Lu

is the slot leakage inductance per slot, Lew is the end-winding
leakage, Lls is the sum of the leakage inductances, Los is the
constant value of the magnetizing inductance, L2s is the ampli-
tude of the second harmonic term of the magnetizing inductance,
and p is the number of pole pairs.

The slot leakage inductance per slot is calculated using a
classical equation as follows [12]:

Lu = μ0 Ds N 2 (Ht − 2Hc/3) / (Ts − Tt) . (4)

The end-winding leakage inductance per nonoverlapping
winding of the single layer can be expressed as

Lew = 1.257
(

6N 2 Ts le (k1 − k2)
π (wo − wi)

)
(5)

where the average end-length le is wo + (li − Ds)/2, k1 and
k2 are described as functions of the dimensional variables a,
b, and c in [13], which are given as 3Ts/π, wo − wi , and Hc ,
respectively, in the single-sided IPM-FLBM.
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Fig. 3. Air-gap permeance models when the phase b is an armature
MMF source: (a) the q-axis is aligned with the tooth center of phase b
and (b) the d-axis is aligned with the tooth center of phase b.

Assuming that the permeance of the iron core is infinite under
the unsaturation condition, the magnetizing inductances of the
self- and mutual inductances can be obtained from the q- and d-
axis air-gap permeances in the single-sided IPM-FLBM model
shown in Fig. 3.

The q- and d-axis magnetizing inductances of phase b can be
given, respectively, as

Lqm = Los + L2s

∼= 2N 2 (P1 + P2)

P1 P2

(
(P1 ||P1 ||P2)

−1 (P1 ||P3)
−1 − P−2

1

) (6)

Ldm = Los − L2s

∼= 2N 2

(P1 ||P2 ||P5)
(
(P1 ||P2 ||P5)

−1(P1 ||P1 ||P5)
−1 − P−2

5

)
(7)

where permeances P1 , P2 , P3 , P4 , and P5 are given as

P1 = 2 P4 ∼= μ0Ds (Tt + Tp − Tm )
2δ

(8)

P2 ∼= μ0 μm Ds Hm

0.95Tm
(9)

P3 ∼= 2μ0Ds

[
Tt − Tm

4δ
+

2
π

(
1 + ln

(
πHt

18δ

))]
(10)

P5 ∼= μ0Ds (0.125Tt + 0.25Hm )
π (Tm + 0.5Hm + δ)

. (11)

From (3) to (11), the parameters Lls , Los , and L2s can be
evaluated. As a result, the self-inductance function of phase b in
the double-sided model with the slot-phase shift can be written
as

Lbb (xm )=2Lls + 2Los + 2L2scos(2παs/Tp)cos(2πxm /Tp)
(12)

where the first cosine term is the coefficient due to the slot-phase
shift. The magnetizing inductance functions for other phases
are shifted by ±120◦ electrically from phase b. The mutual

inductances Lba and Lbc in Fig. 3 can be expressed as

Lba q = Lbc q
∼= N 2

P1

(
(P1 ||P1 ||P2)

−1 (P1 ||P3)
−1 − P−2

1

)
(13)

Lba d = Lbc d
∼= N 2

2P5

(
(P1 ||P2 ||P5)

−1(P1 ||P1 ||P5)
−1− P−2

5

) .

(14)

Since the mutual inductances in two different positions have
the interval of π, a half of the sum of two inductances is the
average mutual inductance, and the reduced magnitude ratio of
the mutual inductance that is 2Ts away from the armature MMF
source can be calculated by

m = (Lbc q + Lbc d) / (Lmq + Lmd) . (15)

Consequently, the mutual inductance Lbc is given as

Lbc (xm ) = − 2mLos + 2mL2s cos(2παs/Tp)

× cos
(

2π
Tp

xm − 120◦
)

. (16)

The two other mutual inductances are shifted by electrically
±120◦ from Lbc . However, since the Lac has the distance of
4Ts due to the open-circuit structure of linear motor’s stator, its
magnitude can be approximated as

Lca (xm ) = −2m2Los + 2m2L2scos(2παs/Tp)cos
(

2π
Tp

xm

)
.

(17)

C. No-Load Flux Linkage and Back-EMF Voltage

In PM machines, since the no-load flux linkage is the main
source to generate the thrust force, its evaluation is very impor-
tant. Generally, its magnitude can be maximized when the d-axis
of the mover is aligned with the centerline of the winding tooth
[14], [15]. However, as shown in Fig. 2, since the same phase
windings connected in series in the upper and lower stators are
placed in the teeth’s centerlines shifted by +αs and −αs , re-
spectively, the resultant maximum no-load flux linkages in each
phase are developed in the new centerline of overlapped section
of the upper and lower stator teeth. The resultant no-load flux
linkage of the phase b can be represented using a Fourier series

λpm b (xm ) =
4BδDsNPavgTp

π

∑
n

NnBn

n
sin

(
nπ

Tp
xm

)

(18)
where N is the number of turns per winding and Bn the Fourier
coefficient of the air-gap flux density distribution function is
described as

Bn =
8sin(nπ/2)

nπ
cos

(
nπ (Tp − Tm )

2Tp

)/(
nπ (Tp − Tm )

2Tp

)
,

(19)
the winding factor Nn for the superimposed rectangular winding
function is given as

Nn = sin
(

nπTs

2Tp

)
cos

(
nπαs

2Tp

)
sin

(
nπTso

2Tp

) /(
nπTso

2Tp

)

(20)
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and Pavg is the unitless average value of the relative permeance
function of the slotted stator, which is given as

Pavg =
1
Tp

∫ Ts /2

−Ts /2
P (xs) dxs = 0.8037 (21)

where Tso is Ts − Tt . The relative permeance function P (xs)
is described in the Appendix. The phase-to-neutral back EMF
of phase b can be derived by differentiating the no-load flux
linkage in (18) for the mover displacement xm with respect to
time as follows:

ephase (xm ) = 4BδDsNPavgVm

∑
n=1

NnBn cos (nπxm /Tp)

(22)
where Vm (m/s) is the mover speed. The voltages induced in
other phases are shifted by ±120◦ electrically from phase b.

D. Steady-State Thrust Force

If the torque equation of the rotary PM BLAC motor of [11] is
employed, the steady-state thrust force developed in the double-
sided IPM-FLBM can be expressed in terms of the d- and q-axis
current variables as follows:

Fx = (3π/2Tp) (λm Iqs + (Ld − Lq )IdsIqs) (23)

where λm is λpm b in (18), Iq and Id are the q- and d-axis
currents. The q-axis inductance Lq and d-axis inductance Ld

are given as 4Lu + 2Lew + 2Los + 2L2s cos(2παs/Tp) and
2Lu + 2Lew + 2Los − 2L2scos(2παs/Tp), respectively, from
the maximum and minimum values of (12). The first and sec-
ond terms of the right-hand side of (23) are the magnetizing and
reluctance forces, respectively.

III. ELECTROMAGNETIC ANALYSIS

Although the base model prototype using the electrical solid
steel was designed in order to minimize its detent force at a
nonsaturation level under the 20-A electrical load condition, if
the same design dimensions are employed in the SPM proto-
type without the design parameter modification, the stator tooth
and mover core fluxes as well as the air-gap flux density have
smaller values than those of the base model prototype under
both no-load and electrical load conditions because of the SMC
material’s low permeability. In this section, hence, the magnetic-
field variations according to the design parameter modification
is studied using two simplified MECs in order to improve the
steady-state performance of the SPM prototype.

A. Simplified Nonlinear Magnetic Equivalent Circuit

Unlike the conventional rotary motor, the linear motor has the
longitudinal end-effect leakage flux due to the open circuit of
the end frame of the finite-length stator. This causes the unde-
sired end-effect force varying with the period of the pole pitch.
However, since this end-effect leakage is minimized in a locally
well-balanced specific position, an infinitely long stator model
without the end-effect leakage can be employed in this specific
position. In this paper, therefore, a single-sided model is chosen
when the d-axis is aligned with the tooth centerline of phase
b with respect to the horizontal centerline of the mover shown

Fig. 4. Flux paths of the single-sided models due to (a) PM and
(b) armature current when the d-axis is aligned with the stator tooth
centerline of phase b. Corresponding simplified nonlinear MEC models
under (c) the no-load condition and (d) the electrical load condition.

in Fig. 2. In addition, since the magnetic fluxes are symmet-
ric with respect to the vertical centerline of the tooth, the half
flux-path models in the dashed boxes of Fig. 4(a) and (b) can
be used according to the no-load and electrical load conditions,
respectively. Since the flux path due to the armature current is
partially different from that of the PM, it is not easy to apply
a single circuit model. Therefore, the flux values under the no-
load condition in Fig. 4(c) are calculated according to the design
parameters, and then the stator tooth flux Φ1 is used as the ini-
tial value to compute the ingoing flux Φ3 into the stator tooth
under the electrical load condition of Fig. 4(d). The factor 2 is
presented since the reluctance is doubled from the half-sided
model. All reluctances in the stator and mover cores are defined
as the variable reluctances according to the B–H curves of the
corresponding core materials. From the simplified MEC model
of Fig. 4(c), the fluxes in the stator and mover cores under the
no-load condition can be written as a reluctance matrix and
the magnetomotive forces (MMFs) generated due to the PM as
follows:

Φ =
[

Φ1
Φ2

]
= A−1

R

[
0

�pm

]
(24)

where the reluctance matrix AR is given as

AR =
[�sb + 4�st + �sl −�sl

−�sl 4�δ + 4�mc + �mm + �sl

]

(25)
and �pm is the MMF of the PM, which is given as

�pm =
BrTm

μ0μm
(26)

where Br is the residual flux density, μo is the permeability of
free space, and μm (= 1.05) is the relative permeability of the
PM on the recoil line on its B–H curve. From the simplified
MEC model of Fig. 4(d), the incoming flux into the stator tooth
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is given as

Φ3 =
NIa

�eq + 4�st + Rsb
+ Φ1 (27)

where N is the number turns of a winding, Ia is the magnitude
of the armature current, and �eq is written by

�eq =
�′

sl (2�δ + 2�mc + �5)
�′

sl + 2�δ + 2�mc + �5
(28)

where �5 is the inverse of P5 . The air-gap reluctance with the
symmetric fringing flux path with respect to the tooth centerline
when the d-axis is aligned with the stator tooth centerline can
be expressed as [16]

�δ
∼= μ0 Dm

[
Tt

δ
+

4
π

(
1 + ln

(
πHt

4δ

))]−1

. (29)

The reluctance of the PM is calculated as

�mm =
Tm

0.775 μ0 μm Hm Dm
. (30)

The factor 0.775 was introduced to describe the effective
contact face area reduced due to the PM with the H-shaped cross-
section and all round edges with the radius of about 0.5 mm.
The slot leakage reluctances are given by

�sl =
Tso

2μ0HtDs
and �′

sl =
N 2

Lu
(31)

where the open-slot width Tso is Ts − Tt . The mover iron core
[17], stator tooth, and stator back-iron reluctances are written
as

�mc =
π

16μ0μcm Dm
(32)

�st =
Hs + Ht

2μ0μcsTtDs
(33)

�sb =
Ts

μ0μcs (Hs − Ht)Ds
(34)

where μcm and μcs are the variable relative permeabilities of
the mover and stator cores, respectively. The flux densities in
the stator tooth under no-load and electrical conditions can be
calculated by, respectively

Bs1 =
2Φ1

TtDs
and Bs3 =

2Φ3

TtDs
. (35)

The relative permeance values of the stator and mover cores
are updated using (35) by the B–H curves of the corresponding
materials. Finally, the air-gap flux density of the incoming stator
tooth flux can be calculated as

Bδ = 2μ0�δΦ3/δ. (36)

B. Magnetic-Field Analysis

Since the magnetizing thrust force of (23) is determined by
the no-load flux linkage and armature current, the magnetic-
field analysis for the ingoing flux into the stator tooth is very
important. Fig. 5 shows that the SPM prototype has lower flux
values than those of the base model prototype when the SPM
prototype has the same design parameters as the base model

Fig. 5. Stator-tooth flux curves (top) and air-gap flux density curves
(bottom) according to the armature current.

Fig. 6. Stator-tooth flux Φ3 (mWb) contours according to the PM and
stator tooth widths when Ia = 10 A. The total current amount can be
computed as (2) × Ia .

prototype. Moreover, this flux difference increases as the arma-
ture current increases. This prediction indicates that the design
parameter modification is needed to produce the same or more
thrust force than the base model prototype. Thus, the following
constraints are made for the magnetic-field analysis of the SPM
prototype: 1) the step-shaped end frame does not change; 2) the
same slot pitch (= 0.012 m) and pole pitch (= 0.018 m) as those
of the base model are employed to obtain the similar detent
force; and 3) the open-slot width of larger than the minimum of
0.003 m is used.

1) Analysis for the PM and Stator Tooth Widths:
The possible mechanical dimensions for the stator tooth and PM
widths according to the given design constraints and machin-
ability of the PM and SPM can be given by

0.005 ≤ Tt ≤ 0.009 and 0.003 ≤ Tm ≤ 0.015 (m).
(37)

The flux contours of Fig. 6 illustrate that extension of the
PM width of less than 0.0013 m increases the stator tooth’s flux
when tooth width is around 0.0074 m. With respect to the same
PM width, the tooth width of larger than 0.0074 m rather de-
creases the tooth flux by the reduction of the applied total current
amount. Thus, if the appropriate stator tooth and PM widths are
chosen depending on the required power consumption in the op-
timal region, the SPM prototype can obtain a larger flux than the
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Fig. 7. Stator-tooth flux curves according to the PM height for the three
different load conditions when Tm = 0.006 m and Tt = 0.0076 m.

Fig. 8. Air-gap flux density curves according to the air-gap size for the
three different load conditions when Tm = 0.006 m and Tt = 0.0076 m.

base model prototype under the 10-A electrical load condition.
This also indicates that the base model is not fully optimized
with respect to the magnetic field. The same or higher flux than
the base model can be achieved through other design parameter
modification.

2) Analysis for the Height of the PM and Mover
Core: The MEC analysis according to the PM height in Fig. 7
shows that when the stator tooth and PM widths have the same
dimensions as the base model prototype, the stator tooth fluxes
in two different loads except the 20-A electrical load exhibit
larger values than those of the base model prototype if the PM
has the height of 0.0084 m. However, unlike the previous method
presented in Section III-B1, this approach results in the 5.0%
mover weight increment due to the increased mover volume.

3) Analysis for the Air-Gap Size: The air-gap size anal-
ysis in Fig. 8 illustrates that the SPM prototype with the air-gap
size of 0.0009 m can have a larger air-gap flux density than the
base model prototype with the air gap of 0.001 m under the
10-A electrical load condition. Its air-gap size should also be
less than 0.00083 m under the 20-A electrical load condition in
order to have the same air-gap flux density as the base model
prototype. This implies that the air-gap size adjustment can be
a simple method to increase the air-gap flux density without the
mover’s weight increase or the fabrication of the newly sized
PM.

4) Analysis for the Back-Iron Height: The back-iron
height Hb (i.e. Hs − Ht) analysis in Fig. 9 shows that the air-
gap flux density of the SPM prototype is hardly increased in
the height of larger than 0.004 m and cannot be larger than that

Fig. 9. Air-gap flux density variations according to the back-iron height
under the 10-A electrical load condition when Tm = 0.006 m and Tt =
0.0076 m.

TABLE II
IRON LOSS PER MASS (W/kg) OF THE SPM

Flux Density (T) Operating Frequency (Hz)

50 60 100 200 300 400 500 600 700 800

0.5 1.5 1.8 3.1 6.6 10 14 18 23 27 32
1.0 4.9 5.9 10 21 34 47 61 75 91 105
1.5 9.3 11 19 44 71 102 132 166 202 241

∗The mass density of the SPM is 7300 kg/m3 .

of the base model prototype. Therefore, this approach is not an
effective way to increase the magnetic-field capability.

From the magnetic-field analysis using the simplified two
nonlinear MECs, it is found that the relatively low magnetic
field performance of the SPM can be improved through mod-
ifying various design parameters in the buried-type PM linear
motor with a large effective air gap. In this paper, although the
analysis results indicate that the method of Section III-B.1 can
be improved slightly more than the method of Section III-B.3
with respect to the magnetic-field performance, the method of
Section III-B.3 that can reuse the PMs of the base model is cho-
sen in terms of cost saving and the same detent force suppression
performance.

IV. LOSS ANALYSIS AND THERMAL CONSIDERATION

The iron loss is generally expressed as a form of the sum of
the hysterectic loss Ph and eddy-current loss Pe . The hysterec-
tic loss originates from the residual energy during the energy
exchange by the applied current. The eddy-current loss is gener-
ated by the magnetic flux density changing in the core due to the
PM. Since the SMC material does not use the lamination unlike
the conventional electrical steel, the total iron loss is given as
power dissipation per mass as

Piron = Ph + Pe = KhBa
s f + KeB

2
s f 2 (W/kg) (38)

where a varies in the range from 1.5 to 2.5, Bs is the flux density
of the stator, f is the operating frequency, and Kh and Ke can
be empirically determined. From Table II, Kh , Ke , and a can
be evaluated as 0.092, 0.000058, and 1.6, respectively.

On the other hand, the copper loss is governed by the winding
resistance and the magnitude of the phase current regardless of
its operating frequency. From (1), the copper loss in the balanced
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Fig. 10. Steady-state temperature responses (top) and iron-loss ratios
(bottom) of the stator-winding assembly according to the phase current
and operating frequency under the natural convection condition when
Aes = 0.0079 m2 and ms = 0.0936 kg.

three-phase operation can be written as

Pcu = (3/2) I2
a Rc (1 + α25 (T − 25)) (W). (39)

Assuming that the thermal contact resistance between the sta-
tor tooth and the coil is negligible, they have the same tempera-
tures in steady state. The dissipation capability of the winding-
stator assembly can be expressed with the sum of the iron and
copper losses as

hAesΔT = msPiron + Pcu (40)

where h is the average natural convection coefficient, ms is the
SPM stator mass, Aes is the effective dissipation surface area
of the winding-stator assembly exposed to the air, and ΔT is
the temperature rise of the winding-stator assembly. Therefore,
the steady-state temperature according to the phase current can
approximately be formulated using (35) and (38)–(40) as

Tss =

ms

(
Kh(Bs3 (Ia))1.6 f + Ke(Bs3 (Ia))2 f 2

)
+ (3/2) I2

a Rc

hAes − α25 (3/2) I2
a Rc

+ 25 (41)

where Bs3(Ia) is the flux-density function of (35) and h is
empirically obtained from the temperature measurement in the
stator winding assembly as

h ∼= 16.1 (W/m2 · K). (42)

The steady-state temperature prediction in Fig. 10 indicates
that when the maximum permissible temperature is 100 ◦C,
the maximum continuous-rated current can be 2.4 A at 30 Hz.
Although these predicted results do not include the convection
coefficient variation Δh according to the mover motion, the ra-
tio of the iron loss to the total loss in (40) does not change
because this varying coefficient is evenly applied in the total
loss. The iron-loss ratio in the bottom plot of Fig. 10 shows that
the iron loss is not critical in the perspective of the permissi-
ble temperature limit. Although the hysteretic loss of the SMC
material is relatively larger than that of the laminated thin steel,

Fig. 11. Experimental setup to measure the steady-state thrust forces
and inductances.

Fig. 12. Analytic and measurement results of the back EMFs for each
phase when the mover has the linear speed of 0.2 m/s.

the iron loss is not the major concern in a small-size lightweight
IPM-FLBM operating at a low frequency of less than 30 Hz as
compared with the copper loss.

V. STEADY-STATE PERFORMANCE VALIDATION

The photograph of Fig. 11 shows the experimental setup
that measures the inductances and steady-state thrust forces of
the double-sided 6/4 IPM-FLBM using the SPM material. A
300-W dc power supply was used. A precision bidirectional load
cell with the 0.1% nonlinearity and a micrometer head with the
accuracy of ±0.0005 mm were employed in order to measure
the steady-state thrust forces and inductances according to the
mover positions.

Fig. 12 shows that although the measured phase-to-neutral
back-EMF voltages are slightly more distorted than those of the
analytic solutions by the third harmonic term, they are in good
agreement with the predicted ones. The back-EMF constant is
estimated as 3.81 V�s/m per phase.

The inductances were measured using the 1.0-A current
source at 60 Hz. The self-inductance distributions in Fig. 13
illustrate that each inductance has its maximum value whenever
the q-axis is aligned with the resultant phase axis. Since the ana-
lytic solution assumes the permeance of the core as infinite, they
seem to have 3% larger values than the measured inductances in
their maximum amplitudes. Especially, these measured induc-
tances are almost the same as those of the base model using the
electrical solid steel and the air gap of 0.001 mm. This points out
that the self-inductances do not much increase although the air
gap is reduced to be 0.0009 m. The mutual inductances in Fig. 14
show that although the amplitudes of the analytic solutions for
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Fig. 13. Analytic and measured self-inductances of the SPM prototype
with respect to positions.

Fig. 14. Analytic and measured mutual inductances of the SPM proto-
type with respect to positions.

TABLE III
AVERAGE INDUCTANCES OF THE SPM AND BASE MODEL PROTOTYPES

Laa Lbb Lcc Lab , Lba Lbc , Lcb Lac , Lca

SPM calculated (mH) 2.013 2.015 2.013 −0.074 −0.074 −0.005
SPM measured (mH) 2.022 2.006 1.973 −0.070 −0.070 −0.007
SS400 measured (mH) 2.034 2.042 1.975 −0.065 −0.067 −0.019

Fig. 15. Steady-state thrust forces of the SPM and base model (SS400)
prototypes according to the mover positions when Ia = 8.66 A, Ib = 0
A, and Ic = −8.66 A.

Lba and Lcb are twice than measured ones, their average values
in Table III are very small as expected, and their trends are in
good agreement with the analytic ones. This implies that the
mutual inductances can be ignored in the buried-type IPM mo-
tor with the alternate teeth windings and large longitudinal air
gap.

The results in Fig. 15 illustrate that the thrust force profile of
the SPM prototype is slightly larger than that of the base model
prototype. This implies that the magnetic flux has been increased

Fig. 16. Steady-state forces (top) and detent forces (bottom) of the
SPM and base model (SS400) prototypes according to the mover posi-
tions when Iq s and Ids are controlled as 10 and 0 A, respectively.

TABLE IV
PERFORMANCE COMPARISONS OF SS400 AND SPM PROTOTYPES

Base Model SPM

Thrust force in the field-oriented control (N) 58.9 (57.1) 59.8 (57.6)
Thrust force in the maximum force control (N) 62.5 (59.2) 63.5 (60.7)
Peak-to-peak detent force (N) 2.4 2.8
Ripple force due to the detent force (%) 4 4.7
q-Axis inductance (mH) 2.322 (2.277) 2.338 (2.352)
d-Axis inductance (mH) 1.680 (1.611) 1.671 (1.676)
Air gap (m) 0.001 0.0009

∗() is the analytic solution.

by the reduced air gap. Although the developed reluctance force
is not significantly large because of the small difference between
the d- and q-axis inductances, the maximum thrust force can be
achieved when the phase current leads the q-axis current by
around 15◦. The analytic magnetizing force term of (23) was
computed using the maximum no-load flux linkage (� 22 mWb
turns) obtained from (18), and the analytic reluctance force was
calculated using the d- and q-axis inductances (Ld = 1.676 mH
and Lq = 2.352 mH) obtained from the maximum and minimum
values of (12). Herein, the reluctance force was predicted as
around 19% of the magnetizing force. The analytic total thrust
force for the SPM prototype was estimated as 3% less than both
measurement results. The residual flux density of the actual PM
seems to be slightly higher than the analytic model.

Unlike the conventional rotary motor, the detent force in an
iron-core PM linear motor has not only the cogging force but also
the end-effect force [10]. This detent force is one of the causes of
the force pulsation. The top and bottom plots in Fig. 16 show the
steady-state thrust forces and detent forces in the base model and
SPM prototypes according to the mover positions when Iq =
10 A and Id = 0 A and when Iq = Id = 0 A, respectively.
The average steady-state thrust forces of the SPM prototype are
slightly improved as compared with those of the base model
prototype, and the detent force is also slightly increased due to
the reduced air gap in the SPM prototype. Table IV shows the
steady-state performance comparisons between the two proto-
types for the measurements and analytic solutions.

The measured temperature responses in Fig. 17 illustrate that
when the phase current of 10 A is applied, the temperature
reaches 100 ◦C within 29 s. This implies that if the stall current
is defined as 10 A when the speed of the mover is zero under
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Fig. 17. Temperature responses in the end winding of the stator wind-
ing assembly according to the magnitude of the phase current and op-
erating frequency.

TABLE V
THERMAL CONDUCTIVITY AND MATERIAL THICKNESS

Materials Path Thermal Maximum
Thickness Conductivities kn Allowable
Ln (mm) (W/m�K) Temperature (◦C)

1 Polyurethane 0.0178 0.03 155
2 Thermal compound 0.2500 8.50 180
3 Kapton 0.0500 0.42 285

the full-load condition, the corresponding operating time should
be less than 29 s in order to protect the winding insulator. The
steady-state temperature for the phase currents of 2.5 A at around
2600 s is in agreement with the prediction of Fig. 10. Since the
temperature according to the operating frequencies of the phase
current of 2.0 A did not reach the steady-state responses,
the temperature difference per 30-Hz increment was measured
as around 1.5 ◦C. Although the difference is less than the predic-
tion of Fig. 10, this result indicates that the iron loss is not criti-
cal in lightweight SMC motor. Table V summarizes the thermal
conductivities of the materials between the winding and stator
in this paper.

VI. CONCLUSION

Since the SMC material has the lower permeability, higher
hysteretic loss, and lower loss at high frequency as compared
with the conventional electrical steel, it has been known that
the SMC material is suitable for high-frequency applications.
In this paper, its applicability to the double-sided buried-type
IPM motor with a large effective air gap under a low-frequency
operating condition was studied in terms of the improvement
of the steady-state performance. The flux linkages, back-EMFs,
and series-connected inductances of the new double-sided IPM-
FLBM with a slot-phase shift were analytically modeled to
derive the closed-form thrust force equation. The various de-
sign parameters were studied using the two simplified nonlinear
MEC models according to the load conditions without using
FEA tools. The reduced air gap was chosen to improve the
steady-state performance without the increase of weight and vol-
ume. Eventually, the applicability of the environment-friendly

SPM motor with the buried PMs was experimentally validated
through the steady-state thrust-force comparison with the elec-
trical steel prototypes. It was also found that the iron loss of the
small-size lightweight SMC motor was not critical in terms of
the temperature dissipation.

APPENDIX

The magnitude of the relative permeance function of (21)
takes a value between 0 and 1, which is expressed by

Ps (xs) = P0 + (1 − P0)
(

Ts + Tt − ksTso

2Ts

)
+ 2 (1 − P0)

×
(

Ts

(1 − ks) Tso

) ∑
n

Pncos
(

2nπ

Ts
xs

)
(43)

where the Fourier coefficients of this function are given by

Pn =
2

(nπ)2 sin
(

nπ (Ts + Tt − ksTso)
2Ts

)

× sin
(

nπ (1 − ks) Tso

2Ts

)
(44)

and P0 and ks are calculated as

P0 =
2Kcsus

1 + u2
s

and ks ≈ Tso

5δ + Tso
(45)

where Carter coefficient Kcs and us are calculated as

Kcs =
Ts

Ts − Tseo
=

Ts

Ts − ksTso

us =
Tso

2δ
+

√
1 +

(
Tso

2δ

)2

. (46)
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