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Abstract ─ This paper presents a study on three different 
topologies of tubular linear permanent magnet motors 
(TLPMMs), with different permanent magnet (PM) 
structures. These motors provide direct conversion for 
electrical energy into a linear mechanical force, and they 
are directly coupled to the load. The proposed motors are 
equipped with quasi-Halbach magnetized moving-magnet 
armatures and their stator cores have been made from a 
soft magnetic composite (SMC) material, Somaloy 700. 
Based on the nonlinear time-stepping two-dimensional 
finite-element analysis (2-D FEA) an extensive magnetic 
field analysis of the proposed designs has been established.
The simulation results indicate the effectiveness of the 
designs to drive a linear reciprocating compressor in a 
household refrigerator. Moreover, the simulation results 
have shown that, the superiority of the two designs with 
T-shaped and trapezoidal-shaped PMs structures over 
the TLPMM with conventional rectangular-shaped PMs. 
In addition to that, the usage of quasi-Halbach for the 
PMs array arrangement has a significant effect on the 
motor performance. 

Index Terms ─ Finite-element analysis, magnetic field 
distribution, quasi-Halbach, soft magnetic composite 
material, tubular linear permanent magnet motor. 

I. INTRODUCTION 
Linear electromagnetic motors, which can provide a 

thrust force directly to a payload without any mechanical 
conversion means,are dedicated to widespread applications,
ranging from transportation and industrial automation to 
healthcare and linear reciprocating compressors. Of the 
various linear electromagnetic motor topologies, the 
tubular linear permanent magnet motors (TLPMMs) 
with a moving-magnet are particularly attractive as 
compared with their flat counterparts. Because TLPMMs 
possess a high efficiency and high thrust force capability 
[1,2]. 

At present, the energy technologies have significant 
effects in a social grade of living and economic 
construction at all scales. This will put further pressure 
on energy supplies and necessitate energy conservation 

measures. Meanwhile, the impact of carbon and carbon 
dioxide (CO2) emissions based on the Kyoto protocol has 
increased the major concern of the researchers [3,4]. 

The refrigerators represent a considerable and growing 
electrical load [5]. Undoubtedly, among refrigeration 
devices, the household refrigerator is the most important 
appliance in our lives today. In the fact that, the 
household refrigerator uses chlorofluoro-carbons (CFCs) 
in its installation foam, it contributes to the global 
warming and ozone layer depletion. It also has a 
significant impact on the emission of carbon and CO2.
Moreover, while the electrical energy consumption of 
the individual household refrigerator is small, large 
numbers of household refrigerators have an appreciable 
potential on energy consumption. In addition to that, the 
mechanical friction of the crank-driven piston uses the 
concept of rotary-to-linear movement in the compressor 
of the conventional refrigerator. This friction lowers the 
performance of the refrigerator, and also, the side force 
between the piston and cylinder lowers the smoothness 
of the operation system. All these problems are due to 
the inefficient reciprocating compressor system [6-9]. 

The conventional rotary reciprocating compressor 
comprises a single-phase rotary induction motor integrated 
with a crank as well as a reciprocating piston. The overall 
efficiency of the compressor is relatively low; this is due 
to the low efficiency of the induction motor and the 
mechanical friction of the crank-driven piston movement 
[10-12]. 

To enhance the performance of the conventional 
compressor, it must eliminate the rotary-to-linear motion 
mechanical conversion means. This can reduce the 
volume and complexity of the compressor as well as 
allow the compressor to operate without lubrication.
This results in reducing the cost and the power loss as 
well as enabling a soft operation system [13]. 

The design of a linear motor has a significant role 
on the performance of the linear reciprocating compressor. 
This paper aims to study the performance and magnetic 
field distribution of a TLPMM under three different 
topologies, with different permanent magnet (PM) 
structures. These designs are proposed to drive a linear 
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reciprocating compressor in a household refrigerator. 
Such designs possess the advantages of high force 
capability, high efficiency, and low manufacturing cost. 
Moreover, the cogging force due to the stator slotting is 
very low. The motors were designed to produce an 
output power of 185 W at a speed of 2.2 m/s. The PMs 
have been mounted on a mild steel tube in order to 
produce a higher air gap field. 

II. LINEAR MOTOR DESIGN 
The main criteria of the appropriate design for a 

linear motor are based on the simple structure and 
reasonable cost as well as force capability. It can be 
noted that the performance of the TLPMM can be well 
improved by different PM array structures or PM array 
arrangements [14]. The three designs with various PM 
structures are rectangular-shaped PMs (Rec_PMs),  
T-shaped PMs (TS_PMs) and trapezoidal-shaped PMs 
(Trap_PMs), which are shown in Fig. 1 (a), (b) and (c), 
respectively. The three designs are equipped with a 
quasi-Halbach magnetized moving-magnet armature as 
indicated in Fig. 1, which is comprised of three radially 
magnetized magnets and two axially magnetized magnets, 
as presented in [15]. The air gap has been selected to be 
as small as mechanically possible, because a large air gap 
leads to an increasing in the PM volume and a reduction 
in the motor thrust force. However, a very small air  
gap results in a mechanical fault, and causes some 
manufacturing difficulties. 

PMs Copper coil
Ferromagnetic tube       Stator of the motor

Fig. 1. 3D-FE models of the three proposed TLPMMs 
with: (a) Rec_PMs, (b) TS_PMs, and (c) Trap_PMs. 

The common feature of the three proposed designs 

is that no field winding is required; only the PMs will 

generate the excitation field for the motor. Moreover, the 

stator cores of the three proposed motors are made of soft 

magnetic composite (SMC) material, Somaloy 700, 

whereas the PMs are made of rare-earth materials, such 

as neodymium-iron-boron (NdFeB). 

III. LINEAR MOTOR MODEL 
The TLPMM can be modeled as follows, the 

electromagnetic force, fe(t), of the TLPMM is produced 
by the interaction between the stator current, ia and the 
PMs field. The force can be quantified by [16]: 

( ) ( ( ))e T af t K x t i� , (1)

where the force coefficient, KT, is slightly position 

dependent due to the finite armature length. The voltage 

equation, v1, associated with the equivalent circuit of the 

TLPMM in Fig. 2 is as follows:

1 1
a

a a s
di

v R i L e
dt

� � � , (2)

where e1 is the value of induced electromotive force. The 

Ls and Ra are the winding inductance and resistance of 

the motor, respectively [16].

Ra

Ls RL

e1v1
ia

Fig. 2. Equivalent circuit of a single-phase TLPMM.

Faraday’s low stated that the magnitude of e1 is 

proportional to the rate of change of flux linkage (ψ), 

which in turn depends on the number of winding turns 

Nc as:

.cN� �� . (3)

Thus

1 .c
d de N
dt dt
� �

� � . (4)

When the mover is moving along the z-direction, the 
magnetic field in the stator is static; hence, the 
distribution of the air gap magnetic field varies with the 
position of the mover. So, the flux coupled with the 
winding is varied with time. The induced electromotive 

force can be rewritten as in (5): 

1
d d dz de v
dt dz dt dz
� � �

� � � � � , (1)

where v = dz/dt is the mover velocity along the  
z-direction. Thus, the back-EMF is given by the product 
of v, and the rate of change in the flux-linkage, ψ, with 
respect to the position. The inductance of a winding, L, 
is given by the ratio between the flux linked with the 
winding and the current into the winding as expressed in 
(6) [17]. The magnetization curve of the NdFeB magnet 
can be expressed as in (7) [18]: 

/ aL i�� , (6)

(a)

(b)

(c)
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m r m rB H B�� � , (7)
where Bm is the magnetic flux density in axial direction, 
Hm is the magnetizing force, Br the magnet remanence, 
and μr is the relative permeability of the magnet. 

The following three Maxwell’s equations used by 
the FEA and relevant to magnetic field analysis of the 
proposed motors. Thus, (11) resulted from (8) and (9): 

( )H E�	� � 
 , (8)

BE
t

�
	� � 


�
, (9)

. 0B	 � , (10)
1

0
BH
t�

�
	� 	� � �

�
. (11)

The governing field equations of the proposed
motors in the cylindrical coordinate system, in terms of 
the vector magnetic potential (Aθ), are given by (12) for 
the airspace region and (13) for magnet region:

� 
 � 
1 1
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.(13)

IV. MAGNETIC FIELD ANALYSIS 
The two-dimensional finite-element analysis (2-D 

FEA), under Ansys Maxwell 16, commercial version has 
been used to design and analyze the performance of the 
three proposed TLPMMs. Hence, the transient solver of 
this software has been used to examine the electromagnetic 
characteristics of the three proposed designs. Hence, all 
the results are established in a cylindrical coordinate 
system. The 2-D FEA presents a significant advantage of 
being less time consuming as compared with the 3-D 
FEA. The main parameters of the design are tabulated as 
in Table 1. The same parameters have been used to build 
the 2-D axisymmetrical FE models of the three proposed 
designs. 

Table 1: Design parameters 
The Parameter Symbol Value
Outer radius of the stator core Re 50.0 mm
Yoke thickness hys 3.3 mm
Outer radius of the magnet Rm 20.0 mm
Magnet height hm 5.0 mm
Air gap length g 0.8 mm
Tooth width Tw 9.4 mm
Slot opening width b0 10.0 mm
Tooth tip height ht 1.0 mm
Magnet remanence Br 1.14 T
Length of the radial PM Tmr 15.5 mm
Length of the axial magnet Tmz 9.5 mm
Ferromagnetic height hym 3.9 mm
Tooth pitch width Tw 40 mm
Pole pitch Tp 25 mm

Figure 3 illustrates the linear B-H curve of the 
NdFeB, PMs and the nonlinear B-H curve of the SMC 
material, Somaloy 700, which have been used in the 2-D
FEA solution. Basically, the characteristics of the PMs 
are described by the following quantities: coercive force, 
Hc; relative permeability, µr; remanence, Br; as well as 
chemical characteristics and the second quarter of the 
hysteresis loop [19]. In the FEA calculations, the material 
linearity of the NdFeB PMs has been included, such as 
HC = -864 kA/m, µr = 1.05 and Br = 1.14 Tesla. 
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Fig. 3. B-H curves used in FEA: (a) NdFeB, (b) SMC 
material, Somaloy 700. 

Figure 4 (a) to (c) shows the 2-D FEA predicted 
open-circuit magnetic flux distributions of the three 
proposed TLPMM designs, with quasi-Halbach magnetized 
armatures at the maximum armature displacement  
(zd = 11 mm) and zero armature current. As can be seen, 
at the maximum stroke position, most of the flux from 

the PMs flows through the teeth and back iron, and the 

flux-linkage with the coil is at the maximum value. The 
flux is dominant in the radial direction. The resulting flux 

density in the tooth region varies with time as the 
armature reciprocates. The flux passing through the yoke 

is the same as in the teeth. However, the resulting flux 

density components in the yoke region is essentially in 
the axial direction. 

(a) 
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(b) 

(c) 

Fig. 4. Magnetic flux distribution in the three TLPMMs 
at zd = 11 mm: (a) flux-lines of Rec_PMs, (b) flux-lines 
of TS_PMs, and (c) flux-lines of Trap_PMs. 

To compare the performances of the three designs, 
the simulation results of the open-circuit magnetic field 
were established at the air gap of the motors. 

Figure 5 shows the comparison among the magnetic 
flux distribution at the air gap of the three designs. All 
results have been shown at zd = 0 mm. From Fig. 5, we 
can note that the maximum magnetic flux values were 
0.18 mwb/m, 0.16 mwb/m and 0.17 mwb/m for the 
Rec_PMs, TS_PMs and Trap_PMs, respectively. The 
TLPMM with Trap_PM showed a higher average value 
for the air gap magnetic flux, which is conducive to a 
larger actuating force as compared with the conventional 
TLPMM design with Rec_PMs. Apparently, the waveform 
of the magnetic flux was very close to sinusoidal; 
subsequently, the induced voltage can be quantified by 
the waveform of the magnetic flux, and was most 
probably sinusoidal. 
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Fig. 5. Comparison between the magnetic flux distributions 
at the air gap of the three proposed designs. 

Figure 6 compares the FEA calculation of the radial 
magnetic flux density, Br, in the air gap of the three 
TLPMM designs as a function of the axial position 
without an excitation current. At the initial position of 

the translator, it was found that the higher average value 
of the air gap flux density was obtained for the proposed 

design with Trap_PMs. The second maximum average
was found for the proposed design with TS_PMs. 
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Fig. 6. Comparison of the air gap magnetic flux density 
components of the three designs. 

The no-load magnetic field distribution was calculated 
using the FEA in order to find out the magnetic flux-
linkage of the three designs. The displacement was 
generated from the forth and back movements of the 
motor. 

The maximum flux-linkage was obtained for the 
TLPMM with Trap_PMs, while the TLPMM with 
Rec_PMs showed the lower flux-linkage in the group as 
represented in Fig. 7. The average value of the flux-
linkage with the windings were found to be as in Table 2. 
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Fig. 7. Comparison of the flux-linkage of the three 
proposed designs. 

Table 2: Average flux-linkages of the three designs 
TLPMM Rec_PMs TS_PMs Trap_PMs

Flux-linkage 0.6595 Wb 0.6568 Wb 0.6553 Wb

Figure 8 compares the back-EMF waveforms of the 
three designs. The armature translated at a mover velocity 
of 2.2 m/s; whereas, at the zero speed of the motor, the 
induced voltage was very small or zero. The average 
values of the back-EMFs for three proposed designs 
were calculated by 2-D FEA as in Table 3. Obviously, 
the flux-linkages and back-EMFs of the T-shaped PMs 
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and trapezoidal-shaped PMs were superior to the 
rectangular-shaped PMs design. 
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Fig. 8. Comparison of the back-EMFs of the three 
TLPMMs. 

Table 3: Average back-EMFs of the three designs 
TLPMM Rec_PMs TS_PMs Trap_PMs

Back-EMF 215.0048 V 223.8931 V 220.3778 V

By passing the current 0.5ai � A into the stator coil, 

the reciprocating thrust force yielded as a result of the 
interaction between the PM field and the current of the 
coil, also the thrust force depended on the displacement 
of the PM armature. Figure 9 compares the FE simulation 
results of the thrust forces of the three proposed 
TLPMMs. The average thrust forces were quantified as 
72.798 N, 83.253 N and 85.185 N for the Rec_PMs,  
TS _PMs and Trap _PMs, respectively. 
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Fig. 9. Comparison of the thrust force of the three 
TLPMMs. 

Winding inductance represents one of the key 
parameters for the motor performance. Figure 10 compares 
the calculated winding inductances of the three designs 
at different displacements of the mover using 2D-FEA.
The average values were found to be 716.9721 mH, 
751.8687 mH and 753.8792 mH for the TLPMM with  

Rec_PMs, TS_PMs and Trap_PMs, respectively. 
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Fig. 10. Comparison of the winding inductances of the 
three designs. 

V. CONCLUSION 
In this paper, three designs of tubular linear 

permanent magnet motors (TLPMMs) were proposed 
and a 3D-FE model was developed for each one. These 
motors are proposed to drive a vapor linear reciprocating 
compressor in a household refrigerator. The three 
designs have different PM structures; they are the 
rectangular-shaped PMs (Rec_PMs), trapezoidal-shaped 
PMs (Trap_PMs) and T-shaped PMs (TS_PMs). These 
designs have been equipped with a quasi-Halbach 
magnetized moving-magnet armature and slotted stator 
with a single coil. The stator cores of all designs have 
been made of a soft magnetic composite (SMC) material, 
Somaloy 700; whereas, the PMs were made of NdFeB. 
Based on the nonlinear 2D-FEA, the results of the 
proposed designs have been established and compared 
which ensures an efficient operation of the proposed 
TLPMMs. The simulation results reveal that the proposed 
TLPMM with the T-shaped PMs and trapezoidal-shaped 
PMs are superior to the design with conventional 
rectangular-shaped PMs, in terms of flux-linkage, back-
EMF, force capability, inductance and air gap magnetic 
field distributions. Subsequently, the simulation results 
have demonstrated the validity of the designs in driving 
the linear vapor reciprocating compressor. The prototype 
of the trapezoidal-shaped PM TLPMM has been 
fabricated and its testing will be presented in the coming 
publications. 
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