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Abstract—The paper presents a special technique for magnetic 

way modeling in its FEM - based ( Finite Elements Method) 

analysis of the AC magnetic field, which aims at accurate 

calculation of forces acting on the moving  part of one 

Permanent Magnet Linear Synchronous  Motor (PMLSM). 

Here has been used an approximation of AC solutions of 

problems for linear motors with replacing the permanent 

magnet ways by AC current sheets.  This models the 

synchronous movement of the magnets interacting with the AC 

currents in the mover winding. Calculated thrust and attractive 

force of the linear motor on the base of AC and DC motor 

magnetic field analysis was compared with the results from 

experiment and their good match has been proved. 

 

 

Index Terms—Permanent Magnet Linear Synhronous Motor, 

Finite Element Analysis, Permanent Magnet Ways,  Modeling, 

Forces Calculation. 

 

I. INTRODUCTION 

Today in competitive industrial environment linear motors 

can directly translate linear motion to machine tools  without 

indirect coupling mechanisms such as gear boxes, chains and 

screws. In particular, permanent magnet direct drive linear 

motors are becoming more and more popular in machine 

automation nowadays. The advantages of permanent magnet 

motor drives are their gearless structure, excellent control 

characteristics such as high speed, high acceleration and most 

importantly, high motion precision and better efficiency. 

PMLSM are used in lifts [1], linear transportation 

systems[1]-[3], industrial laser systems etc. 

 

In PMLSM, the moving part (mover) consists of a slotted 

armature and three-phase windings, while the surface 

permanent magnets are mounted along the whole length of the 

path (stator) and are arranged in magnetic ways (MAW). 

 

Modern PMLSM consist of three types of materials: 

ferromagnetic material, electrical conductor material and 

electrical insulator material. The ferromagnetic materials 

include the permanent magnets (PM) and iron. Electrical 

motors use mainly rare-earth PM. These materials are 

characterized by a large hysteresis cycle and have a high 

coercive magnetic field Hc. MAW produce the excitation flux  
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Fig. 1. Different types of magnetic ways: a) surface mounted 

PM; b) double sided magnetic ways; c) Halbach array [1] 

 

in the air gap. Magnets, which are the magnetic source, can be 

either mounted or inserted in a magnetic yoke or combined to 

form an Halbach array [1]. These three families of MAW are 

presented on Fig. 1. The first group consists of magnets 

mounted on a  yoke surface (Fig. 1a). Furthermore, double 

sided MAWs (Fig. 1b)  are used with a supply part without 

iron. These  types of motors are sometimes called “ironless” 

motors [1], [2]. 

Halbach array (Fig.1c) have a particularity due to the 

magnet placing, since they have a magnetic flux enhanced on 

one side (strong side) and cancelled on the other side (weak 

side). 

All magnetic ways are presented in a short stator 

configuration i.e. the MAW are fixed. 

Modeling of PM is a special topic when  FEM  is used for 

solving of the linear motors magnetic field and  this paper 

presents a unique method for this purpose, regarding the 

capabilities of used software - FEMM [4].  
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Fig. 2.  Servomotor PMLSM-1 prototype: a) PMLSM-1; b) 

movable part of the motor: 1-motor; 2- linear guidance ; 3,4- 

MAWs; 5- DC supply source; 6- digital servo drive; 7-  

windings; 8- ferromagnetic cores; 9- head of magnetic 

encoder 

 

The object of modeling in this work is the first designed 

and manufactured in Bulgaria prototype of PMLSM-1 shown 

in Fig. 2a [5].The linear motor has the original "two-legged 

frame" of the mover, shown in Fig. 2b, to obtain a balance of 

the mechanical system according the attraction forces.  On 

 

TABLE I 

SPECIFICATIONS OF THE TEST BENCH 

N Quantity Value 

1 Number of phases 3 

2 Number of poles 4 

3 Slot number 12 

4 Rated phase voltage [V] 70 

5 Rated phase current [A] 6 

6 Rated thrust [A] 140 

7 Rated speed [m/s] 3 

8 Air gap [mm] 1 

each of the two magnetic cores was wound three-phase 

distributed winding (Fig. 2b). Each coil is "star" connected 

and the two coils are connected in series. 

The main specifications of studies of linear motor are 

arranged in Table I. 

II. FEM MODELING 

A. Field equations 

The motor magnetic field modeling is based on the 

Maxwell’s laws together with their simplifications. Here was 

modeled the stationary magnetic field in 2D case. The 

important contribution in the field of magnetism done by J.C. 

Maxwell was to regroup a set of equations which allows to 

join together the electrostatic and electromagnetic theories. 

These equations, reduced thereafter to four by means of the 

vector calculation, are presented  in differential form. 

The general differential form of the Maxwell’s equations is 

[6]: 
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where  

E


is the vector of electric field; 

D


is the vector of electric displacement;  

H


 is the vector of magnetic field strength;  

B


 is the vector of magnetic flux density;  

J


 is a vector of current density;  

v


 the linear velocity ; 

c  is the volume charge density. 

In motor modelling only quasi-static electromagnetic 

problems are studied and the time-derivate of current 

displacement can be neglected compared to the current 

density. Therefore, (1) can be simplified to: 

 

JH


 , (5) 

 

implying: 

 

0 J


. (6) 

 

Furthermore, the study of electric field in dielectric 

material is not the main point of interest here which is why (2) 

is not used in this study. 

In addition to this set of equations, the properties of 

materials have to be introduced by set of constitutive 

equations. The first equation puts in relation the magnetic flux 

density B


 and the magnetic field H


 in a material: 

HB


 . (7) 

Here, μ is the permeability of the materials. 

The second constitutive equation puts in relation the 

current density and the electric field in a conducting medium 

of  conductivity  : 

 

EJ


 . (8) 

  

This equation is known as the generalized Ohm’s law and it 

allows to determine electrical resistance. 

Furthermore, from (4) by applying one property of vector 

calculation (the divergence of the rotational of a vector is 

null) a magnetic potential vector A


 is defined as: 

 

ArotB


 . (9) 

If a material is nonlinear (e.g. saturated iron or NdFeB 

magnets), the permeability, μ is actually a function of B


: 

)(BH

B




 . (10) 

Now, this definition of B always satisfies (4). Then (5) can be 

rewritten as: 
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For a linear isotropic material (and assuming the Coulomb 

gauge, 0 A


), and (11) reduces to: 

JA


 21


. (12)  

In the general 3-D case, A


 is a vector with three 

components. However, in the 2-D planar and axisymmetric 

cases, two of these three components are zero, leaving just the 

component in the “out of the page” direction. 

The advantage of using the vector potential formulation is 

that all the conditions to be satisfied have been combined into 

a single equation. If A


 is found, B


 and H


 can then be 

deduced by way of differentiating A


. The form of (11), an 

elliptic partial differential equation, arises in the study of 

many different types of engineering phenomena. There are a 

large number of tools that have been developed over the years 

to solve this particular problem [4]. 

Distribution of linear motor static  magnetic field can be 

found by solving the equation (11) with the FEMM software . 

This software retains the form of (11), so that magneto-static 

problems with a nonlinear B-H relationship can be solved. 

The problem was solved in area, shown on Fig. 3.  

B. Material properties 

The electrical and magnetic properties of materials for each 

part of the presented model were assigned  (Fig. 3). Their 

properties are given in Table III. 

A notable advantage of  the FEA of  electrical machines 

magnetic field using FEMM program is the ability to solve   

 
Fig. 3. FEMM model of linear synchronous servomotor 

 

TABLE IIII 

MAGNETIC AND ELECTRIC PROPERTIES OF USED MATERIALS 

 

N Model 

area 

Material 
Property 

Conductivity 

(106 S/m) 

Permeability 

(H/m) 

1 Back iron Steel 1018 5.8 BH curve 1 

2 Air gap Air 0.0 1 

3 Permanent 

magnet 

NdFeB 

grade N37 

0.67 
BH curve 2 

4 Winding Copper 

wire 

ПЕТ-2F, 

Diam. 0.65 

mm  

58 1 

5 Mover 

core 

Silicon 

steel 2212, 

Thicknes 

0.5 mm 

1.96 BH curve 3 

 

nonlinear tasks i.e. consider the strong non-linearity of 

characteristics of  magnetic materials used. This is done by 

means of so-called “BH curves” [4] representing 

dependencies B = f (H) for the corresponding material. On 

Fig. 4a, 4b, and 4c are shown the curves for the materials in 

Table III. 

A. MAW Modeling  

Magnets can be modeled from several different, but equally 

valid, points of view [2],[4],[7]. Concerning finite elements 

analysis the most useful model is to regard the magnet as a 

volume of ferromagnetic material surrounded by a thin sheet 

of current [4]. 

During AC simulation of PMLSM by means of FEMM 

software there arises a serious problem : it seems impossible  

 

 

 

 
Fig. 4. Initial curves of magnetization: a) BH curve 1; b) 

BH curve 2; c) BH curve 3 
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to solve the task of the FEA of the stationary magnetic field 

produced by permanent magnets and the quasi-stationary field 

produced by AC in the three-phase motor  winding. 

AC problems in FEMM consider excitation at only one 

frequency f at a time i.e. FEMM only works with a single 

frequency at a time!    The User cannot  mix DC magnetic 

field excited PMs with AC magnetic field from the 

windings. This means that PMs ( f = 0 Hz) and electromagnets 

– windings with AC current in them (f  > 0 Hz) cannot be 

simulated together. It indicates that the user cannot draw the 

magnets and the coils and set a current frequency and get the 

corresponding force (or torque) – FEMM will ignore the 

permanent magnet’s fields and give us the torque that resulted 

only from the AC-induced field [4]. 

A second problem: In simulation process one really wants 

to move the PMs and back iron of the linear motor 

synchronously with the currents to get meaningful results, 

however, in  FEMM  software all AC solutions have a 

constant physical configuration [4]. 

For solving this problem there is a way to approximate AC 

solutions for brushless motors’ problems by replacing the 

magnets with AC current sheets.  This models the 

synchronous movement of the magnets interacting with the 

AC currents in the stator. It is good for computing stator core 

losses, for example and also yields force estimates that are 

consistent with the DC results.  

In the study presented  such approach was used for 

modeling of sinusoidal wave of PMs magnetic field. The 

magnetic field produced by PMs of alternating polarity is 

modeled using the equivalent currents densities. They   create 

a magnetic field with sinusoidal distribution along the  track 

of PMs. 

To practically implement this approach it is advisable to 

proceed as follows: 

- The length of the magnetic way of modeled linear motor 

is equal to four times the pole pitch. It is divided into 

twelve equal sections. For each of them is set a linear 

magnetic material with a relative permeability equal to 

that of the permanent magnets 

-  

c

r
r

H

B

0
  . (13) 

 

- for each of these sections is set current density, 

according to the equation 

-  

6
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where k = 0,1,2,3...11. 

In this way there is modeled the sinusoidal distribution of 

the field created by the PMs .  

B. Modeling of motor winding 

For the complete formulation of the task there should be 

modeled a three-phase winding of the mover. The distribution 

of the individual slots in the three phases  is shown in Fig. 5. 

In Fig .5  the part of the area corresponding to the slots of 

the mover  core and the amplitudes of three-phase current 

system  was set according equations 
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where mI  is the motor current amplitude and angular 

frequency is 

 

f 2 . (16) 

 

In (16) frequency  can be calculated as follows 

 

p

f




2
 , (17) 

 

where 

   ν  is the motor linear speed; 

   τp – pole pitch. 

In  Fig. 6. is shown the distribution of real and imaginary part 

of the normal component of magnetic flux density in the air 

along the MAW model over the distance of 0.5 mm from the 

upper MAW surface i.e in the air gap of the linear motor 

 
Fig. 5. Double layer full pitch winding layout 2p=4 poles 

and z = 12 slots 

 

 
Fig. 6. Distribution of the real and imaginary part of 

magnetic field density near the MAW model surface. 

 

without  mover. In this case the magnetic field was excited 

only by the current densities that were used for MAW 

modeling. It is seen that distribution is sinusoidal with 

magnitude of  magnetix flux density 0.55 T. 

C. Boundary conditions 

In the model Periodic boundary conditions [4] were used. 

They allow to model the linear motor as rotational one. As is 

known from the theory of PMLSM, these  may be obtained if  

cut to the axis of a rotational synchronous motor with PMs 

and expanded in one plane. In order to implement the periodic 

boundary conditions practically vertical boundary contours 

K2 and K3 (Fig. 3) must be of absolutely identical structure 
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i.e. types of lines (1 ÷ 8) and their lengths must be equal as 

well. 

On the other two boundaries K1 and K4 are set Dirichlet 

boundary conditions for the magnetic vector potential, 

according to the equation 

 

0
4,1


KK
A


. (18) 

 

The problem domain was discretized on the FEM mesh 

with 32648 nodes and 64891 triangular finite elements. 

 

D. FEA results 

As a result of FEA of the quasi-stationary linear motor 

magnetic field by solving equation (12) are obtained the 

values of the magnetic vector potential A


. The magnetic flux 

density B


 and intensity of the magnetic field H


in each node 

of the solution area was deduced by differentiating  the 

magnetic vector potential A


. The distribution of the 

magnetic flux density for the modeled linear motor is shown 

in Fig. 7. 

The four poles of motor magnetic field was clearly shown 

on Fig. 7. 

 
 

Fig. 7. Magnetic flux distribution from AC simulation 

E. Force calculations 

The forces acting on the motor mover - thrust and force of 

 

 

attraction between mover core and PMs can be calculated  

based on the FEM magnetic field analysis results via  

Weighted Stress Tensor integral [4]. 

This volume integral greatly simplifies the computation of 

forces and torques. Merely select the blocks or conductors 

upon which force or torque are to be computed and evaluate 

the integral. Nothing special is required in getting good force 

results (as opposed to the Stress tensor line integral), although 

results tend to be more accurate with finer meshing around the 

region upon which the force is to be computed [4]. 

The results from forces calculation are shown in Table IV 

III. FEA OF PMLSM STATIONARY MAGNETIC FIELD 

EXCITED BY THE DC CURRENT IN WINDINGS 

Verification of the method for MAW modeling of the 

motor magnetic field can be made in two ways: indirectly  by 

comparing thrust and  force of attraction between  mover and 

PMs calculated with FEA during modeling of PMs with the 

same  forces, but calculated  on the grounds of magnetic field 

analysis results. Said magnetic field is excited by direct 

currents in motor winding whose magnitudes are equal to the 

rms values of real phase currents passing through the winding. 

The second way employs direct comparison of calculated 

forces taken into account during modeling and the results 

from their measuring during investigation of the linear motor 

prototype PMLSM-1.  

For the analysis of linear motor magnetic field excited via 

DC current  in motor winding and PMs in MAW new FEM 

model of the motor must be built. With this model PMs are 

included with their real sizes and properties as shown in Fig. 

8. 

The phases of the mover winding were supplied with DC 

currents whose values are equal to those of the instantaneous 

motor currents, calculated as follows: 

 

TABLE IIIV 

THRUST AND FORCE OF ATTRACTION FROM FEM 

CALCULATION  

 

Forces [N] FEM calculation 

Thrust Fx 119.56 

Force of attraction Fy 897.12 

 
Fig. 8. The FEMM model of PMLSM with  PMs 

 

 
 

Fig. 9. DC magnetic flux distribution 
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Moreover, according to the first  law of Kirchhoff the sum 

of the currents in all three phases must be zero, because the 

motor winding is “star” connected. Motor materials and 

boundary conditions remain the same as before. The 

distribution of the magnetic flux density in the solved area is 

received by solving  (12) and differentiation of  the magnetic 

vector potential. This distribution can be seen on Fig. 9. 
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The results from the  new calculations of forces are given in 

Table V. 

As can be seen from  Table V calculated force values are 

very close to these in Table IV. This is a good verification of  

method described in the previous paragraph for MAW 

modeling in linear motor AC FEA. 

IV. EXPERIMENTAL VALIDATION OF THE RESULTS FROM 

FORCE CALCULATIONS 

To verify the simulations results and the calculation results 

of linear motor thrust and force of attraction an experimental 

setup, shown in Fig. 10, was used. 

The prototype of PMLSM-1 is controlled by the digital 

servo controller  2 [8], which is connected via interface and 

the USB connector to the computer. The direct current source 

3 supplies the digital controller at two voltages: 12V for 

control circuits and 140V for power circuits. Consumed DC 

current and voltage from  digital controller are measured by 

digital multimeters 4 and 5. The motor line to line voltage and 

current are  measured directly from the digital controller 

which displays them by GDTool software [9]. 

 

 TABLE V 

THRUST AND FORCE OF ATTRACTION FROM FEM 

CALCULATION  

 

Forces [N] FEM calculation 

Thrust Fx 130.26 

Force of attraction Fy 978.48 

 

 
 

Fig. 10. Experimental setup for PMLSM-1 

 

Because the mover position x versus time t is known from 

the servo drive software, the mover speed ν and acceleration a 

can be calculated by numerical differentiation 

 

td

xd
 ; (20) 

 

td

d
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Calculation of the linear motor thrust can be made by the 

following equation: 

 

amFthrust  , (22) 

 

where m is the mass of the mover without the payload. 

The attraction  force Fattr can be estimated with similar 

mechanical experiment in no-load mode and without currents 

in motor windings. 

This force is equal to the force Fy that must be applied to 

detach the movable part of the motor from the permanent  

 

TABLE VI 

 

COMPARISION OF EXPERIMENTAL AND FEM CALCULATIONS  

 

Motor 

parameters 

AS 

simulation 

DC 

simulation 

Experiment 

Thrust Fx  (N) 119,56 130,26 140,6 

Relative error 

1 () 
-15 -7,3 - 

Force of 

attraction Fattr 

(N) 

897.12 978.48 950 

Relative error 

2  () 
-5.6 3 - 

 

magnet attraction provided when 1 mm thick pad of 

non-magnetic material was inserted to fill the gap between 

these two motor parts . 

The experimental cinematic diagram for attraction  force 

estimation is shown in Fig. 11.  

Experimental results are compared in Table VI with those 

from  the simulations carried out by FEM. 

V. CONCLUSION 

The study presented in here makes  use of a unique 

approach for modeling on the MAW of one linear 

synchronous servo motor in the FEM analysis of its 

quasi-stationary magnetic field excited by AC in the winding. 

In this approach magnetic field produced by MAWs PMs with 

alternating polarity was modeled using the equivalent current 

densities. They create a magnetic field with a sinusoidal 

distribution along the track of PMs. 

Verification of the proposed method is made indirectly by 

calculating the forces, acting on the mover – thrust and force 

of attraction of the mover to the PMs, based on the results of 

the analysis of the linear motor magnetic field with FEM. 

First, these two forces are compared with the values 

calculated on the basis of the analysis of the stationary 

 
Fig. 11.  Experimental setup for attraction force measurement  
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magnetic field excited by the DC currents in the motor 

winding for the same position of the mover to PMs. 

Secondly, the values of these two forces are compared with 

the measured values during experimental study of the linear 

motor prototype PMLSM-1. 

It has been found that in the case of the DC simulation 

results of force calculation are better and very close to the 

experimental ones. For this reason during the design of the 

PMLSM  it is more appropriate to calculate the thrust and 

force of attraction based on the results of the FEM analysis of 

the stationary  magnetic field of the linear motor. 
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