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Abstract—The surface-mounted tubular permanent magnet linear machine (SM-TPMLM) is widely used in many industrial 

applications. However, the PMs are fragile and easily fall off when linear machines are operated at reciprocating oscillation speed over 

long periods or encounter harsh environments, the exposed PMs are susceptible to corrosion, which reduces the service life of linear 

machines. To solve this problem, an improved tubular permanent magnet linear machine with a T-type magnet array (T-TPMLM) is 

proposed. The axial and radial magnets are combined in a magnetic pole array to increase the thrust force, power and protect the PMs. 

First, an equivalent analytical model of T-TPMLM is established to predict the magnetic field, the subdomain method with Schwarz-

Christoffel mapping method is introduced to consider slotting effect and end effect. Then, to verify the merit of the proposed T-

TPMLM, a quantitative electromagnetic performance comparison with two traditional SM-TPMLM including radial magnetization 

and Halbach magnetization is performed through the finite element analysis method (FEM). Besides, the mechanical strength of three 

linear machines is discussed briefly. Finally, a prototype of proposed T-TPMLM is manufactured and tested to validate the 

effectiveness of the analytical model and the FEA predicted results. The results show that the proposed machine offers high 

electromagnetic performance. 

 
Index Terms—tubular permanent magnet linear machine, T-type magnet array, magnetic field, subdomain method. 

 

I. INTRODUCTION 

ermanent magnet linear machines (PMLMs) have the 

advantages of a simple structure, high reliability, less 

energy loss and are widely used in the transportation, high-

precision manufacturing and aerospace fields [1]–[3]. To 

achieve high thrust and power density, the magnetic array of 

PMLMs has been further studied. According to the different 

magnetization arrangements of the PMs, the PMLM 

mechanism can be mainly classified as using radial 

magnetization, axial magnetization and Halbach 

magnetization [4]–[6]. With the development of 

electromagnetic technology, various analytical methods have 

been reported to calculate the magnetic field, which plays an 

important role in the intensive study of PMLM output 

performance [7]–[9]. 

Conventional radial magnetization arrangements have 

received great attention in PMLM for their simple structure 

and easy assembly [9]–[13]. In [10], a novel analytical model 

is presented based on the subdomain method to predict the 

magnetic field in a PMLM. A PM model with radial 

magnetization is established that can consider end effects. 

Then, based on the Maxwell stress theory, the thrust and 

normal forces are calculated. The analytical results are 

validated by tests and the finite element (FE) method, and the 

proposed analytical model is found to be highly accurate. In 

[11], a double-sided PMLSM structure with an end slot 

reversed structure is proposed to minimize the cogging force, 

which is the interaction between the slots and the PMs. The 

PMs are mounted on both sides of the back iron with radial 

alternating magnetization. The Fourier series method is used 

to calculate the cogging force. In addition, to address the 

unbalanced back electromotive force (EMF) caused by the 

reversed slot, two novel windings are added. According to this 

topology structure, a 9-slot 8-pole prototype is manufactured 

and tested, and the results show that the proposed structure is 

very effective in reducing the cogging force. In [12], a single-

phase tubular permanent magnet motor is analysed by a design 

methodology that can consider the steady-state characteristics, 

and the iron loss is calculated based on an analytical formula. 

Moreover, the influence of compressor loads on rated 

operating conditions is evaluated through a design procedure. 

The analysis results are verified by experiments, and the 

results show that by optimizing two leading dimensional ratios, 

the motor efficiency can be improved. 

Compared with radial magnetizations, axially magnetized 

PMs can provide high flux density and power density [14]–

[18]. In [14], a single-phased linear oscillating actuator (LOA) 

with axially magnetized shape magnets is designed for use in 

refrigerator compressors. The topological structure is 

described in detail. The PMs are placed along the z-axis in 

opposite directions, and the mover core lies between the two 

PMs. To obtain the best parameters of LOA, the FEM 

parametric sweep method is used for analysis. The results 

show that the proposed structure has a large thrust force 

density with low-cost PMs. In [15] [16], TLSMs with axially 

magnetized PMs are studied, an optimum flux passing iron 

pole design is presented, and a magnetic circuit is established 

that considered the leakage flux. Then, to improve the initial 

design time, the subdomain method is used to analyse the 

tubular linear synchronous machine (TLSM), the analytical 

solution of each region is derived based on boundary 
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conditions, and the electromagnetic performance is predicted. 

The nonlinear FE method and prototype machine are used to 

verify the proposed method. In [18], an improved axially 

magnetized tubular permanent magnet (TPM) machine is 

proposed, and annular shape magnets are used and supported 

by a nonferromagnetic rod. The advantage of this structure is 

that it not only decreases the effective gap but also reduces the 

moving mass. Furthermore, an analytical model is established 

to predict the magnetic field distribution, and the EMF and 

force ripple are calculated. The results are validated by the 

FEM, which shows that the proposed linear machine has a 

higher force capability, and the analytical model results are in 

good agreement with the FE results. 

Halbach magnet arrays can be regarded as a combination of 

radial magnetization and axial magnetization, with the 

advantage of enhanced magnetic field intensity [19]–[23]. In 

[19], a novel ironless tubular linear machine with a Halbach 

array is analysed and designed. The magnetization expression 

of the magnet array is derived, and the magnetic field is 

calculated based on the harmonic function method. This 

proposed motor is tested in a machine tool application to 

confirm its efficacy. In [22], a segmented Halbach array 

permanent magnet machine is studied by an analytical model. 

The B-H curve and saturation effect are both considered. The 

iron permeability variation is calculated based on the Cauchy 

product theorem and an iterative algorithm. The analytical 

results are compared with FEM and prototype results, showing 

that the analytical model is suitable for any number segmented 

magnets design. In [23], a dual Halbach-array tubular linear 

motor is proposed that is able to improve the large axial force. 

In this topological structure, the stator yoke is omitted, and the 

set of teeth is magnetically separated. The semi-analytical 

model and 3D FE method are used to design the performance 

of the linear machine. 

For the above research, the surface-mounted radial 

magnetizing structure is simple, however, for special 

applications such as high-frequency oscillation and wave 

power generation etc., the permanent magnet is fragile and its 

magnetic circuit is heavily dependent on the back mounting, 

which is not conducive to lightweight design of the mover. 

Axial and Halbach magnetizing structures can produce large 

magnetic flux density, but there are certain difficulties in pole 

assembly, especially for tubular permanent magnet linear 

machines. Therefore, in this paper, an improved tubular 

permanent magnet linear machine with a T-type PM structure 

is proposed and analysed. The mover is made up of embedded 

PMs with a radial magnetization in conjunction with an axial 

magnetized array, which has the advantages of a high thrust 

force, low magnetic flux leakage, good self-shielding and easy 

maintenance. The paper is organized as follows: Section II 

introduces the structure and principle of the T-type TPMLM. 

Based on the structure, an equivalent analysis model of the 

magnetic field is established using the subdomain (SD) 

method, the general solution of each region is given, and 

according to the magnetic field analysis results, the back-EMF 

and thrust force are calculated in Section III. In Section V, the 

overall comparison of two linear machine using FEM are 

conducted, and experiments are adopted to validate the 

proposed linear machine. The conclusions of the research are 

summarized at the end of the paper. 

II. STRUCTURE OF THE PROPOSED T-TPMLM 

The proposed structure of the T-TPMLM is shown in Fig. 1. 

In primary stator iron, fractional slot concentrated winding and 

auxiliary teeth are used, which have the advantages of a low 

detent force, high efficiency, and no end winding. The 

secondary mover consists of two types of PMs: embedded 

PMs with a radial magnetization array and an axial magnet 

array. This PM structure can be equivalent to two layers, i.e., 

an outer layer with a segment Halbach magnet array and an 

inner layer with a conventional axial magnet array. The main 

function of the outer layer is to concentrate the magnetic flux 

and enhance the thrust force, and the inner layer suppresses 

flux leakage. 

Fig. 1. Proposed structure of the T-TPMLM 

Since fractional slot concentrated winding is adopted, phase 

division should be carried out according to the winding vector 

diagram, as shown in Fig. 2. The current distribution of the T-

TPMLM is shown in Fig. 3.  

 
Fig. 2. Diagram vector of the winding EMF 

 
Fig. 3. Current distribution of the T-TPMLM 

To explain the proposed machine operating principle, the 

distribution of the main magnetic flux path is demonstrated in 

Fig. 4(a). The T-TPMLM mainly includes three magnetic 

circuits, φ1 is formed by a radially magnetized permanent 

magnet, φ2 is produced by the interaction of radial and 

tangentially magnetized permanent magnets and φ3 is 

generated by the tangentially magnetized permanent magnets. 

The flux comes from radially magnetized PM, crosses the air 

gap to teeth and yoke, then returned from the tangentially 
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magnetized PM. By analysing the composition of the magnetic 

circuits, the proposed array has the effect of flux enhancement, 

which will be contribute to force improvement. And based on 

the minimum reluctance principle, the operation process of 

one phase under one pole pair is shown in Fig. 4(b)-(d). When 

the mover is in the initial position x=0, the magnetic flux of 

the coil hinge is the largest as shown in Fig. 4(b), with the 

mover to x=τp/2 (τp is pole-pitch), the magnetic flux on tooth 2 

and 3 is located in the local area which does not cross-link 

with the coil, meanwhile the coil polarity on tooth 1 and 4 is 

anti-series, so the flux linkage is zero. Finally, when the mover 

to x=τp, the magnetic flux reaches the maximum reverse. 

Therefore, with the magnetic flux changes, the EMF and force 

will be generated in the T-TPMLM. 
 

  
(a) (b) 

  
(c) (d) 

Fig. 4 Operation principle of the T-TPMLM 
(a) Diagram of flux path under the open-circuit condition 

(b) Flux path of T-TPMLM at x=0 

(c) Flux path of T-TPMLM at x=τp/2  
(d) Flux path of T-TPMLM at x=τp 

III. MAGNETIC FIELD ANALYSIS MODEL OF THE T-TPMLM 

The accuracy of the magnetic field calculation directly 

affects the output performance of the linear machine. 

Considering that the FEA method is time-consuming in the 

initial design, the analytical method is adopted to design and 

analyse the T-TPMLM. 

A. No-load condition of the magnetic field 

Under no-load conditions, a magnetic field is generated by 

PMs, in this paper, the T-type PM analysis model can be 

equated as shown in Fig. 5. The PM is separated into two parts: 

1) quasi-Halbach magnetized and 2) axially magnetized. 

 
Fig. 5 Analysis of the equivalent model of the T-type PM 

In the cylindrical coordinate system, the magnetization M is 

made up of radial and axial components, which is expressed as 

er r z zM M M e=  +                                   (1) 

where Mr is the radial component of M and Mz is the axial 

component of M. 

The distributions of Mr and Mz are given in Fig. 6. The 

Fourier series expansion of M is based on [24] 

1
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where k is a positive integer, τp is the pole-pitch of the PM, τmr 

is the width of a radially magnetized PM and τmz is the width 

of the axial magnetization of the PM. 

 
Fig. 6 Distribution of the magnetization M 

To simplify the calculation complexity, the following 

assumptions are made, as stated in [24][25]: 

1) The magnetic permeability in magnets is a constant ur. 

2) The iron permeability of the stator and mover is infinite; 

the saturation effect is ignored. 

3) The magnetic field distribution is axially symmetric in 

the z-direction, and the slot effect is considered by Schwarz-

Christoffel (SC) conformal mapping. 

Based on these assumptions, a simplified analysis model of 

the T-TPMLM is established, as shown in Fig. 7. The solution 

fields are divided into 6 regions: 1) inner-air area; 2) axial 

magnetization area; 3) virtual gap area; 4) quasi-Halbach 

magnetization area; 5) air-gap area; and 6) end area. It should 

be note that considering the boundary complexity at the 

junction of axial and Halbach magnetization, the virtual air 

region is added to easy modelling process, when calculating 

this region, the radius of the corresponding area can be taken 

to a minimum value. 
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Fig. 7 Simplified analysis model of the T-TPMLM 

To determine the magnetic flux density in each region, the 

vector potential A is introduced, which is governed by the 

Poisson equation and Laplace equation as follows: 
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By using the variable separation approach, the general 

solution of the flux density in each area can be derived as 

follows: 
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Region 3 (virtual gap area):  
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Region 4 (quasi-Halbach magnetization area):  
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where 2 /j mzq j = and B0 is shown in [18]. 

Region 5 (air-gap area): 
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Region 6 (end area): 
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where /sm s b= , / 2s pz k b= − , s is a positive integer, and 

b is the virtual slot width at the end of the T-TPMLM. BI0 and 

BI1 are the first kind of modified Bessel functions, and BK0 and 

BK1 are the second kind of modified Bessel functions. In 

addition, a1n, a2n, b2n, a3n, b3n, a4j, b4j, a5n, b5n, a6s, and b6s are 

unknown coefficients. 

To solve the foregoing unknown coefficients, the boundary 

conditions and interface conditions are introduced as follows: 
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By combining the general solution equations with the above 

boundary conditions, the unknown coefficients in each 

subdomain region can be found. The specific derivation 

process follows that of [25], [27] and [28]. 

To consider the slot effect, the SC mapping method is 

carried out, as shown in Fig. 8. A slotted air gap plane can be 

transformed into a slotless air gap plane via a two-step 

transformation process. 

 
Fig. 8. Transformation process of the SC mapping method 

The mapping function from the w-plane to the z-plane using 

SC mapping is given by: 
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where A and C represent the complex integration coefficients, 

q represents the number of polygon vertices in the -plane, w is 

the number of points in the canonical domains, and ak 

represents the interior angles. All the above parameters can be 

obtained from the SC Toolbox. 

The mapping the  -plane to a rectangular domain in the w-

plane is expressed as follows: 
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Finally, the flux density in the slot region can be derived 

using the following equations: 

( ) ( )s g r t r tB B B j B j  =  = +   +                (25) 

where Bg is the slotless air-gap flux density in the subdomain 

model and Br and Bt are the radial and tangential components 

under open circuit conditions, respectively. 

In this paper, considering the particular structure of the T-

TPMLM, the slot effect includes two parts: the whole slot and 

the new slot caused by auxiliary teeth. To comprehensively 

consider the above effects, the diagram in Fig. 9 is used for 

calculation. 

 
Fig. 9. Calculation diagram illustration of the slot effect 

B. Armature reaction of the magnetic field 

The armature reaction magnetic field is mainly generated by 

coils, and the current distribution in fractional slot 

concentrated winding can be predicted using the current sheet 

model [27]. According to Ampere’s law, the ampere turn 

current in a slot can be equivalent to a current sheet NcI/bs 

distributed over the width of the slot opening bs at the armature 

radius Rs. The equivalent current sheet distribution is shown in 

Fig. 10. 

 
Fig. 10. Equivalent current sheet distribution of the T-TPMLM 

From Fig. 10, the current distribution can be expanded into a 

Fourier series in the following form: 
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The current density distribution for three-phase winding is 

given by: 
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  (28) 

where ia = 0,1,2,……Ns/3-1 and Ns represents the number of 

slots. 
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where ib = Ns /3, Ns /3+1,……2Ns /3-1. 
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   (30) 

where ic = 2/3Ns, 2 Ns /3+1,……Ns-1. 

Then, 

2
( )n A B c

mp

J J J J


= + +                                 (31) 

To obtain the analytical solution of the armature reaction 

field, the permeability of PM is assumed to be equal to air, and 

the solution regions can be simplified to coil region I and 

unmagnetized PM region II. The armature reaction field model 

is shown in Fig. 11. 

 
Fig. 11. Armature reaction field model of the T-TPMLM 
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For each region, the governing equation for the armature 

reaction field is given by 

1 1 0

1 1
( ( )) ( ( )) srA rA u J

z r z r r r
 

   
+ = −

   
           (32) 

1 1

1 1
( ( )) ( ( )) 0rA rA
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   
                 (33) 

The corresponding generation solution is obtained as: 

1
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where 0

0 ( )
n

na
an s

u J
a

BI m R
=  

According to the following boundary conditions, the flux 

density solution of the armature reaction field can be derived. 

0 ( )
s

z sr R
B u J z

=
=                                        (36) 

0
i

r r R
B

=
=                                                  (37) 

C. Calculation of the EMF and thrust force 

To predict the EMF of the T-TPMLM, the coil flux linkage 

needs to be calculated as stated in [26], and the integration 

formula is given by: 

32 ( , )
2 ( )

s o

s s

z b R

c

w r

s o s z b R

N
rA r z drdz

b R R
 
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−
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−               (38) 

where Nc represent the number of coils. 

Based on the flux linkage, the EMF can be calculated using 

(30) 
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                  (39) 

where vm represents the mover speed of the T-TPMLM. 

The thrust force of one coil can be analysed based on the 

air-gap flux density, which is derived as 

3= 2 ( , )
s o

s s

z b R

t r

z b R

F rJB r z drdz

+

−

                       (40) 

The thrust of the entire linear machine can be obtained by 

adding up the forces generated by each coil. 

IV. COMPARISON WITH THE FEM AND VALIDATION BY 

EXPERIMENT 

To verify the foregoing analytical model, the FEA method 

and experiments are conducted with the T-TPMLM, and the 

distribution of magnetic flux at two typical positions is shown 

in Fig. 12. The flux lines stream from the PM to the stator and 

back to the PM to form a complete magnetic flux cycle. When 

the flux line flows through the PM, the T-type PM arrays can 

effectively reduce leakage and provide good magnetization 

effect, which improves the output performance of the linear 

machine. 

 
Fig. 12. Magnetic flux distribution of the T-TPMLM at two typical positions 

A. Analysis method verified by FEA method 

Figs. 13 and 14 show the results of the comparison between 

the analytical and FEA methods for the slotless air-gap 

magnetic flux density distribution when the mover is located 

at the middle and end positions. The SD analytical results 

coincide well with the FEM predictions, which illustrates that 

the SD method can accurately account for the end effects of 

the T-TPMLM. Fig. 13 clearly shows that the radial magnetic 

flux density in the end region is smaller than that in the iron 

area, and the value varies from -0.46 T to 0.46 T, while the 

tangential magnetic density distribution in Fig. 14 is opposite, 

the end region is higher than the iron area, and the value is 

approximately 0.62 T. 

 
(a) 

 
(b) 

Fig. 13. Radial magnetic density distribution of the T-TPMLM at two typical 

positions 
(a) Radial magnetic density distribution at the middle position 

(b) Radial magnetic density distribution at the end position 
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(a) 

 
(b) 

Fig. 14. Tangential magnetic density distribution of the T-TPMLM at two 

typical positions 

(a) Tangential magnetic density distribution at the middle position 
(b) Tangential magnetic density distribution at the end position 

 
(a) 

 
(b) 

Fig. 15. Magnetic density distribution of the auxiliary teeth region 

(a) Radial magnetic density distribution 
(b) Tangential magnetic density distribution 

Fig. 15 compares the analytically predicted and FEM-

calculated magnetic flux density distributions of the auxiliary 

teeth region. Good agreement is achieved. The radial flux 

density max value in the auxiliary teeth region is slightly 

larger than that in the end region, which is approximately 0.52 

T. The tangential flux density value ranges from 0.02 T to 

0.48 T. The small discrepancy may be attributed to the 

maximum harmonic order in the analytical model. 

The distribution of magnetic flux density in the entire slot 

region is given in Fig. 16. The analytical solutions agree with 

the FEM results with good accuracy. The small difference is 

due to the different relative permeabilities of each location in 

the slot area. 

 
(a) 

 
(b) 

Fig. 16. Magnetic density distribution of the whole teeth region 

(a) Radial magnetic density distribution 
(b) Tangential magnetic density distribution 

Fig. 17 compares the analytical results and FEM calculated 

armature reaction field of the air gap region for a given 

position. Excellent agreement is achieved, the main 

discrepancy being attributable to the harmonic order of SD 

and crowding effect of SC mapping. In addition, the proposed 

array lies in the axially magnetized PM based on the Halbach 

PM array, thus, the comparison between proposed array and 

Halbach array is conducted under the condition of the same 

permanent magnet volume, the results are also given in Fig. 17. 

From the Fig. 17, it can be found that the radial flux density 

amplitude of proposed PM array is about 1.2 T, the traditional 

Halbach PM array is about 0.8 T, and the tangential flux 

density of Halbach array is also slightly lower than T-type 

array, thus, the proposed PM array achieves obvious flux 

density enhancement can be verified. 

 
(a) 
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(b) 

Fig. 17. Magnetic density distribution of the air gap region 

(a) Radial magnetic density distribution 

(b) Tangential magnetic density distribution 

The distribution of the back-EMF in the A phase is shown 

in Fig. 18. The analytical results match well with FEM. And 

from Fig. 18, the back-EMF of the proposed linear machine is 

higher than that of Halbach PM array which caused by the 

increased magnetic flux makes the flux linkage larger and 

induces higher electromotive force. Meanwhile, it should be 

noted that the back-EMF is not sinusoidal, it is mainly because 

the linear machine is not running at a uniform speed, the speed 

is set to the form of a cos function to simulate oscillatory 

operation, and the oscillating stroke is smaller than the pole 

pitch. When the mover of the T-TPMLM moves to the vicinity 

of the balance position, a large amplitude and high-frequency 

signal is induced in the stator coil. When the mover back to 

the upper or lower end position, the relative velocity between 

the stator and the mover is small, inducing a small output 

voltage at a low frequency in the stator coil.  

 
Fig. 18. Phase back-EMF distribution of the proposed linear machine 

A comparison between the thrust forces predicted by the 

analytical method and FEM is given in Fig. 19 (a). The 

analytical results are close to the FEM results, the small 

discrepancy in the predictions between two methods is mainly 

attributed to the assumption that the iron permeability is 

infinite, and that the magnetic pressure drop in the iron is 

neglected, thus producing an amplitude discrepancy in the 

thrust force distribution. At the same time, from Fig. 19(a), it 

can be seen that the thrust force of T-type array is 2.5 times 

higher than the proposed linear machine, the main reason is 

that due to the flux concentration effect, the proposed T-type 

array has an obvious flux increase in the coil region, and the 

total thrust force generated by coils in the air gap is the 

combined effect of magnetic flux density in the whole area 

occupied by the coils, so the thrust force can be enhanced. 

Meanwhile, high fundamental harmonic amplitudes of thrust 

force can be achieved base on this effect, the harmonic spectra 

distribution of thrust forces of two investigated machines is 

presented in Fig. 19 (b). The amplitude of T-type array is 

significantly higher than that of Halbach PM array. 

 
(a) 

 
(b) 

Fig. 19. Thrust force and Harmonic spectra of the T-TPMLM  

(a) Thrust force distribution of the T-TPMLM 

(b) Harmonic spectra distribution of the T-TPMLM 

B. Electromagnetic Performance Comparison of Three 

different types of Linear machines  

To confirm the superiority of the proposed T-TPMLM, its 

electromagnetic performance is compared with a traditional 

radial magnetization tubular linear machine (RSM-TPMLM) 

and a Halbach magnetization tubular linear machine (Hal-

TPMLM) when they are running in generation mode. For fair 

comparison, all the linear machines were optimized, and share 

the same 12 slot/11 pole, winding configuration, identical 

volume, shaft length, speed, slot filling factor, and material 

properties. The main parameters of the three investigated 

linear machines are listed in Table I. 

TABLE I 

MAIN PARAMETERS CONFIGURATIONS OF THREE TYPE LINEAR MACHINES  

Parameter T-TPMLM RSM-TPMLM Hal-TPMLM 

Axial length of primary, Ls 281 mm 

Length of the mover, Li 379 mm 

Width of Slot, Lsw 6.75 mm 

Width of teeth, Lt 8.5 mm 

Height of stator, hs 34 mm 

Out radius of stator, Ro 120 mm 

Pole pitch, τp 24 mm 

Length of air-gap, g 1 mm 
Length of PM, Lpm_R 

(Radial magnetization) 19 mm 

Thickness of PM, hm_R 
(Radial magnetization) 

3 mm 5 mm 4 mm 

Thickness of PM, hm_a 

(Axial magnetization) 
3 mm -- 5 mm 

Length of PM, Lpm_R 

(Axial magnetization) 
17 mm -- 4 mm 

Inner Radius of mover, Ri 68 mm 70 mm 

PM volume (m3) 8.46×10-4 7.88×10-4 9.43×10-4 
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Number of coils, Nc 85 

Magnet grade NdFe35 

Steel grade DW470 

In Figs. 20-22, the no-load performances of the proposed T-

TPMLM, RSM-TPMLM, and Hal-TPMLM are compared. Fig. 

20 shows that the magnetic flux hinged by the T-TPMLM is 

approximately 2.6 Wb, while that of the traditional RSM-

TPMLM and Hal-TPMLM are approximately 2.3 Wb and 2.4 

Wb respectively, which indicates a significant improvement in 

the magnetization effect of the proposed linear machine. 

 
Fig. 20. Comparison the flux linkage distribution of three linear machines 

Fig. 21 shows the comparative distribution of the back-EMF 

under open-circuit conditions when three linear machines 

operate at the same oscillating speed. From Fig. 21, the 

maximum voltage of the RSM-TPMLM, Hal-TPMLM and T-

TPMLM are 197.86 V, 215.61 V, and 261.79 V. However, in 

Fig. 22, the peak-to-peak value of the detent force in the 

proposed T-TPMLM is a litter higher, which is mainly caused 

by the concentration effect makes the magnetic flux density 

increased, and magnetic flux density always changes for 

different air gap positions, while the total force is the 

combined effect of magnetic flux density in the whole area 

occupied by the coils, thus, the force become larger. 

 
Fig. 21. Comparison the back-emf distribution of three linear machines 

 
Fig. 22. Comparison the detent force of three linear machines 

Fig. 23 presents the output voltage and current maximum 

value comparison of three linear machines at various load and 

same frequency conditions. It can be observed that with the 

load increases, the output voltage increases, and the current 

decreases. When they operate at load R=50 Ω, the T-TPMLM 

maximum output voltage of phase B is about 219 V which has 

nearly 42% and 30% higher than the RSM-TPMLM and Hal-

TPMLM. At the same time, the output current of the proposed 

T-TPMLM was approximately 20% greater than that of two 

conventional SM-TPMLM. 

 
(a) 

 
(b) 

Fig. 23 Output voltage and current comparison of three linear machines 

(a)  Comparison the output voltage with various load 

(b) Comparison the output current with various load 

The power and efficiency of the proposed T-TPMLM, 

RSM-TPMLM, and Hal-TPMLM are compared in Fig. 24. 

With increasing the load, the output power of the linear 

machine decreases, while the efficiency changes in the 

opposite trend, gradually increasing. The maximum output 

power of the T-TPMLM is 714 W, approximately 1.2 times 

and 1.1 times than that of the RSM-TPMLM and Hal-TPMLM. 

When the load is at 50 Ω, the T-TPMLM efficiency is 

approximately 85%, which is improved by about 2%.  

 
(a) 
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(b) 

Fig. 24. Power and efficiency comparison of three linear machine 
(a) Comparison the power value with various load 

(b) Comparison the efficiency value with various load 

The loss calculation of the three linear machines under the 

same power conditions are compared and given in Table II. 

The proposed T-TPMLM copper loss and PM loss are lower 

than that of two traditional linear machines, owing to the less 

copper and PM consumption, while the iron loss is little higher 

because its strong armature reaction effect and the embedded 

structure causes higher iron usage. Finally, only taking the 

copper loss, core loss, and PM loss into consideration, the total 

loss of proposed linear machine is lower, thus, it provides the 

high efficiency.  

In addition, the material usage of three linear machines is 

given, due to the PM cost occupies the largest proportion of 

the permanent magnet linear machine, therefore, the PM usage 

can reflect the machine cost, and the power density can 

explain the energy conversion ability of the air gap machine 

for three linear machines which are also presented in Table II.  

Overall take the power, loss, efficiency, power density, 

thrust ripple and main component usage in to considerations, 

the radar map of three linear machines is plotted in Fig 25. It 

can be seen the proposed T-TPMLM has a good 

electromagnetic performance.  
TABLE II 

COMPARISON OF THE THREE LINEAR MACHINES  

Item T-TPMLM RSM-TPMLM HAL-TPMLM 

Power (W) 500 500 500 

Copper loss (W) 71.14 122.13 92.97 

Iron loss (W) 6.13 5.31 5.18 

Magnet loss (W) 1.56 1.74 1.67 

Total loss (W) 78.83 129.18 99.82 

Copper usage (m3) 2.5×10-3 3.3×10-3 2.9×10-3 

PM usage (m3) 8.41×10-4 11.01×10-4 9.74×10-4 

Back-Iron usage (m3) 2.44×10-3 1.85×10-3 1.77×10-3 

Power density (W/ kg) 13.15 11.09 12.14 

 
Fig. 25. Overall comparison of three linear machines 

Besides, considering the special application of the linear 

machine, the PM mechanical structure strength of these three 

linear machines is analysed as shown in Fig. 26. From Fig. 

26(a) it can be found that the PMs equivalent stress of 

traditional RSM-TPMLM range from 1476.2 Pa to 4.38×105 

Pa, the average equivalent stress is about 70614 Pa, and the 

Hal-TPMLM range from 1455 Pa to 4.17×105 Pa, the average 

equivalent stress is about 70078 Pa. However, the proposed T-

TPMLM PM equivalent stress is from 12.89 Pa to 3.68×105 Pa, 

the average equivalent stress is about 33640 Pa, which 

improved the mechanical structure and prevent the PM to fall 

off. 

 
(a) 

 
(b) 

    
(c) 

Fig. 26. PM mechanical structure strength comparison of three linear 

machines 

(a) Equivalent stress distribution of RSM-TPMLM 
(b) Equivalent stress distribution of Hal-TPMLM 

(c) Equivalent stress distribution of T-TPMLM 

C. Experimental validation 

To further validate the accuracy of analytical model and the 

merit performances of the proposed T-TPMLM, a prototype is 

manufactured based on the parameters in Table I. During 

processing, the moving iron core is assembled with circular 

iron blocks, and each iron block is embedded with 

corresponding axial and radial magnetized fan-shaped 

permanent magnets. To ensure reliable adhesion of the 

permanent magnets, a high-strength anaerobic adhesive is 

used for bonding between the permanent magnets and the 

circular iron core, all the iron blocks are placed on the 

aluminium alloy cylinder for fixation, the mover of T-type 
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magnet array as shown in Fig. 27 (a), and the stator uses the 

lamination process, which is made of 0.5 mm silicon steel 

sheet as shown in Fig. 27(b). The size of the gap between the 

stator and mover is determined by the linear bearing, the 

electromagnetic experimental platform is shown in Fig. 27(c). 

The linear reciprocating motion is completed by crankshaft 

connecting device. The no-load experiment is tested by 

adjusting the power supply frequency of the rotating motor, 

the linear machine can be tested at different speeds. The on-

load experiment requires multi-pole resistance modules to be 

connected to the output of the linear machine to facilitate the 

measurement of parameters such as output voltage, current 

and power under various load conditions. Besides, the test 

platform for measuring the detent force is given in Fig. 27(b), 

the force test device is coaxial connected with the prototype, 

the linear slide table is driven by a rotary motor to obtain a 

constant linear motion. The tension sensor range is 0-30 kg, 

corresponding output voltage is 0-5 V, and the measurement 

accuracy is 0.03% F. S. The signal from the sensor is recorded 

by using an oscilloscope with manual automatic switching 

mode.  

  
(a) (b) 

  
(c) (d) 

Fig. 27. Prototype and test platform of the proposed linear machine 

(a) T-type magnet array mover of proposed linear machine 
(b) Stator of proposed linear machine 

(c) Electromagnetic test platform of proposed linear machine 

(d) Detent force test platform of proposed linear machine 

Two operating states of the linear machine under open-

circuit condition are tested. Firstly, the linear machine is 

running at uniform speed v=0.46 m/s, the line back-EMF 

waveform from the oscilloscope is shown in Fig. 28 (a) and 

compared with FEA in Fig. 28(b), a good agreement can be 

achieved. Then, to better simulate the linear machine 

oscillation motion for harsh environments such as ocean wave 

power generation, space stirling power generation. etc. The 

linear machines operated at reciprocating oscillation speed is 

set. The analytical, FEA predictions of back-emf are compared 

with the measured results shown in Fig. 28 (c), the maximum 

values are 228.7 V, 221.3 V and 204.9 V respectively. It can 

be observed that they are consistent with each other, which 

confirms the correctness of the analytical model. A phase 

discrepancy between predicted results and test is mainly 

caused by minute fluctuations in drive motor and power 

frequency. 

 
(a) 

 
(b) 

 
(c) 

Fig. 28. Back-EMF comparison under two operating states 

(a) Screenshot of line back-EMF at constant speed 
(b) Back-EMF comparison between FEM and test at constant speed 
(c) Back-EMF comparison between two predicted methods and test at 

oscillation speed 

Fig. 29 gives the detent forces obtained by the analytical 

model, FEM and experimental at a speed of 1 mm/s. The 

analytical results basically agree with those results calculated 

by FEM and test, the error is approximately 2%. The slightly 

deviation is might be due to the test speed is low, the starting 

and stopping processes make the machine under non-quasi-

static, resulting in some biases in measurement, and the 

mechanical tolerance are not considered in the predicted 

methods. 
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Fig. 29. Detent force comparison obtained by two predicted methods and test 

The output voltage and current waveforms are compared, as 

presented in Fig. 30. Good agreement is obtained between 

predicted and measured results, the slight phase difference is 

mainly due to the experimental platform uses a crankshaft 

connecting rod to simulate sine motion, which makes the 

speed difference between the prime mover and the linear 

machine, and the strong armature reaction causes the voltage 

amplitude to drop slightly. 

 
Fig. 30. Comparison of the output voltage between two predicted methods and 
test under load conditions at R=50 Ω 

Fig. 31 presents the power various with the load. As the 

load decreases, the errors in the analysis, simulation and test 

gradually increase, because with decreasing load, the current 

growth, the analysis method do not consider the influence of 

saturation and magnetic leakage, so the results are slightly 

higher than the FEM, while the actual measurement of thrust 

force are a little lower than the two prediction methods due to 

the larger current make the machine temperature rises and the 

winding resistance increases. 

 
Fig. 31. Comparison of the thrust force between two predicted methods and 

test under different load conditions  

As mentioned in [30], magnetic saturation is usually not 

taken into consideration in the SD method, the loss cannot be 

calculated accurately which is the drawback of this approach. 

So, in this part, the losses prediction is compared between the 

measured and FEM, the results are given in Fig. 32. The curve 

characteristics are similar, however, the FEM underestimate 

the losses at light loads compared with the experimental, 

higher current makes the eddy currents more dominant, at the 

same time, the vibration of the experimental platform also 

increases the loss value of test. 

 
Fig. 32. Comparison of the total power loss between two predicted methods 
and test under different load conditions 

When the rated load is R=50 Ω, the efficiency of the 

proposed linear machine is tested by using a power analyser. 

The efficiencies between FEM and measurement are given in 

Table III, the tested efficiency is nearly 8.8% lower than the 

predicted efficiency. The reason for the difference is from 

machining error and the bearing loss which are not considered 

in the calculation of the FEM. 

TABLE III 
 EFFICIENCY COMPARISON OF TWO METHODS 

Item Value 

FEM efficiency 84.72% 

Tested efficiency 77.26% 

V. CONCLUSION 

In this paper, an improved T-type tubular permanent magnet 

linear machine is investigated, and the structure and operating 

principle of the linear machine are described. By establishing 

an equivalent analytical model, the magnetic field can be 

quickly and accurately predicted. In addition, a comprehensive 

comparison including electromagnetic performance and 

mechanical strength of three linear machines is evaluated. The 

conclusions are summarized as follows: 

1) This paper presents a relatively accurate analysis model 

for determine the magnetic field distribution of the proposed 

T-TPMLM. The flux density distributions in the air-gap, slot 

regions and end area calculated with the analytical model are 

in close agreement with those calculated with the 2D FEM. 

The back-emf and thrust force with an error less than 8%. 

Besides, the flux concentration effect of T-type array has been 

proved by comparison with the same PM volume of Halbach 

array. 

2) A quantitative electromagnetic characteristic of T-

TPMLM with Hal-TPMLM and RSM-TPMLM were analysed 

and compared at identical volume, shaft length, speed etc. The 

results showed that the proposed T-TPMLM can provide 

nearly 17% power improvement, and 2% efficiency growth, 

while sacrificing 4.5% of the thrust fluctuation. Meanwhile, 

the paper discusses the loss and cost-effectiveness of three 

linear machines at the same output power condition, the 

proposed T-TPMLM shows at least 26% lower total loss than 

the other two conventional case, the iron usage of T-TPMLM 

This article has been accepted for publication in IEEE Transactions on Transportation Electrification. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TTE.2024.3429183

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIVERSITY OF NOTTINGHAM. Downloaded on July 19,2024 at 09:14:13 UTC from IEEE Xplore.  Restrictions apply. 



> IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION < 

 

13 

is little higher than the other machines, but the PM and copper 

utilization clearly decreases. The power density improved over 

10%, which verify the performance advantages of proposed 

linear machine. In addition, the PM average equivalent stress 

of the proposed T-TPMLM is nearly half that of the other two 

linear machines, which proves that the proposed linear 

machine can better protect the permanent magnet from falling 

off. 

3) A prototype of the T-TPMLM is manufactured and 

experimental results coincide well with the effectiveness of 

the analysis method and FEA predicted results. The small 

deviation in the phase and amplitude is mainly caused by one 

reason: the converter adopts a manual twist setting, and the 

actual frequency slight below 10Hz, which is approximately 

9.2Hz. Another reason is that the crankshaft connecting the 

rod device makes the speed different between the driving 

motor and the linear machine, at the same time, as the 

frequency increases, mechanical vibration will also cause 

errors. 

Overall, the proposed T-TPMLM has good performance, 

and the proposed analysis method can be useful for predicting 

the magnetic field of linear machines. However, several 

challenges need to be addressed and will be down in future 

work: 1) The proposed analysis method is applicable for the 

initial design stage, it has high accuracy, however, due to 

saturation effect is not considered, the loss calculation needs 

to be future explored. 2) The paper focuses on the analysis of 

magnetic field properties, the influence of temperature on 

electromagnetic properties will be presented in future work. 3) 

The mechanical manufacturing challenges of T-TPMLM 

mainly involve the design and assembly of T-type magnet 

arrays. In this paper, modular assembly technology is adopted 

by an iron block, however, this approach is useful for low-

speed high-temperature applications. For high-speed 

applications, electromagnetic properties may be suppressed. In 

the future, we will consider the use of laminated assemblies in 

mover part and simplify the assembly process. 
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