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Abstract 

This research work describes the permanent magnet linear machines, their characteristics, control 
and applications. It aims to develop a linear machine model in finite element based software, 
Flux2D. The Finte Element Method (FEM) model consists of 8 poles and 9 slots where 
periodicity of poles is used to simulate inifinite travel length. The no-load and nominal load 
conditions are also simulated to validate the performance of the model. At no-load, the cogging 
force is simulated and is found to be 1.1N. The machine produces sinusoidal back EMF of 264V. 
For nominal load, machine is simulated with three-phase current source of 2A.  Under nominal 
load conditions, nominal thrust of 784.8N with 1.08% ripple is achieved. The average force of 
attraction between the mover and stator is 4307N. The report also describes the current research 
trends and market of linear machine’s applications. Linear machines are 3.8 billion US$ industry 
in which robotic applications have a major share. 

The controller model is implemented in simulation software Portunus. Literature review of 
different control strategies for motion control of permanent mangnet linear synchronous 
machines is included. However, vector control is chosen for simulation purposes. The controller 
model is validated using the analytical model of rotary machine in Portunus. The controller is 
then integrated with machine model developed in Flux2D and co-simulation is performed. A 
simulation of 100ms takes up to 24 hours and 30 GB of disk space. Better computing abilities 
may help improving the simulation speed in future.  

Sammanfattning 

Detta arbete beskriver permanentmagnet linjära maskiner, deras egenskaper, kontroll och 
applikationer. Arbetet syftar till att utveckla en linjär modell av maskinen i ett Finita Element 
Metod- baserad mjukvara, Flux2D. Finita Element Metod (FEM) modellen består av 8 poler och 
9 spår där periodicitet mellan polerna används för att simulera kontinuerlig rörelse. Simulering 
genomförs för nominell belastning samt vid tomgång för att validera prestanda. ”Cogging” 
kraften simuleras genom tomgångssimuleringen och visar sig vara 1.1N. Maskinen producerar en 
sinusformade EMK med 264V. För nominellbelastningen, simuleras maskinen tillsammans med 
en trefas - strömkälla för 2A. Vid nominell belastning, kan en kraft på 784.8N med en rippel på 
1,08 % uppnås. Den genomsnittliga attraktionskraften mellan den rörliga delen och statorn är 
4307N. Rapporten beskriver också de aktuella forskningstrenderna och marknaden för linjära 
maskinens applikationer. Marknaden för linjära maskiner omfattar ca 3,8 miljarder US-dollar där 
robot tillämpningar utgör den största andelen. 

Regulator modellen togs fram med hjälp av simuleringsprogram Portunus. Litteraturgenomgång 
av olika kontrollstrategier för rörelsestyrning av linjära permanentmagnetsynkronmotorer 
presenteras. Vektorreglering väljs för simuleringen. Regulator modellen valideras med hjälp av 
en analytisk modell för en roterande maskin i Portunus. Regulatorn är integrerad med maskin 
modellen utvecklade i Flux2D och samsimulering har genomförts. Resultatet analyseras och 
slutsatser presenteras. Rapporten innehåller också rekommendationer för fortsatt arbete. En 
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simulering av 100 ms tar upp till 24 timmar och 30 GB hårddiskutrymme. Högre kapacitet hos 
datorer kommer att bidra till att minska simuleringshastigheten i framtiden. 
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1 INTRODUCTION 
 
Permanent Magnet Linear Synchronous Machines (PMLSM for short) offer solutions to various 
industrial applications particularly when high dynamic performance is required e.g. assembly 
lines, robots, CNC machines and high speed trains. Wherever efficiency and throughput are 
meant to be increased for translation motion, linear machines can be a better alternative to rotary 
ones. The working principle is the same as that of its rotary counterpart: magnetic flux from a 
mover (rotor) is locked or synchronized with that of a stationary track (stator) converting 
electromagnetic energy into translation motion.   
 
Before the advent of linear machines, rotary machines provided solution to produce linear 
motion. Ball and screw, belt and pulley and other rotary solutions have been employed to convert 
rotary motion into translational. However compared to linear machines, these solutions are less 
precise and display backlash error. While using linear machines, load can be directly coupled 
with the mover. Moreover when it comes to speed, accuracy and efficiency; linear machines are 
more suitable to meet these needs.  
 
Linear machines are not so different from rotary ones. The concept is simple: cut the rotary 
motor radially and lay it flat, as shown in figure 1.1. As in the words of its inventor, Prof. Eric 
Laithwaite, “nothing but a rotary machine cut and flattened”. 
 

 
 

Figure 1.1: Linear machine is like rotational machine; cut radially and unrolled [1] 
 
The principle of operation is the same, however there are certain differences like air gap is 
usually bigger than in a rotary motor and a mover is shorter with respect to a track causing end 
effect [2]. The main technologies for linear machines are permanent magnet synchronous, 
induction and switched reluctance machines [3]. A simple linear machine is composed of a 
stationary track (often laid with permanent magnets) and a mover (which is supplied with 
current); both components making relative motion due to the interaction of electromagnetic 
fields. In practise, these two roles can be switched i.e. forcer holding the magnets and stationary 
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track encompassing the current coils. Each configuration has its pros and cons. The stroke length 
in any case can be increased by annexing more tracks one after the other [4].  
 

1.1 Objectives 

 
The aim of the project is to study the applications and design of linear machines, and understand 
their differences with rotary ones. The project aims to co-simulate a selected linear motor, 
develop its model using FEM approach and design a controller for speed/position control. A 
finite-element analysis software FLUX® has been chosen to design and analyse the said 
machine. The specifications of the FEM model shall be matched against the commercial test 
machine. A selected control strategy will be studied and implemented in Portunus®. Portunus 
allows data import and export with Flux. An optimal set of parameters can be obtained for both 
machine and drive using co-simulation.  
 

1.2 Structure 

 
The thesis has been divided into five chapters: 
 
Chapter 2 covers the literature review in order to understand the working knowledge of the 
subject at hand. This chapter analyses the different types and configurations relating to linear 
machines. Publications show recent research interests and scope of the present and future 
applications.  
 
Chapter 3 gives insight to finite-element modelling and design specifications. The FEM 
simulations are based on PMLSM. Characteristic of machine model like cogging force, 
saturation and end effect are discussed.  
 
Chapter 4 studies the vector control method in order to implement the speed control of the 
specified linear machine. The algorithm is implemented in Portunus. Simulation results are 
presented and factors affecting them are discussed. 
 
Chapter 5 summarizes the literature review and simulation results together to put forward 
conclusions of the thesis work.  
 
Chapter 6 gives the future directions based on simulation results of chapter 4 and conclusions 
drawn in chapter 5.  
 

1.3 Abbreviations and list of symbols 
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1.3.1 Abbreviations 
 
AC  Alternating Current 

DC  Direct Current 

EMS  Electromagnetic Suspension  

EDS  Electrodynamic Suspension 

EMALS  Electromagnetic Aircraft Launch System 

EMF  Electromotive force 

FFT  Fast Fourier Transform 

FEA  Finite Element Analysis  

FEM   Finite Element Method  

IGBT  Insulated-Gate Bipolar Transistor 

LIM   Linear Induction Motor 

LSM   Linear Synchronous Motor  

NdFeB  Neodymium Iron Boron  

PM  Permanent Magnet 

PMLSM  Permanent Magnet Linear Synchronous Machine 

SCM  Super Conducting magnets 

Sm-Co  Samarium Cobalt  
 

1.3.2 List of Symbols 
 
q   Number of slots per pole per phase 

Br  Remnant Flux density (Tesla) 

  Magnet pole pitch (meter) 

vs  Electrical linear velocity (radians per second) 

d  Distance covered by the linear machine (meters) 

  Electrical angular frequency (radians per second) 

  Detent Force (Newton) 

 Cogging force (Newton) 

 Force due to end effect 

  Number of periods of cogging force in one electrical cycle 

  Number of poles  
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  Number of slots 

θ  Electrical angle (radians) 

B  Flux density (Tesla) 

H  Flux Intensity (Ampere turns) 

khyst  Hysteresis loss coefficient 

 kexc  Excess loss coefficient 

Ia,b,c  Current in A, B and C phase (Ampere) 

Iα,β  Current in α, β- axes (Ampere) 

Id,q  Current in d, q- axes (Ampere) 

t  Time (seconds) 

vi  Initial velocity of linear machine (meters per second) 

vf  Final velocity of linear machine (meters per second) 

a  Acceleration (meter/s2) 

tON  ON time in single work cycle (seconds) 

tOFF  OFF time in single work cycle (seconds) 

Fc  Force with 100% duty cycle  

FDC   Force produced with lower duty cycle 

F  Thrust produced by linear motor (Newton) 

M  Mass of the mover (kilogram) 

D   Coefficient of friction 

Fl  External applied load (Newton) 

  Voltage in d, q- axes (volts)  

Uα,β  Voltage in αβ-axes (volts) 

  Stator resistance (Ω) 

  Flux linkage in dq-axes (Weber)  

  Flux linkage due to permanent magnets (Weber)  

  Inductance in dq-axes (Henry)  

fe  Frequency of power supply (Hz) 

Us  Stator supply voltage (volts) 

  Induced EMF in stator windings 

Kp   Proportional gain  

Ki  Integral gain 
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Ts  Sampling time of inverter (seconds) 

Tshaft  Mechanical torque (Nm) 
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2 LITERATURE REVIEW 
 
The aim of this chapter is to provide working knowledge of linear machines. The chapter 
classifies the linear machines into different categories and highlights the differences between 
them. As already mentioned in ‘Chapter 1: Introduction’, linear machines have already made 
their ground in the market so their various applications are mentioned.  
 
Precise motion control with good dynamic response, minimal friction, low maintenance owning 
to less mechanical wear are few of the advantages that can be achieved using linear motors. They 
have the accuracy of ball screw as well as speed and repeatability of timing belts. However these 
benefits come at a price. Low production along with high price of permanent magnets and linear 
feedback devices make them an expensive option. Figure 2.1 shows a linear machine with mover 
placed over permanent magnet (PM) track.  
 

 
 

Figure 2.1: Linear machine with moving primary and a track with permanent magnets [5]. 
 
Nowadays linear machines are usually brushless and commutation is performed electronically 
using electric switches (e.g. IGBTs) while Hall Effect sensors are employed to provide logic 
signals for commutation. The sensors are activated due to the magnetic field of PMs on 
stationary track. As the bearings of rotary machines are meant to maintain the air gap between a 
rotor and a stator, the linear guide way serve the same purpose in linear machines. Thus there is 
no mechanical connection between a mover and a stationary track. The force, as already 
mentioned, is produced by electromagnetic interaction between them. The position feedback can 
be obtained using linear encoders or any other position sensor. As will be shown later in the 
report, the rotary quantities are simply converted into linear ones as torque (Nm) to thrust (N), 
angular velocity (rev/min) to linear speed (m/s). However the linear machines have better 
positional accuracy and higher accelerations compared to rotary-to-linear motion solutions [6], 
[7].  If mechanical constraints are removed, accelerations up till 20g with speed of 40m/s are also 
theoretically possible [8]. 
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2.1 Types and configurations 

 
Linear machines can be classified as single-sided or double sided, can have either of flat, 
cylindrical or transverse air gaps; can be of synchronous, induction or reluctance types. 
Regardless of type, for increasing the travel length either the primary (winding part) or 
secondary (for example part carrying magnetic track) has to be elongated. Therefore these 
machines can be further categorized as short primary or short secondary linear machines 
depending upon which part is designed to move [9]. Some of these types will be discussed in 
more detail in this section. The key point in all these topologies is to utilize the advantage linear 
motors have on directly producing thrust without any mechanism for converting rotary motion to 
linear. Figure 2.2 shows how the linear AC machines can be categorized [10]: 
 

 
 

Figure 2.2: Hierarchy chart illustrating types of linear machines 
 
Induction and synchronous machines differ in the way secondary is excited. PMs or 
electromagnets are employed to excite synchronous machines whereas induction machines rely 
upon inducing current in the secondary (rotor of rotational machines). Independent of the motor 
type, linear motors can be single or double-sided i.e. whether mover faces the stationary track 
from one side or both. In applications where high power density is required (such as trains or 
escalators) magnets can be embedded and mingled to form a ‘Halbach array’. Halbach array 
converge the magnetic field on one side while nullifying on the other [11]. 
 
Referring to figure 2.2, there are short-primary and short-secondary types of linear machines. A 
short primary implies that the moving part carries the windings (power supply) and the 
frequency converter mechanism. The track is stationary and consists of permanent magnet bars 
(PMLSM) or conducting bars (induction machine). The moving primary type machines get their 



    13 
 

performance limited by coils connected to them causing decreased dynamic capability and 
problems in thermal dissipation in coils [12]. 
For a short secondary linear machine, the track contains a multi-phase winding while the mover 
is passive (containing PMs or short-circuited induction bars). Since the vehicle no longer needs 
power to be supplied from outside, this configuration is ideal for high-speed trains. Only sections 
of track where vehicle is present are powered-up one after the other [10]. As far as induction 
type machines are concerned, short-primary type is usually preferred as the guide way cost is 
decreased and manufacturing is simple. 
 
The air gap of linear machines can be of 1) tubular, 2) U-channel or 3) flat in shape [8]. The 
choice of shape depends on the specifications of application. These different types are explained 
in more detail below. 
 
Cylindrical or tubular linear motor 
 
The cylindrical linear machine can have magnets on the inner tubular housing or on the mover. 
Figure 2.3 shows a tubular linear machine in which the inner tube contains the radial magnets 
whereas the forcer contains the coils. The design is similar to the linear actuator while the 
difference being that coils or magnets are repeated to increase the stroke length. The main 
problem with this type of linear machine is that it can only be supported at its ends [13]. 
 

 
 

Figure 2.3: Cylindrical linear motor with circular magnets on a shaft and a forcer with coils [14]. 
 

U-Channel linear motor 
 
U-Channel type of linear motor houses two parallel plates of magnets opposing each other and 
has T-shaped forcer travelling between the two. The polarity of two magnets facing each other in 
both rows is opposite to each other. The magnets in the same row are also arranged with 
alternating polarity. The forcer is attracted simultaneously by parallel magnets, nullifying the 
attractive forces and making the travel smoother. The forcer is often built with coils placed in 
ironless assemble (sometimes also referred as air core) assembly, which further reduces the 
attractive forces. The low mass of forcer (due to ironless structure) allows high acceleration rates 
[13].  
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The tracks can be annexed together to increase the stroke length. This design is more expensive 
as double amount of permanent magnets is used for the same length. In this type of machine, the 
heat dissipation is more difficult to control compared to other designs as heat must be removed 
from the portion of coils in the bottom of U-channel. Figure 2.4 shows a U-channel linear 
machine. 

 
Figure 2.4: U-channel linear motor with parallel permanent magnets and T-shaped primary [15] 

 
Flat type linear motor 
 
Flat type linear motors (shown in figure 2.1) can be further grouped in the following types: 
 

a) Slotless ironless flat linear motors consist of copper coils fixed in the base (typically 
aluminum). Toothless motors have windings without slots and teeth and thus cogging and 
reluctance forces are absent [16]. This is beneficial in applications where fine position 
control is required. Disadvantages for this type of configuration are high leakage flux and 
low thrust output. 
 

b) Slotless iron flat linear motors produce more thrust than slotless ironless due to the iron 
laminations at the back of the coil mounting structure [15]. The iron structure is used to 
straighten the path for magnetic flux. However owning to the presence of iron, cogging 
force is inherent in this design.  
 

c) Slotted iron flat linear motors contain coils in laminated iron slots while the permanent 
magnets are attached to the iron track. Naturally there is more thrust for a given amount 
of flux and input current as iron slots are used to concentrate the magnetic flux. These 
machines are powerful and compact but it comes at a price; owning to the presence of 
iron in core, core is attracted by PMs causing cogging force which is present even when 
current is not supplied to the primary [16]. The cogging force can be decreased by 
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skewing the magnets.  Heat dissipation is good as coils are wound around the iron 
laminations [8]. 
 
The force of attraction in the slotted iron machine can be 3 to 10 times higher than thrust 
in linear direction [17]. This high force of attraction requires the guidance system to be 
very robust so that it is able to keep the precise airgap (~1.5mm) between the mover and 
magnets. 
 

2.2 Applications 

 
The market of linear machines is ever expanding with research going on in diverse applications 
[18]. According to “The World Market for Linear Motion Products, 2010 Edition” report by 
market analyst website IMS Research the sales of linear guides were 3.8 billion USD, with 
almost half of the sales to semi-conductor manufacturing and machine tool market [19]. The 
report predicts pharmaceutical and food industry as potential markets which will be targeted by 
linear machine manufacturers. James Dawson has written a report on the market of linear motion 
devices on website ‘Drives and Controls’. He comments, “Many companies are keen to gain a 
foothold in them, to make up for business lost in the recent downturn and to provide a stable 
revenue base in future downturns” [19]. The purpose of this section is therefore to investigate the 
different applications of linear machines in the market. However motion control applications, 
which are most interesting in terms of market, are described at the end of chapter after research 
trends. 
 
Magnetic Levitation (Maglev) 
 
Patented by Hermann Kemper from Germany in 1934, Maglev is an interesting implementation 
of linear machines. As conventional trains employ rotational machines for propulsion and use 
rails as guidance medium; Maglev trains exploit linear motors for propulsion while levitation and 
guidance is achieved using electromagnets allowing achieving high speeds without making 
contact with the guide way [20].  
  
Maglev is based on two technologies: Electromagnetic Suspension (EMS) and Electrodynamic 
Suspension (EDS) [21]. EMS uses the force of attraction between the magnets and the guide way 
to lift the object from below the surface of guide way.  Transrapid in Shanghai (top speed 
501km/h) takes advantage of it with conventional electromagnets [22]. Constant control of air 
gap between track and vehicle is important as this system is inherently unstable.  
 
Electrodynamic Suspension (EDS) on the other hand generates repulsive forces between magnets 
(attached to rails and vehicles) to levitate the vehicle. Japanese MLX-01 (with a top speed of 581 
km/h) has been developed on this principle using super-conducting magnets (SCM). In EDS 
magnetic field is induced in the track (using either PMs or SCMs) by induction. These two fields 
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repel each other causing levitation. SCM requires more complex design (due to the cooling of 
SCMs) but allows larger airgap and increases the levitation to drag ratio [23].Compared to its 
sister technology EMS, EDS is stable and no complicated feedback control is required. In EMS 
precise air-gap control is difficult but it is able to levitate vehicle at low speeds, which is difficult 
for EDS [20].  
 

 
 

Figure 2.5: Guide way and vehicle arrangement in EMS and EDS (red arrow represents vertical force). 
 
Certain challenges exist in Maglev, because of the absence of friction between rails and wheels, 
braking must be done by electromagnetic means. Like propulsion force, the levitation force is 
also directly proportional to current. So, higher levitating forces require higher current which 
makes it technically impractical for freight transport for the time being. Talking about current 
and magnetic field, protection and shielding of passengers or field sensitive goods is of immense 
importance [20]. Moreover, due to complexity of structure of rails, shunting/branching of 
passenger cars is not currently possible.   
 
Ropeless Elevator 
 
Cruise et al. in [24] discuss the feasibility of a Linear Synchronous Motor (LSM) propelled 
elevator system and declare it safe and feasible for ultra-deep underground applications. The 
authors argue that conventional rope elevator systems are very inefficient when it comes to 
depths more than 2000m. The more the depth, the thicker must be the rope to withstand the 
weight and tensile strength. Increased diameter further increases weight making the system even 
more inefficient. And it is apparent, that only one elevator can operate on full length of the shaft. 
Nowadays gold is extracted from depths of around 3.5km making the rope-elevator infeasible. 
LSM provides one solution: depth independent efficiency, multi-elevator system is possible, 
continuous transportation and faster acceleration rates can be achieved. Different studies cited in 
[24] found long primary, short-secondary (with PMs on the mover) LSM to be the most feasible 
for this kind of application.  

Guide way 

Magnet 

Vehicle 

Vehicle 

EMS EDS 
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Aircraft and shuttle launch 
 
Linear machines are being studied to replace the old catapult type aircraft launch systems of US 
Naval Aircraft carriers. The project ‘Electromagnetic Aircraft Launch System’ (EMALS) can 
offer higher acceleration rates and fast throughput thus decreasing both the travel length and time 
to launch the aircrafts. As low maintenance is inherited in linear machine based systems, fewer 
personnel will be required. Linear Induction motors (>200MW, ~180 000 hp) are being tested 
for this project by General Atomics [25]. US Patent 6,729,578 also defines such design capable 
of fast installation, small run-up and claims one launch to be less than fifty cents [26]. 
 
NASA (National Aeronautics and Space Administration) is studying the feasibility to replace the 
fuel assisted launch system with one using linear motors [27]. The fundamental idea is to replace 
the first stage rocket with a horizontal launch system providing ~1-2g acceleration in ~10-20 
seconds over the length of ~1-2km. This will significantly reduce the fuel cost and can provide 
an option to abort launch. A linear induction motor based design with long primary and short 
secondary (aluminum bars) is studied. The design separates both levitation and propulsion giving 
it high reliability. However LIM designs are limited in force density. DC electromagnets can 
replace them if higher force density is required. 
 
Tugging the containers 
 
General Atomics is considering another application of linear motors called as Electromagnetic 
Cargo Conveyor (ECCO) [25]. Such system shall be capable to transport large amount of cargo 
containers to and between crowded ports. It is claimed that fast throughput with eco-friendly 
mechanism will make the quick Return on Investment (ROI).  
 
Another interesting design that falls in the same category is Linear motor surface road (LMSR) 
targeting to provide propulsion to cars with permanent magnets embedded in the roads. This 
configuration can also be utilized to charge or supply the online batteries or energy storage 
systems. Thus the vehicles can pass the parts of the road where magnets are not available. There 
is no need to re-design or modify the existing vehicles. Vehicles can be fitted with permanent 
magnet plates or reaction plates, thus enabling them to react to the magnetic field of the linear 
machine components down the road. A similar concept has also been explained in [28]. 
 
Wave Energy 
 
Electricity can be generated using the wave energy of oceans. One of the possible designs 
utilizes back and forth motion of a float on the surface of water to generate mechanical power 
which is converted to electrical using linear generator. US Patent 2009/0217858 A1 introduces 
such concept [29]. The generator is coupled with mass which stores potential energy when the 
float moves up, and can transfer it into kinetic energy when tides go down. As an example, a 
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Swedish company Seabased is using permanent magnet linear generator fixed to the sea bed, and 
attached by a float on the sea-surface that oscillates with the waves [30]. 
 
Stealth submarine 
 
Kotlyar has proposed interesting use of linear motors for marine propulsion to be used e.g. in 
submarines [31]. The usual rotary turbines have a significant disadvantage of producing swirl 
(rotational movement in water) making the vessel easier to detect. Using a linear motor with its 
reciprocatory cycles avoids such detection and can produce 3000lbs of driving force. The linear 
motors can be attached along the whole length of vessel. Such configuration can help in rapid 
360o rotation if machines in front and back produce force in opposite directions.  
 

2.3 Research trends 

 
After having a look at the linear machine’s market, this section focuses to follow research trends. 
Several papers (conference/journals) and patents (applications) regarding to linear machines has 
been analyzed. Over past five decades, there has been significant research in both design of 
linear machines and their motion control. The figures presented in figure 2.6 are only 
approximate and are based on data collected from [32] and [33]. The list of these papers and 
patents is not available and is therefore not included in this report. 

 
 

Figure 2.6: Research papers published worldwide on design and motion control of linear machines 
 
Figure 2.6 categorizes the number of research papers over decades in both design and control 
areas. Research on the design of linear machines has been more consistent over the years but in 
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motion control there is a rise in publications over the last decade implying increasing interest to 
apply new control strategies.  
 
It is also interesting to look over the patents filed on linear machine applications in previous 
years. Figure 2.7 shows that patents on motion control applications are filed more than any other 
application of linear machines. In 90s, immense interest was shown in the concept of linear 
machine based rope-less elevator mainly for skyscrapers. However the interest plummeted just 
after a decade showing either the idea has been considered unfeasible or unreliable by 
construction industry. There have been quite a lot of ideas patented on generation of electricity 
from linear machines over last three decades. Such ideas include regeneration of power while 
braking and ocean energy (as discussed above). Traction and field of transportation has gained 
attraction in last decade and approximately 35 patents granted were in relevance with 
traction/transportation.  
 

 
 

Figure 2.7: Patents registered in different applications of linear machines 
 
Figure 2.6 and 2.7 reveal that currently motion control of linear machines is the topic of interest 
for academia and industry. This finding is coherent with the report published in [19]. The thesis 
work, therefore, will concentrate on motion control of linear machines due to its relevance with 
the research trends and market needs. For this purpose a linear machine will be developed in 
Flux and a controller in Portunus to study in detail the characteristics of linear machines together 
with control. But before, some patents relevant to motion control are highlighted in the next 
section due to their relevance to the topic. 
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2.4 Robotic Applications of linear machines 

 
Tsuboi et al. disclose an assembly of linear motors which can be used to perform motion in both 
x- and y- direction simultaneously [34]. The X-Y stage is composed of one linear machine (x-
stage) capable to move in defined x-axis whereas the other linear motor (y-stage) can move in 
the y-direction. Both linear motors consist of a stationary part which is composed of parallel 
placed permanent magnets and a moving part consisting of winding coils wound on either core 
made of either iron or epoxy. The y-stage stator is fixed over the moving primary of x-stage. The 
wires for power and position signals are placed so that they do not interference with the 
movements of the moving primaries. Precise x-y plotation can be performed using this x-y stage.  
 
A similar construction is proposed by Bundschu et al. in [35]. It describes a similar configuration 
consisting of a linear motor capable to move in the x-direction. The primary of this motor is 
connected to a bridge that can move in the same direction as the primary of linear motor. Over 
the bridge is the second motor installed such that its stator is held by the two ends of the bridge. 
The bridge also holds linear bearings over which a second primary can move in the y-direction. 
The primary of the second motor incorporates a machine tool like laser cutting head. Kouyuu in 
[36] has proposed a similar solution for high precision knitting machines for fabrics employing 
knitting head mounted over the primary of linear machine. Figure 2.8 presents one such linear 
machine system for pick-and-place mechanism. 
 

 
 

Figure 2.8: Linear machines are capturing market where precision and repeatability is vital [37] 
 
Bassi and Buja in [38] mentioned a benefit of linear drives that a load can be directly coupled 
with the mover. But on the other hand any load disturbance will affect the positional accuracy. It 
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is therefore necessary for precision and accuracy that such perturbations must be accounted in 
the control system.  
 
One such method to control oscillations has been developed by Chesney et al. [39]. They have 
developed a linear motor system for smooth and error free operation ideal for applications which 
demand accurate motion control. The invention increases the stiffness of linear motor by 
increasing immunity against perturbations caused by vibration or external forces. The suggested 
system consists of primary and secondary sensors that measure the accelerations with respect to 
base mass and ground respectively. A primary sensor detects the position with reference to base 
mass while secondary sensor helps removing oscillations due to vibrations with respect to 
ground. These acceleration and position signals are used by signal processing unit to determine 
deviations from reference position, velocity or acceleration. There are other control techniques to 
control motion of linear machines. Such mechanisms employ different algorithms to monitor the 
speed and position of mover. Some of these control techniques are discussed in chapter 4.  
 
This thesis work focuses on analyzing the linear motor and control interaction. And for this 
purpose a FEM model of the motor is needed to capture all the relevant forces. FEM model is 
discussed in the next chapter followed by co-simulation in chapter 4, where the controller 
interaction is accounted. 
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3 MACHINE DESIGN AND FINITE-ELEMENT ANALYSIS 
 

This chapter aims to develop a generic model of linear machine which can be used for co-
simulation of the motor model and the controller. The design parameters are based on a 
commercial machine. FEM simulations are carried out to validate the constructed model and to 
observe the characteristics of machine like thrust, detent force, induced EMF and saturation of 
iron core. Finite Element Analysis (FEA) is done using software Flux© by Cedrat®.  

 
Different analytical models of linear machines have been explained in research papers. Jiefan in 
[40] has used voltage and flux equations (shown later in chapter 4) to calculate the thrust of 
linear synchronous machines. Abroshan et al. has employed same voltage equations but has 
incorporated the mechanical equation of linear machine as well [41]. Polinder et al. has included 
end-effect and magnetic saturation into the linear machine model [42]. Hirvonen in [43] has also 
considered non-ideal forces of linear machine like cogging force and friction. Nevertheless these 
analytical models involve simplified assumptions to make the analysis easier and to reduce the 
number of variables. Moreover, these analytical models use averaged values of quantities like 
flux over complete machine.  

FEM is more accurate than analytical models. FEA is a numerical tool for calculating 
electromagnetic field distribution based on geometry and material of machine. The calculated 
field distribution is used to parameters like thrust, flux density, back EMF and inductance [44]. 
In this thesis, machine design is performed using finite element tool, Flux. The same model will 
be later integrated with Portunus for co-simulation. FEM modeling can be done either in two or 
three dimensions. In Flux2D, parameters like current, flux etc. are considered constant in third 
dimension. Moreover phenomenon like end effect and leakage flux cannot be captured in 
Flux2D [45]. However the computation time can be significantly reduced using 2D models. It 
will be shown in chapter 4 that co-simulation is a time-consuming computation task, therefore to 
reduce the computation load it is preferable to use 2D model.  
 

3.1 Initial design 
 

The selected machine is slotted iron flat linear motor (described in chapter 2). It has surface-
mounted permanent magnets with concentrated windings, 9 slots, three phases and eight poles. 
So number of slots per pole per phase is less than unity (q=0.375). PMs are laid on the stator 
yoke with alternate polarities. The machine will be modeled to have thrust and force of attraction 
close to that of commercial linear machine acquired for measurements (table 3.1). 
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Table 3.1: Commercial machine description 

                 Motor type  PMLSM 

Topology  moving primary 
Phases  3 
Phase resistance  2.13Ω 
Phase inductance  13.54mH 
Continuous force  489N 
Continuous current  2A 
Attractive force  5364N 
Peak force (10% duty cycle)  1305 N 
Peak current (10% duty cycle)  12A 

 

3.2 Winding configuration 
 

The machine is modeled with concentrated windings. So it seems essential to discuss the 
advantages and disadvantages of it. Samuel in [46] argues that for linear machines, the 
distributed winding is not often used as it leads to empty or half-used slots in the primary as 
shown in figure 3.1. Concentrated windings bring several benefits over the traditional distributed 
windings: volume of copper used in the end-windings is reduced which effectively reduces the 
axial length (no overlapping windings) [47]. Lower amount of copper also helps in reducing 
joule losses and improving efficiency. 

 

Figure 3.1: Full pitch distributed winding with number of slots per pole per phase. q=1. 

Eastham et al. argue that concentrated windings are preferred due to manufacturing and 
mechanical reasons [48]. The end-windings are shorter and if pre-formed windings are 
constructed the coils can be inserted directly in slots. For a long stator machines, as proposed in 
chapter 2 for electromagnetic launch, the modules can be joined together easier than distributed 
windings [49]. However these advantages come at a price: there are higher number of space 
harmonics which induce eddy currents, saturation in iron core and magnetic noise and vibration 
[50].  

Concentrated windings can be categorized as single or double layered. In a single-layered 
winding, one slot of primary holds only one phase whereas in double-layered winding, a slot can 
be divided between two different phases with an insulation material in between. In figure 3.2, 
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some slots are distributed in two different phases making it a double-layered winding. Double 
layered winding have back EMF with less harmonics than single-layered windings [51]. Figure 
3.2 is a portion of simulated machine in Flux2D. It consists of 8 poles and 9 slots. The 
periodicity of machine is used to repeat primary and magnet track on both sides of figure 3.2. It 
means the machine model in Flux has no end and infinite travel length can be simulated. The 
primary of this model is stationary and magnetic track is designed to move. 

 

Figure 3.2: Machine model with concentrated windings (8 poles, 9 slots). Different phases are defined using 
different colors 

It is unnecessary for linear machine to be designed for even or integral number of poles [52]. Of 
course for longer stroke, either of primary (windings) or secondary (magnetic track) has to be 
elongated. In linear induction topology, short primary is cheaper and easier to build. Though in 
PMLSM, short secondary offers cheaper solution than short primary. 
 

3.3 Parameters affecting thrust and force of attraction 
 

Parameter variation is carried out to find the influence of different parameters on the attraction 
force and output thrust. The aim is, as explained in section 3.1, is to match the thrust and force of 
attraction with that of commercial machine. Following parameters (also shown in figure 3.3) are 
discussed along with their influence on thrust and force of attraction. These parameters are 
validated by FEM results by varying these parameters by 10 percent of their values given in table 
3.10 (the final model for co-simulation). Following are the parameters: 

• Simulated machine length 
• Magnet height 
• Distance between magnets 
• Remnant flux density (Br) 
• Air gap length 
• Current 
• Number of turns 

                   

                  

‐A +A +B ‐B ‐C +C 
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Simulated machine length 

The larger the machine, the more there is iron in it, thus higher attraction force between the 
magnetic track and the iron-core of mover. The thrust of the machine also increases with the size 
of the machine [53]. The active length of the machine and width of the air gap determine four 
key factors of linear machine performance: namely motor force ripple, back EMF, resistance of 
winding and motor force constant, as explained in [54]. Two machines with different mover 
lengths are modeled. One has magnet pole pitch of 29.9mm, whereas the other has 25mm. So for 
8 poles, these machines have simulated lengths of 239.9mm and 200mm respectively. These 
lengths correspond to the length of machine shown in figure 3.2. Table 3.2 gives the force of 
attraction and thrust for these lengths. 

Table 3.2: Effect of simulated machine length on thrust and force of attraction. 

Parameter  Output   

Simulated machine length  (mm)  Attraction force (N)  Thrust (N) 

239.2  4307  788 

200  3223  746 

 

Figure 3.3 shows the geometry of machine with description of geometric parameters. 
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Figure 3.3: Machine geometry. 

Magnet height  

The magnet height is varied while keeping the width and length of magnet constant. So by 
increasing the magnet height, the volume of magnet in machine is increased. The volume of 
magnet is directly proportional to the magnetic flux in the airgap and can lead to saturation of the 
iron core. On the other hand, increasing the flux density in airgap leads to higher forces of 
attraction and higher thrust (like torque in rotational machine, thrust is also directly proportional 
to flux of permanent magnets and current in the windings) [54]. This can be observed from the 
table 3.3 where effect on thrust and attraction force is observed by varying magnet height. 

Table 3.3: Effect of magnet height on thrust and force of attraction. 

Parameter   Output   

Magnet height  (mm)  Attraction force (N)  Thrust (N) 

5.5  4492  806 

5  4307  788 

4.5  4098  767 

 

Distance between magnets  
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The thrust and attraction force were calculated by varying the distance between the magnets 
while keeping the magnet pole pitch ( ) constant. The attraction force and thrust increase when 
the distance between the magnets is decreased. Similar results were obtained in [55]. Magnet 
width has not only effect on the thrust performance but also affects the thrust ripple and cogging 
force [56]. Table 3.4 summarizes these results.  

Table 3.4: Effect of distance between magnets on thrust and force of attraction. 

Parameter   Output   

Distance between magnets(mm)  Attraction force (N)  Thrust (N) 

5.5  4196  783 

5  4307  788 

4.5  4405  792 

 

Remanent Flux Density (Br) 

Besides varying the magnet volume, another way to increase magnet flux is to increase the 
remanent flux density (Br). By using stronger magnets, force of attraction and thrust both 
increases. Tremendous increase in attraction force was observed by increasing Br (refer to table 
3.5). So it is important that linear bearings can withstand that force.  

The no-load force along the direction of motion is in general smaller than the attractive forces 
that exist between the magnetic track and iron-cored mover. In this particular model, this offset 
is also visible as the forces are around 800 N and 5000 N respectively.  

Table 3.5: Effect of Remanence flux density on thrust and force of attraction 

Parameter   Output   

Remanence Flux density (T)  Attraction force (N)  Thrust (N) 

1.35  5116  861 

1.23  4307  788 

1.1  3502  709 

 

Air gap length 

Air gap length is an important parameter which can influence machine performance by affecting 
on efficiency, power factor, overheating, core losses, etc. [57]. Since the cogging force (which 
will be studied in section 3.5 ‘No-load simulation’) depends upon the interaction of magnets and 
iron core, the force ripples can be reduced by increasing the length of the air gap [52]. By 
reducing the air gap, both thrust and attraction force are increased (table 3.6). This means force 
constant which defines the amount of thrust for a given amount of current, decreases with the 
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increase in air gap. The support mechanism (bearings etc.) should therefore be able to maintain 
the clearance of millimeters [58]. 

Table 3.6: Effect of Air gap length on thrust and force of attraction 

Parameter   Output   

Air gap length (mm)  Attraction force (N)  Thrust (N) 

1.65  4098  769 

1.5  4307  788 

1.35  4530  808 

 

Maximum current  

As expected, the increase in current increases the thrust of the linear machine (refer to table 3.7). 
Though, the copper losses also increase leading to rise in temperature. In such cases either the 
duty cycle of the machine has to be reduced or cooling must be increased. The commercial 
machine mentioned in table 3.1 can produce 3 times more thrust (at 10% duty cycle) if current 
amplitude is increased three folds. The magnetomotive force (MMF) also increases the force of 
attraction between the mover and the magnetic track. It is therefore important to select such 
linear bearings which can sustain the force of attraction. 

Table 3.7: Effect of current on thrust and force of attraction 

Parameter   Output   

Current (A)  Attraction force (N)  Thrust (N) 

2.2  4604  817 

2  4307  788 

1.8  3996  757 

 

Number of winding turns 

Since the slot width is kept constant, the dimension of conductors varies inversely with the total 
number of conductors. Thus it can influence the efficiency of the machine. Increasing the 
number of winding turns increases the amount of magnetic flux cut by the coils which will 
increase the induced EMF [56]. This back EMF further affects the flux-weakening capability and 
maximum thrust of machine.  

 

Final design in Preflu2d 



    29 
 

Using the parameter variation above, the final design of the machine is prepared by the trial and 
error method. The FEM model can produce 788 N of force (compared to 489-1305 N thrust of 
commercial machine). The force of attraction between the PMs and primary is 4307N. As 
already explained, the objective of this machine modeling is to develop a FEM model for co-
simulation, not developing exact match of commercial machine. For simulations, temperature of 
293.15 K is used though out the thesis work. Table 3.8 below presents the final design 
parameters of FEM model.  These design parameters will be used further for FEM simulations 
(in the next section) to check the validity of the model.  

Table 3.8: Design parameters for FLUX 

Design Parameters  Values 

Airgap[mm]  1.5 

Magnet spacing [mm]  5 

Height‐Magnet back [mm]  12 

Magnet height [mm]  5 

Magnet length [mm]  24.9 

Mover length [mm]  239.5 

Slot height [mm]  25 

Tooth width [mm]  12.6 

Slot width  [mm]  14 

Height stator back [mm]  12 

Relative permeability  1.05 

Remanent Flux Density [T]  1.23 

 

3.4 Mesh size 

 
This section describes the simulation of the machine using Flux®. As mentioned in section 3.2, 
the machine is designed with periodicities defined on either side of equally sized stator and 
mover parts. So the mover (the magnet part) is able to travel along x-axis without any maximum 
limit. 

FEM takes into account both the geometry and material properties (e.g. nonlinear magnetic 
material) giving accurate results. The accuracy of results depends upon how detailed the mesh is. 
The denser the mesh, the higher is the accuracy of the results. However there is a trade-off 
between the accuracy and computation time which increases proportionally with mesh details. 
The FEM model is meshed by defining three different mesh points. Their sizes and names are 
given as in table 3.9: 

Table 3.9: Mesh points and their respective size 
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Mesh point   Size [mm] 

Large  7 
Medium  3 
Small  0.5 

 

The small mesh points are used in the air-gap as most of the flux is concentrated there [59], [60]. 
In other regions, it can be larger to lessen the computation burden. For electrical values like 
back-EMF or flux, the effect of mesh size is not as significant as for the mechanical quantities 
[61]. The total number of mesh elements is 27451 for the model. Figure 3.4 shows the meshed 
geometry of the machine. It can be observed that mesh gets finer close to the air gap between 
primary and secondary.  

 

Figure 3.4: Machine geometry showing mesh details in different parts of the machine. 

 

3.5 No-load simulation 

 
A no-load test is simulated by removing the current and voltage sources (figure 3.5). It makes 
possible to calculate back EMF induced by permanent magnets in the windings of machine and 
the cogging force. Since the linear machines are preferred for their precision over rotational 
machine based alternatives; it is therefore important to analyze the detent force. The simulation 
results are analyzed and factors affecting them like cogging force and end effect are analyzed.  

No-load analysis is carried out by setting a speed of 1 m/s and simulating over one electrical 
cycle. Simulations are carried out at a temperature of 293.15 K. To simulate zero current in the 
machine very high resistance is used in the circuit of figure 3.5. R1, R2 and R3 represent the 
resistance of coils whereas B1, B2 and B3 describe the end-windings. 
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Figure 3.5: No-load circuit model used in Flux with resistors and stranded coil conductors. 
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The following parameters given in table 3.10 are used as an input for the Flux solver. 

Table 3.10: Inputs for Flux solver 

Definition  Input 

Control type of transient solving process  Control by time 

Lower limit  0.0 seconds 

Upper limit  0.06 seconds 

Variation method  Step number (lin) 

Values  40 

 

The time (0.06 seconds) define time period of one electrical cycle. It can be derived using 
equation 3.1: 

         (3.1) 

Where vs is the synchronous speed of linear machine and τp is the magnet pole pitch (as mover is 
the magnet carrying part).  fe is the frequency of the supply voltage. The distance covered by 
linear machine is given as,  where  is the electrical angular frequency. The simulated 
back EMF is shown in figure 3.6. A back EMF of maximum value 264V is obtained. 

 

Figure 3.6: Induced EMF in the open circuit analysis in one of the phases 

Fast Fourier Transform (FFT) was calculated to observe the magnitude of harmonics in the back 
EMF (figure 3.7). Lower number of harmonics in back EMF is an advantage of concentrated 
windings (and q<1), causing low force ripples [50].  
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Figure 3.7: FFT of back EMF at no load shows negligible higher harmonics. 

Due to no-load condition, almost zero current ( A) flows through the phase 
windings. Next the force in the no-load condition is calculated. Electromagnetic forces and 
torque are usually computed using either ‘Virtual work method’ (VWM) or ‘Maxwell Stress 
tensor method’ depending upon which FEM tool is used. Flux2D uses the former [62]. In VWM, 
the variation of magnetic energy in a virtual direction is computed and transformed into kinetic 
energy producing motion. This simulation is carried out at constant flux [63]. Figure 3.8 gives 
the no-load force for one electrical cycle and the FFT calculated from it is shown in figure 3.9. 
No-load force has maximum amplitude of 1.1N. 

 

Figure 3.8: No-load force 
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Figure 3.9: FFT of detent force with harmonics of low magnitude 

The FFT of no-load force implies that the harmonics of higher frequencies are present but the 
magnitude of these harmonics is small. In the no load condition, when currents are zero, the only 
force that exists is the force of attraction between the iron-core of primary and magnets of the 
mover. This force is termed as ‘cogging force’ and occurs in both rotational and linear machines 
[64]. In linear machines there is an additional force due to the finite length of mover and is called 
‘end effect’ [65]. But as explained in section 3.2 that this model is designed using the periodicity 
of machine and thus this machine has no end in the simulations. Therefore end effect cannot be 
observed and it is zero. In order to simulate end effect, machine model with defined boundary 
conditions and finite length of mover has to be used. Although end effect is not a part of 
analysis, it is discussed on this section along with cogging force as it is in the scope of this thesis 
work to highlight the unique characteristics of linear machines from rotary counterparts.  Figure 
3.10 illustrates the difference between cogging force and end effect. 

 

Figure 3.10: End effect is caused only due to the interaction of end-teeth with magnets whereas cogging force 
is produced due to all teeth along the iron core [66]. 

Both cogging and end effect combine to produce the net ‘detent force’ of a linear machine. 
Mathematically,  

   (3.2) 

Various methods have been proposed to calculate the cogging force and end effect by nullifying 
the effect of other. Remy et al. in [67] has proposed a method to determine the end effect of the 
linear motor such that the influence of cogging force is excluded. They have proposed to model 
the primary of the linear motor as one complete block of iron (by replacing the slots with iron). 
Similarly, Kim et al. in [68] has suggested a method to observe cogging-force alone by 
diminishing the end effect. Their proposal is to remove several teeth from both ends of primary 
as end effect occurs due to the interaction of end-teeth with magnets.  

From figure 3.8, it can be observed that the cogging force consists of oscillations which are 
repeating after certain time period in one electrical cycle. The number of periods of cogging 
force can be estimated using a formula defined in [46]. Accordingly, 

    (3.3) 
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Where is the number of periods of cogging force in one electrical cycle;  is the number 
of slots (9) and p is number of poles (8). The least common multiple (LCM) of number of poles 
and slots is 72 which gives , the same number of peaks can be observed in figure 
3.8. Although there is no direct relation between the amplitude of cogging force and , 
however Zhu et al. has argued in [69] that larger the Ncogg is, the lower will be the amplitude of 
cogging force.  

Cogging force and end effect can together influence the speed and position control, producing 
oscillations along the way. Therefore it is important to reduce them. Here few methods to 
counter the detent force are described. Since the cogging force and end effect are produced due 
to different reasons, the strategies to reduce their effect also differ. Cogging force can be reduced 
by: 

i. Skewing of magnets or slots of the primary [70]. But skewing is not recommended in 
case of concentrated windings as the winding factor is already less than one. Skewing 
further reduces the fundamental winding factor compromising the maximum thrust and 
power density [71]. 
 

ii. Cogging force is produced by both leading and trailing edges of the magnet. It is 
therefore possible to optimize the length of the magnet such that two waveforms of 
cogging force (produced by both edges) are cancelled out by each other. However the 
magnet length is limited by the length of slot pitch and therefore there is little freedom to 
make changes [72]. 

 
iii. Semi-closed slots or use of magnetic wedges in slot openings has also been found useful 

to suppress cogging force [73]. As cogging force occurs due to the variation in magnetic 
permeance of slot and iron-teeth, this method aims to reduce the variation in reluctance of 
magnetic path. However the wedges may get highly saturated and yet the effect of 
inclusion of wedge is still not large enough [72].  

 
iv. Cogging force in the concentrated winding machine can be improved by selecting LCM 

of number of poles and slots such that the LCM is high. The higher the LCM, the higher 
is the frequency of cogging torque and thus its amplitude can be lowered [47]. A higher 
LCM can be chosen by choosing number of slots and poles closer to each other [51].  
 

The end effect is phenomenon specially related with short-primary linear synchronous machines, 
caused by the interaction of end-teeth of the armature core and magnets [74]. In other words, the 
end effect is due to the finite length of the mover [75]. Some methods to reduce the end effect 
are given below:  

i. Remy et al has proposed to increase the number of poles and length of the mover to 
reduce end effect. The larger the linear machine, the lower is the influence of end effect 
[76], [77].  



    36 
 

 
ii. Lu et al. has argued in [78] that end effect decreases when speed of the mover is 

increased. 
 

iii. Another method of reducing the end effect is to optimize the shape of end-tooth [67]. Lee 
et al. in [79] has proposed to decrease the length of end-teeth such that the air gap length 
between the permanent magnets and the teeth is widened. They have used end-teeth with 
half of the slot-height (slot-height has same definition as figure 3.3). 
 

iv. Zhu et al. has proposed the use of auxiliary poles to diminish end effect [80]. The 
auxiliary poles consist of teeth made of iron however the connection material between the 
auxiliary pole and iron core are made of aluminum alloy (as Al has low magnetic 
permeability).   

 

The techniques mentioned above are related to optimizing the design and geometry of the 
machine. These techniques can therefore be used before the machine construction. Also, as 
discussed earlier, design variations like skewing decrease the power density of the machine, but 
manufacturing costs are higher. The other way is to use a motor controller to make corrections in 
the force variations. The control techniques to minimize detent force will be discussed in chapter 
4.  

3.6 Nominal load condition 

 
To simulate nominal load condition, machine is supplied with sinusoidal currents as shown in the 
circuit of figure 3.11. Linear machines typically run at nominal speed only for a small period of 
time as they have a finite length of track. Most applications of linear machines involve frequent 
acceleration and deceleration (as in the case of pick-and-place applications). Different working 
conditions can be simulated in Flux separately. However it is simpler to simulate a complete 
duty cycle using co-simulation technique. Co-simulation will be discussed in chapter 4; however 
this chapter includes FEA only in nominal load condition with sinusoidal currents.  

Circuit in figure 3.11 is used to perform the nominal load analysis. Phase resistance and 
inductance are according to the values measured from the commercial machine and are 2.13Ω 
and 10mH respectively. The circuit consists of current sources (I1 and I2), resistances (R1, R2 
and R3) and inductances (L1, L2 and L3). The neutral wire is grounded so that the circuit is 
balanced. Since it is a balanced three-phase system, there is no current source attached to the 
third phase. Instead the current can be calculated using the expression: 

 
                             (3.4) 
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Figure 3.11: Three-phase circuit for linear machine including current sources, resistances and 

inductors 

The current source is set at sinusoidal current of 2A. The currents can be represented 
mathematically as:  

      (3.5) 

        (3.6) 

where the electrical angle  can be calculated using, 

         (3.7) 

where d is the position of linear machine with respect to initial position. Figure 3.12 shows the 
ISO values of magnetic flux in different parts of the machine. Flux values imply that machine is 
not over-saturated with maximum flux around 1.3T.  
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Figure 3.12: Flux density (nominal load) 

Mean thrust value of 784.8N is obtained in figure 3.13 whereas thrust ripple is 1.08%. The force 
ripples calculated at no-load can be different from those at loaded conditions. At nominal-load, 
the cause of force ripples are difficult to predict as it depends on the position of the mover, 
current loading [81] as well as detent force [59].  

 
Figure 3.13: Thrust at nominal load 

For higher thrust, number of slots and poles should be selected such that the winding factor (kw) 
should be as high as possible. For 9 slots, 8 poles, concentrated windings, kw is 0.945 [51]. The 
ripples in thrust can be further reduced by varying the airgap length. Since the cogging occurs 
due to the interaction of iron core and magnets, increasing the distance between the two can 
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reduce the ripples. Obviously, an increase in the airgap length is a compromise on the maximum 
thrust and efficiency [82].  

Linear machine model for co-simulation is complete and its performance is validated using Flux. 
The no-load and nominal load simulations reveal very low cogging force. This generic model of 
PMLSM will be further used in next chapter for co-simulation.  



    40 
 

 

4 CONTROLLER AND CO-SIMULATION 
 
This chapter covers the linear motor control part of the thesis. It aims to describe co-simulation, 
its procedure, advantages and drawbacks. A review of control algorithms developed for linear 
machines have been included in the study. The chapter also includes characteristic equations of 
linear machines. Vector control is selected for implementation and is later co-simulated with the 
FEM model developed in chapter 3. Finally co-simulation results are presented and analyzed.  

 

4.1 Introduction 
 
Co-simulation means to integrate a FEM model with a controller running in Computer Aided 
Design (CAD) software. The FEM model has already been developed in the last chapter using 
Flux®. Flux can then be coupled with CAD simulation software such as Portunus®, developed 
by Adapted Solution™. This approach has been used in this thesis.   
 
The characteristics of system components can influence the overall performance and behaviour 
of the system when integrated together. For example cogging force can cause undesired motion 
control and speed response. On the other hand, harmonics due to non-sinusoidal supply of a 
PWM inverter can increase machine losses, reducing efficiency [83]. Co-simulation is a 
powerful tool that allows evaluating the interaction between the different system components 
such as machines, controllers, power supplies, etc. Such analysis can be helpful in modifying and 
improving the overall system performance.  
 
As presented in chapter 2, motion control of linear machines is a widely researched topic. A 
study of different control strategies for linear machines is presented here to give reader insight 
into the topic. Jiefan in [40] has presented ‘Direct thrust force controller’ for PMLSM. Direct 
thrust control means to control flux linkage and thrust by selecting space voltage vectors based 
on the difference between the actual and reference values of the flux and thrust. Error determines 
the appropriate space voltage vector. Initially the strategy was named ‘Direct Torque Control’ 
for utilizing it with AC rotary motors. Now it is being used in linear motor drives as ‘Direct 
Thrust Force control’ [84]. Hardware implementation is relatively effortless as Park’s 
transformation is not required. Moreover the control strategy is independent of the mover 
parameters.  

Kim et al. in [68] has proposed a method to lessen the end-effect by adjusting the magnitude of 
the phase current. End-effect occurs as the poles of magnetic track attract the ends of linear 
motor’s mover. So the period of end-effect force is π (in electrical radians) as it occurs for each 
pole. The current and back EMF has the period of 2π electrical radians. The thrust depends on 

the product of the current and voltage vector ( ), which by the ‘law of cosines’ has the 
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period also of π. So thrust has the same period as that of end effect. The back EMF is dependent 
on geometry of the machine, strength of magnets and speed of mover. The current, on the other 

hand can be controlled with the drive. Thus by varying current, the product  can also be 
varied. Hence this product can be utilized to counter-act the end-effect. However it should be 
noticed that for varying independently the magnitude of currents in three phases, three single-
phase inverters has to be used instead of one three-phase inverter.  
 
Degobert et al. in [85] has used resonant controllers (RC) to reject higher-harmonic disturbances 
in AC control system. The idea is to regulate frequency of load current by revaluating the 
coefficients of the controller according to non-sinusoidal current references. Resonant elements 
are connected in either series or parallel. RC can remove errors in the fundamental as well as the 
harmonics at the same resonant frequencies as resonant elements. This technique is well-suited 
for PMLSM with non-sinusoidal back EMF, which can cause undesired thrust ripples. To attain 
smooth thrust in machines with non-sinusoidal back EMF, non-sinusoidal currents must be fed to 
the linear synchronous machine. The permanent magnet linear synchronous motor can be 
dissociated into two sub-systems (α, β) using Clarke’s transformation. The resonant controllers 
are designed separately according to the resistance and inductance of α and β system. The 
frequencies and number of resonant components depend on the characteristics of each.  
 
The thrust ripples are introduced by the non-zero harmonics in the magnetic flux. The 
magnitudes of these harmonics are calculated through FFT of the back EMF. Once these 
harmonics are identified, they can be minimized by modifying the reference harmonic currents. 
The higher number of harmonics considered, the higher is the accuracy. However, there is 
compromise between the accuracy and speed of computation.  
 

4.2 Coordinate transformations 
 
In the next section (4.3) the characteristic equations for PMLSM will be presented. The voltage 
and current equations are based on dq-coordinate system. Therefore an introduction to coordinate 
transformations (Clarke’s and Park’s transformation) is presented in this section. A PMLSM is 
supplied with 3-phase voltages to its windings. The voltages are 120o electrically space shifted 
and create a field which interacts with the flux from the permanent magnets to produce 
electromagnetic thrust in the desired direction. Unlike a DC machine in which the armature and 
field currents are decoupled, AC machines are inherently deprived of this luxury. Therefore to 
represent 3-phase machine with decoupled voltage, current and flux components, mathematical 
transformations are required. This is where the Park’s and Clarke’s transformation come into 
use. 
 
Clarke’s transformation presents the idea of projecting three-phase stator currents Ia, Ib and Ic in 
two-phase orthogonal stator currents: Iα and Iβ [86]. The transformation matrix is given in 
equation 4.1: 
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  (4.1) 
 
Conversely, to obtain three-phase from two-phase stationary system the matrix in equation 4.2 
can be utilized.  

 

  (4.2) 
 
Park’s transformation is then used to convert stationary two-phase reference frame into moving 
reference frame to get constant quantities [87]. Equations 4.3 and 4.4 define how the vectors 
obtained from equation 4.1 can be transferred in the moving reference frame. Figure 4.1 displays 
the relationships between the transforms. 
 

   (4.3) 
     

   (4.4) 
 

 
 

Figure 4.1: Park and Clark Transforms. 
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4.3 Equations for PMLSM and speed control 
 

This section deals with the characteristic equations of PMLSM and equations of rectilinear 
motion. For implementing speed control, different control algorithms are available which have 
been tested with various velocity profiles. As mentioned in previous chapters, linear machines 
are often involved in applications like pick-and-place. Such applications require machine to 
accelerate to reference speed, maintain that speed for required time and then decelerate coming 
to a complete halt. Such velocity waveforms are called ‘trapezoidal velocity waveforms’ (figure 
4.2). In this thesis, trapezoidal waveform along with constant speed signal has been tested.  
 

 
Figure 4.2: Trapezoidal velocity profile. 

 
For selection of the right machine it is important to be aware of velocity profiles, load and duty 
cycle beforehand. The required acceleration can be determined using the equations of rectilinear 
motion (equations 4.5 to 4.7) [88].  In these equations, d is the distance travelled, a is the 
acceleration, t is the time since start of motion; vi is the initial velocity whereas vf is the final 
velocity of mover. 
 

    (4.5) 
 

         (4.6) 
 

    (4.7) 
 

Maximum velocity and acceleration varies from application to application so this information is 
helpful when deciding which machine suits for the particular application. Duty cycle has an 
important role while controlling the motion of a linear machine. It can be defined as the 
operating time in each work cycle to the total cycle time [89].  

 

   (4.8) 
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where tON and tOFF are the durations during machine is operating and at rest respectively in one 
work cycle. By decreasing the duty cycle (tOFF>0), a machine can be allowed to cool. Thus 
during ON time of machine, higher amounts of current can be supplied producing higher thrust 
and acceleration rates. This is explained by the concept of effective continuous force given 
mathematically as, 

   (4.9) 
 
where Fc is the continuous force with 100% duty cycle whereas FDC is the force produced with 
lower duty cycle. The lower the duty cycle, the higher force can be produced by the machine as 
the higher amounts of current can be supplied [90]. The speed and acceleration are, however, 
limited by mechanical constraints [91].  
 
To utilize the benefits of linear machines, various control strategies have been employed e.g. 
vector control, neural-network control, direct thrust force control etc. Controller must not only be 
able to control speed but also to overcome the undesirable characteristics like end-effect and 
cogging force (discussed in chapter 3) [92]. In this chapter, vector control has been selected to 
develop a controller for the machine modeled in chapter 3. But before describing vector control 
in more detail, it is useful to present the equations governing the electrical and mechanical 
behavior of linear synchronous machines. The mechanical equation of a linear machine can be 
given as [93], 
 

   (4.10) 
where, 
 
F= thrust produced by linear motor 
M= mass of the mover 
v= linear velocity of the mover 
D= coefficient of friction 
Fl= external load  
 
In the rotating dq-reference frame, fixed to the rotor, the model of a linear synchronous PM 
machine can be given as [92]: 
 

  (4.11) 
 

  (4.12) 
where 
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    (4.13) 
 

   (4.14) 
 

Ud and Uq are d- and q- axes voltages, Id and Iq are d- and q- axes currents, Rs is the resistance of 
phase winding, Ld and Lq are d- and q- axes inductances, λpm is the flux linkage due to permanent 
magnets, λd  and λq are flux linkages in d- and q-axes while ωe is the electrical angular frequency. 
The synchronous velocity (vs) can be given by equation 4.15, 
 

    (4.15) 
 

Where vs is the synchronous speed and fe is the electrical frequency. So the linear speed can be 
varied by varying frequency or pole pitch. It is worthy to notice that number of poles has no 
effect on the speed of a linear machine as in the case of conventional rotational machines. The 
speed can also be altered by controlling the amplitude of input voltage (peak-peak). When 
voltage amplitude is increased, the current also increases. The increase in current magnitude 
leads to higher amount of thrust and speed [94]. The direction of motion can be altered by 
reversing the connection of phases. The thrust for the PMLSM can be given as [10]: 
 

  (4.16) 
 
The first term in equation 4.16 defines synchronous thrust, which can be increased by increasing 
either the current in quadrature axis or flux linkage due to PMs. The second term is reluctance 
thrust caused by the difference in reluctance in magnetic path along d- and q- axes. Once thrust 
and velocity are calculated, power delivered by the linear machine can be represented by well-
known expression [10]: 
 

    (4.17) 
 

4.4 Vector Control 
 
The equations of PMLSM have already been presented in section 4.3. This section focuses on its 
vector control. Vector control employs coordinate transformations (already described in section 
4.2) to use d- and q-axes currents for controlling electro-magnetic field and thrust. Consider 
again equation 4.16, mentioned above, which describes the thrust of PMLSM. The d- and q-axes 
inductances in surface mounted permanent magnet synchronous machine are equal (Ld=Lq). 
Therefore the reluctance thrust is negligible [93]. Thus equation 4.18 is reduced to:  
 

   (4.18) 
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In other words, force in the linear direction is only dependent on current along the q-axis. 
Equation 4.18 is the basis of so called ‘Vector control’. The aim of the vector control is to 
regulate thrust and flux as per the speed demand by controlling the phase currents [87]. If current 
in d-axis (Id) (in equations 4.12 and 4.14) is set to zero, the flux is generated by the PMs (  
only. All the current is oriented in q-axis to produce force along the rectilinear direction. In this 
way, maximum thrust per ampere can be achieved and operation near to unity power factor can 
be realized. Thus with vector control, the flux and thrust in an AC machine can be successfully 
decoupled and separately controlled, similar to a DC machine [95].  
 
Although q-axis current is used to control the thrust; speed and position control loops can be 
added to implement motion control. Figure 4.3 presents the complete control strategy involving 
PI-controllers for currents, coordinate transformation blocks, an inverter, an encoder and a 
motor. Actual speed, position and phase currents are measured from the machine. Incremental 
encoder with Hall sensors can be used to calculate the position of the mover with respect to the 
stator. The reference speed is compared with the actual speed of the machine. The speed error 
signal is fed in to the PI controller and is changed into reference signal of the quadrature axis 
current, which is compared with the actual q-axis current from the machine. In parallel the d-
current in machine is compared with its reference; zero in this case. The current errors are 
provided as input to the PI controller to convert them into voltage signals. The voltages are 
supplied to the motor via a PWM inverter. The figure also shows the coordination transformation 
blocks implementing equations 4.1-4.4. If position control is also required, a third PI controller 
can be used before Speed PI. The position error signal can then be used as a reference signal for 
speed. 

 

 
 

Figure 4.3: Vector Control. 
 
A general expression for the output of the PI-controller can be given as [96]: 
 

   (4.19) 
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where, Kp is gain of proportional part, Ki represents gain of integral part while e(t) is the time 
varying error signal. A derivative part has not been included as large and rapid variations in error 
without filter may lead to undesirable response of the derivative signal. 
 
The PWM inverter switching circuit comprises of transistors and the free-wheeling diodes. The 
modulation is performed using ‘Space Vector Modulation’ technique. The inputs to the converter 
are vectors Uα and Uβ (voltage reference vectors) [97]. These two vectors define the amplitude 
and position of the output voltage (voltage vector  in figure 4.4). The output voltage can be 
represented by the combinations of six voltage vectors ( … in figure 4.4) oriented in space 
with 60 degree phase shift. There are also two zero-voltage vectors:  and ; used to decrease 
the amplitude of resultant vector us [98].  

In figure 4.4 the voltage vector us which can be realized by combining vectors u1 and u2 over a 
sampling period Ts (a sample period of 50 µs is used). The sample period has to be lower than 
half of the minimum step time in Portunus. There are different algorithms to define sequence and 
duration of switching of each voltage vectors. Description of such techniques is left out; however 
reader can refer to [99] for more information. In each sampling period, voltage vectors are 
selected and switching of transistors is done.  

 

Figure 4.4: Space Voltage Vectors. 
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The amplitude of each voltage vector is defined by the DC link voltage (Udc). Transistors and 
diodes in figure 4.5 are labeled from D1…D7 and TR_1…TR_7. The vectors in figure 4.4 can 
then be realized by certain combination of transistors (shown in figure 4.5). For example to 
realize vector , ON signal is given to TR_1 and OFF to TR_2 and TR_3.  

 

Figure 4.5: Circuit of 3 phase/2-level Inverter consisting of free-wheeling diodes and transistors. 

The switches in the same branch receive inverse signals to avoid short-circuit. In Portunus, dead 
time can be defined (using the parameter Tblock) for the same purpose [97]. The parameters of 
transistor and diode models used in figure 4.5 are defined in table 4.1 

Table 4.1: Parameters of internal transistor and diode models 

Parameter  Transistor Model  Diode Model 

Threshold Voltage [V]  0.8  0.8 

Bulk Resistance [Ω]  1×10‐3  1×10‐3 

Reverse Resistance [Ω]  1×106  1×106 

 

4.5 Tuning of the vector controller with an analytical model 
 
Co-simulation is a heavy computation with simulations of 100ms taking up to 30GB of disk 
space and 24 hours to completion. Therefore for initial tuning and testing of the controller it is 
recommended to use simple analytical motor model which is solved in fraction of the time 
needed for the FEM motor model. This methodology is used here and the controller (figure 4.3) 
is first tested with analytical model (figure 4.6) of Permanent Magnet Synchronous machine of 
rotary type. Such model already exists in Portunus and is based on equations given in Appendix 
A. 
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Figure 4.6: PMSM connected to voltage sources from the vector controller (screen shot). 
 
Figure 4.7 depicts the response of the controller. Initially, speed is increased from 0 to 400 rpm 
in 0.1 seconds. The speed is maintained constant till 400ms and then the machine is decelerated 
to zero rpm at 500ms. A load of 0.5Nm is also applied at 200ms. From the figure 4.7, it can be 
seen that the controller is able to follow the speed reference and the controller performance is 
satisfactory.  
 

 
 

Figure 4.7: Speed response of PMSM (Green line: reference; Red line: Actual speed). 
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4.6 Co-simulation (Flux-Portunus) 

 
This section discusses the co-simulation process and describes Flux-Portunus environment. 
Flux® and Portunus® allow integration of electromagnetic and electro-thermal FE models with 
controllers, making possible to simulate complete system. Either 2D or 3D solvers can be used in 
Flux. While exporting a ‘*.F2P’ (model interface) from FLUX®, input and output parameter, 
memory size and step time can be defined. F2P is built after complete FE model is ready. This 
file can then be imported in Portunus and parameters defined in it can be exchanged as in 
between regular Portunus blocks (as shown in figure 4.6). The rate of data exchange defines the 
accuracy which has trade-off with simulation speed [100].  
 
During simulation, Portunus operates as a ‘master' and takes care of the data exchange with Flux. 
In Portunus, the coupling works in transient analysis mode whereas Flux model must be operated 
in either of ‘Transient-magnetic’ or ‘Transient-Thermal” simulation modes.  
 
There are two methods to execute data-exchange between Portunus and Flux coupling 
component. These methods are explained in detail in [100]. One of these methods is ‘High 
Precision’ and the other is called ‘Fast method’. As apparent from the name, ‘high precision’ 
gives better accuracy. However accuracy comes at the cost of computation time. For every 
Newton-Raphson iteration in Portunus, Flux calculates partial derivatives with respect to the 
inputs from Portunus by determining the difference quotient. So Portunus requires results from 
Flux at each time step. In [100] this method is described with the help of the flow chart in figure 
4.8. 

 
Figure 4.8: Working principle of ‘High Precision’ method for data exchange between Portunus and Flux. 

 
The “Fast” method provides a faster solution with a delay in the exchange of data between the 
both software. At time instant tx, Flux outputs the simulation results performed at time tx-1 to 
Portunus. So in this manner, Flux outputs become invariant towards the values calculated by 
Portunus at current time instant tx. There are no derivatives evaluated and only one Flux run is 
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needed for each time step. This protocol should be chosen for systems where the time delay has 
no major effect in accuracy. Figure 4.9 presents the working principle as defined in [100]. 

 
Figure 4.9: ‘Fast method’ for data exchange between Portunus and Flux. 

 
The simulation is run like any Portunus simulation model. Flux server is started (automatically) 
in the background when the simulation is started from Portunus. For more details, reader is 
advised to refer to [100]. Figure 4.10 shows a screen shot of the Flux block coupled with the 
controller block in Portunus. Here the three phase voltages and the mechanical load is given as 
inputs to Flux. Flux, on the other hand, returns three phase currents, speed, position and thrust.  
 

 
 

Figure 4.10: Co-simulation blocks in Portunus (red colored block confirms that the Flux model has been 
loaded). 

 
It is important to note that speed, position, voltage or currents may have different units in Flux 
and Portunus. For example Flux computes the speed of rotational machine in degrees/second and 
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position in degrees. Portunus, on the other hand, calculates speed in revolutions per minute and 
position in radians.  
 

4.7 Simulation results 

 
This section presents the co-simulation results using blocks shown in figure 4.10. Controller 
performance is tested using different speed commands. This will help in pinpointing the key 
parameters and characteristics of the system. In all of the speed diagrams, the green curve 
represents the speed reference; red curve is the actual speed of the machine while blue curve 
represents the error between the two. In figure 4.11, a constant speed signal (500 mm/s) is given 
to the machine. The values of the coefficients for the PI controller used for the current control 
are Kp = 5 and Ki = 5 and are chosen by trial and error method. The mass of the mover in the 
mechanical set of the FEM model is set as 2.26kg. There is no external load applied to the 
machine.  

 
 

Figure 4.11: Speed response (constant speed profile). 

It can be seen from the figure 4.11 that the machine takes 32ms to reach the reference speed. 
After that there are oscillations in the output thrust which are periodic. There must be a periodic 
factor causing these variations in speed. To analyze the root cause, time between two dips is 
marked in the figure 4.11. The period of oscillation is noted by drawing straight lines from the 
red-curve to the x-axis. To investigate the possible cause in the geometry of the machine, 
position of the mover is plotted against time (figure 4.12). When the same time points (72.5ms 
and 132.5ms) are compared against the mover’s position in the position vs. time graph, it 
extrapolates to almost 29.5mm and 59.5mm (figure 4.12). The difference is the pole pitch of 
PMs.  
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Figure 4.12: Distance traveled by mover in 72.5ms and 132.5ms corresponds to 29.5mm and 59.9mm 
respectively. 

Youn et al. in [101] has argued that the end effect has a period exactly same as magnet pole 
pitch. Same conclusion has been made in [68]. However it has already been discussed in chapter 
3 that it is not possible to simulate end effect using this model. Hence the end effect has been 
ruled out as a probable cause. In order to find out if magnet pole pitch is connected with this 
behavior of machine, the model is redesigned with a mover length of 200mm. Since 8 poles are 
simulated in this model, magnet pole pitch is 25 mm. Machine is set to run at 0.4m/s and the 
behavior of speed response is observed. It was noticed that oscillations similar to the previous 
model were observed. Figure 4.13 depicts the speed response of the system.  
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Figure 4.13: Speed response (model with magnet pole pitch of 25mm). 

One period of oscillation is selected for analysis. In the figure 4.13, this corresponds to time 
between 75ms and 139ms. The position of mover is noted against these times, as done in figure 
4.12. Figure 4.14 represents the corresponding position of mover at times 75ms and 139ms.  

 

Figure 4.14: Position of mover at 75ms and 139ms corresponds to 25mm and 50mm respectively. 
 

The mover travels one pole pitch during one oscillation. This confirms that oscillations are 
occurring due to FEM model. The performance of controller has already been validated using 



    55 
 

analytical model in section 4.5. However, at this point, the exact reason for this variation in 
speed is unknown. It can be due to the use of periodicity in the model. The model is designed by 
defining one magnet pole pitch and then using face propagation and affine transformation to 
simulate 8 poles of stator and mover. Further investigation is required to confirm the exact cause 
of the problem.  
 
Now the effect of load on the machine (with magnet pole pitch 29.9mm) will be evaluated. The 
machine is given a speed reference of 0.5 m/s same as in figure 4.11. But at instance t=60 ms, a 
load of 10 N is applied on mover. The effect of applied load is evident from figure 4.15. The 
oscillations, observed in figure 4.11, become larger. Although with time, controller tries to 
decrease the magnitude of these oscillations.  
 

 
Figure 4.15: Effect of load applied on the machine with 29.9mm magnet pole pitch. The load has increased 

the magnitude of oscillations in the machine 
 
Machine is further tested with trapezoidal velocity profile (figure 4.16). The machine is first 
accelerated to the speed of 0.5m/s in 50ms, kept at constant speed for 75ms and then decelerated 
to 0 at time =175ms. At 150ms, anomalous behavior is observed in speed response. Machine 
instead of following the reference speed and decelerating, accelerates for around 20ms. If 
position of mover is observed during this acceleration (refer to figure 4.17), the mover is at 
60mm i.e. twice of magnet pole pitch ( ). It is therefore possible that the reason of this 
anomalous behavior of system is the same as the cause of oscillations in figures 4.11, 4.13 and 
4.15. 
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Figure 4.16: Speed response (trapezoidal velocity profile). Machine accelerates, maintains constant speed and 
then decelerates to 0m/s. 

 
Figure 4.17 gives the final position of the mover with respect to the initial position. In 175 ms of 
simulation, the machine travels a distance of 68 mm.  
 

 
Figure 4.17: Final position and distance covered by mover with trapezoidal velocity profile until machine 

stops. 
 
The thrust produced by the machine is depicted in figure 4.18. During the time when the 
machine is accelerating, thrust is positive. Thrust becomes almost zero when machine is kept at 
constant speed. This is because force is required only to overcome the friction. Thrust increases 
again between 125ms and 150ms when machine shows unwanted behaviour. After 150ms, when 
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machine is decelerating, thrust is again negative. At around 175ms, thrust gets to zero as 
machine comes to standstill. In figure 4.18, the x-axis is in milliseconds as in 50ms.  
 

 
 

Figure 4.18: Thrust produced by machine with trapezoidal velocity profile  
 
The graph of figure 4.18 shows that there are more harmonics in thrust than observed in figure 
3.8 (FEM simulation). In chapter 3, sinusoidal current supply was used whereas for co-
simulation, PWM inverter is selected which has higher time harmonics in its voltages and 
currents. This is one of the key advantages of co-simulation i.e. the effect of system components 
on each other can be evaluated and overall system response can be improved. The effect of 
PWM inverter can be observed by simulating thrust with sinusoidal sources and then comparing 
it with figure 4.18. The effect of cogging force can be simulated by running the machine at no 
load and fixed speed (as in chapter 3). In figure 4.18, the machine is supplied with currents; 
therefore the effect of cogging force cannot be identified.  
 
The force ripples are highly undesirable in motion control applications especially for linear 
machines. Therefore appropriate control strategy (like the ones mentioned in the beginning of 
this chapter) must be employed to reduce the effect of harmonics on motion control. Time 
harmonics in supply current can be minimized by increasing the switching frequency. A 
switching frequency ~20 kHz is helpful in this regard [93]. Figure 4.19 shows the d-current 
which is almost zero as required by reference current.  
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Figure 4.19: Current in d-axis with 0A as reference 

 
In the figure 4.20, q-axis current ( ) is presented. The reference for the q-current is determined 
by the error signal of speed (shown as blue curve in figure 4.13). Comparing the speed error 
signal and q-current implies that current is accurately following its reference. When machine is 
accelerating, current has a maximum value of 0.6A whereas it is 2.5A (absolute value) when 
deceleration occurs. The higher value of current during deceleration is because machine, instead 
of following the reference and decelerating, accelerates between 125ms and 150ms. Therefore 
controller has to produce large current to bring the speed down to zero. It shows that controller is 
working fine. However, as already explained, further investigation is required to detect the cause 
of this anomalous behavior.  
 

 
Figure 4.20: Iq current graph shows positive current during acceleration, almost zero at constant speed and 

negative current when machine is decelerated. 
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Co-simulation is concluded with these simulations. The controller was successfully integrated 
with FEM model in Flux. Vector controller was implemented in Portunus. The controller was 
tuned with analytical model and later coupled with FEM model. The machine followed the speed 
reference as required. Anomalous behavior of machine has been observed and it is connected 
with the pole-pitch of permanent magnets. At the moment, the reason of oscillations is not 
known and therefore further investigation has been suggested. To conclude, co-simulation is a 
powerful tool to analyze the multi-domain systems. The behavior of machine with PWM and 
controller was quite different than sinusoidal current sources used in chapter 3. It is also easier to 
simulate complete duty cycle of the machine. In this chapter, simple motion control was 
implemented. This analysis can be extended to study loss calculations and efficiency in complete 
duty cycle. However, the drawback of co-simulation is the amount of time required to simulate 
few milliseconds. In order to fully exploit the potential of co-simulations, more powerful 
computers are needed which may be present in market in next few years. 
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5 CONCLUSION 
 
The scope of this thesis is to study permanent magnet linear machines and perform co-simulation 
between controller and FEM model. The structure of linear machines is described with their 
differences with conventional rotary machines. Some of the common configurations of linear 
machines are described. Each of those configurations has its own advantages and thus has 
specific applications. Linear machines have been employed in variety of applications like 
robotics and Maglev.  
 
The research trends on linear machines are also observed. It is found out that in previous two 
decades most of the research emphasis is on motion control of linear machines. These include 
pick-and-place applications like robots. Linear machines has huge prospects in semi-conductor 
industry while motion control being the key application. Market surveys included in literature 
review are consistent with the research trends.  
 
There are different ways to model machines. Several papers have been put forward to model 
linear machines analytically. The analytical methods are not only fast but also give good 
approximation of machine behavior. However to capture all the relevant forces and to design an 
accurate model, finite element method has been the most accurate way. The linear machine is 
modeled in Flux®. Flux3D is more accurate than Flux2D; however this comes at longer 
computation time. Therefore Flux2D has been selected for analysis. However, this compromises 
the accuracy of results as leakage flux and end effect is impossible to observe. FEM model 
consists of concentrated windings. Besides easy to manufacture, concentrated windings help in 
reducing joule losses and increasing efficiency.  
 
The FEM model has thrust and force of attraction similar to the commercial machine available in 
laboratory. To match the output performance, effect of parameters like size and strength of 
magnet, airgap width, current amplitude, machine size and tooth width (with constant slot pitch) 
is analyzed. It is found that variation of these parameters affect both linear thrust and force of 
attraction between magnets and primary core. Therefore linear bearings must be designed for 
commercial machines which can withstand this mutual force of attraction. The size of mesh 
affects the accuracy of FEM simulations. Since most of the flux is concentrated in airgap, the 
mesh size should be very small there.  
 
Linear machine is simulated for no-load condition. At no-load, induced EMF due to permanent 
magnets and cogging force can be analyzed. A sinusoidal back EMF is obtained for the model of 
linear machine used in this thesis. It implies that linear machine have low space harmonics and 
consequently low cogging force. The curve of no-load force, later on, validates that FEM model 
has low cogging force. The linear machine is designed by using the periodicity of machine to 
simulate an infinite travel length. The no-load force simulated thus represents only cogging 
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force. It is possible to predict the period of cogging force. It is argued in works included in 
literature that higher the frequency of cogging force, the lower is its amplitude. The frequency of 
cogging force can be increased by selecting number of poles and slots closer to each other. FEM 
model in this thesis has 9 slots and 8 poles.  
 
Different methods have been studied to reduce the cogging force and end effect. Since these both 
forces occur due to different reasons, the methods to counter these forces also differ. There are 
two ways to reduce detent force. One is to modify the design of machine and the other is to 
implement a control algorithm which can diminish the unwanted forces and can perform motion 
control. The methods concerning machine design can be implemented only before 
manufacturing. These methods not only require special manufacturing techniques, but also tend 
to reduce the performance of machine. The algorithm controlling the machine can however be 
changed anytime and thus machine’s performance can be optimized.  
 
The nominal load condition is simulated using the sinusoidal currents. Other voltage and current 
waveforms can also be tested in Flux. At nominal load, thrust of 784.8N and 1.08% thrust ripple 
is produced. However in reality, PWM converter is used instead of sinusoidal supply. PWM 
converter is impossible to implement in Flux. It is also not possible to simulate a complete work 
cycle, which is important for linear machines keeping in view the frequent acceleration and 
deceleration due to the finite length of track.  
 
Co-simulation is a powerful technique which helps in evaluating interaction between different 
components of a system. The thrust ripples of linear machine with sinusoidal currents (in FEM) 
were lower than when it was operated with PWM inverter. The overall system response can be 
tested by varying parameters of inverter, controller as well as material properties of PMLSM. 
Similarly, it is also possible to simulate a complete work cycle of linear machine. A controller 
with different control algorithms can be analyzed with FEM model and appropriate control 
technique can be chosen. 
 
Besides the advantages, the main drawback of co-simulation is the amount of time to co-simulate 
few milliseconds. A simulation of 100ms can take up to 24 hours and 30GB of disk space. There 
are some factors which can vary the simulation time. A model with dense mesh takes more time 
to co-simulate than sparse. Co-simulation can also be reduced by reducing the time step. 
However Portunus gives error if too big time step is chosen. An appropriate time step is chosen 
using trial-and-error method. Portunus performs co-simulation using two algorithms; ‘High 
precision’ and ‘Fast method’. Considering the simulation time of later, the former was not tried 
for simulation. The results included in this thesis are thus obtained using ‘fast method’. Due to 
the time required for co-simulation, it is not possible to test and tune controller with FEM model. 
It is therefore recommended to use analytical models to test the controller performance and then 
integrate it with FEM model.  
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The co-simulation of PMLSM model is successfully implemented. The vector controller controls 
the speed of machine as desired. However there are periodic oscillations which occur after every 
magnet pole pitch. To check whether the oscillations are connected with FEM model or 
controller, the magnet pole pitch is altered (from 29.9mm to 25mm); the period of oscillations 
changed with magnet pole pitch. The amplitude of these oscillations gets larger when load is 
applied to the machine. The exact reason of these oscillations is unknown and requires further 
investigation. 
 
To conclude, linear machine is big market and motion control applications are attracting the 
attention of both manufacturers and researchers. There are both design and control strategies to 
optimize machine performance. Co-simulation is powerful tool to analyze performance of linear 
machines. It is especially useful for linear machines which seldom work at nominal working 
point and go through frequent acceleration and deceleration. However large simulation time is a 
drawback of co-simulation. It can be commented that despite the advantages of co-simulation, it 
is not a viable option at the moment. It may take few years before computation speed of 
computers become compatible to the requirements of co-simulation.  
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6 FUTURE WORK 
 
The machine model is simulated using the periodicity of machines. It will be interesting to 
simulate mover with finite length and defined boundary conditions. In this way, the end effect of 
linear machine can be simulated. Once the detent force has both cogging and end effect 
components, the techniques explained in section 3.5 can be used to simulate them separately by 
nullifying the effect of other. Section 3.5 also mentioned strategies to counter these unwanted 
forces. These strategies can also be studied in future.  
 
This model of linear machine was developed in Flux2D; it would be interesting to use Flux3D 
and observe the effect of incorporating more details in the machine model. The design 
techniques to reduce cogging force and end-effect (e.g. skewing, auxiliary poles) can be 
simulated using 3D model.   
 
There exist different control algorithms (like resonant controller, direct thrust force control) for 
linear machine control. A study of these techniques can be carried out in future and their 
performance can be compared. Direct thrust force controller has already been designed for 
analytical model but not yet tested on FEM model in co-simulation. 
 
Co-simulation can be performed using different velocity profiles and duty cycles. Owning to the 
finite length of track, applications of linear machines are based on back and forth motion. The 
effect of multiple accelerations and decelerations on winding insulations, losses and heat 
dissipation can be analyzed in future. Using such analysis, type of cooling and heat sink can be 
recommended.  
 
In future it will be interesting to establish laboratory setup and compare the measurements of 
linear machine parameters with FEM or co-simulation. Such comparison can be helpful for 
evaluating not only the performance of actual machine but also to validate the usefulness of co-
simulation analysis. 
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APPENDIX A  ANALYTICAL MODEL OF PMSM USED IN SECTION 4.5 

 
Analytical model of PMSM used for the tuning of vector controller is based on the following set 
of equations [102]. The symbols used in this appendix (taken from the source) are also defined 
below the equations.  
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