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It is very common that industrial applications require linear motion in some part of the 

process, especially in transportation of products from place to place. Traditional 

technologies to produce short-distance linear motion are screws, linear belts, and gear 

motors. In all these cases, the movement of the rotating motor is converted into linear 

movement with mechanical devices and couplings. Mechanical conversion from 

rotational into linear motion often includes/requires gears, and there can be backlash and 

limitations in the speed or position accuracy.  Linear motors produce linear motion 

directly, and they are a viable alternative if high performance in speed and positioning is 

required and/or the travelling distance is more than a couple of metres. 

However, as a direct drive, the linear motor is sensitive to disturbance forces. All 

disturbance forces have a direct impact on the motion of the motor without damping from 

the mechanics. Therefore, a key topic in this doctoral dissertation is disturbance 

compensation, especially in the case of a discontinuous magnet track of the permanent 

magnet linear motor (PMLM). The disturbances are at highest at the edges of the 

discontinuous track, and they are difficult to compensate with design of the motor.   

An effective way to model PMLMs is essential in the design of the linear motor. In this 

doctoral dissertation, a method for modelling a PMLM by applying a magnetic circuit 

model is presented. With the presented method, it is possible to model non-linear 

phenomena, such as saturation, as well as dynamic operation and effects of motor design, 

such as end effects, with different kinds of end teeth of the motor.  

The initial costs of the PMLM can be reduced with a discontinuous magnet track. This is 

beneficial especially with applications with long travelling distances. In that case, a 

significant property of the PMLM is sensorless position control. A method for the 

position-sensorless control of a non-salient PMLM for the full operation speed range is 

presented and verified in this doctoral dissertation. 

Keywords: permanent magnet linear motor, discontinuous track, disturbance 

compensation 
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Nomenclature 

In the present work, variables and constants are denoted using slanted style, vectors are 

denoted using bold regular style, and abbreviations are denoted using regular style. 

 

Symbol 

a acceleration 

bu slot width m 

bds armature tooth width m 

Br PM remanent flux density T 

ed back-emf in the d-axis direction p.u. 

eq back-emf in the q-axis direction p.u. 

Fc             Coulomb friction N 

Fem electromechanical force N 

Fv viscous friction N 

hd tooth height m 

hPM magnet height m 

hu slot height m 

i current A 

ia armature current p.u. 

id current in the d-axis direction p.u. 

iq current in the q-axis direction p.u. 

kC Carter factor – 

KF, Kt motor force constant N/A 

ls armature stack length m 

Ld inductance in the d-axis direction H 

Lq inductance in the q-axis direction H 

m mass kg 

Nd number of turns around one tooth – 

Ns number of turns per phase – 

Rmd tooth reluctance 1/H 

Rmδ airgap reluctance 1/H 

Rmσ slot leakage reluctance 1/H 

Rs stator resistance  

ud voltage in the d-axis direction p.u. 

uq voltage in the q-axis direction p.u. 

v velocity  m/s 

x  position  m 
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Greek alphabet 

α filter bandwidth 

δ air-gap length 

θc current angle compensation term 

θΔp error of the electric position angle 

θΔφ error of the current angle 

Θ current linkage  

λs gain parameter for the estimator 

μrPM relative magnetic permeability of magnets 

μ0 magnetic permeability of vacuum 

ΦPM flux of the permanent magnet 

τd tooth pitch between two teeth of the same phase 

τp magnetic pole pitch 

τp-p magnetic pole to pole pitch 

ψa armature flux linkage 

ψPM permanent magnet flux linkage 

ψs flux linkage 

 

Abbreviations 

EMF electromotive force 

FEM finite element method 

MEC magnetic equivalent circuit 

PID proportional integral derivate 

PMLM permanent magnet linear motor 

PMSM permanent magnet synchronous motor
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1 Introduction 

Linear motion is an essential part of many industrial applications and sophisticated 

transportation systems, such as trains or lifts. The products and machines often move 

horizontally, vertically, or with any linear combination of these in automated processes. 

A traditional way to produce linear motion is to convert rotating motion into a linear one 

with a mechanical auxiliary system. This happens, especially, in the case of long 

travelling distances, when other alternatives, such as hydraulic solutions or screws, are 

impractical. Conversion of rotating motion into linear motion requires mechanical 

components, such as gears, screws, belts, and crankshafts. The conversion always causes 

losses, takes extra place, decreases performance, especially positioning accuracy, 

increases the number of components and thereby vulnerability, and raises the need for 

maintenance. 

The solution is, when applicable, to use linear motors to produce linear motion. These 

motors are electromechanical devices, and they produce linear motion directly with the 

help of travelling magnetic fields without a need for any mechanical gears. 

Although the linear motor is a many decades old invention, it has not been widely used 

in the industry until recent years. In (Hellinger, 2009), the history of linear motors is 

reviewed in brief: 
 

The history of the linear motor can be traced back at least as far as the early 1840s, to the work of 

Charles Wheatstone in Great Britain. In 1889, the Americans Schuyler S. Wheeler and Charles S. 

Bradley filed an application for a patent for synchronous and asynchronous linear motors to power 

railway systems. Early U.S. patents for a linear motor-driven train were granted to the German 

inventor Alfred Zehden in 1902 and 1907. A series of German patents for magnetic levitation 

trains propelled by linear motors were issued to Hermann Kemper between 1935 and 1941. In the 

late 1940s, Professor Eric Laithwaite of Imperial College in London developed the first full-size 

working model.  

 

In many aspects, linear motors offer better performance than traditional rotating motors 

when the modern requirements of automation system linear movement are considered. 

Linear motor drives outperform rotating motors in speed, acceleration, and positioning 

accuracy. Despite these good performance characteristics of linear motors, their market 

share is still modest when compared with the market share of rotating motors. In 2018, 

the worldwide linear motor system market was estimated at about US$ 1.3 billion 

(Prudour, 2018). At the same time, in 2017, the global market for rotating electric motors 

and generators was US$ 116 billion (The Business Research Company, 2018). The annual 

growth of linear motors and systems has been 10–20% excluding times after 2009, which 

have been economically difficult (Gieras, 2012). 

 

Several engineers have the impression that linear motor drives should only be used in 

high-performance drives requiring high positioning accuracy. However, the development 

of power electronics has made linear motor drives more and more feasible also in more 
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rugged industrial drives, where the benefits of linear motors can be reaped in a plurality 

of applications.  

  

A slightly naive but often used image is that a linear motor can be described as an unrolled 

cylindrical rotating motor. As a result of this, however, two ends of the machine are 

created, which brings discontinuity and adverse effects to the system. The smooth torque 

generated by the rotating machine will not necessarily be converted into smooth force 

production of the corresponding linear motor. There is, however, a consistency between 

the motion equations of linear and rotational motions presented in Table I. 

 
Table I Relations between rotational and linear motions. 

Quantity Rotational motion Linear motion 

Angular/linear displacement Θ [rad] s [m] 

Angular/linear velocity Ω = dθ/dt [rad/s] v = ds/dt [m/s] 

Angular/linear acceleration α = dΩ/dt [rad/s2] a = dv/dt [m/s2] 

Inertia/mass J [kgm2] m [kg] 

Torque/force T = Jα [Nm] F = ma [N] 

Viscous friction torque/force Tv = DΩ [N] Fv = Dv [N] 

Power P = TΩ [W] P = Fv [W] 

 

1.1 Industrial applications 

Many industrial applications include linear motion in some part of the process. In those 

parts, linear motors could be used.  

 (Ayman, 2011) and (Yunyue, 2011) discuss various application areas and examples of 

individual applications that nowadays contain linear motors, presented in Table II. Linear 

motors provide a practical solution, especially, in sealed environments. This is possible 

because a linear motor can be made without any mechanical connection between the stator 

and the mover. Thus, a sealing can be placed between them in the air gap.  

 

Material handling applications are significant users of linear motors. Typical examples of 

these applications are wood processing, machine tools, loading gantry systems, packaging 

systems, container transport, food and beverage processing and filling, pharmaceutical 

production, sealed environments for production of solar cells, and LCD glass 

transportation (Neto, 2012).  
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Table II Applications containing linear motors (Ayman, 2011) and (Yunyue, 2011). 
Application Examples 

Industrial applications handling, assembly, labelling, packaging, sorting 

Transportation and levitation applications maglev, urban mass transit, linear metro 

Materials transport container and freight transport systems 

Elevators and mining applications ropeless elevators and mining lifts 

Ocean energy linear generators 

Aerospace actuators launching pads, tools 

Automotive actuators power steering, active suspension 

Compressors refrigerators, air conditioners 

Launching systems military aircraft launching 

Machinery applications workbench machine tools 

Oil field applications overground equipment, underground equipment, pumps 

Household applications shavers, oscillators, active springs 

Medical applications pacemakers 

 

1.2 Scope of the work 

Linear motor drives are commonly perceived to belong to high precision applications. 

The purpose of this work is to introduce methods for the industrial use of permanent 

magnet linear motors. Because the linear motors have become more common and the 

calculation capacity of the industrial motor converters has increased, it is nowadays 

economically and technically possible to use linear motors in a wider range of 

applications than previously, also in those with lower position accuracy requirements. 

 

1.3 Scientific contributions of the doctoral dissertation 

In this doctoral dissertation, the control and modelling issues of permanent magnet linear 

motors in different motion control applications are studied. Publications I and III focus 

on the dynamical modelling of a linear motor application using a magnetic equivalent 

circuit (MEC) model, and in Publications V and VI, modelling of a PMLM application 

with a discontinuous magnet track using the finite element method (FEM) is addressed. 

The control of linear motors is also considered from different viewpoints: Publication II 

studies the sensorless position control of a PMLM application, Publication IV proposes 

an adaptive feedforward control for an industrial H-Drive, and Publication VI 

concentrates on issues in the motion control of a linear motor application with a 

discontinuous magnet track.  

The above-mentioned topics are discussed in the following publications: 

Publication I studies the magnetic circuit modelling of a linear motor application, and 

Publication III is a continuation of Publication I, where the end-effects of the motor are 

also modelled and analysed. Both publications investigate the usage of a magnetic 

equivalent circuit (MEC) in a Simulink/Matlab environment, and more importantly, focus 
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on the issues under dynamic operation, that is, under closed-loop operation. The dynamic 

capabilities of the derived models are validated experimentally.  

Publication II addresses the sensorless position control approach for PMLM 

applications. The proposed sensorless approach is based on the usage of a back-EMF 

estimator combined with an open-loop current angle rotation method. This approach is 

suitable for a non-salient pole PMLM, in which the d-axis and q-axis inductances are the 

same. The proposed method is experimentally validated under load and no-load 

conditions. Based on the experimental validation, the approach gives a reasonable 

position accuracy on the millimetre scale, here under 1 mm.  

Publication IV concentrates on an industrial H-drive application where the x-direction 

motion is controlled with independent linear drives. An adaptive control approach is 

proposed that increases the positioning accuracy of the non-ideal system with alternating 

parameters. Based on the experimental validation, the approach reduces the mean position 

error by 65–71% in both low and high dynamic profiles when compared with the 

traditional feedforward term. 

Publication V studies the motion control of a PMLM application with a discontinuous 

magnet track and proposes a simple feedforward control that can be added as part of the 

position control method. The discontinuous track version significantly expands the 

opportunities of using linear motor drives in different applications. For example, large 

goods transportation systems could be based on the discontinuous-track-use of linear 

permanent magnet machines. In such cases, the armature of the motor is stationary and 

the permanent magnet mover moves freely between different armatures. 

Publication VI analyses the cogging forces in a linear motor application that operates on 

a discontinuous magnet track during edge crossings. A special test setup with two 

permanent magnet linear motors on the same magnetic track is used for experimental 

determination of the cogging forces. A 2-D FEM model is built to analyse and validate 

the experimental results. A conclusion is that the experimental results correspond well 

with the 2-D FEM model results. 

1.3.1 Summary of scientific contributions 

The main scientific contributions of this doctoral dissertation are: 

 Study, modelling, and control of an unideal PMLM application containing for 

instance a discontinuous magnet track  

 Proposal of an efficient sensorless position control for the PMLM for a full 

speed range 

 Development of an adaptive feedforward control for the PMSM drive system 

 Introduction of a dynamic magnetic circuit equivalent model to simulate 

dynamic operation including end effects 
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 Development of a practical testing method for disturbance forces at the edges of 

the discontinuous track in the laboratory 
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2 Modelling of a permanent magnet linear motor 

In Publications I and III, the modelling of a permanent magnet linear motor is presented. 

The basics of the modelling are similar to a rotating motor, which has been widely 

researched. In rotating permanent magnet motors, the air-gap field wave system is usually 

continuous, and after one full round the rotor is magnetically in exactly the same position. 

With linear motors this is not the case, because the mover has a finite length, which causes 

end effects. Therefore, extra non-wound teeth are usually added to both ends of the 

moving armature, which has to be taken into account in the modelling. Linear motors still 

have higher initial costs than traditional solutions with screws or belts, even though the 

material consumption in the linear motor system may be low. However, depending on the 

drive system layout, there may be additional components, such as a supply-cable transport 

system, which raise the cost. A long PM track is expensive and may significantly increase 

the cost in some cases. This is one of the reasons to study a discontinuous magnet track.  

However, the performance of the linear motor in a linear application is usually better than 

that of a rotating-machine-based system, and therefore, the applications with linear 

motors are usually characterized as high performance applications. From the modelling 

point of view this means that the linear drive is used at its physical limits, and for example 

the saturation effect has to be included in the modelling. 

In Publications I and III, the modelling of a PMLM is carried out by using the magnetic 

circuit model as a motor model. An advantage of the magnetic circuit model is the 

opportunity to include non-linear components, such as saturating teeth, and linear motor 

specific structures, such as the end teeth, in the motor model. Further, it is possible to 

simulate the dynamic operation instead of only the steady state. The magnetic circuit 

model is also much faster than FEM-based modelling methods and it is easy to 

incorporate the motor model into the simulation with the full system model, including the 

motion controllers and the mechanical model. As a drawback, the magnetic circuit model 

requires more computational power than linear analytical methods, because the magnetic 

circuit has to be solved. Therefore, also the implementation into an industrial drive system 

is more difficult than with analytical methods, but the continuously increasing calculation 

capacity of the drives helps in this.  

2.1 Linear motor dynamics 

The dynamics of the linear motion can be described as  

dxCxBFxm +−−= )(signf
       (1) 

where m is the mass of the motor mover, x  is acceleration, x  is the velocity of the mover, 

F is the force produced by the motor, B is viscous friction, Cf is Coulomb friction, and d 

describes disturbances. Most of the applications related to linear motors are based on 

motion control, especially position control, of the linear motor. Equation (1) acts as a base 

for motion-control-related methods in this doctoral dissertation.  
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2.2 Circuit models 

In the modelling, the main focus is on the PM linear motor model. The modelling can be 

based either on the current supply or the voltage supply. The block diagram of the system 

model with a current-supplied PM linear motor is presented in Fig. 2.1. In the modelling, 

the traditional space-vector-based analysis is used. Actually, the converter does not see 

any difference in the motor regardless of whether it is a rotating or a linear one. Thus, the 

traditional two-axis presentation of the motor can be used. Unfortunately, it ignores the 

non-idealities of the linear motor like it ignores the possible non-idealities of a rotating 

machine. Therefore, a more complex magnetic circuit model is needed. The block 

diagram of the system model with a voltage-supplied PM linear motor is shown in Fig. 

2.2. 

Motion equation

vFF
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mFF vcLem

d

d
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xact






 −
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Fig. 2.1 Block diagram of the system model with a current-supplied PM linear 

motor described by the space vector theory. 

 

Fig. 2.2 Block diagram of the system model with a voltage-supplied PM linear 

motor. 

In the current-supplied permanent magnet model, the current acts as the input for the 

motor model. The current is used to control the current linkage sources in the magnetic 

circuit of the model. In the voltage-supplied model, the voltage from the current controller 

is the input for the motor model. In that case, the motor model can be divided into a 

magnetic circuit model and an electric circuit model. These circuit models are individual 

circuits, which are solved with the circuit solver. However, the magnetic and electric 

circuits interact with each other through variable component parameters. The simulation 

environment used in the study is Matlab/Simulink by Mathworks. However, the presented 
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modelling methods are not restricted to that simulation environment and can also be used 

in other simulation environments, if there is a circuit solver or an opportunity to use one. 

2.2.1 Magnetic circuit model 

An example of the magnetic circuit modelling of a linear motor was presented in (Polinder 

et al., 2003) and with a dynamic profile in (Huikuri et al., 2014). The goal is to achieve a 

simple and practical model including saturation and end effects. In this doctoral 

dissertation, a 12-slot-16-magnet (3/4-base motor with 0.25 slots per pole and phase) 

motor is modelled instead of the 12-slot-12-magnet motor in (Polinder et al., 2003). FEM 

simulations are used to validate the results with the magnetic circuit model.  

In this dissertation, the modelling is implemented in the Matlab/Simulink environment 

by using the magnetic blocks of the Simscape foundation library. The magnetic circuit 

presentation of a linear permanent magnet motor is a simplified one. However, the 

presented methods can be used in any simulation environment, which provides an 

opportunity to use a circuit solver.  

The motor has an armature with 12 coils in the order of U, V, W, U, V, W,… . In total, 

there are 14 teeth. The target is to reduce the linear motor end effects by using wide teeth 

at the armature ends. The teeth with phase coils are narrower. The linear motor can be 

compared to a rotating machine with 12-slot-16-magnet (3/4-base motor) arrangement. 

In such a machine, the number of slots per pole and phase q = 0.25. The yoke reluctances 

are neglected in the magnetic circuit. Possible cogging forces are assumed insignificant 

because the motor magnet track has skewed magnets. However, if cogging forces have to 

be included in the system model, it can be done by the estimated cogging force as 

described in the section of the mechanical model.  

The magnet track pole pitch p = 12 mm. The armature tooth pitch u = 16 mm. Fig. 2.3 

illustrates the magnetic circuit model of this motor. There are 12 teeth with coils and two 

end teeth. A principle drawing of the teeth and the real magnet structure are illustrated in 

Fig. 2.4. In Fig. 2.3, the magnets are replaced with the PM current linkage waveform 

fundamental, which makes it possible to ignore the physical dimensions of the magnet 

track. Such a simplified approach can be justified with the help of Fig. 2.5. It shows how 

the physical magnets meet the armature teeth. In addition, there are no reluctance 

differences caused by the magnet track, as there is no saliency present. The main purpose 

of this section is to describe the magnetic circuit model as part of a dynamic system 

model. Therefore, a simplified magnetic circuit model can be used.   
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Fig. 2.3 Linear PM motor magnetic circuit taking mover teeth saturation and 

end effects into account. 

The armature and the magnet track have different pole pitches. This is taken into account 

by assuming the PM current linkages position dependent. When the armature moves, the 

corresponding PM current linkages values are updated in the model to correspond to the 

real value of the position-dependent permanent-magnet current linkage. 
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Fig. 2.4 Principle structure of the test linear motor modelled for the 

simulations.  

In the motor modelling, a correct amount of flux is produced in the machine when the 

permanent magnet current linkages pm are made functions of the armature position. An 

armature-oriented co-ordinate system is used in the observation. To tune the PM current 

linkages to produce a correct amount of flux, the armature teeth positions with respect to 

the PM stationary current linkage fundamental are observed. The current linkage value 

observed in the middle of the armature tooth is used in the simulation, see Fig. 2.5.   
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Fig. 2.5 Observing the current linkage values for the armature teeth as a 

function of position in the simulation. 

Reluctances 

The resulting reluctance between the magnet-track yoke iron and the armature tooth, that 

is, the air-gap reluctance Rm can be expressed as 
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Here, kC is the Carter factor correcting the magnetic air gap based on the machine 

geometry and the difference between the magnetic paths of the slot and tooth,  is the air-

gap length, hPM is the permanent magnet height, μ0 is the vacuum permeability, μrPM is 

the relative permeability of the permanent magnets, bu is the slot opening width, bds is the 

armature tooth width, and ls is the armature stack length. When fringing is neglected, the 

slot leakage reluctance Rmσ can be obtained as 
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Here hu is used to describe the slot height. To include saturation in the magnetic circuit 

model, the tooth reluctance Rmd is described as in (Polinder et al., 2003) 

𝑅md =
2ℎu

3𝑏d𝑙s
(150 + 15𝐵d

10)      (4) 

where Bd is the magnetic flux density in the tooth under observation. The tooth reluctance 

value obtained by Equation (4) is based on the material BH curve approximation of  

𝐻 = 150𝐵 + 15𝐵11.       (5) 
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BH curve approximation is originally based on a manufacturer’s materials library (Jansen, 

1990). BH curve approximation is presented in Fig. 2.6. The back iron of the permanent 

magnets and the yoke is approximated to be magnetically the same material as the teeth. 

Fig. 2.6 Magnetic field intensity approximation of magnetic material in motor 

core. The material corresponds to the typical M800-50 A material used in low-

power electrical machines 

Current linkage sources 

The permanent magnets and tooth coils are presented with their corresponding current 

linkage sources in the magnetic circuit. The source amplitudes of the permanent magnets 

represent the fluxes produced by the permanent magnets entering through the air gap to 

the teeth of the mover. The current linkages can be written as functions of position as 

follows 
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Rm is the air-gap reluctance, PMΦ̂  is the maximum of permanent magnet flux, x is the 

mover position, and τp = 0.012 m (the magnetic pole pitch). τp-p is the magnetic pole pair
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pitch equal to 0.024 m (= 2τp) and τd = 0.016 m (the armature tooth pitch). The actual 

magnets are rectangles resulting in a flux density that contains harmonic components 

additional to the fundamental flux presented in Equation (6). As a result, the effective 

operating harmonic flux amplitude produced by the permanent magnets in the teeth is 

higher. In the theoretical case of square-wave flux density, the fundamental is 4/π  1.27 

times the absolute flux density. As a result, the flux value given by Equation (6) must be 

increased to a correct level. A flux correction coefficient kh < 1.27 can be used in the force 

calculation. In reality, the shape of the air gap flux produced by the magnets is not 

rectangular as there is some fringing at the edges of the magnet. Because the resulting 

flux density fundamental is smaller, kh is estimated to be 1.08 for the motor under study. 

Correspondingly, the tooth-coil current linkage sources are written as 
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where î is the peak value of the coil winding current and Nd is the number of turns around 

one tooth. 

The parameters used in the simulations are presented in Table III. The parameters are 

selected so that the simulation results can be compared with the results of the 

experimental tests. The parameter values are based on information from the manufacturer 

and from the measurements of the mechanical dimensions of the actual Tecnotion TB12S 

linear motor used in the experimental tests. The number of turns per phase is not included 

in the manufacturer’s information, and it not possible to disassemble the motor without 

breaking it. The number of turns per phase is estimated by adjusting the back-EMF 

voltage to match the value given by the manufacturer. The PM remanent flux density is 

also an approximation, and it is assumed that high-quality permanent magnets with a 

remanent flux density of 1.3 T are used. 
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Table III PM motor parameters used in the magnetic circuit model simulation.  

Description Symbol Value 

Pole pitch τp 12 mm 

Pole-pair pitch τp-p 24 mm 

Tooth pitch τd 48 mm 

Magnet thickness hPM 4 mm 

Physical air gap  1 mm 

Magnet length ls 102 mm 

Tooth height hd 25 mm 

Tooth width bd 6 mm 

End tooth width bde 9 mm 

Yoke iron height hd 5 mm 

Number of turns per phase Ns 208 

PM remanent flux density Br 1.3 T 

  

2.3 Force calculation 

The electromechanical force produced by the linear motor is the most interesting quantity 

as it defines the mover motion. To simulate the mover motion, the electromechanical 

force of the motor is needed as an input to the mechanical model. The electromechanical 

force of the motor is calculated by using the space-vector-theory-based presentation with 

two-axis components as 
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where kh is the flux fundamental correction factor, sd and sq are the d- and q-axis flux 

linkages, and isd and isq are the corresponding d- and q-axis current components. In force 

calculations, the flux linkage values through air gap reluctances are used. The definition 

of the d- and q-axes in the case of a tooth-coil linear machine may be somewhat unclear. 

However, a similar definition as in rotating machines can be adopted. The d-axis will be 

found in the position where the permanent magnet flux linkage vector experiences its 

maximum value. In practice, in this special case the d-axis can be fixed to the north poles 

of the permanent magnets, because q = 0.25. This fact can be seen in Fig. 2.5, where all 
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the south poles of the magnets are in phase with phase U. In the figure, phase U happens 

to be on the negative d-axis.   

The magnetic circuit simulation model outputs the d- and q- axis flux linkages and 

currents by using the UVW-to-dq transformation. Now, the force produced 

electromechanically can be calculated as the mover is travelling. 

2.4 Discontinuous magnet track 

A discontinuous magnet track may be of interest for instance in cases of long-distance 

applications, where the armature is fixed and moving trolleys may only have a short 

magnet assembly fixed on their bottom. In such a case, two significant transients are seen 

in the operation: First, the magnets arrive on the armature and experience all possible 

effects related to it. After passing the armature, the mover will leave it, causing different 

phenomena again. For example, if the armature has parallel winding paths, compensating 

currents will run during both transients. Naturally, large passive attracting magnetic 

forces will be seen at the edges. These phenomena will be studied in more detail later in 

this work. 

2.5 System model 

Linear motors usually have a restricted moving distance. This means that the steady-state 

operating area is short or non-existent, and simulation of the dynamic operation is 

important for many applications. Simulation of the dynamic operation requires also other 

components than the motor model. Therefore, a system model from the reference position 

to the actual position is presented. Fig. 2.1 presents a block diagram of the system model 

with the current-supplied PM linear motor and Fig. 2.2 a block diagram of the system 

model with the voltage-supplied PM linear motor. 

2.5.1 Mechanical model 

The mechanical model is based on Equation (1), and it can be divided into the following 

parts: motion, friction forces, and disturbances, such as cogging forces. 

Motion 

The force produced by the motor is an output of the magnet circuit model. In the 

mechanical model, the motion of the mover is calculated. According to Newton’s second 

law 

𝑎 =
𝐹

𝑚
 ,             (9) 

where m is the mass of the moving part and a is the acceleration of the moving part. 

Consequently, the velocity v can be calculated by integration from acceleration as 

𝑣 = ∫𝑎 d𝑡,             (10) 
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and the position x by integration from velocity as 

𝑥 = ∫𝑣 d𝑡.             (11) 

Friction 

In a PM linear motor with a ferromagnetic core, the attraction force between the core and 

the PMs increases friction and the loading of bearings. The friction force is always a 

resisting force and in the opposite direction to the motion. The value of the friction force  

depends on the velocity of the mover. According to the classical definition of the friction 

force, it can be divided into viscous friction and static friction. The basic principle of the 

friction force as a function of velocity is presented in Fig. 2.7. The viscous friction 

depends linearly on velocity. The static friction can be divided into two parts: the 

Coulomb friction and the Stribeck effect. The Coulomb friction Fc is a constant force. 

Therefore, it does not depend on the velocity. The Stribeck effect increases the friction 

force at a standstill and at low speeds. The friction force can be modelled as in (Friedhelm, 

1999)  

Ffric(v,u) = σ2 v + σ0 g(v)sign v + (1 – |sign v|) sat(Fmotor – Fg, Fs)  (12) 

where  
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and Fmotor is the force produced by the motor, σ2 is the viscous friction coefficient, Fg is 

the force caused by other disturbance forces, Fs is the stiction force, and vs is the 

characteristic velocity of Stribeck’s curve. 
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Fig. 2.7 Principle of the kinetic friction model. 

In high precision positioning, the behaviour of friction at low velocities has a direct 

impact on the accuracy of the system. To model the friction in more detail, the Lugre 

model (Johanastrom, 2008) can be used. It adds two additional parameters to the friction 

model to describe the internal dynamics of the friction. Thus, in the Lugre model, the 

friction is non-linear and does not only depend on the velocity but also on how quickly 

the velocity (and thereby friction) changes (Johanastrom, 2008). In this doctoral 

dissertation, the friction model is limited to viscous friction, Coulomb friction, and 

Stribeck effect friction. In Publication IV, the proposed adaptive feedforward law is 

based on estimates of the viscous and Coulomb friction terms along with a mass estimate 

to obtain a compensation term for the dynamics of the linear motor.  

Cogging forces 

Although the cogging forces are strongly magnet dependent, they are not included in the 

magnet circuit model. However, cogging forces can be estimated as part of the mechanical 

model in the full system model as the known position depends on the disturbances. 

Hirvonen (2006) introduces a mechanical model block, which includes friction terms for 

both the Coulomb Fc and viscous Fv frictions, a mass m as the inertia of the mover, and 

cogging as a disturbance force. Hirvonen (2006) estimates the cogging force as 
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Here, x is the mover position and τcl is the length of the mover iron core. Ar1 and Ar2 are 

the amplitudes for the 1st and the 2nd force harmonics. Hirvonen (2006) states that the first 

cogging force harmonic depends on the length of the magnetic pole pitch and the second 

harmonic component depends on the iron core length of the mover. The parameters of the 

mechanical model used in the simulations are given in Table IV. The mechanical model 

block calculates the actual position xact of the mover, which is then used in the magnetic 

circuit model and in the position controller block. The blocks for physical modelling are 
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used only in the magnetic circuit model. Other blocks in the system are standard Simulink 

blocks.  

Table IV Parameters of the mechanical model used in the simulation. 

Variable Symbol Value 

Coulomb friction Fc 46 N 

Viscous friction Fv 30 Ns/m 

Cogging 

force 

Armature magnetic 

pole pitch 

τp 0.012 m 

Length of the mover 

iron core 

τcl 0.244 m 

Amplitude of the 1st 

harmonic 
Ar1 21 N 

Amplitude of the 2nd 

harmonic 
Ar2 7 N 

Mover mass m 19 kg 

  

2.6 Validation methods 

FEM simulations and experimental tests are used to validate the proposed modelling 

method. In the FEM simulations, the current supply mode is used, and each operating 

point is simulated as a steady-state simulation of its own. In the experimental tests, the 

internal currents and voltages are measured from the motor windings in order to verify 

the simulation results. 

2.6.1 FEM model 

The finite element method model is obtained with Flux 10.4.2 from Altair. The software 

is developed for electromagnetic and thermal finite element analysis. It is suitable for the 

design, analysis, and optimization of a variety of devices and applications, such as 

rotating machines, linear actuators, transformers and for checking electromagnetic 

compatibility (Altair, 2018). 

Modelling of a linear motor differs from the modelling of a rotating machine because of 

the mover ends. Boundary conditions for appropriate behaviour at the edges are needed. 

The use of symmetry-based calculation is more limited than with rotating machines. A 

large air region around the motor is used in the FEM modelling as illustrated in Fig. 2.8. 

To reduce the transient simulation time, compressible areas in the ends of the track are 
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used to describe the movement of the motor. In these areas, the FEM meshing is updated 

every time step to match the mover position, while the rest of the mesh remains constant.  

 

Fig. 2.8 FEM model for the linear motor inside a large air region. 

In Fig. 2.9, the schematic of the linear motor FEM model is illustrated. The linear motor 

is modelled as a 2D construction using the cross section of the linear motor. The mover 

winding construction is built of four base windings. Fig. 2.10 illustrates the finite-element 

network modelling the linear motor, and Fig. 2.11 gives a magnified view.   

 

Fig. 2.9 FEM model for the linear motor with the PM track and end teeth. 
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Fig. 2.10 Meshing of the linear motor model. 

 

The lateral force is usually the most important quantity for a linear motor application. The 

calculation of the force is based on the magnetic flux behaviour in the air gap region. For 

that reason, the meshing of the air gap and its surroundings are of particular importance. 

By defining the mesh so that the nodes in the air gap are at one level only and the mesh 

is in the middle of the air gap, the path for the calculations can be made precise because 

the calculation points match the nodes.   

 

Fig. 2.11 Mesh in the air gap region of the linear motor. 
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Skewing with the slicing method 

A 2D-model is used as the FEM model, despite the fact that the real motor also has a third 

dimension. In the 2D-FEM model, the motor is modelled as a cross section of the motor 

assuming no deviations in the mover width. However, this is not a fully reliable approach, 

for example because of the skewing of the magnets. Magnet skewing has a direct impact 

on the forces in the motor and cannot therefore be neglected in the modelling. 3D-

modelling in the FEM increases the number of mesh points considerably when compared 

with 2D-modelling, which increases the required calculation effort and time. For this 

reason, 2D-modelling is used in this doctoral dissertation, and phenomena that require 

modelling of the depth of the motor, such as skewing of the magnets, are estimated by 

other methods. 

The effects of skewing are estimated by slicing the motor. The permanent magnet 

skewing angle is known based on the structure of the motor. The results of the 2D-FEM-

model can be used to estimate the effects of skewing. The motor is divided into k parallel 

parts in the direction of the width of the motor as presented in Fig. 2.12.  
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Fig. 2.12 Taking permanent magnet skewing into account in the modelling. 

Each part is position shifted as can be seen in Fig. 2.12. The position shift xs of the ki
th 

part for the motor with the width of w is defined from the skewing angle αs as 
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The 2D-model is used to calculate the force for each slice. However, the cross sections of 

all k parts of the armature are similar. However, the mover position shift defined in 

Equation (17) varies. The produced force can still be estimated as a function of the 

position x as 
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where Fshift equals the force given by the 2D-model in the position x+xs(ki). Skewing of 

the magnet track in the experimental setup is 3.4 mm when the magnet length is 102 mm. 

2.7 Modelling the PMLM with a discontinuous track 

This section studies the modelling and control of a PMLM with a discontinuous magnet 

track.  

The method is capable of presenting the dynamic behaviour of the PMLM in addition to 

the steady-state one. This is important, especially, in operating points where the magnetic 

field in the area of the motor is not symmetric, like at the edges of the discontinuous 

magnet track. 

A discontinuous track causes two significant phenomena, viz. high cogging forces caused 

by the asymmetric magnet field and the unbalance between phases resulting from 

different inductances and different back-electromotive forces induced in each phase.  

2.8 Estimating the disturbance forces at the track edges 

At the track edges, high disturbance forces can be observed. These forces are much higher 

than any anomalies found in a case when the armature is totally moving over the magnet 

track. The cogging forces depend on the mover position. At the magnet track edges, the 

cogging forces are high when the armature is trying to leave the PM track totally. Part of 

the balancing forces are missing from the armature end that is no more above the magnet 

track. Fig. 2.13 illustrates the principles of forces between the permanent magnets of the 

track and the iron teeth of the armature both at the edge of the magnet plate and when the 

armature is moving above the magnet track. 
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Fig. 2.13 Principle of the forces resulting from the interaction between the permanent magnets 

and the iron core, a) mover fully above the magnet plate, b) pushing force at the edge of the 

magnet track, and c) pulling force at the edge of magnet track. 

2.8.1 Experimental method 

Experiments were performed to validate the simulation results. During dynamic 

operation, however, cogging force measurement is difficult because it would require  

measurement of the flux distribution from the short air gap of the mover during motion 
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and evaluation of the Maxwell stresses. Direct mechanical measurement of the cogging 

is impossible, as there is inertia of mass always filtering the forces. The only means to 

observe the cogging forces is indirect; it can be seen in the speed variations of the mover. 

In the case of an integer-slot winding rotating motor, it suffices to measure the behaviour 

of the flux over one pole pair with a fixed measurement connection. The rest of the motor 

repeats a similar behaviour. However, in the case of a linear motor, the flux density 

measurement area has either to be built on the whole magnet track or the measurement 

sensors should move with the mover. 

The cogging forces are disturbance forces and have to be compensated in the motion 

control. Otherwise, position and velocity errors will occur as a result of cogging forces. 

It is known that with the PMLSM, which, in practice, does not have saliency, the useful 

force is directly proportional to the current in the q-axis direction. According to (1) during 

constant velocity, the force needed for acceleration is zero and all force produced by the 

motor is needed to overcome friction and other disturbance forces. With a constant 

velocity, the main disturbance forces are friction forces and cogging forces. The level of 

friction forces is a function of velocity, and therefore, these forces are constant with a 

constant velocity. The cogging force value is a function of position and varies thus with 

constant velocity. By making use of that information, the cogging forces can be estimated 

indirectly as explained in the following. 

When cogging causes all alternation in the disturbance, also all alternation in the force 

produced by the motor is aimed to mitigate cogging when operating at a constant velocity. 

Cogging force estimation can be based on the alternation of the current level in the 

armature q-axis, because the force produced by the motor is directly proportional to the 

production-axis current. Several signals can be monitored when the linear motor is 

supplied and controlled with an inverter. These include the current reference and the 

actual current. When the PM track is horizontally installed and the friction force of the 

mover is equal in both moving directions, the easiest way to estimate the cogging force 

is to run the mover at a constant speed in both directions and to sum the q-axis current 

levels in each position. By doing so, the friction term sums to zero and the current level 

needed to mitigate the cogging-caused speed ripple remains double. The cogging force 

estimation is now obtained by dividing the result by two and by multiplying by the motor 

force constant.   

At the magnet track edges, the situation is more difficult, because the force constant starts 

to change, and depending on the winding arrangement, circulating currents may occur 

because of the different back electromotive forces of parallel winding paths. This is 

because part of the mover is no more facing the magnet track, and thus, that part of the 

motor does not produce force. The extra Joule losses produced by the circulating currents 

are seen as additional braking forces of the mover. As a result, the force constant is 

changing and the produced force is not exactly known. Thus, the method described above 

cannot be used. The problem of achieving the force estimation at the edge is solved by 

using two movers connected to each other with a stiff mechanical connection as illustrated 
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in Fig. 2.14. The first mover is active and the second one is passive. In the presented 

setup, the active mover can be used to pull or push the passive one.  

 

Fig. 2.14 Test setup with two movers to estimate the cogging forces.  

The active mover faces the magnet track constantly while the passive mover crosses the 

magnet track edge. As a result, the force constant of the active mover remains constant 

while the passive mover crosses the magnet track edge. The cogging force can now be 

estimated by the test method described above also at the edge of the magnet track. The 

active mover currents have to recorded during the test. 

It is important to adjust the distance between the active and passive movers exactly to an 

even multiple of the pole pitch so that the movers are magnetically in similar positions 

facing the magnet track. With such an arrangement, both movers experience similar 

cogging forces and the total cogging force is double when compared with the cogging 

forces of an individual mover. It can also be noticed that the total cogging force of the 

setup can be decreased by adjusting the distance between the movers differently. If the 

distance between the movers equals an odd multiple of the pole pitch, the movers are 

magnetically in opposite positions with respect to the cogging forces. As a result, the total 

cogging force is minimized. In the test machine, the number of armature slots per pole 

and phase is q = 0.25. There are several parallel winding paths, and therefore, an 

individual armature cannot adopt the idea described here. However, if the mover had only 

series-connected windings, the number of slots per pole and phase q could be a sliding 

number (q   0.25), possibly resulting in less cogging. 

A commercial Tecnotion TB12S linear motor is used in the experimental tests with an 

ACSM1 drive and a Heidenhain position encoder. At the maximum speed of the encoder, 

the limited maximum frequency for pulses for the position encoder input card of the 

converter has to be taken into account. The module used in the test setup limits the input 

frequency to 125 kHz, which means, in practice, that the maximum speed is limited to 

about 4 m/s. 
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Table V Test setup components 

Motor 

Tecnotion TB12S  

Peak Force  1600 N 

Peak current  20 A 

Continuous force  400 N 

Continuous current  8.2 A 

Maximum speed  6.0 m/s 

Motor force constant  93 N/Arms 

Back EMF  76 V/m/s 

Converter 

ACSM1-04AM-016A-4  

Output voltage   0–480 V 

Output current  0–15.5 A 

Output frequency   0–500 Hz 

Nominal power  7.5 kW 

Encoder 

Heidenhain LIDA 48  

Accuracy grade ± 5 µm 

Maximum speed 8 m/s 
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3 Motion control and compensation of PMLM 

applications 

In this chapter, the compensation and motion control approaches of PMLM applications 

are discussed from the viewpoints of Publications II, IV, and V. The key issues are 

compensation of the disturbances of the discontinuous magnet track, sensorless position 

control of the PMLM, and adaptive feedforward control of the PMLM. All these issues 

play a significant role when applications with long travelling distances with a 

discontinuous magnet track are considered.   

3.1 Compensation of the cogging force at the magnet track edge 

When a linear motor application is built so that the permanent magnet track is 

discontinuous, disturbance forces during the edge crossings will occur as described 

above. The cogging force is a dominating disturbance force. These disturbances affect the 

positioning accuracy, especially at the edges of the magnet track, where the disturbances 

are at highest. Therefore, it is beneficial to compensate the disturbance forces as was 

shown in Publication V. This can be done when the disturbance force estimate is 

achieved with the method described in Section 2.8. To validate the proposed 

compensation approach, a motion-controlled PMLM test setup with two movers as 

depicted in Fig. 3.1 was used. 

 

Fig. 3.1 Special PMLM test setup with two movers (active mover on the left 

and passive armature on the right) to estimate the cogging forces. Different 

reference frames are used: a three-phase reference frame (abc), an armature 

reference frame (αβ), and a rotor reference frame (dq).  

The control law illustrated in Fig. 3.1 depicts a typical cascaded PID-based motion 

control, where the inner loop velocity control is a PI controller supported by a full velocity 

feedforward term and the outer loop is a PI position control. Obviously, when an edge 

crossing occurs, such a control structure is insufficient to remove the resulting tracking 

error (Rovers, 2008).  
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3.1.1 Disturbance force table 

In Section 2.8, the cogging force was estimated as a function of position. When the 

disturbance force is known, it can be compensated with a counteracting force. It is 

possible to gather a table of the required compensation forces as a function of position 

and include them in the force (current) reference. The block diagram with the 

compensation term is presented in Fig. 3.2. 
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Fig. 3.2 Block diagram of the cogging force compensation.  

In Publication VI, the proposed cogging force estimation routine is discussed, and in 

Publication V, a compensation-table-based compensation approach is proposed. The 

compensation force level is defined to be inverse of the estimated cogging force. By this 

method, the correct counteracting force is achieved. However, the position information 

requires some modifications as described below.  

The cogging force as a function of position is estimated by the current reference as 

described in Publication VI. The estimation method is based on the output of the position 

controller, in other words, on the position and velocity error of the mover. By that kind 

of a method, an adequate accuracy of the cogging force levels is achieved, but the position 

information is not precise. A disturbance force acts on the mover and alters its position. 

Otherwise, a position or velocity error would not even exist. However, this means that 

the disturbance force acts first, causing a position and velocity error, and the correcting 

force reference from the position controller appears when the mover is already in the next 

position, causing an error xe in the position information of the estimated cogging force.  

The position error xe of the cogging force estimate has to be taken into account when the 

compensation force table is formed. The position error xe of the cogging force estimate is 

constant, because cogging force is estimated with a constant velocity, which defines the 

position error xe. This means that in the compensation table, the position correction has 

to be adjusted as a function of velocity.  
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As shown in Publication V, the velocity of the mover has to be taken into account and 

the position correction term for altering the position in the compensation table is 

,eref
c

tablev

xv
x =         (19) 

where vref is the actual mover velocity reference, vtable is the constant velocity used for the 

cogging force estimation, and xe is the position error in the cogging force estimation. The 

term xc has to be subtracted from the cogging force position estimation as presented in 

Fig. 3.2. 

3.2 Position-sensorless control of a linear permanent magnet motor 

Position information is essential for the PMLM vector control. The PM track reference 

frame (in the case of an armature mover, corresponding to a rotating PM rotor) can be 

used. Similarly as in a rotating machine, also in the case of a linear motor the (rotor) 

position angle can be used to describe the relation of the mover position with respect to 

the permanent magnet flux.   

The magnetic position of the armature facing the PM track can be measured or estimated. 

The position measurement error is usually smaller than the position error of an estimated 

position. However, in industrial applications, the environment is often contaminated by 

dust and other dirt. The main type of high-position-precision encoders is optical, and it is 

difficult and expensive to build a closed structure to protect such an encoder from 

environmental stresses. Such disturbances decrease the position accuracy and the 

reliability of optical encoders in industrial environments.  

Unlike in the position encoders of the rotating machines, in linear motor drives the length 

of a high precision encoder scale has to equal the length of the moving distance of a linear 

motor. With long-distance encoders, the scale of the encoder is the most expensive part, 

and the cost of the linear encoder is nearly linearly proportional to the length of the scale.  

Linear motion is very common in industrial processes, especially in materials handling 

and transportation in factories and warehouses. In many processes, the position control 

of the linear motion is essential. In manufacturing machines, the position error can be 

limited to be extremely small, for example in the range from 10 nm to 1 μm. However, 

there are also industrial applications with lower requirements, such as conveyors and 

materials handling applications with a position error requirement of 0.1–1.0 mm (Kiel, 

2008). Usually, with these applications, also the required moving distance in the linear 

direction is long, from a few meters even to several kilometres. Because of the long 

moving distance and multiple disadvantages of the linear position encoders, sensorless 

position control is necessary, and therefore, a solution applicable to the sensorless control 

of a permanent magnet linear motor is presented in this doctoral dissertation. 
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Similar principles for the sensorless position control of a permanent magnet linear motor 

can be used as for a rotating permanent magnet motor. In general, three types of position-

sensorless control methods can be found; the ones with observers, the ones with signal 

injection methods, and the ones with different combinations of the first and second 

methods. The observers are based on the known motor parameters and estimates 

calculated from measured variables, such as the back-EMF observer based on current 

measurements (Wallmark, 2005) and (Wang and Ge, 2008). The signal injection methods 

are based on estimates for a certain quantity of the motor, calculated from variables 

measured during signal injection. A common signal injection method is to use current or 

voltage injection and calculate the inductance of the motor from the measured voltage or 

current at the injection instant. The rotor position or mover position can then be estimated 

by using the information of the motor saliencies and anisotropies (Persson, 2007), (Wang, 

2012).   

Both the observer and signal injection methods have problems to cover the whole velocity 

range of the linear motor motion. At low velocities, the back-EMF voltage is so low that 

it is not possible to get a usable position estimate because of the high position error in the 

estimate. When the velocity increases, also the level of the back-EMF voltage increases, 

and the quality of the position estimate increases. The signal injection methods work for 

motors with saliency at low velocities and also at a standstill. However, the signal 

injection method requires some voltage reserve for injection, which limits the velocity in 

the high-velocity area. Another option is to use a separate injection system independent 

of the main power electronics. Non-salient motors like typical track surface magnet 

permanent magnet motors are even more challenging for the signal injection methods. It 

is possible to use the signal injection method also for non-salient PM motors by utilizing 

the saliency caused by the main flux saturation (Ghazimoghadam and Tahami, 2011), 

(Linke et al., 2003). In such a case, however, the saliency is significantly smaller than in 

machines with embedded magnets.   

If the application requires only velocity control and the operating points are above the 

low-velocity area (over 0.1 p.u.), the back-EMF-based observers can be used and the start-

up and stopping of the drive can be performed in an open loop. Such a method is presented 

for a rotating motor in (Bae et al., 2003), (Fatu et al., 2008), and (Rasmussen, 2006). 

Sensorless controls of permanent magnet linear motors are presented for instance in 

(Giangrande et al., 2010), (Cupertino et al., Feb. 2011), (Cupertino et al., Jun. 2011), 

(Wang and Ge, 2008), (Leidhold and Mutschler, 2007), (Cheema et al., 2012), and  

Publication II. 

A sensorless control based on a high-frequency signal injection including end-effect 

compensation for a linear tubular PMSM was introduced in (Giangrande et al., 2010), 

(Cupertino et al., Feb. 2011), and (Cupertino et al., Jun. 2011). However, the methods 

require saliency of the linear motor and cannot be used with flat track surface magnet 

PMLMs with a tooth-coil armature, because such a structure is non-salient in practice. In 
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(Cheema et al., 2012), a method for sensorless control by a velocity estimator was 

presented. However, the position accuracy of the sensorless control remains unclear. 

In Publication II, a straightforward method for the accurate sensorless position control 

for non-salient linear permanent magnet motors is developed and presented. The method 

is a combination method, with different control and position estimation principles for 

low- and high-velocity ranges. The principle of the method is depicted in Fig. 3.3 and 

presented in Publication II. 

 

Fig. 3.3  Block diagram of the PMLM sensorless control proposed in 

Publication II. 

The proposed sensorless approach is a combination of two approaches: 1) a traditional 

back-EMF estimator and 2) an open-loop current rotation method. The idea of combining 

these approaches is based on the limitations of the back-emf estimator in the low-speed 

region. When the open-loop current rotation method is applied in the low-speed and 

standstill operation, the position accuracy depends on the inner loop dq-control dynamics. 

In Publication II, because of this, a current angle compensation term was introduced to 

the approach.  

3.3 Adaptive feedforward control of the PMLM application 

Because permanent magnet linear motors are direct driven, that is, there are no gearing 

systems present, they are sensitive to disturbance forces, such as cogging forces, friction 

forces, and cabling disturbances. In many cases, feedforward controllers are used as a 

control component in parallel to the actual position or velocity controller. The main 

functions of feedforward controllers are disturbance compensation and improvement of 

the dynamic performance of the linear motor system. 



3.3 Adaptive feedforward control of the PMLM application 45 

Plant

  

Lead-lag 

controller

xref

xact

Adaptive 

feedforwardvref

aref

Plant

+ +
+

 
Fig. 3.4 Basic block diagram of the suggested adaptive feedforward control.   

Positioning performance of a linear motor is improved in (Hou et al, 2012), with a 

feedforward controller, which is parallel to a regular PID positioning controller. However, 

the model for the linear motor is highly simplified so that only the acceleration term is 

taken into account and all disturbances are neglected. 

Stearns et al. (2008) present tuning methods for waver states, which are implemented by 

linear motors. The tuning methods are based on learning through iterations. The method 

is designed for tasks that require continuous repeats, but it misses non-linear disturbances 

and changes in both the profile and possible characteristic. 

In (Nakauchi et al, 2017), feedforward is used for improving the position accuracy of a 

linear induction motor guided with a linear ball bearing system. In that case, the highly 

non-linear friction of the ball bearing system is modelled and compensated with a 

feedforward term. The model for the feedforward is based on external measurements and 

is applicable only to very short mover displacements.  

In (Kim et al, 2014), feedforward is implemented with a disturbance observer. Although 

the RMS position error is considerably lower with the presented method, the bandwidth 

of the disturbance observer limits either the effectiveness of the disturbance compensation 

or the maximum travelling velocity, which was very low in their experimental tests. 

In (Wang et al., 2015), a feedforward control is implemented to obtain a linearization 

observer for compensating the cogging forces of a PM linear motor with skewed PMs. 

This method combines structural design with control methods for cogging force 

disturbance reduction. However, skewing of permanent magnets is a very common 

structural design principle, and thus, the major achievement lies in the presented control 

strategy. 

In Publication IV, the feedforward control is implemented for an industrial H-drive. The 

feedforward part is based on the linear motion equation (1). Adaptive motion equation 

parameters are used for the compensation of alternating disturbance forces in different 

linear motor positions.
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4 Summary of the key results 

This doctoral dissertation covers several topics associated with the modelling and control 

problems typical in linear motor applications. The main findings of the publications are 

summarized for each of the main topics. A concise summary of each paper is provided, 

and the results of the closely related papers are discussed together.  

4.1 Publications I and III 

In Publication I, a magnetic circuit model is used as part of a dynamic simulation model 

of a non-salient permanent-magnet linear synchronous motor drive. Publication III is a 

continuation of Publication I, where the end effects are included in the model.  

A system-level simulation model is used in Publication I. The model includes position 

control, a motor magnetic circuit model, and a mechanical model. In both Publications I 

and III, the simulation results are validated by comparing the results with the 

measurement results obtained from a linear motor drive system by applying a commercial 

permanent magnet linear motor.  

Fig. 4.1 illustrates the results from Publication I and Fig. 4.2 from Publication III. In 

Publication I, the linear motor end effects are neglected, whereas in Publication III the 

end effects are included. By comparing Fig. 4.1 and Fig. 4.2, it can be seen that when the 

end effects are neglected, the simulated current has quite sinusoidal ripple during 

acceleration. When the end effects are included, the current waveform corresponds better 

to the measurement results, which demonstrate for instance the saturation effect in 

operating points with a high force demand. 

The experimental results show a good correlation with the simulation results, as can be 

seen in Fig. 4.2 from Publication III, which also includes the end effects.  The correlation 

is high both in the system model and in the motor model also demonstrating the saturation 

effects in operating points with a high force demand. 
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Fig. 4.1 Motor current measurement result compared with the corresponding 

simulated value during acceleration. End effects neglected. 

 

Fig. 4.2 Motor current measurement result compared with the corresponding 

simulated value during acceleration. End effects included.  

4.2 Publication II 

Publication II focuses on the development of a sensorless motion control approach for a 

PMLM application. The control approach is based on combining a back-EMF estimator 

with an open-loop current angle rotation method. The derived approach is depicted in Fig. 
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3.3. A current angle compensation was included in the approach in order to improve the 

dynamic operation within the acceleration and deceleration profiles. 

The proposed approach was validated with the experimental test setup without and with 

a load. The results of the tests are given in Fig. 4.3, where the position errors are shown 

with the velocity profiles. In the velocity profile, the main drawback of the approach, the 

transition from the low-speed region to the high-speed region, is clearly visible when the 

estimator changes from the open-loop current rotation method to the back-EMF method. 

   

Fig. 4.3 Position error and the velocity profile during the sensorless operation. 

The open-loop current angle rotation method requires that the magnet track of the linear 

motor produces a perfect magnetic field. The final position of the mover is defined by the 

current angle, which is related to the magnetic field. Any deviation from the ideal magnet 

positions of the permanent magnet track results in errors in the final position accuracy. 

Therefore, in the case of the modular magnetic track, the accuracy of the track assembly 

is critical to minimize problems caused by gaps between the modules. In addition to gaps, 

there may also be other reasons causing position errors, such as differences in the magnets 

in different modules or differences in the track length resulting from changes in 

temperature. Nevertheless, the position error is smaller when the mover is returning to 

the starting point than when the position is controlled in the region of the farthest point 

of the PM track. 

The final position accuracy also depends on the injected d-axis current level as described 

in Publication II. A higher current level means a smaller position error, but also higher 

losses. Thus, in that sense, there is a trade-off between a higher position accuracy and a 

lower efficiency. 

4.3 Publication IV 

Publication IV concentrates on the presentation of the idea and results of using an 

adaptive feedforward in an industrial permanent magnet linear motor H-drive application, 
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depicted in Fig. 4.4. Industrial linear H-drives have two linear motors moving in parallel 

in the x-direction. They are connected mechanically by an intermediate beam. There is 

also a third linear motor moving in the y-direction. Advanced control topologies are 

beneficial especially for H-drives, because these drive constructions easily have backlash, 

differences in friction, and other non-linearities between parallel linear motors. Because 

of these non-linearities, feedforward controllers were set to be adaptive to increase the 

position accuracy of the system. The proposed adaptive feedforward control law in 

Publication IV is based on the estimation of the mass and friction parameters. The 

generalized block diagram of the control principle is illustrated in Fig. 3.4. 

  

Fig. 4.4 Experimental H-bridge test setup.  

Based on the results shown in Fig. 4.5, it can be seen that the position error is significantly 

reduced, and thus, the positioning accuracy is enhanced when the method is applied either 

in the low or high dynamic motion profiles. The experimental results verify the enhanced 

position accuracy during highly dynamic movements when the proposed adaptive 

feedforward method is used.  
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a)          b) 

Fig. 4.5 Motion profiles and position errors when the fixed and adaptive 

feedforward law is applied; a) low velocity profile and b) high velocity profile.  

4.4 Publications V and VI 

Publications V and VI focus on the estimation of the cogging forces by using a special 

PMLM test setup depicted in Fig. 3.1. Note that the direct measurement of cogging is 

impossible, as there is inertia of mass always filtering the forces. Thus, the cogging forces 

can only be observed indirectly.  

In Publications V and VI, the cogging forces are estimated from active mover currents 

at a nearly constant velocity of the moving system. In that case, the currents of the active 

part are directly related to the required force, and the cogging component can be extracted 

from other disturbance forces acting on the system, such as friction.  

Publication V presents a feedforward method for compensating the cogging force 

disturbances at the edges of a discontinuous magnet track. In Publication VI, a FEM 

model for verification is presented in more detail. Further, the description of the test setup 

and the cogging force estimation method are improved by including an analysis of other 

disturbance forces of the system.  

The experimental results of the position and velocity errors with the compensation 

method proposed in Publication V are presented in Fig. 4.6. The position and velocity 

errors are presented with two different velocities to demonstrate the usable wide velocity 

range of the proposed compensation. 
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a) 

  

b) 

Fig. 4.6 Position eP and velocity eV errors with and without cogging force 

compensation; a) velocity is 0.15 m/s and b) velocity is 1 m/s.  

In Publication VI, the FEM model results of the linear motor with the discontinuous 

magnet track are compared with the results from the experimental tests. The verification 

results are presented in Fig. 4.7. It can be seen that the results from the FEM model are 

very close to the measurement results in the experimental tests. 

 

Fig. 4.7 Cogging force estimates determined experimentally in a case where 

the magnet plate has been removed and replaced by a solid steel plate for a 

comparison with the FEM results. 
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Based on the results, the cogging forces can be determined by using a special test setup. 

The results are in good correspondence with the FEM-modelled ones. To further support 

this observation, the proposed compensation routine compensates the estimated cogging 

forces as the position error decreases. 
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5 Conclusions 

The methods presented in this doctoral dissertation for the modelling and control of a 

permanent-magnet linear motor facilitate the development of PMLM systems with a 

discontinuous magnet track or PMLM systems with moving magnet plates. In such 

applications, essential elements are knowledge of the system behaviour at the 

discontinuities (edges), options of sensorless position control, and methods for 

compensating disturbance forces. The dissertation provides methods for modelling a 

PMLM with a discontinuous magnet track, sensorless positioning of a PMLM, and an 

estimation and compensation method for the cogging forces at the edges of a 

discontinuous track. 

Publications I and III showed how a magnetic circuit model is used as part of a dynamic 

simulation model of a non-salient permanent-magnet linear synchronous motor drive. It 

was demonstrated that the magnetic circuit model can be easily implemented into the 

system model, and the model can be verified by comparing system model results with  

experimental results. In Publication III, the end effects were also taken into account in 

the model; the results indicated that at the highest load point, where also saturation takes 

place, the simulation results match better the experimental results than in Publication I, 

where the end effects were neglected. 

In Publication II, a sensorless motion control approach for a PMLM application was 

presented. The control was based on combining a back-EMF estimator with an open-loop 

current angle rotation method. According to the results, the method is suitable for the 

PMLM, and the whole speed range can be used. In the final positioning it was assumed 

that the travelling distance is in relation to the magnetic position. In that case, the 

positioning accuracy is in the range of a few micrometres. In practice, many linear motors 

are modular, and there can be small gaps between the magnet plates. Consequently, the 

magnetic position of the mover differs from the assumed, and there is a difference from 

the actual point and reference at the final end.  

Publication IV presented an adaptive feedforward control in an industrial permanent 

magnet linear motor. According to the results, adding an adaptive feedforward term to 

the control significantly increases the positioning accuracy of the industrial H-drive 

system. The main advantage of the adaptivity is achieved in a system or application that 

has a lot of disturbances or non-linearities. 

In Publications V and VI, cogging forces of a permanent magnet linear motor were 

studied, especially at the edges of the discontinuous magnet track. The results showed 

that cogging forces can be determined using a special test setup, and they are in a good 

correspondence with the FEM-modelled ones.  
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5.1 Future work 

Although the methods and results presented in this doctoral dissertation provide a good 

base for an application with a discontinuous magnet track, the actual application would 

require more research. For example, a method for applying the presented sensorless 

control for catching the moving part and accelerating it would be beneficial. It is also 

noteworthy that changing from the open-loop current rotation region to the traditional 

back-EMF estimator region could be smoother. A small peak during transition is caused 

by the small error in the current angle in the open-loop control, as a result of which the 

initial current angle of the back-EMF estimator is slightly erroneous right after the 

transition.  

More accuracy to the modelling of the PMLM could be achieved by developing a method 

to combine the electrical model and the equivalent magnetic circuit model by using a 

voltage source supply by estimating the inductances from the magnetic circuit model.  

In the publications of this doctoral dissertation, the motor force constant is assumed to 

change linearly as a function of position at the edge crossings. This should be studied 

further because the assumption is most likely not completely valid in reality. This is 

because the windings can be connected in parallel inside the motor, and the interactions 

between different phase sets are not taken into account. 

In the studied PMLM, the magnets are installed using skewing. The effect of skewing can 

be estimated when the mover is above the magnet plates, as described in this doctoral 

dissertation. However, it is not certain that the estimation method is valid also at the edges 

of the magnets in the discontinuous magnet track. Therefore, it would be beneficial to 

develop a 3-D FEM model for motors with skewing and a discontinuous magnet track.  
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