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ABSTRACT 

The prime topic of research presented in this report is the development and use 

of computer-based modelling methodologies for design and performance 

modelling of an industrial component in the food sorting industry, exemplified in 

actuators used in bulk food sorting machines. 

Electromagnetic (EM) solenoid actuators are widely used in many applications 

such as the automobile, aerospace, printing and food industries where 

repetitive, often high-speed linear or rotating motions are required. In some of 

these applications they are used as high-speed 'switching' valves for switching 

pneumatic channels. 

The complex nature of electromagnetic, motional and thermal problems is 

discussed. The methodologies for FE modelling of such high-performance 

actuators are developed and discussed. These are used for modelling, design, 

performance evaluation and prediction of the above high-speed actuators. 

Modelling results showing some of the key design features of the actuators are 

presented in terms of force produced as a function of various design 

parameters. 

Optimization calculations for the dynamic behaviour are executed at the design 

process of electromagnetic actuators. Finite element method used for modelling 

the electromagnetic actuator model. The models are implemented in the design 

software Opera-2d/3d and were tested at different tasks. The capability is 

shown at a magnetic actuator. 

Magnetically controlled shape memory materials are a new way to produce 

motion and force. The material changes shape in a magnetic field. Usual 

applications of the material are actuators that produce linear motion. MSM 

actuator type is designed and initial investigation presented in this thesis . 

..., , 



Finite element modelling methodologies have been developed for the design 

and investigation of electromagnetic and thermal behaviours of high-speed, 

large-force and long-lifetime solenoid actuators used as pneumatic ejector 

valves in optical sorting machines for bulk food sorting. Operating at 

frequencies between 150-300 Hz, these actuators are unique in terms of the 

large force they produced (8-19 N) with very long lifetime (2-5 billion cycles). 
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Chapter 1 Introduction 

Chapter 1 

INTRODUCTION 

1.1 MOTIVATION FOR THIS STUDY 

The present highly competitive international economy demands that companies 

should search for new methods to increase efficiency, improve productivity and 

streamline operations. In the manufacturing sector, the reduction of costly 

prototype development and production represents a significant competitive 

advantage. Magnetic field analysis for optimum design is now entering the 

mainstream of Computer-Aided Engineering. Field simulation permits electrical 

engineers to vastly improve both their visualization and manipulation of the 

electrical and magnetic fields which underlie all electrical products [1]. The 

purpose of field simulation is to create reliable and accurate prototypes using a 

computer. A computer graphics interface allows the engineer to draw a 

geometric model, specify the material properties of objects and to identify the 

source of electromagnetic fields [2]. The simulator then computes the fields that 

exist throughout the structure and allows the solution to be both quantitatively 

manipulated and displayed on the screen. 

Technologies for developing electromagnetic actuators have been advanced 

significantly in the past two decades. Their applications range from low force 

actuators such as optical mirrors or magnetic printing systems, to large force 

actuators, such as motors, relays, and valves. High speed sorting machines 

based on optical properties are in the forefront of bulk sorting of many food 

products (rice, peanuts, coffee, peas, beans, etc.) [3-9]. An EM ejector is 

essentially an EM valve actuator whose active components comprise an 

excitation coil wound around a magnetic core that attracts or releases a 

movable valve plate depending on the excitation state of the coil. Very tight 

design and rigorous performance specifications make the EM ejectors which 

are needed for high-speed sorting applications to be unique in terms of their 

design, manufacture and reliable exploitation. 
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Electromagnetic (EM) solenoid actuators of wide variety of sizes, shapes, power 

outputs and technological realizations are used in many applications where 

discrete cyclic motions are required. Compared to other actuating mechanisms 

based on, for example, piezoelectric and hydraulic principles EM actuators are 

simpler, cheaper, repairable, robust, and easier to manufacture. Although the 

analysis and design of such actuators are well covered in the literature [10-13], 

there are, however, very few situations which involve commercial EM actuators 

that normally operate under continuous duty cycles at frequencies between 

150-300 Hz, producing a relatively large force (8-10 N). These are combined 

with a stroke length of 0.05-0.1 mm, 'fully open' and 'fully closed' at times of 0.2 

ms and 0.46 ms respectively becomes a requirement for a multibillion cycle 

operation (in excess of 5 billion cycles) without maintenance. These actuators 

operate at the limit of what can be achieved by solenoid-based EM actuator 

tech nology. 

We have investigated different designs of actuators of this type, which are used 

as pneumatic ejector valves in high-speed optical food sorting machines [14]. 

The whole area of systematic research into high frequency EM valve-based 

ejector technology is new. To our knowledge, apart from previous 'trial and 

error' methods used in this industry, no comprehensive research has been done 

so far. Given the demanding fast duty cycle, high frequency of operation, high 

reliability and robustness needed for the ejector technology, the EM ejector 

valve being developed should be unique, meeting very tight design and rigorous 

performance specifications. Some of the novel aspects of the design being 

pursued include the minimisation of the overall size of the valve, and meeting 

the constraints of the particular geometric and material parameters of the 

magnetic circuit and the dedicated control circuitry used. 

The design methodologies developed for this research are based upon the 

modelling and computation of 20/30 nonlinear magnetic field distribution in the 

ejector valve using the finite element (FE) technique. This involves the steady

state and transient solutions of nonlinear Poisson's equation for which there are 

no analytical solutions. The results are used for design optimisation and 

..., .... 
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investigation of the effects of geometry, material, EM and mechanical 

parameters on the output performance of the valve [15-28]. 

The work carried out here is built upon a previous brief study carried out at City 

University in collaboration with Sortex Limited UK, to investigate the viability of a 

successful approach which has been put forward towards the design, 

development and implementation of an ultimate ejector sub-system. The 

resulting EM ejector currently lasts between 500 million to 1 billion cycles before 

failure. 

The newly developed ejector sub-system that would be ultra compact and have 

a long lifetime cycles. While an ideal ejector would be a valve that never fails, 

this work focused on the development of methodologies and software design 

tools for both modelling and CAD of novel concepts for the design, 

development, fabrication and testing of key industrial components in the bulk 

food sorting industry, exemplified in the EM actuator-based ejector sub-systems 

used in optical sorting machines. 

1.2 PROJECT OBJECTIVES 

Although conventional actuators are well covered in literature [29-34]. A very 

few studies have been carried out so far that concern high speed and large 

force magnetic actuators [5-36]. The published literature in this area concerns 

analytical and experimental studies of high speed electromagnetic actuators 

with very small force 

Linear actuation systems typically include electrical, mechanical, and hydraulic 

components as well as control systems. The solenoid plays the role of an 

interfacing component between the electrical domain and mechanical loads [37-

40]. It is very challenging to model the solenoid accurately because its operation 

is based on complex electromagnetic principles. It is a multi-domain component 

in itself comprising the electrical driver circuit and the mechanical plunger 

behaviour. 
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Numerical and analytical studies are carried out to investigate and understand 

the mechanisms of electrical, mechanical and thermal effects of the high speed 

and large force electromagnetic actuators [21], [41]. The analytical techniques 

used are unsuitable for tackling the complicated non-linear problems involved. 

Despite the fact that the actuators described above are generally simple and 

robust electromechanical devices. They rely on complex nonlinear 

electromagnetic, thermal and electromechanical processes that underlie their 

efficient, reliable and safe operation. These usually interrelated processes need 

to be understood and quantified in order to optimise their design and ensure 

long-term safe and reliable performances. 

In order to understand the basic electromagnetic processes and other effects on 

the design and performance of an electromagnetic actuator a detailed study of 

its magnetic field distribution is needed. FE technique is used for the 

development of appropriate methodologies for mathematical modelling and 

computation of the 20/30 nonlinear magnetic field distribution in actuators [17-

26]. This would involve the steady-state and nonlinear Poisson's equation in the 

complex geometry of such actuators for which there are no analytical solutions. 

Accuracy in the calculation of field distributions and device parameters remains 

the foremost consideration in the choice of the appropriate tools, followed by 

speed of solution and cost. Over the last few decades numerical methods have 

gained in accuracy and applicability. The growing power of the computer has 

put the final touch on the appeal of the computer-aided approach. 

The 20/30 models and the software design tools that have been developed 

would be used to investigate the magnetic field distribution in and around the 

core and plunger taking into account saturation and eddy-current effect for 

various design parameters (e.g. geometric, material and electrical) [42-44]. In 

addition, the results would be essential in the investigation of the nature and 

magnitude of the magnetic force acting on the valve plate for various air gap 

distances. thicknesses of the valve plates and various excitation currents. 
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I n the absence of any existing methodologies for mathematical modelling and 

CAD of electromagnetic actuator that tackle the problems discussed above, the 

academic and industrial context of the research undertaken in this study is 

clear. 

The modelling methodologies that need to be developed should give a 

fundamental insight into the physical nature and extent of these problems and 

solve for CAD, performance evaluation and the prediction of actuators. The 

CAD techniques to be developed should lead to significant improvements to the 

design and performance of actuators. By their generic nature, the 

methodologies would be applicable to tackle similar problems in many other 

related areas. 

Mathematical model for the component is developed representing its basic 

functionality. This model will allow us to predict the value of the force. 

The FE model can be easily generated using Opera. Opera is ideal for FEA 

modelling software since it allows an easy and fast model implementation [45-

46]. However, the actual properties of the solenoid typically determined by a 

variety of physical effects that cannot be easily included in analytical 

calculations. Most of these effects are non-linear and are primarily due to the 

magnetic saturation of the iron within the solenoid. 

Two distinct approaches which exist as the solutions for field problems are: 

domain-type and boundary-type. Domain type formulation is the direct solution 

of the differential equation governing the field. The finite difference (FDM) and 

finite element (FEM) methods are the two most commonly used domain-type 

methods. In our solutions we have used finite element method. 
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1.3 AIMS AND OBJECTIVES OF THE WORK 

The above discussion set out the academic and industrial context and 

establishes the scope of the work that needs to be undertaken for investigation 

of electromagnetic actuator by mathematical modelling. This also leads to the 

following aims of the work: 

(a) To develop methodologies and finite element (FE) software design tools for 

20/30 electromagnetic and thermal modelling of electromagnetic (EM) 

valve-based ejector sub-systems for their full computer aided design (CAD), 

functional modelling and performance prediction. 

(b) To design and build appropriate prototypes of ejector valves uSing 

methodologies developed in (a). 

(c) To laboratory and life test the prototypes in industrial test conditions in order 

to validate and refine the above modelling methodologies and thus to 

evaluate their performance in terms of EM, mechanical, thermal, pneumatic 

and dynamic characteristics. 

(d) To investigate and research into the feasibility of conceptually new ejector 

technology for the next generation of sorting machines using the validated 

modelling and software design tools. 

The above aims will be met by fulfilling the following objectives: 

(i) Investigation and research into a range of potentially viable ejector 

technologies (e.g. EM valves, ultra high pressure valves, multiple power 

and/or angles of ejection, etc.) in order to identify a number of most 

appropriate technologies to be developed that will meet the requirement 

specifications for the present and the next generation of sorting machines. 

(ii) Development of methodologies and design tools for CAD and optimisation 

of EM valve-based ejector sub-system by solving coupled or decoupled 

electric circuit, magnetic field and mechanical equations. 
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(iii) Development of methodologies and design tools for 20 thermal modelling of 

both individual and banks of ejector valves by direct or indirect coupling of 

magnetic field and thermal equations. 

(iv) Design and building of appropriate prototypes of ejector valves using 

methodologies developed in (ii) and (iii). Design and building of matching 

control circuitry for these prototypes. 

(v) Laboratory and life testing of the prototypes in industry (Sortex) to validate 

and refine the above modelling methodologies and to evaluate their 

performance in terms of EM, mechanical, thermal, pneumatic and dynamic 

characteristics. 

(vi) Investigation and research into conceptually new ejector technology for the 

next generation of sorting machines. 

(vii) Dissemination of results via patents and publications for their genenc 

applicability in diversified industrial applications. 

Based on the above aims and objectives, the primary aim of the project is to 

develop software design tools and use these tools to design, build, test and 

implement an ejector technology to the specification agreed by industry. The 

design tools and technology will have specific application in present and next 

generation sorting machines, and generic application in other areas such as 

automobile, aerospace and printing industries. 

1.4 OUTLINE OF THE THESIS 

The research work presented was carried out with the aim of obtaining a model 

of a solenoid actuator which consists of part of a greater complete model for 

food sorting technology. This report presents operational principle 

methodologies and the results of performance modelling of actuators. This is 

done by finite element modelling and computation of 20/30 magnetic field 

distribution in actuators used as bulk food sorting machines. The present thesis 
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consists of nine chapters including the introductory Chapter 1, where the 

motivation and present contribution of this research work is outlined. 

The purpose of Chapter 2 and Chapter 3 is to provide the information necessary 

to understand the basic theory and capabilities of magnetism and electro

magnetic actuators to enable us to select or design an actuator for a specific 

application and set of design constraints. 

The purpose of Chapter 4 is to provide information on the electromechanical 

and thermal systems with the specific perspective of an actuator development. 

Also this chapter explains the coupled nature of electromagnetic and 

mechanical forces in an actuator system which necessitates the simultaneous 

solution of the governing electromagnetic and mechanical equations to predict 

the system performance characteristics. 

This describes the important categories of magnetic material properties. For 

each category the various properties of prime interest are discussed, how these 

differ from one class to another, and how these properties can be controlled. 

The purpose of Chapter 5 is to analyze the C-core and E-core actuator 

computational finite element modelling. An interactive method of solution with 

well-known successive technique has been adopted and described the 

important design for this type of actuators is the variables of geometry, e.g. size, 

shape number of turns of the coil, shape and dimension of the valve plate. For 

electromagnetic actuators the dimensions of the magnetic circuit and their 

magnetic material properties are the design variables. By the use of these 

mathematical models a new design can be generated or an existing design can 

be modified for optimum performance. Some useful techniques, e.g. 

dimensional analysis, input current analysis, have been used to optimise a 

design to meet specified design criteria. 

The purpose of Chapter 6 concerns the application of the finite element method 

in the analysis of electromagnetic actuators. The effect of the air gap and 

excitation current for different material and different shapes of the actuators has 
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been investigated. In electromagnetic actuators the main objective is to 

maximise the flux density in the air gap. The mathematical models developed 

can be used for such design optimisation without costly and time consuming 

experimentation. 

In chapter 7 the results of the computations are presented and they are 

validated with experimental results. 

Chapter 8 presents the general background on the MSM actuator and the study 

of preliminary modelling which have been carried out in this chapter with a 

simple design of MSM actuator. 

The purpose of Chapter 9 is to discuss the conclusions arrived at as a result of 

the work done and presents suggestions for ways in which further research 

would enhance the utility and versatility of the work to continue. 
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Chapter 2 

MAGNETIC SYSTEM AND EQUIVALENT 

CIRCUIT 

2.1 INTRODUCTION 

The purpose of this chapter is to set forth the basic background needed to 

analyze electromagnetic and electromechanical systems. The circuit is an 

ingenious abstraction for representing in a simple integrated form of what is in 

fact a highly complex electromagnetic system which is associated with a 

conducting path. Many simple linear or vibratory machines (such as relays and 

actuators) can be represented by a single magnetic path linked with a coil 

whose inductance is a function of the relative position of the fixed and movable 

parts. Each component electric circuit has a behaviour expressed as a 

differential equation and the whole device being represented by as many 

equations as there are recognizably separate circuits. The parameters must be 

known in an appropriate form, based on field analysis, design estimate or 

experiment. 

Electromagnetic actuators can be described by mathematical models. These 

mathematical models help to understand their behaviour and the effect of 

various features of their construction. The performance characteristics can also 

be evaluated from the geometry and material properties of the device. The 

mathematical model can be used for a systematic overall design process, firstly 

to select a design concept. When a concept is chosen, the design can be 

formulated to give the form and structure, dimension and the materials to 

achieve satisfactory and lor optimal performance characteristics [47-52]. 

For some practical problems this may be enough, but a complete analysis 

requires the construction in sequence of the electric circuit equations, the 

energy conversion relation and the equation of motion. The full process may 

present analytical difficulty, not because the approach is faulty (in, fact, only the 

circuit approach enables us to get so far) but because a linked 
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electromagnetic/mechanical system is complex. Analytical solution may have to 

be obtained with the help of simplifying assumptions, but numerical solutions 

can always be computed [47-52]. 

2.2 MAGNETOMOTIVE FORCE (MMF) AND KIRCHHOFF'S VOLTAGE 

LAW FOR MAGNETIC CIRCUITS 

Despite the fact that electromagnetic actuators are generally simple and robust 

electrical devices, that rely on complex nonlinear electromagnetic, 

electromechanical and thermal processes and also that underlie their efficient, 

reliable and safe operation. These usually interrelated processes need to be 

understood and quantified in order to optimise their design and ensure long

term safe and reliable performance. 

In order to understand the basic electromagnetic processes and other effects on 

the design and performance of an electromagnetic actuator a detailed study of 

its magnetic field distribution is needed. To develop appropriate methodologies 

we need to know the analytical method and computation of the 20 linear 

solutions in electromagnetic actuators using the FE technique. 

An important aspect of modelling work is creating the right model. This has 

been checked by comparing the 20 linear modelling solutions and analytical 

solutions calculated by us. However the analytical solution is only applicable 

where, 

(a) Magnetic circuit is linear 

(b) There is no leakage flux 

(c) There is no fringing of flux 

The agreement between analytical solutions and 20 linear modelling solutions 

will establish confidence in the modelling methodologies already developed and 

it leads us to do the modelling and computation of the 20 nonlinear magnetic 

field distribution in electromagnetic actuators using the FE technique. The 20 

nonlinear modelling techniques to be developed should lead to significant 

improvements to the design and performance of electromagnetic actuators. 
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We begin our analysis of magnetic systems by developing the concept of 

Kirchhoff's voltage law for magnetic systems. In particular the idea that the 

sum of the magneto-motive force drops around any closed loop is equal to the 

sum of the magneto-motive force sources. 

To formalize this idea, we begin with Ampere's law, which states that the line 

integral of the field intensity is equal to the current enclosed by that path. 

This is illustrated in Fig. 2.2-1 and may be stated mathematically as 

fH. a1 = Nienc (2.2-1) 
x 

Where N is the number of turns 

l enc 

dl 

H 

Fig. 2.2-1. Amperean loop 

In the equation (2.2-1), H is the field intensity (a vector field) , dl is an 

incremental segment in the path (again a vector) , and total i"nt current enclosed 

by that path , where the sign is determined in accordance with the curled-straight 

right-hand rule. 
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"- " Fig. 2.2-2. Magnetic field around the core 

The total enclosed current for the path is the total magneto-motive force (MMF) 

source Fr for the path, i.e. 

Fr = N ·ienc (2.2-2) 

It will often be convenient to break the total enclosed current into a number of 

separate components, i.e. 
J 

ienc = LiT,} 
}=1 

(2.2-3) 

Where J is the number of components; each component can be viewed as a 

magneto- motive force source component 

Combining equations (2.2-2) and (2.2-3) 
J 

Fr = S· Lir,} 
)=1 

(2.2-4) 

It will be also be convenient to break the path integral in equation (2.2-1) into a 

number of sub line-integrals. If the path integral is broken into K segments we 

have 

K -lit. i '. 

L f H· a1 + fH. a1 = F[ (2.2-5) 

, ·1 It I, 

Where at this point it is convenient to define a magneto-motive force drop as 
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I. 

Fa,;, = fH. a1 (2.2-6) 
I. 

Combining equations (2.2-5) and (2.2-6), we have that 

K-l, 

LFk,k+l + FK,1 = I Fr,} 
k=l }=l 

(2.2-7) 

This result is Kirchhoff's law for magnetic circuits, which may be stated as: The 

sum of the MMF drops around a closed loop is equal to the sum of the MMF 

sources for that loop. 

2.3 FLUX AND KIRCHHOFF'S CURRENT LAW FOR MAGNETIC CIRCUITS 

For electric circuits, Kirchhoff's current law states that the sum of the current 

into a node of an electric circuit is equal to zero. As it turns out, the same can 

be said of flux in a magnetic circuit. To see this, we must first define a node of 

the magnetic circuit, which will be taken to be a closed volume which is small 

enough that the MMF drop between any two points is negligible. 

To derive Kirchhoff's current law for magnetic circuits, we begin with 

Gauss's Law which states that the surface integral of flux density over a 

closed volume is zero. In particular, 

(2.3-1) 

Where, B is flux density and dS is an incremental surface area in equation (2.3-

1). It is convenient to break the surface integral equation (2.3-1) into M regions 

where Sm denotes the mth region of the set. These yields, 

If 

I fS.dS=o (2.3-2) 
m=l J. 
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Flux is defined as the integral of the normal component of a field over a surface. 

Stated mathematically, the flux through surface region m may be expressed, 

(2.3-3) 

Substitution of equation (2.3-3) into equation (2.3-2) yields, 

(2.3-4) 
m=l 

This relationship establishes Kirchhotrs current law for magnetic circuits, which 

can be stated as: The sum of the flux leaving a node of a magnetic circuit is 

zero. 

2.4 MATERIAL CHARACTERISTICS AND OHM'S LAW FOR MAGNETIC 

CIRCUITS 

In both magnetic and electric circuits, Kirchhotrs laws are in fact physical laws 

they stem directly from Maxwell's equations. However, in electric circuits, a third 

commonly quoted physical law; in particular Ohm's law is not a physical law at 

all but is instead a property of some types of conducting materials. The same 

can be said of Ohm's law for magnetic circuits; it is not a physical law, merely a 

property that some materials possess. 

The interaction of materials with magnetic fields stems from two principal 

effects, the first of which arises because of the magnetic moment of the electron 

as it moves through its shell (crudely viewed as the moment of the electron 

moving through an orbit), and the second effect is due to the magnetic moment 

that arises because of electron spin. The interaction of these two effects 

produces SIX different types of material-diamagnetic, paramagnetic, 

ferromagnetic, anti-ferromagnetic, ferrimagnetic, and super paramagnetic [55-

56]. 

The diamagnetic effect is present in all materials, and has a net effect of acting 

against an applied magnetic field. Consider an electron moment caused by the 
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electron moving within its shell. An applied magnetic field will create an 

outward force on the electron. However, the Coulomb force on the electron is 

unaffected. Since the effective radius of the electron's orbit (as viewed in crude 

terms) is fixed by the shell, the electron must slow, thereby reducing the 

moment of the electron moving in its shell. Diamagnetic materials are those 

materials in which the diamagnetic effect dominates other mechanisms so that 

the material's field tend to act against the applied field. In these materials, the 

net magnetic moment of the material is either zero or very small. Diamagnetic 

materials include hydrogen, helium, copper, gold, and silicon. 

Let us next consider paramagnetic materials. In these materials there is a small 

net magnetic moment. The moments due to electron spin do not quite cancel 

the moments of electrons within their shells. In this case, the moments will align 

with an applied field. Materials in which the tendency to aid the field 

overcoming the diamagnetic effect are called paramagnetic. Paramagnetic 

materials include oxygen and tungsten. 

In ferromagnetic, anti-ferromagnetic, ferrimagnetic, and super paramagnetic 

materials, the individual atoms possess a strong net moment. In ferromagnetic 

materials the atoms posses a large net moment, and inter atomic forces are 

such as to cause these moments are to line up over large regions called 

domains. In the absence of an external field, the net effect of the net moments 

of the domains is to cancel out; however in the presence of an external field the 

domain walls will move in such a way and the domains which are aligned with 

the applied field will grow; and also domains which are not aligned will shrink. 

This class of materials has a very strong interaction with external fields 

and are very important in engineering applications. Materials which possess 

this property at room temperature are iron, nickel, and cobalt [56]. 

Anti-ferromagnetic materials posses the properties that inter atomic forces 

cause the magnetic moments of adjacent atoms to be aligned in an anti-parallel 

fashion. The net magnetic moment of a group of atoms is therefore zero. These 

materials are not greatly affected by the presence of an external field. 

~7 
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Ferromagnetic materials are similar to anti-ferromagnetic materials in that the 

magnetic moments of adjacent atoms are aligned in an anti-parallel fashion; 

however in this case the moments between directions are unequal. These 

materials exhibit a significant response to an external field. While their 

response is, in generally, less than that of ferromagnetic materials, one 

class of ferrimagnetic materials (ferrites) have a conductivity which is much 

lower than ferromagnetic materials, making them very well suited for high

frequency applications. Examples of ferrites include iron oxide magnetite 

(Fe30 4), Nickel-Zinc-Ferrite (Ni2Zn2Fe204), and Nickel-Ferrite (NiFe204) [34]. 

A final class of materials which is useful in magnetic tape is super paramagnetic 

materials which consist of ferromagnetic materials In a non 

ferromagnetic matrix, which blocks domain wall movement. 

For a more extensive discussion of the different types of materials, the reader is 

referred to [57]. However, our interest will primarily be in ferromagnetic and 

ferrimagnetic materials and other materials we will simply consider have the 

same response to a magnetic material as a vacuum. The detail discussion 

about the magnetic material will be present in chapter 4. 

2.4.1 Linear Materials 

In some magnetic materials, saturation is reached when there is an increase in 

applied external magnetizing. If the field H cannot increase the magnetization of 

the material further, the total magnetic field B levels off. 

Although the relationship between flux density and field intensity can be quite 

complex, the relationship between flux density B and field intensity H may be 

expressed, 

(2.4-1) 

Where JJ is the permeability. In electromagnetism, permeability is the degree of 

magnetization of a material that responds linearly to an applied magnetic field. 
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Let us now consider a segment of material of length I and cross sectional area 

A in which the Band H fields are uniform and directed in the same direction. 

Since the direction of the field has been defined, we can treat both Band H as 

scalar variables where upon equation (2.4-1) reduces to, 

B = j.Jlf (2.4-2) 

In this segment of material, noting that the field is uniform, from equation (2.2-6) 

we have that, 

Solving for the field intensity, 

Fa,b = IH 

F 
H=~ 

I 

Combining equation (2.4-2) with equation (2.4-4), 

J1 B=-F h I a, 

(2.4-3) 

(2.4-4) 

(2.4-5) 

Again noting that the field and flux density are uniform, the flux from node a to 

node b may be expressed, 

This can also be written as; 

A. - A,ll F 
If'a - I tl,h 

A. - P F If' a - a,b a,h 

Where the permeance Pa,h defined as, 

A,ll 
P =-a." I 

(1.3-6) 

(2.4-7) 

(2.4-8) 

Dividing equation (2.4-7) by the permeance yields Ohm's law for the magnetic 

circuits, 
(2.4-9) 
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Where Ra,b is the reluctance from node a to node b. From equation (2.4-7) and 

equation (2.4-9) this reluctance is given by [35], 

R __ 1_ 
a,b - AJ1 (2.4-10) 

2.5 TRANSLATION OF MAGNETIC CIRCUITS TO ELECTRIC CIRCUITS 

The magnetic equivalent circuit is a tool that we can use to relate flux ¢ to a 

MMF source Ni. Often, however, it is our desire to develop an electrical circuit 

model that will represent an electromechanical device. In this section, we will 

consider the relationship between the magnetic equivalent circuit and the 

electric equivalent circuit. 

2.5.1 Flux Linkage 

The basic concept of flux as the integral of flux density over a finite surface was 

set forth in equation (2.3-3). The concept of flux linkage is closely related to the 

concept of flux. In particular, let us assume that a winding is wound around the 

periphery of a surface 'x', and that the flux linking of this surface in the 

winding is denoted Ax and is related to the flux by, 

1 -yrl. 
Ax - ~ x'f/x 

(2.5-1) 

N
x 
is number of turns in the system. It should be observed that for this to be 

true the direction of the winding, that is the defined direction for positive current, 

must be counter clockwise around the surface as viewed from a vantage 

wherein the defined direction of positive flux is toward the observer [26]. 

Alternately, stated in terms of the 'right hand rule,' if the fingers of one's right 

hand wrap around the periphery of a surface in the defined direction for positive 

current, then one's right thumb (extended away from one's hand) will be 

pointing in the defined direction for positive flux. If this convention is not 

followed, then a '-' sign is introduced into equation (2.5-1). 
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2.5.2 Inductance 

Let us consider a single winding In a system. Neglecting hysteresis the 

relationship between flux linkage through winding and the current into 

winding is depicted in Fig. 2.5-1. We will use this Fig. 2.5-1 to introduce the 

concept of inductance. 

, 
\ 

, .... _-" " "'-'---" 
Fig. 2.5-1. Flux linkage 

The absolute inductance at an operating point ixl !lxl is defined as, 

L - Ax I 
abs ,x -. ix1 ,A'xl 

Ix 
(2.5-2) 

Also of interest is the incremental inductance, which is defined as the slope of 

the flux linkage versus current characteristic at a given operating point. In 

particular, 

(2.5-3) 

Several observations are in order. First, the incremental inductance is generally 

lower than the absolute inductance. Secondly, in a magnetically linear system, 

the absolute and incremental inductances are the same. 

In order to understand how inductance is related to our EMC, the Fig . 2,5-1 IS 

connected to MMF. Therein flux in winding would be proportional to the 

MMF as, (2 .5-4) 
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From equation (2.5-1), 

(2.5-5) 

We can obtain the following equation, 

(2.5-6) 

The flux in winding ¢x is constant, the system is magnetically linear and there is 

no reason to distinguish between absolute and incremental inductance. 

In a magnetic system with a single winding, the inductance is a self 

inductance. In other words, the inductance relates how much flux links a 

winding due to the amount of current in that winding. In systems with multiple 

windings, self inductance is still of interest. However, in addition, there is also 

the concept of mutual inductance which relates how much flux will appear in a 

given winding to a current in a different winding. 

Let us consider a system with several windings. In linear magnetic systems, or 

when discussing incremental inductance, the mutual inductance Lx,y 

between winding 'x' and winding 'y' describes how much the flux linking 

winding 'x' changes due to a change in the current in winding 'y'. In particular, 

L = c),\ 
X.I" a. 

- 1.1' 
(2.5-7) 

Ordinarily, the concept of absolute self and mutual inductances is not 

terribly useful in multi-winding nonlinear magnetic systems. Instead, it is more 

common to define flux linkages in terms of a leakage component and 

magnetizing component; and then relates the magnetizing flux to a magnetizing 

current in a way where it can essentially be treated as a single-winding problem. 
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2.5.3 Faraday's Law 

Consider a winding 'x' on an electromechanical device. Denoting the voltage 

across the winding as Vx ' Faraday's law states the voltage across the 

winding is equal to the time rate of change of the flux linkages. 

If we allow for an Ohmic drop rxix where rx is the resistance of the winding, we 

thus have the following equation. 

dA 
\' =ri +_X 
x x x dt (2.5-8) 

Equation (2.5-8) is extremely important; it will form the basic voltage equation 

for nearly every device considered throughout this work. 

Before concluding this section, let us briefly return to the system shown in 

Fig. 2.5-1 from equation (2.5-6), we have that, 

Substitution of equation (2.5-9) into equation (2.5-8) yields, 

dix 
" = r i +L -

x x x x dt 

(2.5-9) 

(2.5-10) 

Note that this simple form is only possible if Lx is constant; otherwise there will 

be additional terms. Before concluding this discussion, let us briefly consider the 

energy stored in an inductor. The electrical power flowing into the winding is 

given by, 

p = ,. i 
t X X 

(2.5-11) 

Upon ignoring losses (i.e. setting rr = 0), equations (2.5-10) and (2.5-11), 

di , 
P =L i -

\ .r I I 
( { 

(2.5-12) 
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Let us suppose that at time t = 0 the inductor current, and stored energy, are 

zero. Let us further suppose that at time t = t1, the inductor current is i = i 
x xl' 

The energy flowing into the inductor (and hence stored in the inductor) may be 
expressed, 

(2.5-13) 

Substituting of equation (2.5-12) into equation (2.5-13) yields, 

ir I 

Ex = fL)xdix (2.5-14) 
o 

This reduces to, 

(2.5-15) 

Since this expression is valid for any value of familiar expression i
x1

' we may 

more simply write the familiar expression, 

(2.5-16) 

This well known result will prove valuable in the next chapter when we wish to 

defined the coupled equations. 

2.6 THE CONSTRUCTION OF MAGNETIC EQUIVALENT CIRCUIT 

A mathematical model may be defined as a set of equations relating the input 

and output variables of a device in terms of the characteristics of the 

components and the manner of interconnection. The adequacy of a 

mathematical model depends on its ability to predict the behaviour and 

performance characteristics with the desired degree of accuracy. There are 

various other factors that also determine the usefulness and applicability of a 

mathematical model for any engineering application in the analysis or design of 

a system. a device or an element. The most important ones are: 



Chapter 2 
Magnetic System and Equivalent CircUit 

(1) Complexity - Complex mathematical models are difficult to implement. 

They are also costly and generally time consuming. 

(2) Flexibility - The models should be sufficiently flexible to be used 

efficiently to generate a design or to improve the existing differing 

designs. 

Until very recently the design of magnetic circuits remained an "obscure art", 

requiring a vast experience on part of the designer, and the use of extensive 

prototyping during the development stage. This approach to magnetic circuit 

design was poor in terms of time and cost effectiveness, due to the inherent 

"trial and error" procedure involved in the approach. 

Two main factors have however changed this state of affairs, namely the 

increasing power and availability of fast digital computers and the application of 

numerical techniques to the solution of the magnetic circuit problem. The end 

result is the practical feasibility of the development of highly efficient 

mathematical models in the form of computer orientated algorithms, suitable for 

interactive design. 

In this section a review of the different modelling techniques available is 

presented. A systematic modelling technique based on a flux path reluctance 

approach is proposed for the development of fast algorithms and for the design 

of axis-symmetrical magnetic circuits. 

We translate a geometrical description of C-core and E-core actuators into 

magnetic equivalent circuits. The analysis presented herein is crude it is 

certainly not sufficiently accurate to perform a design. However, it will be useful 

in illustrating the procedure for obtaining the magnetic equivalent circuit It will 

also be useful in the next section wherein the translation of magnetic circuits to 

electric circuits is considered. Of course, the ultimate goal of this analysis is to 

provide an analysis which is sufficiently accurate to facilitate design. 
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Analogous to electrical circuit analysis, the approach models the iron elements 

as essentially for the magnetic fields are established by the actuator coils. As 

such, the analysis tends to miss some effects - especially that part of the 

magnetic field which lies outside of the iron of the actuator. It also assumes field 

uniformity within large elements of the actuator. By making the assumptions that 

give rise to these errors, the analysis becomes very simple and quick, making it 

suitable for analytic evaluation and rapid design iteration. 

In the end, predictions made with a magnetic circuit analysis should be checked 

using a more detailed approach like finite element analysis. Such tools are more 

cumbersome to use, but allow examination in detail of issues in the design of 

the actuator which cannot be revealed by the circuit analysis. Finite element 

analysis can also accurately account for the magnetic field which lies outside of 

the iron and thereby properly account for its effect on the actuator forces and 

electrical properties. 

2.6.1 Electric Circuit Equivalent of Magnetic Circuit of C-core Actuators 
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The common type of the C-core electromagnetic actuator has a coil wound 

around the yoke as shown in the Fig. 2.6-1. It consists of a 'C' and'\' shaped 

pieces of ferromagnetic material separated by an air gap. All dimensions are 
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indicated in the Fig. 2.6-1; note that the core extends to a depth TeO into the 

page. 

2.6.2 Selection of Nodes 

The first step in the analysis is to select node locations for the magnetic 

equivalent circuit. In doing this, it is important to realize that there is no unique 

choice. In essence, the role of the nodes is to break the circuit into regions 

which may be treated as a simple reluctance; either linear or nonlinear. These 

nodes should have the property that there is negligible (preferably zero) MMF 

drop across them, because they will be treated as equipotential points in the 

equivalent circuits. In general, there is a trade-off between accuracy and the 

number of nodes. Another factor in selecting nodes is that they usually mark the 

endpoints of regions that can be treated by simple, lumped , magnetic circuit 

elements. 

Field I'ne 

4 -------f--+ -4--1---~--5 

I 

POLE 

3--~~~~.~-~---------------------~ 
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1 

Fig. 2.6-2. C-core nodes 

, 

7 

B 

One possible selection of nodes is illustrated in Fig. 2.6-2. Therein, the nodes 

are number 1 to 8. The flux enters in one direction , and is assumed to make a 

right angle turn into another direction . Since flux does not make right angle 

turns, it is somewhat surprising that this technique will yield acceptable results. 
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2.6.3 The Mean Path Approximation 

The next step in developing the magnetic equivalent circuit is to connect the 

nodes with circuit elements representing the reluctance between nodes, 

and to represent the MMF sources. In connecting these nodes, we will often 

estimate the reluctance between nodes by representing the distance between 

nodes as a rectangular section of material (such as in Fig. 2.6-2) wherein the 

length of the rectangular section is given by the mean distance between nodes. 

This procedure is known as the mean path approximation, and results in the 

equivalent circuit shown in Fig. 2.6-3. 

R34 , R45 , R5,6 

Rg 

t F=Ni) 

Rg 

I R 1,8 I I R7.8 I 
Fig. 2.6-3. Equivalent magnetic circuit 

Therein, the reluctance has been expressed as functions of the flux going 

through them, and so the permeability function has been taken to be a function 

of flux density. From geometrical constraints, we have that, 

HCO - (HCO - HP) ~ 
R,,4 = R, 6 =-

-. JiH X .i p 

(2.6-1 ) 
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We can calculate the value of Ap as, 

Ap=WPxTCO 

R - R _ (HCO+ HP)/2 
3,4 - 5,6 - J.1M X (WP x TCO) 

R 
_ (WCO-HP) 

45 -
, J.1M x(HCO-HP)xTCO 

R = R = ___ 6 __ _ 
6,7 3,2 f.1o (WP x TCO) 

R - R _ TT'(2 
7,8 - 2.1 - f.1M urT" x TV) 

H'('O-WP 
R ------

1.8 - f.1.I/ orT' x TT ') 

(2.6-2) 

(2.6-3) 

(2.6-4) 

(2.6-5) 

(2.6-7) 

(2.6-8) 

At this point, the nodes and majority of the circuit elements values associated 

with the C-core example have been discussed. However, one important point 

remains, that is the MMF source in Fig. 2.6-3. Treatment of the MMF sources 

will be considered in the following section. 

2.6.4 MMF Sources 

From Kirchhoff's MMF law, the sum of the MMF drops around a closed loop is 

equal to the sum of the MMF sources for that loop. Thus, traversing the nodes 

in the order 1, 2 ... 7, 8, 1 in Fig. 2.6-3, the sum of the voltage drops must be 

equal to the enclosed current which, by the right-hand rule, is Ni. Placing the 

current source as shown, we see that this requirement is satisfied, i.e. 

(2.6-9) 
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The placement in this example, and in many examples, is highly arbitrary since 

the MMF source could have been placed between any two nodes and (equation 

(2.6-9)) would be satisfied. However, some restrictions do apply. These arise 

because the MMF sources must satisfy Kirchhotrs MMF law for all current 

loops. If we traversed the loop in the opposite direction, i. e. 8, 7 ... 2, 1 then the 

enclosed current would have been -Ni. 

2.6.5 Voltage Equation and Winding Resistance of C-core Actuators 

Although the prediction of the .-1 - i characteristic is critical to the electrical 

model, we must also consider the voltage equation which involves a winding 

resistance. From equation (2.5-8), the voltage equation for our system will be 

[59], 

. d.-1 
\' = n +-

dt 

However we do not know the resistance. To calculate the resistance we can , 

use the following method. 

The cross-sectional area of the conductor (single turn) must be equal to: 

(2.6-10) 

Cross Sectional area of the coil window: 

A = HCxWCL (2.6-11) 

Effective cross-sectional area of the coil window: 

(2.6-12) 

Number of turns in the coil: 

y= AI! (2.6-13) 
A . .. 

Length of one turn: 
(2.6-14 ) 
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Where, 

11 = HCO- HP+ HC 

12 = ~(TCL + TCO) 
2 

(2.6-15) 

(2.6-16) 

Total length of the coil: 

(2.6-17) 

Resistance of the coil: 

(2.6-18) 

At this point, we know how to calculate the resistance of the coil. The methods 

of calculation of the field quantities by using simpler methods of assuming the 

probable flux paths of various magnetic circuits and evaluating the reluctance of 

these paths has been used here for the analysis and design of magnetic circuits 

for actuators. 

The main sources of errors in this type of model can be listed as follows 

(a) Assumption of the flux path. 

(b) Nonlinearity of magnetic materials used for the magnetic circuit. 

(c) Non-uniformity of magnetic flux distribution in the iron. 

(d) Variation in the shape of flux lines in the actuator with the 

displacement of the valve plate. 

(e) Calculation of reluctance for the equivalent section by assuming its 

mean length flux path. 

For better accuracy in these types of model needs to take the assumption with 

sufficient care and best justification. 

2.7 MAGNETIC EaUIVALENT CIRCUIT OF E-CORE ACTUATORS 

Most electromagnetic applications required a lamination pattern (or patterns) 

that would form a closed magnetic loop when assembled together. These 

patterns included rings for toroids, "L" shapes, "U" shapes, "E" shapes and ''I'' 

shapes (used with the "E" and the "U"). Patterns were sought that were easy to 

51 



Chapter 2 Magnetic System and Equivalent Circwt 

assemble, could be interleaved to minimize gap effects, and would minimize 

waste. "E" shapes used in "E-E" and "E-I" combinations became popular 

choices. For our industrial partners (Sortex Ltd) specification and needs the "E

I" pattern are also suitable. 

In the typical E-core, the center leg (one of three legs) is twice the width of 

either outer leg. In theory, magnetic flux flowing out of the center leg divides 

equally and flows into the outer two "E" core legs. Since the outer legs handle 

half the flux they only need to have half the cross-section that the center leg 

has. An "E" core structure occupies two coils. In the E-core the winding window 

area became two and the windings to be placed across the yoke. Also placing 

the coils in the yoke, which allows the ease of winding. 

In contrast, C-core structure (which has two legs) only occupies one coil placed 

over its yoke. Since "E" cores have two open coil sides, they provide substantial 

room to bring high current lead wires out from the coil. E-core also permits good 

heat dissipation. 

In this section, we will consider the detailed analysis of an E-core actuator using 

magnetic equivalent circuit modelling. The detailed investigation can be started 

with geometrical description of the core and its material properties and end with 

an electrical description in terms of the A - i characteristic of the device. The 

Fig. 2.7-1 shows the geometry of an E-core actuator. 
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Fig. 2.7-1. E-core actuator 

As we discussed earlier in this chapter we defined the possible selection of 

nodes as illustrated in Fig. 2.7-2. 

2.7.1 Nodes Selection and Equivalent Circuit 
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Fig. 2.7-2. E-core nodes 

53 



Chapter 2 Magnetic System and EqUIvalent Circuit 

R 4 .5 

LOOP 1 LOOP 2 

Fig. 2.7-3. E-core equivalent magnetic circuit 

R -R _ (HCO+HP) 2 
2,3 - 7,S - f.1.\! X WP

L 
X TCO 

(2.7-1) 

R~~ = (HCO+HP)/2 
. f.1.\f x WP.H X TCO 

(2.7-2) 

R, = R = (TfCO-WP/) :2 
'.~ 4,7 f.1M (HeO - HP)x TCO 

(2.7-3) 

8 
R1 ,) =RS9 =-----

,- , f.1o x WP x TeO 
(2.7-4) 

R = 8 
5,6 f.1o X WP,u x TCO 

(2.7-5) 

(weo - WP) :2 
R =R =-----

1.6 6,9 J.1\! x rr' x wr' 
(2.7-6) 

Where, 

From Kirchhoffs MMF law, the sum of the MMF drops around a closed loop is 

equal to the sum of the MMF sources for that loop. 
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Using Kirchhoff's MMF law, for loop 1 in clock wise direction gives 

(2 .7-7) 

Using Kirchhoff's MMF law, in loop 2 in anti-clock wise gives 

(2.7-8) 

But we know, 

(2.7-9) 

We have three unknowns, also we have three equations. From these equations 

we can calculate the~l ' ~2,~3 ' 

2.8 FORCE IN AN ELECTROMAGNETIC ACTUATOR 

The force equation governing a magnetic actuator can be derived completely 

from the first principles. Magnetic circuit theory is employed to develop the basic 

equations that are extended to describe the magnetic actuator. A device of 

simple geometry is assumed so as to keep the equations of reasonable length. 

The device is a simple C-I core actuator of material that has a rectangular 

cross-section , A, as shown in Fig . 2.8-1. 

I tllrn' 

A 

\It \ Jr.I' Plunl!~r 

Fig. 2.8-1. Illustration of an actuator 
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If copper wire of length I is wrapped with N turns that carry a current, I, equation 

(2.8-1) governs the magnetic field strength, H, that is generated. 

H = .vi 
Z 

(2.8-1 ) 

This simple relationship is valid because the magnetic field and cross-sectional 

area are uniform. If they were not, an integral relationship would have to be 

solved to find the proper relationship. The relationship between magnetic field 

strength, H, and flux density, B, is given by equation (2.4-2): 

jJNi 
B = j.Lll = -Z-

The magnetic flux, ¢, in the circuit is given by [47], [51], 

¢ = ffB.da = BA (2.8-2) 

If the area of the magnetic circuit is constant, the energy density, W, contained 

in the system of volume Vw is given by [47], 

11' B B jiH2 

W=-. = JHdB= JHfldH =-;-
1 Ii' 0 0 -

(2.8-3) 

Where, W, is the total energy. 

2.8.1 Magnetic Force Due to Air Gap 

The core and the plunger are separated by an air gap of length 8 as shown in 

Fig. 2.8-1, the magnetic field traversing the gaps will generate an attractive 

force between the core and plunger. For simplicity, the total number of Amp

turns, NI, will be concentrated on the core of the assembly. 

The energy contained within each air gap can be calculated if the volume of the 

air gaps is known. For this case, the volume of the air gaps is given by, 

(2.8-4) 
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and the energy within it is defined as, 

(2.8-5) 

If the core and plunger are pulled apart by an incremental amount, ~\' I the 

energy required is I1W, and given by equation (2.8-6) if the flux is assumed to 

be held constant. This incremental work is the difference between the two 

energy states. 

The factor of two in the equation is because there are two air gaps in the 

magnetic circuit, and each is increased by Llx . 

(2.8-6) 

The magnetic force required to move an object over a distance x is defined as 

the energy expended in the move divided by the distance of the move. 

By substituting the known quantities into this relationship, equation (2.8-7) is 

found. 

(2.8-7) 

If equations (2.4-2) and (2.8-2) are substituted into the above relationship, the 

magnetic force can be expressed in terms of different quantities. The negative 

sign can be dropped since only the magnitude of the force is of interest. 

(2.8-8) 

But we know, ;= BA 
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(2.8-9) 

In the above equation, I is the total length of the magnetic circuit. These 

expressions give the exact force between the core and plunger assembly if the 

exact values of the parameters are known. The difficult parameter to define is p, 

since it is the permeability of the entire magnetic path, which includes the 

magnetic material and air in the gaps. However, a simplification can be made 

that will allow the magnetic force to be expressed in terms of the air gap length 

only and eliminate this complication. 

2.8.2 Simplification of the Force Equation 

The path of the magnetic flux through the system assembly can be separated 

into four separate sections. Section 1 is the core of the system, section 2 is one 

air gap, section 3 is the plunger of the system, and section 4 is the second air 

gap. The definition of magneto-motive force is given by equation (2.8-10). If the 

closed loop integral is broken into the four segments described above, it can be 

rewritten as equation (2.8-11) [section 2.6.4], 

MMF = Ni = fHdl (2.8-10) 

(2.8-11) 

If the magnetic field strength is assumed constant across each section of the 

magnetic circuit, this equation can be rewritten as: 

(2.8-12) 

The magnetic field strength, H, can be expressed in terms of flux density, B, 

according to equation (2.4-2). If the actual permeability in this equation is 

replaced with relative permeability as defined in equation (2.8-13), then 

equation (2.8-12) can be expressed as equation (2.8-14). 
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(2.8-13) 

(2.8-14) 

The relative permeability of a ferromagnetic material and air are drastically 

different. Most magnetic materials have a relative permeability on the order of 

3000, where air is very close to unity. Because of the large difference in these 

values, the terms where the flux is travelling through magnetic material (section 

1 (core) and section 3 (valve plate)) can be neglected, and only the air gaps can 

be considered. If the lengths of the air gaps and the flux density in them are 

assumed equal, then equation (2.8-14) becomes, 

2Bg 8 
Ni=-~ 

~O 
(2.8-15) 

Where 8 is the length of the air gaps and ~o is the magnetic permeability of 

vacuum, rearranging this equation to define the flux density B, and substituting 

into equation (2.8-8) gives the relationship governing the magnetic force 

between core and plunger of the system in terms of the Amp-turns of the circuit, 

the pole-face area, and the air gap width. 

F = ~oA(Sir (2.8-16) 
48 2 

Equation (2.8-16) shows the force equation for a magnetic actuator when using 

current measurements. In addition to a current measurement, an accurate 

measurement of the air gap is required. The air gap measurement typically 

being very small and being squared in the denominator of equation (2.8-16) 

means that small position measurement errors that can lead to large force 

errors. 

Using equation (2.8-9) only, the magnetic flux measurement and the pole face 

area are required to predict the actuator force. Another benefit is that by 

measuring the flux directly, non-linearity such as saturation (in magnetic 

material) can be avoided. 
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2.9 SUMMARY 

In order to model and design real device, it is very often necessary to 

understand the basic field problems. In this chapter we analysed some practical 

problems. For these problems analytical solution have been obtained with the 

help of simplifying assumptions. We can use these analytical solutions to 

compare the linear numerical modelling results. This will establish confidence in 

the modelling methodologies and in the 20 FE models methodologies for further 

simulation studies. 
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Chapter 3 

ELECTROMAGNETICALLY AND 

THERMALLY COUPLED FIELD ANALYSIS 

3.1 INTRODUCTION 

Modern applications use faster acting and low energy actuators which are 

manufactured in high quantities. Most of them are electromagnetic actuators 

that are applied up to the limits of their capacity. 

The analysis of dynamical behaviours presents a great importance in the design 

and control of electro mechanical systems. It consists of finding the electric 

current and mechanical motion responses of the system for a given electric 

voltage or mechanical force excitation. This study requires a solution of the 

electric circuit equation, the magnetic field equation and the mechanical motion 

equation [60-69]. In addition to these matters we considered the 

electromagnetic heating effects also [70-77]. 

For energy conversion between electrical and mechanical forms, 

electromechanical devices are developed. In general, electromechanical energy 

conversion devices can be divided into three categories: 

(1) Transducers (for measurement and control) these devices transform the 

signals of different forms. Examples are microphones, pickups, and 

speakers. 

(2) Force producing devices (linear motion devices) These type of devices 

produce forces mostly for linear motion drives, such as relays, solenoids 

(linear actuators), and electromagnets. 

(3) Continuous energy conversion equipment these devices operate in 

rotating mode. A device would be known as a generator if it converts 
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mechanical energy into electrical energy, or as a motor if it does the 

other way around (from electrical to mechanical). 

Since the permeability of ferromagnetic materials is much larger than the 

permittivity of dielectric materials, it is more advantageous to use magnetic field 

as the medium for electromechanical energy conversion. As illustrated in the 

following diagram, an electromechanical system consists of an electrical 

subsystem (electric circuits such as windings), a magnetic subsystem (magnetic 

field in the magnetic cores and air gaps), and a mechanical subsystem 

(mechanically movable parts such as a plunger in a linear actuator and a rotor 

in a rotating electrical machine). Voltages and currents are used to describe the 

state of the electrical subsystem and they are governed by the basic circuit 

laws: Ohm's law, Kirchhoff's current law and Kirchhoff's voltage law [47-52]. 

Electromechanical System 

~ " ~ 
Electrical System 

f+-+ 
Magnetic System ........ Mechanical System 

~ ~ 
Voltages & Current 

1++ 
Magnetic Flux 

f+-+ 
Position, Speed & 

acceleration 

~ ~ 
Circuit Equations " 

Force I Torque . .. 
obtained by Equations by 

" Newton's Law 
KVL & KCL r-

Fig. 3.1-1. Concept map of electromechanical system modelling 

The state of the mechanical subsystem can be described in terms of positions, 

velocities, and accelerations, and is governed by Newton's laws. The magnetic 

subsystem or magnetic field fits between the electrical and mechanical 

subsystems and acts as a "ferry" in energy transform and conversion. The field 

quantities such as magnetic flux, flux density. and field strength, are governed 
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by Maxwell's equations. When coupled with an electric circuit, the magnetic flux 

interacting with the current in the circuit would produce a force or torque on a 

mechanically movable part. On the other hand, the movement of the moving 

part could change the magnetic flux linking and induces an electromotive force 

(emf) in the circuit. The product of the torque and speed (the mechanical power) 

equal the product of the emf and current. Therefore, the electrical energy and 

the mechanical energy are inter-converted via the magnetic field [41], [60],] 67]. 

3.2 ELECTROMECHANICAL MODEL OF A SOLENOID ACTUATOR 

The calculation method is coupled with a magnetic circuit, an electric circuit and 

motion analysis using finite element method. 

Analyzing the subsystems respectively, we got the relationships between them. 

In order to achieve fast response, it is necessary to find the limitations of 

performance, and to do this numerical analysis is required. 

I 
Control Magnetic Signal Electrical 

Subsystem ) Subsystem 

x Fm 

Mechanical 
F Subsystem 

Fig. 3.2-1. The interaction of subsystems of an actuator 
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The equation for the electrical circuit is then [65], 

1 di 
- L{x)- = (Vb - icrt)- ia\' 
N dt 

(3.2-1 ) 

L{
' )di \,( .) .dL(i,x) 
1 x - = i V -1 r -1--'---'-
'dt bet dt 

(3.2-2) 

The differential equation describing the mechanical subsystem is given by, 

(3.2-3) 

M d2 X B dx k J1l (N')-' -+ -+ X=-- 1 
dr' x dt S -16 

(3.2-4) 

3.3 ELECTRICAL CIRCUIT OF A SOLENOID ACTUATOR 

F=Ni 

Fig. 3.3-1. Equivalent magnetic circuit of a solenoid actuator 
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The direction of the EMF can be determined by the "right hand rule" for cross 

products. 

In a coil of N turns, the induced EMF can be calculated by, 

v =_ dA 
dt 

(3.3-1) 

Where A the flux linkage of the coil and the minus sign indicates that the induced 

voltage opposes the variation of the field. It makes no difference whether the 

variation of the flux linkage is a result of the field variation or coil movement. 

In practice, the equation (3.3-1) can be rewritten as, 

v = dA = L di + i dL dx 
dt dt dx dt 

(3.3-2) 

But we know from equation (2.5-6), 

(3.3-3) 

Equation (2.4-10) can be rewritten for Reluctance of air gap Rg as, 

R=~ 
g ,LL-1. 

(3.3-4) 

The total reluctance is broken up as the sum of the reluctances of the air gaps 

(Rg) and the metallic structure{Rm ), 

(3.3-5) 

Since, in magnetic structures, the reluctance of the metallic structure is usually 

negligible as compared to that of the air gaps, we replace the total reluctance by 
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the reluctance of the air gaps only. The reluctance of an air gap varies with the 

movement of the plunger (x). 

Either I or A (or both) is usually a function of the plunger motion x. The exact 

dependence varies with the geometry of the solenoid . For example , in 

Fig. 3.4-1, the gap area A is a function of x. Different plunger shapes (for 

example cylindrical, conical or square) could result in I being a function of x as 

well. Note here that x is defined such that an increase in x results in an increase 

in the air gap reluctance. 

3.4 INDUCED EMF IN THE EXCITATION COIL FOR A LINEAR ACTUATOR 

+,n--+--.......... 
L '-d 

I-,------{ 

-+ dx. 
L ~ L....L.

h ~---.--------¥ 

/ 
ills~ 

N1uncoil 
Mtgretic are 

Fig. 3.4-1. Linear actuator 

From Equation (2.5-6) , 

-
(3.4-1) L(x) = () R x 

Using equation (3.3-4), 

R ~ (x ) = f1 (,; - x )J 
(3.4-2) 

) 



Chapter 3 
Electromagnetically and Thermally Coupled Field AnalysIS 

jJN2Z 
L(x) = (d -x) 

28 (3.4-3) 

(3.4-4) 

The diagram below describes the equivalent electrical circu it of the solenoid 

actuator. 

ic 
Rf 

Vb 

I--- L( x) 
I---

0 
( 

r J_.-
1 

. x 

Fig. 3.4-2. Equivalent diagram of the electrical circuit of an actuator 

The electric and magnetic models are coupled through the voltage equation , 

. dAm 0 f -Ir--- = 
be' dt 

(3.4-5) 

But A. is a function of i , ,x, 

(3.4-6) 
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ubstituting equation (3.4-6) into equation (3.4-5), 

(3.4-7) 

ut we know, 

L= NA 
1 

L{ ) - NA{X,t) 
x,t - i{t) 

(3.4-8) 

)ifferentiating equation (3.4-8), 

d[L{x)oi] = NdA{x) (3.4-9) 
dt dt 

Jsing chain rule for equation (3.4-9), 

(3.4-10) 

;ubstituting equation (3.4-10) into equation (3.4-7), 

[ )
di .dL{X)] 1 r' - i ,. - L{x - + 1 - = 0 

b ,I dt dt X 
(3.4-11) 

~fter transformation of equation (3.4-5) we obtain: 

d o IL{Y) 
( ) 

1 \' (I . '. 0) 0 ( -Lx-= -11-1 dt . ~ (;, dt 

di .., . dL{X) d-c 
L{x)- = .\ (I b -IJr )-1 d -d 

~ x t 
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Where, 

di V 21 L{x}- = X{Vb - i rJ - i J.L v 
dt c 28 

1 di -L{x}- = {Vb -i R{ )-iav 
N dt C 

VI a=~ 
28 

3.5 MECHANICAL CIRCUIT OF A SOLENOID ACTUATOR 

3.5.1 Force Calculation from Energy and Co-Energy 

(3.4-12) 

Consider an excited linear actuator. The winding resistance is r. At a certain 

time instant t, we record that the terminal voltage applied to the excitation 

winding is V, the excitation winding current i, the position of the movable plunger 

x, and the force acting on the plunger F with the reference direction chosen in 

the positive direction of the x axis, as shown in the diagram. After a time interval 

dt, we notice that the plunger has moved for a distance dx under the action of 

the force F. The mechanical work done by the force acting on the plunger 

during this time interval is thus 

(3.5-1) 

The amount of electrical energy that has been transferred into the magnetic 

field and converted into the mechanical work during this time interval can be 

calculated by subtracting the power loss dissipated in the winding resistance 

from the total power fed into the excitation winding as 

dW, = dJr I + dWm = ridt - i ~ rdt (3.5-2) 
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Because, 

dA 
e = - = v-ir 

dt 

We can write, 

dWf = dWe - dWm = eidt - Fdx 

= idA-Fdx (3.5-3) 

From the above equation, we know that the energy stored in the magnetic field 

is a function of the flux linkage of the excitation winding and the position of the 

plunger. Mathematically, we can also write, 

(3.5-4) 

Therefore, by comparing equations (3.5-3) and (3.5-4), we conclude, 

. 8Wf {A,x) 
1=--- and 

8,1 

From the knowledge of electromagnetic theory, the energy stored in a magnetic 

field can be expressed as, 

A 

11'f (A. x) = fi{,1. x)ciA (3.5-5) 
o 

For a magnetically linear system (with a constant permeability or a straight line 

magnetization curve where the inductance of the coil is independent of the 

excitation current), the above expression becomes, 

JJ " (. ) 1 ,12 
I ) •. X =--( ) . 2Lx 

(3.5-6) 
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and the force acting on the plunger is then, 

(3.5-7) 

In the diagram below, it is shown that the magnetic energy is equivalent to the 

area above the magnetization or A -i curve. Mathematically, if we define the 

area underneath the magnetization curve as the co-energy (which does not 

exist physically) i.e. 

Wf '(i,x) = iA - H'f (A.x) 

j~ 

~ . . \ 
/ 

: /.. !) 

,,/ 

~}f(A,X)/ 
/ 

7 
Wf '( , 

/ A, x" 

17 
~ 

i 

Fig. 3.5-1 Energy and co-energy 

We can obtain, 

= hli + Fd'( 

aw, '(i.x) . ?W/(i.x) 
= (/1 + d'( 

ci C"x 
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Therefore, 

and -ex 

From the Fig. 3.5-1, the co-energy or the area underneath the magnetization 

curve can be calculated by [67], 

i 

W/(i, x) = JA(i,x)di 
o 

For a magnetically linear system, the above expression becomes, 

W f I (i, x) = ~ i 2 L (X) 
2 

and the force acting on the plunger is then, 

aW/(i,x) 1.2 dL(x) 
F= =-1 

Ox 2 dx 

1 .2 dL(x) 
F =-1 

2 dx 

72 

(3.5-8) 

(3.5-9) 

(3.5-10) 



Chapter 3 Electromagnetically and Thermally Coupled Field Analysis 

3.6 THREE STATE VARIABLES FOR SIMULATING AN ACTUATOR 

Fig. 3.6-1. Equivalent diagram of the mechanical part of an actuator 

The balance equation of forces acting on the actuator [41]; 

Using Newton's law, 

F=m·a 

(3.6-1 ) 

For the current i flowing through the coil, the magnetic force (F) exerted is 

given by the following form (equation (3.5-11 )): 

F = ~ dL{x) i-
t _ dy 
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Substituting the equation (3.5-10) into equation (3.6-1): 

d
2
x dx ( ) 1 dL{x) M-+B -+K x+x =M +_i2 _--,-

dt 2 x dt S p g 2 dx (3.6-2) 

Assume the permeability of the magnetic core of the actuator is infinity, and 

hence the system can be treated as magnetically linear. From the actuator 

shown in Fig. 3.4-1, one can readily find the self inductance of the excitation 

winding as (Equation (3.4-3)), 

J1N2/ 
L{x) = {d -x} 

2g 

Differentiating the above equation gives, 

Dynamic equation of motion of an actuator can be written as the following 

format: 

d
2
x B dx K f1l{\ .. )2 .\1-, + -+X=--. I 

dr x dt .\ 48 
(3.6-3) 

The minus sign of the force indicates that the direction of the force is to reduce 

the displacement so as to reduce the reluctance of the air gaps. Since this force 

is caused by the variation of magnetic reluctance of the magnetic circuit, it is 

known as the reluctance force. 
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3.7 ELECTROMAGNETIC HEATING 

Heat transfer can be defined as the transmission of thermal energy from one 

region to another as a result of temperature differences between them. When a 

temperature gradient exists in a solid medium, conduction heat transfer occurs. 

Thermal energy will transmit from the higher temperature region to the lower 

temperature one [72-76]. 

For one dimensional conduction problem, which means that the temperature in 

the material is a function only of the x coordinate and time (T = r{x.t). 

Electromagnetic sub Thermal Subsystem 

system p,A'c = f{T) 

CJ,£,j.1 = f(T) .... 

Fig. 3.7-1 Electromagnetic thermal interaction 

The rate of heat transfer per unit area is: 

Where 

dT 
q=-k

dx 

dT = is the temperature gradient. 
dx 

(3.7-1) 

The above equation is also known as the Fourier's law of heat conduction. The 

minus sign results from the fact that heat flows from a warmer to a colder 

region, i.e., the temperature gradient dT/d'( is negative in the direction of 

positive heat flow (Fig. 3.7-2). Therefore a minus sign is placed in equation (3.7-

1) to make the heat flow rate positive [72]. 
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T Heat flow direction 

c:::::=========::::::=-
/ Negative Slope 

x 

Fig. 3.7-2. Heat flow conduction 

3.7.1 Fundamental Equations 

In three dimensional heat flow problems, the temperature is a function of all 

three coordinates and time. Therefore Fourier's law of heat conduction 

becomes: 

(3.7-2) 

Where, n is a spatial coordinate. 

In Cartesian coordinates, the heat flow In the three coordinate directions IS 

given by: 

aT 
q), =-k)-, . . 0' 

aT 
q .=-k.-, . - c= (3.7-3) 

If the material is isotropic, the thermal conductivity is constant and the equation 

(3.7-3) may be written in the following form: 

k = k = k =-k x .I' : 

£!\ rTlrx) 
q, = k ('r/?y (3.7-4) 

,/ : 2T/('= 
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3.7.2 Convection 

Convection is the transfer of thermal energy through a fluid medium, such as 

air, caused by the movement of the heated particles of the fluid. As an example, 

in a building space, warm air rises and cold air settles to create a convection 

loop and is called free or natural convection. If the movement of fluid is caused 

by external means such as a fan or a pump, the transfer of energy is termed 

forced convection. The rate of heat transfer by both free and forced convection 

between a surface and a fluid can be calculated from the relation [72]. 

- k aT = q = h(T - T ) 
n a C s f n . 

(3.7-5) 

3.7.3 Radiation 

Radiant heat transfer is concerned with the exchange of thermal energy 

between two or more bodies by electromagnetic waves. Two important 

factors that affect radiation heat transfer are emissivity and absorbtivity. 

Emissivity refers to the ability of a material's surface to give off or emit radiant 

energy. Emissivity values range from zero to one for all materials. The lower the 

emissivity of a material becomes the lower the heat radiated from its surface. A 

body having emissivity equals to one is called a perfect radiator or a black body. 

If the surface emissivity of a body is less than 1 and is independent of the 

radiation wavelength, then the body is called a "gray" body. In contrast to 

emissivity, absorbtivity indicates the ability of a material to absorb radiant 

energy. Assume a gray body of surface temperature Ts ' is enclosed by another 

gray or black enclosure with wall temperature Tt" (Fig. 3.7-3). Then the radiant 

energy emitted from the surface of body per unit time and area is given by [72] 

(3.7-6) 

The radiant energy absorbed by the surface is given by (/ a/t ' 

(3.7-7) 

Where, a is the absorbtivity of the surface of the grey body. 

77 



Chapter 3 Electromagnetically and Thermally Coupled Field AnalysIs 

Black or gray enclosure at temperature T 

G~body 

Tempe&ature 

/ 

Fig. 3.7-3. Schematic of radiation between a body and an enclosure 

Owing to Kirchhoff's law of thermal radiation a = £ and the net rate of radiant 

heat flux out of the surface is given by q : 
OUI 

q oul = q e - q ab (3.7-8) 

[ 4 4] aT q oul = £(j T - Te = - kn -on (3.7-9) 

The & may be a function of temperature, surface finish and view factor between 

two bodies. In radiative heat transfer, a view factor is the proportion of all that 

radiation which leaves from one surface and strikes another surface. 

The above equations assumed that the gray body is completely enclosed by an 

enclosure. Hence, all radiation leaving the body would reach the enclosure and 

vice versa. 

3.7.4 One dimensional Heat Conduction Equation 

In this section, we derive the general conduction equation , which is a 

mathematical expression of the conservation of energy in a solid . Solving the 

conduction equation with initial and boundary conditions the temperature 

distribution of the solid can be obtained . We first consider a one-dimensional 

problem, i.e. T == T(x.r), in Cartesian coordinate as shown in Fig . 3.7-4. 
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~===> c:====> e(1 
q ~_x d'C 

x '" 
0: 

Fig. 3.7-4. One dimensional conduction 

The basic concept of conservation of energy for the one dimensional heat 

conduction can be described as: 

[

Rate of Heat] [Rate of Heat] [Rate of Heat] [Rate of EI1l'lXY] 
Conduction + Generation = ('onduction + Storage Inside 

into Solid Inside Solid Out of Solid Solid 

(3.7-10) 

Equation (3.7-10) can be expressed as: 

ar B ar c T (x + ~\ 2. t ) 
- k- + q ~\ = -k- + p. c· b.x----'----------'-----

ax x ax x+c\r at 
(3.7-11) 

Where k is the thermal conductivity, qB is the internal rate of heat generated 

per unit volume, t is the time, p is the density and c is the specific heat, where 

no distinction is given between cp and Cv (Specific heat at constant pressure 

and constant volume for solid). 

aTI We can expand the - k - term as follow, 
?XI \ -+ \\ 

_ k ?T = _k(_?'T + _? (_?T )d\') = _k(_~T I + ~ ~ ~ d\') 
:') . c"'x ?'x?x ( 'x ex 
(.\ x+.\.r \ 

(3.7-12) 
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cT{x + tu/2. t) 
Also we may expand the " term using Taylor series, 

ct 

aT{x + tu 2,t) = ar [(x + tu).t] = cT + a2T i j.),' + ... 
at at 2 at I x cxer 2 

\ 

(3.7-13) 

Considering the terms to the order of tu (i.e., neglecting second order 

increments), we can rewrite the equation (3.7-11) in the following format. 

a2r B aT 
k-+q =p·c-ax 2 at (3.7-14) 

The above equation (3.7-14) is the governing equation for conduction heat 

transfer in one dimensional solid. The first term on the left side is the net rate of 

heat conduction into the control volume per unit volume. The second term on 

the left side represents the rate of heat generation per unit volume inside the 

solid. The RHS can be considered as the rate of increase in internal energy 

inside the solid per unit volume. 

For three-dimensional conduction problems, temperature is a function of all the 

x, y and z directions and time. 

Therefore, the heat conduction equation becomes: 

a2r a2r a2r B cT 
k r - 1 +kr-' +k:-, +q =P'c-,,-. ax- . 0'- GZ- ct 

(3.7-15) 

The equation (3.7-15) is the general equation for conduction heat transfer, 

which may take one of the following forms for special cases. 

For constant conductivity and an isotropic material, the heat conduction 

equation (3.7-15) can be expressed as the following form, 

( 
'"I:!r -':T -.2 T) ;T C' (' (' B ( 

k -+-+ --~- +q = p·c-
2 1 '"' 1 "" t'.r ('"1- - cz - c/ 

(3.7-16) 
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Where, 

The thermal diffusivity of the medium p·e 
D=-

k 

Case One: Isotropic material with no heat generation 

When qB = 0, the equation (3.7-17) can be written as: 

v2r = f3 aT 
at 

Case Two: Isotropic material and steady state conditions 

(3.7-17) 

(3.7-18) 

For steady state heat transfer, the conduction equation is not a function of time, 

. aT 
I.e. -=0 at 
Therefore we can state the equation (3.7-17) in the following form, 

B 

v 2T+L=0 
k 

(3.7-19) 

Case Three: Isotropic material and steady state conditions and no heat 

generation. 

The conduction equation in this conduction reduces to, 

(3.7 -20) 

3.7.5 Boundary Conditions 

The above conduction equations may be solved according to initial and 

boundary conditions. The initial condition is the temperature of the solid at an 

initial time. The boundary conditions may take several forms. The most common 

81 



Chapter 3 Electromagnetically and Thermally Coupled Field AnalYSIS 

conditions, which are summarized schematically in Fig. 3.7-5, include 

prescribed temperature, prescribed heat flow, no heat flow, convection heat 

exchange and radiation. 

y 

z 

Prescribed 
tempe ratu re, T5 

Radi ation, 
cqT,4 - T/l4 j 

Prescribed 
heat flow, 

No heat flow 
(insulate d) 

Convectio n, 

h(r, -T,) 

x 

Fig. 3.7-5. Boundary conditions for general heat conduction 

Prescribed Temperature: 

The temperature may be prescribed on a specific boundary of the body. In 

Fig. 3.7-5 the surface temperature of boundary Sl is specified to be Ts . 

The prescribed temperature may be constant or a function of boundary 

coordinate and / or time. 

T = T, (x. y. : . f) (3.7-21) 

Prescribed heat flow: 

On surface .\'1 the heat flow is specified to beq, , which may be constant, or a 

function of boundary coordinate and or time. Recall equation (3.7-19), the heat 

flux can be expressed as, 
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On S2 (3.7 -22) 

Where n is the normal to boundary S2 and qs is the rate of heat flow per unit 

area. Prescribed heat flow is an example of Cauchy's or Neumann boundary 

condition. 

No Heat flow (Adiabatic or natural boundary): 

On boundary S3' the rate of heat flow across the boundary is zero. This 

boundary condition is called the adiabatic or natural boundary condition, which 

is a special form of the previous case. 

aT =0 
an 

Convection heat exchange: 

On 5;; (3.7-23) 

When there is a convective heat transfer on a part on the body surface, S~ in 

Fig. 3.7-5, due to contact with a fluid medium, we have convective boundary 

condition. From equation (3.7-2), the governing equation for convective 

boundary condition can be written as: 

- k cT = h(T - T ) 
/I ::l ,. f 

<.11 
On S~ (3.7-24) 

Where h is the convection heat transfer coefficient, which may be temperature 

dependent (non-linear), T, is the surface temperature on S~ and T, is the fluid 

temperature, which may be constant, or a function of boundary coordinate and 

or time. 

Radiation: 

The last boundary condition considered here is radiation boundary condition. 

Assume that the solid that we are interested in, is a grey body for which the 

emissive power is independent of the radiation wavelength. 

\" ., c,.' 
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Then from equation (3.7-24), we can write the governing equation for radiation 

boundary condition as [72], 

k aT [4 4] - -=EaT-T 
n an s e (3.7 -25) 

Where E is the emissivity of the surface of the body, a is the Stefan-Boltzmann 

constant, Ts is the absolute temperature of surface Ss and Tt! is the known 

temperature of the external source. 

3.8 SUMMARY 

In the electric and electromechanical devices, the electromagnetic phenomena 

are at the origin of mechanical phenomena. In the general case, the relative 

movement of the structure, the deformation of materials as well as magnetic 

non-linearity make that the studies of the two phenomena cannot be carried out 

independently. The development of the coupled models is then necessary. 

Electrical circuit equation (3.4-5), 

, . dAm 0 
~. -1 r ---= 
bet dt 

Mechanical equation (3.6-1), 

dx dx 2 

F +Af -B --K (x+x )= .\/-) 
t' g x dt S P dr 

Thermal diffusion equation (3.7-17), 

The current produced by equation (3.4-5) creates the magnetic field and this 

magnetic field produces the magnetic force which causes the displacement, 



Chapter 3 Electromagnetically and Thermally Coupled Field Analysis 

speed and acceleration of the actuator obtained from equation (3.6-1). The 

current also generates the heat (per unit volume) and the resulting temperature 

distribution given by equation (3.7-17) [72-74]. 

To study the dynamic behaviours of electric machines and actuators, we have 

studied existing models of coupling such as the parametric model and the 

indirect model, and developed a model of direct coupling 'electric circuit _ 

magnetic field - mechanical movement'. 

The parametric model is based on the parameterization of the system using a 

calculation of the magnetic field. It is a question of determining initially, using 

the finite element method, the variation of the impedance and the force 

according to the movement and the current, and of then solving the electric and 

mechanic equations by taking account of the variation of these parameters. It is 

a relatively simple model if the eddy currents are neglected in the conductors. 

The indirect model is a model of sequential coupling. With each step of 

calculation in time, one calculates the magnetic force by solving the equation of 

the magnetic field by associating the equations of the electric circuit (if this is 

fed by a voltage source lastly), and one solves then the mechanical equation of 

the movement to obtain displacement. This model requires, if the step of 

calculation is relatively large, an algorithm known as of prediction - correction in 

order to obtain a good precision of simulation. 

The model of strong coupling developed in our study consists in simultaneously 

solving various equations. The use of the method of virtual work previously 

described for calculation of the magnetic force as well as the linearization of the 

system of equations by the method of Newton-Raphson made it possible to 

symmetry the final matrix system. This relatively heavy model on the other hand 

avoids the influence of the time stepping on the precision of simulation. 
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Chapter 4 

MAGNETIC MATERIALS USED IN 

ELECTROMAGNETIC ACTUATORS 

4.1 INTRODUCTION 

Magnetic materials have played an important role in the field of electrical 

engineering for over a century. New materials have given access to new fields 

of applications and conversely, new applications have lent impetus to the 

development of special material. 

In last few years an attention has been focused on the similarities and 

differences of the various material groups and on pure material development 

and processing technology [78-79]. This has resulted in a wide ranging 

spectrum of soft magnetic materials. The purpose of this chapter in, finding 

suitable magnetic materials for an actuator that will be used in food sorting 

machines. 

4.2 MAGNETIC PROPERTIES 

The magnetic properties of material are measured from certain defined points 

and derivatives obtained from the variation of magnetization with magnetic field 

as shown in Fig. 4.2-1. Magnetic materials are broadly classified into two main 

groups with either hard or soft magnetic characteristics. Soft magnetic materials 

can be magnetized by relatively low-strength magnetic fields, and when the 

applied field is removed, they return to a state of relatively low residual 

magnetism. Soft magnetic materials typically exhibit coercivity [section 4.2.2] 

values of approximately 400 Am-1 to 0.16 Am-1
. Soft magnetic materials 

behaviour is important in any application involving a change in magnetic 

induction. 
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Retentivity 

Coercivity 

-H Magnetizing Force in 
Opposite Direction 

Saturation in 
Opposite Direction 

Magnetic Matenals Used in ElectromagnetIc ctua ors 

-8 

B Flux Density 

Saturation 

J--------H 

Flux Density in 
Opposite Direction 

Magnetizing Force 

Fig. 4.2-1. Hysteresis loop [57] 

Hard magnetic materials retain a large amount of residual magnetism after 

exposure to a magnetic field. These materials typically have coercivities, He. of 

10 kAlm to 1 MAIm. The materials at the high coercivity end of this range are 

known as permanent magnets. These materials are used principally to supply a 

magnetic field [78] . 

The loop is generated by measuring the magnetic flux 8 of a ferromagnetic 

material while the magnetizing force H is changed. A ferromagnetic material 

that has never been previously magnetized or has been thoroughly 

demagnetized, will follow the dashed line when H is increased. As the line 

demonstrates, the greater the amount of current applied (H+) and the stronger 

the magnetic field in the component (8+). At point "a" almost all of the magnetic 

domains are aligned and an additional increase in the magnetizing force will 

produce very little increase in magnetic flux. The material has reached the point 

of magnetic saturation. When H is reduced back down to zero, the curve will 

move from point "a" to point "b." At this point, it can be seen that some magnetic 

flux remains in the material even though the magnetizing force is zero. This is 

referred to as the point of retentively on the graph and indicates the remanence 
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or level of residual magnetism in the material. (Some of the magnetic domains 

remain aligned but some have lost their alignment.) As the magnetizing force is 

reversed, the curve moves to point "c", where the flux has been reduced to 

zero. This is called the point of coercivity on the curve. (The reversed 

magnetizing force has flipped enough of the domains so that the net flux within 

the material is zero.) The force required to remove the residual magnetism from 

the material, is called the coercive force or coercivity of the material [78]. 

As the magnetizing force is increased in the negative direction, the material will 

again become magnetically saturated but in the opposite direction (point "d"). 

Reducing H to zero brings the curve to point "e." It will have a level of residual 

magnetism equal to that achieved in the other direction. Increasing H back in 

the positive direction will return B to zero. Notice that the curve did not return to 

the origin of the graph because some force is required to remove the residual 

magnetism. The curve will take a different path from point" f " back to the 

saturation point where it completes the loop. 

4.2.1 Permeability 

Permeability is the most important parameter for soft magnetic materials since it 

indicates how much magnetic induction B is generated by the material in a 

given magnetic field strength H. It is known that initial permeability and 

coercivity have in broad terms a reciprocal relationship, so that materials with 

high coercivity necessarily have a low initial permeability and vice versa. 

4.2.2 Coercivity 

Coercivity is the parameter which is used to distinguish hard and soft magnetic 

materials. Traditionally a material with a coercivity of less than 1000Am-
1 

is 

considered magnetically 'soft'. A material with a coercivity of greater than 

10,000 Am-1 is considered magnetically 'hard' . Low coercivities are achieved in 

nickel alloys such as perm alloy in which the coercivity can be as low as 0.4 

Am-1 [78], [80]. 
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4.2.3 Saturation Magnetization 

The highest saturation magnetization available in bulk magnetic materials is 

Bs =2.6 T; which is achieved in an iron-cobalt alloy containing 35% cobalt [81]. 

The possible values of saturation magnetization then range downward 

continuously to effectively zero. There has been little progress in improving the 

range of saturation magnetization of materials for about 100 years [78]. 

4.2.4 Hysteresis Loss 

The hysteresis loss is the area enclosed by the hysteresis loop on the B. H 

plane. It represents the energy expended per unit volume during one cycle of 

the hysteresis loop. The hysteresis loss increases as the maximum magnetic 

field reached during the cycle increases. This loss is closely related to the 

coercivity so that processing of materials reduces coercivity also reduce the 

hysteresis loss. Generally low hysteresis loss is a desirable characteristic of soft 

magnetic materials. 

4.2.5 Energy Dissipation and Power Losses 

A related property is the power loss which arises when a soft magnetic material 

is subjected to a time dependent magnetic field. The hysteresis loss is only one 

component of the power loss, being the power loss obtained when the field is 

cycled very slowly under quasi-static conditions. The total power loss depends 

on the frequency of excitation, the amplitude of magnetic induction, the 

hysteresis loss, the physical dimensions of the material being magnetized and 

the eddy current dissipation. 

In addition there is usually a discrepancy between the measured power loss 

and the loss expected from the sum of hysteresis and eddy current losses and 

this is usually referred to as the "anomalous loss". The total electrical power 

loss can be expressed as the sum of these various components. Total power 

losses can be reduced if the conductivity of the material is reduced [78]. 
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4.3 PREREQUISITES TO OBTAIN SOFT MAGNETIC MATERIALS 

Selecting the right magnetic alloy for a product application does not have to be 

intimidating. The designer first needs to find the candidate alloy that best 

combines the characteristics required, then select the lowest cost alloy that will 

meet those requirements. 

To reverse the process and select an alloy that mayor may not do the job, in 

the interest of saving upfront material costs, may put the job at risk at a potential 

cost many times more than the initial alloy investment. 

Soft magnetic alloys, it should be noted also, that they are made by means of 

premium melting practice and specialized processing to achieve optimum 

properties. The performance of these alloys depends not only on how they are 

made, but often on the knowledge of how they are to be used. 

It can be productive, therefore, for the designer to consult with the alloy supplier 

and explain his/her specialized needs. Mill processing can be tailored to provide 

certain critical magnetic properties, and chemical compositions can be adjusted 

to make some alloys more suitable for certain methods of fabrication. 

We consider the soft magnetic materials as containing certain magnetic 

properties, such as high magnetic flux density, high permeability etc. A further 

subdivision has been made within the different alloy groups according to loop 

shapes: round (R), rectangular / square (Z), or flat (F) [78]. 
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R: Round loop where the remanence is approximately 50% of the saturation. 

This loop is normally given in text books on magnetism as the typical hysteresis 

loop. 

-
. 
H 

-----~ -
Fig. 4.3-1. Round hysteresis loop 

Z: Square or rectangular shaped loop with high remanence which may be over 

95% of the saturation. Materials with these loops are called rectangular 

materials. 

__________ ~~ __ ------~;~H 

Fig. 4.3-2. Square/ Rectangular hysteresis loop 

F: Flat loop with very low remanence, e.g. below 10% of the saturation. 

The entire ranges of values of the two important characteristic parameters are 

saturation polarization and coercivity. 

J 

Fig. 4.3-3. Flat hysteresis loop 
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4.4 TYPICAL REQUIREMENTS 

Technical applications place widely varying requirements on material. On the 

one hand, they involve the saturation polarization and the curie temperature 

(the temperature above which a ferromagnetic substance loses its 

ferromagnetism and becomes paramagnetic) which are primarily dependent on 

the alloy composition and should, as a rule, be high. On the other hand, high 

permeability, low coercivity, or other terms which affect the magnetic softness 

are important. The requirements also include certain hysteresis loop shapes 

and, in particular, dynamic properties like low total losses, minor dependence of 

permeability on frequency etc. 

It is important to find suitable magnetic materials that would meet the design 

and performance specifications. For this the following search criteria for an 

'ideal' magnetic material used were: (a) hhigh saturation flux density, (b) 'thin' 

hysteresis loop - low loss, low 'stiction', (c) high electrical resistivity, (d) food 

safe, chemically inert (e) high Curie temperature, and (f) strong and durable 

mechanical properties. 

4.5 MATERIALS 

The available range of magnetic properties of soft magnetic material is 

continually being expanded. This amounts to reduction in coercivity, increase in 

permeability and consequently a decrease in hysteresiS loss. 

We consider the soft magnetic materials classified in the most important alloy 

groups. In these classifications the materials are directly grouped according to 

certain magnetic properties such as high saturation, polarization and high 

permeability [78]. 

From our search we have found the following magnetic materials are suitable 

for our design. 
Cobalt-iron crystalline alloys (CoFe), 

Nickel-iron crystalline alloys (NiFe), 

Silicon-iron crystalline alloys (SiFe). 
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4.6 MATERIAL PROPERTIES 

4.6.1 Nickel - Iron Alloys 

Soft magnetic NiFe alloys are cubic face centred and have a Ni content of 

between approximately 300/0 and 80%. They can be divided into five groups 

which exhibit widely varying magnetic properties [81-82] : 

72-83% Ni (additions of Mo, Cu, Cr) 

54-680/0 Ni (additions of Mo) 

45-50% Ni 

35-400/0 Ni 

approximately 30% Ni 

The NiFe alloy group includes the magnetically softest materials. This becomes 

clear when the parameters governing the degree of softness are studied. 

(a) As with Ni contents of about 80%, the highest permeability and the lowest 

coercivity are found in the 72-830/0 NiFe group. The peak values are currently 

around He ;::::; O.SA / m and J.il ~ 2xl 05 
• Depending on the composition of the alloy 

and the annealing treatment, either high initial permeability or special loop 

shapes (Z and F) can be set. Moreover, the temperature behaviour and the 

temperature Constant of the permeability can be influenced. The saturation 

polarization of 72-82% NiFe is between approximately 0.8 and 1 T. 

(b) The group of 54-68% NiFe combines relatively high permeability with higher 

saturation than the group (a). This group reacts especially well to annealing in a 

magnetic field permitting pronounced Z or F loops .However; High permeability 

can also be achieved in this group with R-Ioops. 

(c) Maximum saturation of approximately 1.6 T is achieved in NiFe systems in 

alloys with Ni content between 45-50%. Cubic texture and a rectangular 

hysteresis loop (Z) or normal round loops (R) with coarse grained structure can 

be set by selecting appropriate rolling and annealing conditions. Group (c) 

offers further loop variants attained via crystal orientation and magnetic field 

93 



Chapter 4 
Magnetic Materials Used in Electromagnetic ~ ~tuators 

annealing. Optimized melting technology or sintering leads to excellent 

magnetic properties, especially low coercivities (He:::: 3.-4/ m) even in materials 

of greater thickness. 

(d) Alloys with 35-40% Ni previously played a major role as materials for 

transformer laminations in telecommunications. They have a relatively low and 

constant permeability, that is, a slight increase in permeability and the highest 

resistivity in the NiFe system. The permeability is in the range 2000 to 8000, the 

saturation polarization is between 1.3 T and 1.5 T. 

(e) The Curie temperature of 30% NiFe is in the vicinity of room temperature 

and can be varied between 30° C and 120° C through fine adjustment of the Ni 

content. This material is thus used primarily for temperature compensation, for 

example, in permanent systems, electrical circuits etc. 

4.6.2 Cobalt-Iron Alloys 

The technically significant CoFe alloys have Co-contents between 27% and 

500/0 of all the soft magnetic materials they attain the highest saturation 

polarization, 2.4 T and the highest Curie temperature, approximately 950°C. A 

commonly used alloy composition is 49% Co and 20/0 V. The addition of V 

reduces the brittleness, improves the rolling behaviour and increase the 

resistivity. Workability, in particular rolling to thin strips, is far more difficult and 

complex - for metallurgical reasons - than with NiFe alloys. While pronounced 

crystal structures cannot be set as in NiFe or SiFe alloys, rectangular hysteresis 

loops can be produced by magnetic field tempering. Beside the approximately 

50% CoFe alloys with 27% Co and 35% Co have gained some importance. 

Although they are easier to roll, the magnetization curves achieve lower flux 

density values at medium field strengths (1000 Aim) than 50% CoFe, while at 

high field strengths almost equivalent values are attained [81-83]. 

4.6.3 Silicon-iron crystalline alloy 

SiFe with 6.5% Si: The Si-addition increases the electrical resistivity of iron and 

reduces the eddy current loss. Silicon steels with 3% Si manufactured on an 
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industrial scale are, in fact, not magnetically optimized. The saturation 

polarization of 6.5 % SiFe is 1.8 T as opposed to 2.03 T for 3% SiFe. It is 

nevertheless higher than that of 50% NiFe. 6.5% SiFe in a thin strip «0.1 mm) is 

considered interesting for medium frequency applications [81-83]. 
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4.7 MATERIAL LIST 

I 
Proptftltt Magnetic Electric and Thermal lleehanic 

Product 
Mean IIInufld 

# 
or 

Permeabiity Electrical Core Coeffitiert ure RIft"n Bs Br He 
Resistivity Loss Te 

of Thermal Density Hardness 
Company ce 

Expension 
Composition Max Inliial 

('Yt) T T Aim lJLl-cm Wlkg °c x10.s IK 3 
gIcm 

Carbon 1.0 (at 
0.004 Silicon 1 T of Hiperco 0.05 InWdion 1 I40y VanadillTl 2.40 31.80 40.01 at 60 Hz 938 11.34 8.11 Carperter 

50A 2.0 for 0.35 
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1.0 (at 1 
Tof VACUUM 

2 
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at 60 Hz MEllE 
for 0.35 

1.0 (at 1 
Tef VACUUM 

3 VaeofaJx Cabal 50 
2.35 80.00 13k 44.00 Induction 950 9.50 8.12 190 SCH-50 Iron Balance at 60 Hz MEllE 

for 0.35 

1.0 (at1 
Tef 

Induction VACUUM 
4 

Vacodu' Cabal 50 2.30 160.00 10k 43.00 at 60 Hz 950 10.20 812 210 SCH-50 Iron Balance 
for 0.35 MEllE 
nvnttVck 

striJtl. 
1.0 (at 1 

Tef 
Induction VACUUM 

5 VaeofaJx Cabal 17 
2.00 200.00 3.5k 39.00 at 60 Hz 920 10.80 7.94 140 SCH-

17 Iron Balance for 0.35 MEllE 
nvnttVck 

strip) 

Carbon 0.05 3.5k 
200 Telcon 6 

Hypefm 
Silicon 0.15 2.20 - 15.00 

0 -300 
Iron Balance 20k 

Hypefm Nickel 36 1.55 
8k-

2k-3k 70.00 Telcon 7 
36 Iron Balance 15k 

Hypefm Co 50 2.60 12k 1k 60.00 Telcon 8 
Co5O Iron Balance 

Raciome Nickel 45 1.60 
40k 6000 45.00 Teton 

9 1814550 Iron Balance de de 

10 Raciome Nickel 48 60k 8000 40.00 Telcon 
Iron Balance 

1.60 de de 18148 
~ 100 11k Teton 11 RacIome 

Nickel 48 160 k 40.00 
Iron Balance de 

tal de 

Raciome Nickel 36 1.20 12 18136 Iron Balance 
n SIt 80.00 Telcon 

Table 4.7-1 MaterialUst 
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4.8 MATERIALS FOR THE ACTUATOR DESIGN 

The Table 4.7-1 give an overview of typical magnetic properties and selected 

physical properties of the magnetic materials. From the Table 4.7-1; we chose 

the following materials for our actuator design to be carried out in chapter 5. 

Radiometal-4550 
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Fig. 4.8-2. B-H curve for Armco 
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4.9 SUMMARY 

In recent years there has been an explosion of interest in new magnetic 

materials. These materials provide a fertile subject area for scientific 

investigations which transcend the boundaries of condensed matter physics, 

materials science and electrical and computer engineering. They also have 

current and future technologies applications in diverse areas such as energy 

conversion devices, field generation, sensors, actuators, data storage and 

memory devices. 

A range of magnetic materials have been reviewed. The identification of new 

and improved materials, with enhanced properties (such as permeability, 

saturation polarization) is vital to the future development of many actuators and 

sensors. 

Magnetic materials are classed as 'soft' if they have a low coercivity (the critical 

field strength He required to flip the direction of magnetization). Soft magnetic 

materials are a central component of electromagnetic devices such as step 

motors, magnetic sensors, transformers and magnetic recording heads. 

Miniaturization of these devices requires materials that can develop higher 

saturation flux density, Bs, so that the necessary flux densities can be preserved 

on reducing device dimensions, while simultaneously achieving a low coercivity. 

Common high-Bs soft magnetic films currently in use are electroplated CoFe

based alloys electroplated CoNiFe alloys. 
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Chapter 5 

FINITE ELEMENT MODELLING OF 

ELECTROMA GNETIC ACTUATORS 

5.1 INTRODUCTION 

In chapter 2 mathematical formulations for analytical solution for an 

electromagnetic actuator have been elaborately discussed. In this chapter the 

finite element method is applied to the electromagnetic actuator for their 

analysis. The nature of physical phenomena governing electromagnetic system 

is complex and a complete model should account for magnetic, electric, 

mechanical and thermal aspects. The corresponding variables are not 

independent and parameters may vary due to several of these variables. A 

physical model is more or less coupled due to the importance of the 

interdependence of the operative phenomena. Because of this complex 

parameters, we can't solve these models using analytical solution [14], [84-86]. 

The methodologies for modelling and designing of EM ejector valves are based 

upon the modelling and computation of the 20/30 nonlinear magnetic field 

distribution using the numerical finite element (FE) technique. This involves the 

steady-state and transient solutions of the nonlinear Poisson's equation for 

which there are no analytical solutions. The results are used for designing 

optimisation and for investigating the effects of various geometric, material, EM 

and mechanical parameters on the output performance of ejectors. 

The primary requirement in the analysis of actuator is the evaluation of its 

output characteristics, i.e. the force output at various valve plate displacements. 

This is achieved by solving the field once for every position of the valve plate. 

As usual with the finite element method, the first step is the discretisation of the 

field region. In this work the triangular discretisation is used all along. It attempts 

to summarise the magnetic field computations as used by Opera-2d package, 
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but it does not claim to present the computing method with full mathematical 

rigor. 

In general the objective of finite element analysis is to approximate with a 

sufficient degree of accuracy and the values of the unknowns of a governing 

differential equation at selected points on the domain of a continuous physical 

system or structure. A mathematical model of the physical system or structure, 

divided into nodes and finite elements, is created, and the governing equations 

are applied to it and solved for each node . 

The main function of the finite element program is to reduce the differential 

equation to a set of simultaneous algebraic equations, which can be readily 

solved by the computer [85]. The solution of these equations yields directly, or 

by means of minor additional computation, the desired unknown quantities. 

The main step involved in a finite element analysis is to create the finite element 

model. The finite element model is a geometrical representation of the actual 

physical structure or body being analysed. Dividing the structure into a number 

of sub regions called "elements" creates the model [86]. The values of the 

unknown quantities are to be computed at selected points in the elements, 

usually at the corners. These points are called "nodes". 

It is important to emphasize that the finite element model is a mathematical 

simulation of the actual physical structure or body that it represents. The 

physical properties must be specified. If the body is made of an iron, the 

material properties of iron must be assigned to the elements of the body. 

5.2 MATHEMATICAL MODELLING OF ELECTROMAGNETIC ACTUATORS 

In analyzing the behaviour of a magnetic actuator, the primary objective is to 

determine the forces generated by the actuator in response to voltage applied 

to its coils and motion of the actuated device. Once this analysis is well 

established, it can be used in the design of actuators both in that it provides 

insight to the effects of the various design parameters and in that the analysis 

can be used to evaluate design choices [87-93]. 
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The 20 finite element (FE) modelling of actuators is mainly based on the 

mathematical modelling and computation of magnetic field distributions in the 

20 problem domain n (r, () by solving appropriate field equations. This leads, in 

general, to the solution of the following non-linear Poisson's equation in terms of 

magnetic vector potential A and current density J. Magneto static problems are 

problems in which the fields are time-invariant. In this case, the field intensity 

(H) and flux density (8) must be obeyed [94-98]: 

VxH =J (5.4-1 ) 

8 has zero divergence: 

(5.4-2) 

Subject to a constitutive relationship between 8 and H for each material: 

(5.4-3) 

Where, He is the coercive force of any permanent magnetic material. 

B (5.4-4) 

Opera goes about finding a field that satisfies equations (5.4-1) to (5.4-3) via a 

magnetic vector potential approach. Flux density is written in terms of the vector 

potential, A, as: 

B=VxA (5.4-5) 

Now, the definition of B always satisfies equation (5.4-2). Then equation (5.4-1) 

can be rewritten as: 

(5.4-6) 

Opera retains the form of equation (5.4-6), so that magneto static problems with 

a nonlinear 8-H relationship can be solved. The advantage of using the vector 
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potential formulation is that all the conditions to be satisfied have been 

combined into a single equation. If 'A' is found, Band H can then be deduced 

by differentiating 'A'. 

If the field is time-varying, eddy currents can be induced in materials with non

zero conductivity. Several other Maxwell's equations related to the electric field 

distribution must also be accommodated. Denoting the electric field intensity as 

E and the current density as J, E and J obey the constitutive relationship [46]: 

J=aE 

The induced electric field then obeys: 

aB 
V'xE=--at 

(5.4-7) 

(5.4-8) 

Substituting the vector potential form of B into equation (5.4-8) yields: 

V'xE=-V'xA (5.4-9) 

In the case of 20 problems, equation (5.4-9) can be integrated to yield: 

E = -A - V'r (5.4-10) 

and the constitutive relationship, equation (5.4-7) employed to yield: 

J = -aA. - (TV' T • (5.4-11) 

Substituting into equation (5.4-6) yields the partial differential equation: 

'VxG 'VxA )=-oA+-O",T in Q(r.9) (5.4-12) 

The ~ J' term is an additional voltage gradient that, in 20 problems, is constant 

over a conducting body. Opera uses this voltage gradient in some harmonic 

problems to enforce constraints on the current carried by conductive regions. 
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The alternative scalar potential form is derived by substituting Ii\; ¢ in equation 

(5.4-2) to give 

(5.4-13) 

The value p must be zero for a magnetic scalar potential, however if ¢ is an 

electric scalar potential then p is the charge density. The term involving He 

represents permanent magnets for magnetic field analysis and electrets for 

electric field analysis. 

Opera-2d/ST solves for the vector or scalar potential are defined by a non-linear 

Poisson equation. The vector potential form is usually used in magnetic field 

analysis because the scalar potential solution cannot include current as the 

source of the fields, however if a model is only excited by boundary conditions 

or by permanent magnets then either equation (5.4-12) or equation (5.4-13) can 

be used. 

5.3 GENERAL PROCEDURES 

In a continuum physical problem the field variable possesses infinite values 

because it is a function of each point in the body, or region. In the finite element 

method this problem of infinite number of unknowns is reduced to a problem of 

finite number of unknowns. The region is divided in to sub-regions (called 

elements) and the approximate solution is represented by a function, over each 

sub-region with matching conditions on the boundary between them. 

Regardless of the approach used to formulate a finite element problem, the 

essential steps of the method can be listed as follows: 

(a) Discretisation of the field region by the selection of a type, or types, of 

elements. These elements are interconnected at certain nodal points, 

(b) Obtain the system equation for the entire solution region of the system, 

(c) Boundary condition, 

(d) Solution of the resulting set of equation. 
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5.4 DISCRETISATION OF THE FIELD REGION 

The first, and an important, step on the finite element method is to divide 

continuum into elements. There are many ways of dividing the field region or 

systems with various element types. We are mainly concerned with two 

dimensional solutions of magnetic field, so we will limit our description to some 

of the commonly used plane elements in two dimension. 

The most commonly used types of plane elements are general quadrilateral , 

rectangular and triangular elements. 

Although the differential equations that describe A appear relatively compact, it 

is very difficult to get closed-form solutions for all but the simplest geometries. 

That's where finite element analysis comes in. 

The idea of finite elements is to break the problem down into large number 

regions, each with a simple geometry (e.g. triangles). For example, Fig . 5.4-1 

shows a map of the mesh broken down into triangles. Over these simple 

regions, the "true" solution for A is approximated by a very simple function. If 

enough small regions are used, the approximate A closely matches the exact A 

Fig. 5.4-1. Map of the mesh 
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The advantage of breaking the domain down into a number of small elements is 

that the magnetic problem becomes transformed from a small but difficult to 

solve problem into a big but relatively easy to solve problem. Specifically. 

triangulation of the problem results in a linear algebra problem with perhaps 

tens of thousands of unknowns. However, techniques exist that allow the 

computer to solve for all the unknowns very quickly. 

Another important step in the process of finite element analysis is the choice of 

element types for discretising the field region. No general rule or criterion is 

available for choosing elements for a particular problem to give optimum 

performance. However, one can sum up the following points which require 

careful consideration before making a choice of element type, 

(a) Type of problem, 

(b) The number of nodal variables required, 

(c) The accuracy required, 

(d) Available computer time and storage. 

In making the choice of element these factors need to be considered since, in 

the end, they can save time and labour. 

5.5 FINITE ELEMENT COMPUTER PROGRAM - OPERA -20 

The input - output requirements as seen from the designer's point of view 

consisted in the way data and commands can be imparted to the computer, and 

the way in which data can be retrieved and design performance evaluated at 

every stage of the design. 

In chapter 2 the magnetic circuit physical models were developed. It is now 

necessary to describe the CAD software Opera-2d's data file interface module 

and the functions. 

The complete problems and solutions provided by the Opera-2d software 

consisted of three phases are: 

(a) Model set-up or pre processing, 
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(b) Analysis, 

(c) Result display or post-processing, 

The package allows generation of two dimensional models under its pre

processing stage using the 'DRAW' command, together with various 

identification parameters. Segmentation of the model creates smaller regions 

easing computations regarding the finite element analysis. Each region requires 

assigned parameter values, which are shown, listed below. 

PARAMETER NOTATION 

1. Shape Code POLYGON 

2. Material Number 0 (default value for air region) 

3. Permeability 1 (default value, permeability of air) 

4. Density 0 (current density) 

5. Conductivity 0 (default value) 

6. Phase 0 (default, angle in degree) 

7. N 0 (Conductor number) 

a. Symmetry 0 (default, program calculate total cur 

rent) 

9. Velocity 0 (default, velocity of movmg part) 

The 'DRAW' command is the first command used for setting up the model. All 

regions contributing to the model were input in this way. There are five other 

input commands. 

(a) MODify - modifies the region 

(b) ERASe - erase a region 

(c) COPY- copies a region 

(d) BH data- provides data for B-H curve regarding 

magnetic field analysis 

(e) SYMM - defines co-ordinate system 

It was the third command above 'COpY' which greatly assisted in forming the 

full model. This command allows the regions to be copied to a different position, 

with rotation and reflection where appropriate. Hence the basic regions 
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constituting the geometrical data for the model are copied using this command. 

An angle needs to be specified for either a rotation or reflection, and for s 

distinction between the two; mirror=yes/no is to be clarified. Replications made 

in this way do not give rise to new regions. They possess the same material and 

boundary conditions as the original regions. 

Any modification made to region properties reflected or rotated is carried out 

using the MODify command. This command becomes useful when simple 

alterations are required without causing an increase in complexity of the model 

itself. The MODify command was used in the same way as the copy command 

for the relevant regions. 

Parameters defining boundary conditions are the face values. Concerned with 

potential, it is necessary to give each of the four faces of the region individual 

potential values. 

Before entering region data, it is essential to select appropriate units for the 

various geometric and physical variables using the options given by the 'UNITS' 

COMMAND. The co-ordinate axes for displaying models are set up by using the 

'RECO' command. The need to set solution parameters is essential and is most 

important as results are the direct the 'SET' command which are used to define 

the type of problem to be solved. There are four parameters to be set: 

(a) SYMM - symmetry type; indicates any symmetry in field 

distribution 

(b) SOLN - solution type 

(c) ELEM - type of finite elements used. eg: linear, quadratic etc. 

(d) FIELD - it is set to Magnetic 

For the model of concern, SYMM was set to XY Cartesian and SOLN to V 

(scalar potential). The latter two are default set values, ELEM-linear and 

FREQ=O. 
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After the solution parameters are set, mesh generation can be initiated using 

the 'MESH' command. It subdivides the model regions with smaller triangular 

finite elements and forms the data necessary to solve the field problem in the 

analysis that depending on the values assigned to N1, N2, N3 and N4 

described earlier. For individual region, mesh density can be determined. Care 

has to be taken not to exceed the maximum number of elements for all regions, 

which stands at 100000. It is essential to use the mesh command after 'DRAW' 

in order to check the data is given. The boundary nodes with assigned potential 

can only be displayed using the RECOstruct command after the mesh has been 

generated. To ensure satisfactory execution, the program responds by 

displaying the boundary of the mesh. The boundary consists of all region 

boundaries. Adjacent regions which do not match are also displayed. The total 

number of nodes and elements are then listed followed by any inconsistencies 

in the region data. These are clarified as warnings or errors. The mesh data will 

only be stored if it is correct. A visual display of the meshed model can be seen 

before the mesh data is stored. 

At this stage, the model definition and meshing are complete. With the 

'WRITE' command a file can be created which will hold region and mesh data 

under the same file name but carrying different extensions, i.e. example.op2 

and example. mesh. 

The region and mesh data files created, are automatically formatted for input 

into the analysis program when the' WRITE' command is executed. There are 

four main analysis programs available for solution of field problems set up by 

the pre - processor. They are referred to by two - character names. 

(a) ST- static, 

(b) SS- steady state a.c, 

(c) TR-transient, 

(d) PF-special analysis for static's regarding 

laminated materials. 

They all are read data prepared by the pre- and post-processor and created 

result files which can then be read by the pre and post processor. 
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After quitting from the pre-processor stage, the analysis stage commences by 

selecting the appropriate program. The electromagnetic actuator is an 

electromagnetic field problem, therefore the option 'ST' was chosen. The name 

of the file given for the model is promptly requested and calculations carried out 

by the finite element method. 

The mathematical analysis regarding magnetic problems uses formulation 

based on the low frequency limit Maxwell's equations. In section 5.2 these 

equations are clearly stated. 

5.5.1 Convergence Factor and Some Aspects of Convergence 

The convergence criterion can be applied to the permeability itself. If the 

maximum change of permeability between two successive iteration cycles falls 

below a certain value, the iteration is stopped. 

The problem of convergence is the whole subject of computation of the 

magnetic field. This is especially so with non-linear permeability. Thus it is 

important to study the nature of the convergence for a solution. 

One of the important factors is, of course the shape and size of the discretised 

elements. The convergence is also dependent to some extent on 8-H 

characteristics and their form of representation. 

5.5.2 Post-Processing 

This stage of processing is accessed after the finite element method of analysis 

has been performed. The computations associated with model in the simulation 

stage are stored in a results file carrying extension *.res. The results are 

processed from the Opera-2d analysis program and field investigation of the 

model can be pursued. 

The post - processing commands allow many field components to be viewed at 

points, along or over the cross - section of the model. Components can be 

integrated in one or two dimensions. 
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There is various different post - processing commands, of which the most 

common are listed below. 

POINT 

LINE 

CONTOUR 

VECTOR 

INTLINE 

INTAREA 

: Evaluate field components at a point. 

: Evaluate field components along a line and display as a 

graph. 

: Evaluate field components over regions and display as 

line coloured zone contours. 

: Evaluate field components over a quadrilateral patch and 

display as vector. 

: Integrate field components along line. 

: Integrate field components over regions. 

Most post - processing commands have parameters COMPonent, or VX or VY, 

to define scalar and vector field components to be displayed. Expressions can 

be used to define these output field quantities with the variables being system 

variables, user CONSTants and user PARAMeters of the commands. The 

expressions are evaluated for each field point. 

The expressions fro COMPonent, VX and VY used with any command become 

the default value for all other commands which use these parameters. The initial 

value for COMPonent is POT (i.e. potential) and VX and VY are initially set to 

BX and BY. The CONStant and PARAmeter commands can be used to perform 

further calculations on the results of the commands. 

The system variable must be correctly used to achieve valid field results. The 

system variables hold the co-ordinates of the field point, normal and tangential 

unit vectors to lines, basic field quantities, material properties, the result of the 

post processing commands and physical constants. 
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The main system variables are listed , 

POT : The solution potential at the field point. 

MINIMUM : The minimum and maximum quantities for LINES and contours , 
MAXIMUM : the maximum length of a field vector. 

ERROR : The error in the element containing the field point. 

INTEGRAL : The integral of the component from the INTarea and INTline 

commands. 

FLUX : The potential integral from the INTline command. 

ENERGY : The potential integral of the INTarea command. 

P OI :rc 

Muo : f.10 

Epsilon 0 : &0 

RMS ERROR: The RMS field error expressed as a percentage. 

The initial command in the post-processing stage after 'clearing' from the 

analysis and selecting 'PP' is the READ command which reads results file from 

the analysis program. 

Hence the file is read into the post-processing program. The mesh data file is 

also read at this stage. The co-ordinates for the model are given together with 

the RECOstruct command in order to create the display. At this point the 

commands listed above can be used. e.g. calculation of contour plots or line 

integrals. 

After performing various field investigations on the model, the behaviour can be 

determined, and it is here that a redesign process can begin. Using the MODify 

command regions can be altered and properties changed. Also in the case of 

filed lines, what is usually apparent qualitatively is a more refined mesh needs 

to be generated from the shape of field lines and their smoothness relative to 

the model. If a redesign model is required then the alterations made must be re

processed i.e. A re-mesh must be generated and the model saved once again. 

Following this a re-run of the analysis must take place. 
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After mesh generation, the model may be viewed to display the meshed 

structure with its boundary conditions. 

5.5.3 Boundary Conditions 

bpGh =0 r-------------------------------------- ___ ______ __ _______ _ , , 

I 

=' II : 
<8: 

I;e-: 

I 
I 

I 
I 

____________________________________________ _ _____ _ ______ I 

ill' en = 0 

Fig. 5.5-1. FE model showing the boundary condition 

In general, the essential boundary conditions are prescribed values of potential 

or field, valid on the boundary surfaces. In this case the tangential magnetic 

field (i.e. a~/an = 0) is specified. 

This is justified if the outer boundary of the problem domain around the actuator 

is chosen sufficiently far apart so that any further repositioning of the boundary 

surfaces away from the does not appreciably changes the FE solution. 

5.5.4 Estimation of Errors in Finite Element Modelling 

The local error at a point within a finite element model is strongly linked to the 

size of the elements surrounding the point and weakly linked to the average 

element size over the whole space, although this second source of error 

becomes more important and less easily estimated in non-linear solutions. The 

relationship between the local error in the solution and the surrounding 

elements' size is given by: 

For linear shape functions , 

(5.5-1 
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And for quadratic shape functions, 

(5.5-2) 

Where E is the error, 0 means "of the order" and h is the linear dimension of the 

elements. This simple analysis is only true for square elements, but it is 

reasonable to assume the worst case and use the largest dimension for h. 

unfortunately, these formulae only give the order of the error, the actual error is 

dependent on the solution, or more precisely on the geometry of the model in 

the vicinity of the point. As an example, consider a point close to the corner of a 

magnetised steel cube, the field will be weakly singular at the comer. Given the 

same size discretisation over the whole space, the errors will be far larger close 

to the edges and corners of the cube. This is because the low order polynomials 

used in the finite elements which are not good at approximating the singularity. 

Calculating the magnetic field from the potential solution generally results in 

larger errors in the field than there were in the potential. 

Differentiation of the finite element shape functions to determine the field gives 

an error in the field that is worse by 0 (h- 1
). In the case of linear shape 

functions, this results in an error in the field 0 (h). In the ST SOLVER special 

facilities have been included in order to reduce the errors in the fields that are 

computed from potential solutions. Two methods are available that increase the 

field precision; the best method depends on the problem being solved. Nodal 

weighted averaging improves the field accuracy to 0 (h
2

). The volume 

integration technique does not improve the order of the error, but it enables the 

variation of the field to be calculated very accurately remote from steel or 

dielectric regions. 

It is essential that the user of a finite element program to carry out a number of 

analyses to examine the effect of element size on the solution. Using the ideas 

introduced above it is clear that the best approach is to solve the same model 

with two levels of finite element discretisation or with the same discretisation by 

using linear elements in one case and quadratic elements in the other. Taking 

as an example the use of two levels of discretisation, such that the element 

dimensions are halved in the second case, the case with the larger number of 
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elements will have solution errors that are 4 times smaller (the errors in the 

fields evaluated by differentiation of the shape functions will be halved). 

Examination of the changes between the two solutions will give a good estimate 

of the discretisation errors, but not, as pointed out in the previous section any 

indication of the accuracy of the model. 

This approach is very good for two-dimensional discretisation, but in three 

dimensions, the a-fold increase in the number of nodes quickly becomes 

prohibitive for all but the simplest geometries. When increasing the overall 

discretisation becomes too expensive, it is necessary to carry out more trial 

analyses, in each case choosing particular regions of increased discretisation to 

determine the sensitivity of the solution to the change in element size. An 

experienced user will have learnt how to minimise the number of trials as a 

result of carrying out this type of experiment on a number of different 

geometries. 

5.5.5 The Data Command Input File 

The COMI input command file allows Opera-2d commands to be read from a 

file. Pre-processing commands for our model are stored in such a file. The file is 

prepared using the editor. 

The significance of the command input file is that the series of models required 

in our study to be generated simply by altering the appropriate design 

parameters and calling the associated data file using the COMlnput command. 

This Opera-2d facility simplifies pre-processing (and post-processing) by 

eliminating the tedious and time consuming operation of typing Opera-2d 

commands for every model, using the terminal keyboard. The most important 

steps of the data commands and units are already discussed in this chapter. 

5.6 MATHEMATICAL MODELLING AND DESIGN OF HIGH-SPEED 

ACTUATORS 

High-speed sorting machines based on optical properties are in the forefront of 

bulk sorting of many food products (rice, peanuts, coffee, peas, beans, etc.) [3-
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9]. The non-contact sensor technology used to identify unwanted product items 

is based on optical techniques such as light transmittance, surface reflectance, 

and optical absorption. Most sorting machines of this type rely mainly on colour 

differences between 'accept' and 'reject' products and other physical properties 

that are detectable optically (e.g. shape, colour). Considerable progress has 

been made in recent years in the development, design and implementation of 

suitable optical components, detector arrays, signal/image processing 

hardware/software and control circuitry for these sorting machines. Depending 

on the food products and the nature of contaminants they contain, 

monochromatic, bichromatic and trichromatic optical sub-systems are readily 

used often for simultaneous colour and shape discrimination [7, 9]. These are 

combined with high-sensitive silicon CCD and/or, typically germanium linear 

detector arrays to obtain high-speed and high-resolution bulk sorting. 

Fig. 5.6-1 shows the schematic diagram of an optical sorting machine showing 

the optical and ejector sub-system. 
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Fig. 5.6-1. Schematic diagram of an optical sorting machine showing 

the optical and ejector sub-systems 

It is essentially an on/off valve actuator whose active components comprise an 

excitation coil wound around a magnetic core that attracts or releases a 

movable valve plate depending on the excitation state of the coil. Very tight 
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design and rigorous performance specifications make these ejectors used in 

high-speed sorting applications unique in terms of their design, manufacture 

and reliable exploitation. Typically, an individual ejector fits into an array of 32, 

64, 96 or 128 ejectors to maintain the maximum packing density. They are often 

packaged in serviceable modules of two, four or more ejectors. 

Fig. 5.6-2 shows the schematic diagram of a one of the designs of a high speed 

solenoid actuator used as ejector valves mentioned above. All these factors put 

severe constraints on a number of the geometric dimensions (e.g. Tel, TV 

shown in Fig. 5.6-2 ) of individual ejectors, some of which are directly linked to 

their overall lifetime and the 'resolution' of the optical sorting to be carried out. 
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Fig. 5.6-2. Simplified schematic showing the main constructive features 

of a high speed EM actuator used as an ejector valve in an optical sorting 

j 

EM actuators rarely operate in the steady state and in various operational 

factors like start-stop duty, operating frequency, response time and damping. 

They have a significant influence on their designs. The EM part of the system is 

represented by electric and magnetic circuits with self-inductance, resistance 

and reluctance which are subject to variations, in general, due to eddy currents, 

saturation conditions, motional electromotive force (EMF), demagnetisation and 

hysteresis. The mechanical part is represented by friction, damping, elasticity 

and inertia as well as external forces. Together these two parts form an 
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equivalent electromechanical system which has to be optimised against the 

performance requirements and the complex behaviour of which is subject to 

static and dynamic analyses of these actuators. 

For high frequency EM ejectors, the thermal problem of temperature distribution 

and heat dissipation are of vital importance. Like all other electrical devices , 

they generate losses (e.g. Ohmic loss in the winding, core and any circulating

current losses, etc.) manifested in the form of heat and temperature rise which 

may be considered to be one of the dominant factors in limiting the life of most 

high speed actuators. Temperature-rise may significantly increase the winding 

resistance, impairing control. The frequency response may be altered because 

both the electrical and the mechanical time constants are temperature sensitive. 

Often, when tightly packed, ejectors may create serious problems of heat 

sinking from individual units. 

Also the diverse combination of materials used and the very extensive duty 

cycles may give rise to a myriad of thermal problems, unique only to high-speed 

actuators. The solutions to these problems will have a direct impact on the cost, 

size, reliability and feasibility of a given design. Compared to conventional 

solenoid actuators, the nonlinear and transient EM, thermal, and motional 

problems being solved in the above ejector valves pose substantial challenges 

because of their high frequency of operation and the requirement for a 

continuous and fail-safe duty cycle. 

In general, the mathematical model of the above electromechanical system can 

be adequately represented by the following four differential equations given 

below. In summary, these represent equation (5.6-1) an electrical circuit 

equation for the excitation coil and control circuitry, equation (5.6-2) a nonlinear 

magnetic field equation (Poisson's equation) for the flux, the change of which 

changes the EM energy storage in the system and produces, the magnetic 

force, equation (5.6-3) a mechanical equation for this force, load (e.g. 

pneumatic force), friction, inertia, acceleration, speed and displacement, and 

equation (5.6-4) a nonlinear thermal diffusion equation for the conduction of 

heat produced by electrical power losses [99-106]. 
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v(t) = iR + N d;c(i . .:-) 
dt 

CA 
curl (v curl A) = J - (J' -~- + (J'V x (curl A) 

ct 

2 
F (.) d 2 dz 

m 1,2 =m-
2 

+B-+Kz+Fe 
dt dt 

aT [ ] B pC--V· k(T)VT =q at 

(5.6-1) 

(5.6-2) 

(5.6-3) 

(5.6-4) 

In the above equations V(t), ; and A (i, z), and Z are the applied voltage, coil 

current, flux linkage with the coil, and the displacement of the valve plate 

respectively, Rand N are the coil resistance and the number of turns in the coil , 

J, A, V are the coil current density, magnetic vector potential, and the plunger 

(valve plate) velocity; m, B, K, Fm and Fe are the mass of the valve plate, 

viscous damping coefficient, spring constant, magnetic force and the load force 

respectively; and T, and if are the temperature and the internal rate of heat 

generated per unit volume respectively. The material parametersv,cr,p, C and k 

denote the magnetic reluctivity (v=1/J.l, ~l is the permeability), the electric 

conductivity, density, specific heat and the thermal conductivity respectively. 

In general, these equations are nonlinear and inseparable. The current 

produced by equation (5.6-1) creates the magnetic field given by equation (5.6-

2) and produces the magnetic force which causes the displacement, speed and 

acceleration of the actuator obtained from equation (5.6-3). The current also 

generates the heat (per unit volume) and the resulting temperature distribution 

given by equation (5.6-4). There are two main approaches to the coupled 

solution of these equations: the direct coupled approach and the indirect 

coupled approach, neither of which alone is suitable to incorporate the whole 

array of factors which are expected to be encountered in the practical 

exploitation of high-speed ejector valves. These assume the necessity for 

qualitative and quantitative assessments of those factors that introduce 

nonlinearities in the system, in order to justify the use of one (or several) of 

these methods for modelling and simulation purposes. 
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For example, if the motional and eddy-current effects are negligible, the winding 

inductance can be taken as constant and the decoupling of the equations would 

be adequate for dynamic analysis. On the other hand, the direct coupled 

approach would be more appropriate if the eddy-current effects are negligible, 

but saturation and motional nonlinearities are prominent. Thus a methodology 

which includes the provision for using both coupled or/and decoupled solutions 

of electromechanical equations by a priori qualitative and quantitative 

justification would be most appropriate. The methodologies for modelling and 

design of EM ejector valves are based upon the modelling and computation of 

the 20/30 nonlinear magnetic field distribution using the numerical finite 

element (FE) technique [107-111]. This involves the steady-state and transient 

solutions of the nonlinear Poisson's equation for which there are no analytical 

solutions. 

The results are used for design optimisation and for investigating the effects of 

various geometric, material, EM and mechanical parameters on the output 

performance of ejectors. The thermal modelling involves the development of 

20/30 thermal models and the FE solution of the steady-state and/or transient 

heat transfer equations given by equation (5.6-4) above. The heat sources 

needed for this are given by the various losses mentioned above. 

The coupling of the magnetic field and the thermal equations (owing to the 

dependence of the power density on the magnetic vector potential and the 

temperature dependence of the magnetic permeability and electric conductivity) 

may be realised either by indirect coupling (in which the equations are solved 

separately and coupled by means of power density and an iterative process is 

used to compute the power density and the temperature distribution) or by 

direct coupling in which the equations are solved simultaneously. The prime aim 

here is to obtain a vital insight into the thermal behaviour of the ejector valves 

and to enable quantification of the effects of various factors that affect such 

behaviour. The FE models also enable the simulation of possible modes of 

thermal failure and create an essential basis for the design of a predictable, 

thermally stable and reliable actuator sub-system [112-115]. 

l~O 
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Following the field computation, the magnetic force F (a major design 

parameter) was calculated using the second Maxwell stress tensor T due to 

magnetic field [7, 8]. T is calculated from the tangential component of magnetic 

field intensity, H, and the normal component of the flux density, Bn on a closed 

surface S in air surrounding the valve plate. The surface density Fp of the force 

F is defined as the divergence of Maxwell's stress tensor T: 

Fp =divT 
(5.6-5) 

The surface force density F p can be defined as the sum of its normal F pn and 

tangential F pt components: 

F =!(_1 B2 _ H 2J =_1_(B2 _ B2) 
fXI 2 n f..1o r 2 n r 

f..1o f..1o 
(5.6-6) 

1 
Fp , = H,Bn = -BnB, 

f-Lo 
(5.6-7) 

For the closed surface S surrounding the valve plate, the total force F is 

calculated by integrating the Maxwell stress tensor T on this surface: 

(5.6-8) 

This means the normal Fn and tangential F, components of the force F: 

F = ~ft_l B2 - H 2J ds = _1_J(B2 - B2)ds 
n '1 n f..1o r '1 'j n r 

- S Pt! -f..1o s 
(5.6-9) 

Fr = fHrBn ds = _1 fBnBr ds 
s f..1o s 

(5.6-10) 

Besides Maxwell stress tensor, there exist two other methods for the calculation 

of magnetic force - the virtual work and magnetizing current methods. Although 

in general these methods give results of comparable accuracy. The stress 

tensor method was used in this work because of the relative ease of its 

implementation. In order to increase the accuracy, at least two layers of finer 

elements were used in the air gap and the surface of integration was chosen in 

such a way as to completely surround the movable valve plate and lie 
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completely In air. This increases accuracy by reducing the effects of the 

tangential components of field vectors at the boundary of high and low

permeability FE regions. 

5.6.1 Practical Elements of an Electromagnetic Actuator 

Comprehensive integrated functional and physical models can fully describe a 

real system. This modelling approach was therefore used as the basis or 

backbone of a computer orientated design methodology. Simplifying 

assumptions had to be made in idealising the real systems and secondary 

effects neglected unless they were sufficiently relevant for most designs. In 

practical design situation secondary effects as well as other practical factors 

such as material constraints, manufacturing limitations (tolerance, dimensions, 

etc) have to be considered in order to take action to compensate or minimise 

their effect upon the design. 

For the purpose of developing modelling methodologies and 20 FE models of 

actuators mentioned earlier was considered. Two types of electromagnetic 

actuator devices are going to be reviewed in this section (C-core & E-core). 

Design constraints in a design exercise from sources such as: 

(a) Cost considerations, 

(b) Performance requirements, 

(c) Material properties, 

(d) Dimensional and geometriC limitations. 

Cost constraints are the economic limits set by the allocated budget for the 

design. Minimisation of these constraints from material, manufacturing. testing 

and developing turns into economic gain and marketing advantages. 

Computer orientated design strategies can be used to minimise material cost 

and to reduce developing costs by minimising prototypes. 
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For determination of the design parameters, both analytical and numerical 

techniques have been employed. A general-purpose electromagnetic field 

analysis CAD software package (VF-Opera) that uses finite element methods 

has been used to model and solve the magnetic field distribution in a range of 

design variants of the device [10]. The design parameters are iteratively refined, 

ultimately resulting in the optimum design. 

Performance constraints are either inherent design constraints or specification 

generated constraints. Inherent design constraints can be avoided by the 

appropriate choice of design. Specification generated constraints have to be 

met or at least be compromised with in order to attain the best possible design. 

Material constraints are the limitations inherent in the materials. Choice of the 

materials for a given design specification is hence of paramount importance. A 

computer design approach allows comparison of performance for different 

materials. Magnetic materials have been studied extensively in chapter 4. From 

this study we have chosen the right magnetic materials for the actuator design. 

Dimensional and geometric constraints are specification generated constraints 

or topologically dictated constraints. Dimensional requirements have normally to 

be met. Dimensional minimisation usually falls into material cost minimisation. 

Modelling investigations were carried out to investigate C-core and E-core 

electromagnetic actuators. Modelling results demonstrate satisfactory regulation 

of the electromagnetic actuator force to the desired trajectories, for various input 

current, air gap and orientation. This addresses a key outstanding issue in 

development of high performance actuation system. 

5.7 DESIGN VARIABLES OF C-CORE AND E-CORE ACTUATORS AND 

THEIR OPTIMISATION 

In a systematic procedure of design once a design concept is chosen, the 

next step is to ascertain the variables of dimension and material property 

called the design variables which a designer can manipulate to produce a 

successful design, 

1 
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For an electromagnetic actuator the important variables which a designer can 

choose are: 

(a) 

(b) 

(c) 

(d) 

Size, shape and the number of turns of the coil 

Material of the core, 

Thickness of the valve plate, 

Length of the core, 

, 

(e) Air gap distance between core and the valve plate, 

(f) 

(g) 

Thickness of the core, 

Width of the pole. 

These variables can play an important part in design. By doing a sensitivity 

analysis as described in this section, one can pick out the most sensitive 

variable, in terms of meeting a particular objective e.g. sensitivity, non

linearity etc. 

From the analysis, it has been found that thickness of the valve plate is the one 

of the sensitive parameter. However in the sensitivity analysis the valve plate 

thickness is not constant over the whole range of the variable, the factor 

needs to be used carefully over the whole range. 

Alternatively, one can investigate the sensitivity of a particular variable over the 

range and find out the optimum value for a particular design specification. 

By using the model developed, an investigation on the sensitivity of three 

design variables thickness of the valve plate, height of the yoke, width of the 

pole, has been investigated, Fig. 5.7-2 shows the sensitivity of the valve 

plate thickness. 
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Fig. 5.7-1. Schematic of the EM actuator, showing the lines ab, 

cd and ef along which magnetic flux densities are calculated 
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Fig. 5.7-2. Variation of force with valve plate thickness for c-core actuator, 

material for magnetic circuit Radiometal: 4550. 

In the Fig. 5.7-2 the valve plate thickness is given as fraction of total length 

of actuator, Thus the results can be used for scaling of the device. From a 

design point of view this is an important consideration, because there is a 

remarkable improvement in the force of the device, if the valve plate is 

designed at the optimum thickness. 
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Fig. 5.7-3. Field distribution along the lines ab (yoke) and ef (valve plate) ; TV = 

4.0 mm, material for magnetic circuit Radiometal-4550 

Fig . 5.7-3 is the flux density distribution of the electromagnetic actuator along 

the line ab and cd in the Fig. 5.7-1 for a given thickness of the valve plate 

(TV=4.00 mm, HY=2.5 mm). 
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Fig. 5.7-4. Field distribution along the lines ab andef; TV = 2.5 mm, 

material for magnetic circuit Radiometal-4550. 

Fig . 5.7-4 shows the magnetic flux density plot in the yoke (HY=2.5 mm) and 

valve plate (TV=2.5 mm) for an electromagnetic actuator. 
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The modelling results are presented in Figs. 5.7-2 - 5.7-4 , which show the 

effects of the valve plate thickness TV on the distribution of magnetic fl ux in the 

yoke and in the valve plate along the lines ab, cd and ef, shown in Fig . 5.7-1 . 

These, together with the magnetic force versus valve plate thickness, F= f (TV) 

curve, presented in Fig. 5.7-3 show that the force (an important design 

parameter) is not only strongly dependent upon the thickness of the valve plate 

but also on the relative levels of saturation in the yoke and the valve plate. The 

maximum force is obtained for the valve plate thickness values between 2.5-

2.75 mm, which correspond to almost identical levels of saturation in the yoke 

and in the valve plate (Fig. 5.7-4). 
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Fig. 5.7-5. Variation of electromagnetic force, F with height of the yoke (HY) 

for C-core Actuator, material for magnetic circuit Radiometal-4550. 

Fig. 5.7-5 shows the effect of varying the height of the yoke of the device. It can 

be seen that force increases and as actuator's height of the yoke increases for 

each individual curves. This was carried out to find two different values of valve 

plate thickness. It is clear from our analysis that the force increases with the 

height of the yoke and also the height of the yoke (HY) approximately equal to 

thickness of the valve plate (TV) , reaches the maximum value. 



Chapter 5 Finite Element Modellrng of Electromagnetic 'ctua ors 

20 

18 I 
! 

16 

14 
.-.. 
Z 
'-' 

- 12 • 
~ 
& 10 

1/ 
B / 

6 
,/ 

• 
4 

2.0 2.5 3.0 3.5 4.0 
I 

4.5 5.0 5.5 60 

Current, I (A) 

Fig. 5.7-6. Variation of electromagnetic force, F for different 

current inputs, material for magnetic circuit Radiometal-4550. 

The computed modelling results for the force, current analysis are shown in 

Fig. 5.7-6. The force increases with current until the flux density up until 

saturation. After saturation the force becomes approximately constant even 

when the coil current is increased. The limiting flux density is defined by the 8-H 

curve of the material (Radiometal-4550). 
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Fig. 5.7-7. Variation of electromagnetic force, F with the width Wco of 

the valve core for various excitation currents I: 1 - 1=0.5 A, 2 - 1=1 A, 

3 -1=1.5 A, 4 - 1=2 A. Material for magnetic circuit Radiometal : 4550. 

128 



Chapter 5 Finite Element Modelling of Electromagnetic Actuators 

24 
! I I ! ! I I 3 4 
! 
I --

I 

, 
~ [ ... 

.-J..-.-- -
20 

--~ ..---l.---- ... -
~ 

\2 

~ 
~ .-

16 -z -u.. 12 
u.i o 

I, 

I .-' 
~L.--A' 

~ 
o u.. 8 

i 

I 

, 

I 

I 

, 

~ 

~1 
, 

~ ! I 
I 

! i 
~--

4 -- ~----

o 
20 22 

.- I 

i 
I 

I 
24 26 28 30 

CORE WIDTH, Weo (mm) 

; 

j I 
32 

Fig. 5.7-8. Variation of electromagnetic force, F with the width Wco of 

the valve core for various excitation currents I: 1 - 1=0.5 A, 2 - 1=1 A, 

3 - 1=1.5 A, 4 - 1=2 A. Material for magnetic circuit: Armco. 

1 

34 

Modelling studies were also carried out to investigate the effects of core 

geometry (e.g. core width Wco) on magnetic force produced by various designs 

of the valve. Some of the results of such studies are shown in Figs. 5.7-7 and 

5.7-8. Here, with the increase in the core width the effective cross-section of the 

excitation coil was increased, so also the number of turns that could be put in 

this new cross-section. 

Thus, for Figs. 5.7-7 and 5.7-8 the following combinations of number of turns N 

and the core width Wee were used: Wee (mm)/N=23.55/191 , 25.55/225, 

28.55/286, 33.55/388). As can be seen from these figures for larger currents an 

increase in the core width does not have a strong effect (especially for 

Radiometal4550) on the force produced by the valve. 
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ous materials of the magnetic circuit (excitation current 1=1 A): 1 - Radiometal 4550, 

effective area of excitation coiIlN=14.43 mm2/191, 2 - Radiometal4550, 21.45 

mm2/286, 

3 - Armco, 14.43 mm2/191, 4 - Armco, 21.45 mm2/286. 

Fig. 5.7-9 shows the effects of pole width Wp on magnetic force produced by 

various designs of the valve. Here the pole width was increased by a step of 1 

mm from nominal 5.55 mm to 8.55 mm for two different initial core widths (Wee): 

23.55 mm, 28.55 mm. These dimensions were also increased (by a step of 2 

mm) with the increase in the pole width. The changes in the effective areas of 

the excitation coil A for these two initial core widths were taken into account by 

using appropriate number of turns in simulation studies. The table 5.7-1 below 

summarises the geometric parameters used for Fig. 5.7-9. 

Wp Wee (A=14.43 mmL
, N=191) Wee (A=21.45 mm~, N=286) 

r---

mm mm mm 
_~_~ __ • __ --<o 

5.55 23.55 28.55 
~--------. 

6.55 25.55 30.55 

7.55 27.55 32.55 
-~--

8.55 29.55 34.55 

Table 5.7-1 Geometric variables used for FE simulation results shown in Fig. 5.7-9. 
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5.8 INVESTIGATION OF C-CORE-I ACTUATOR DESIGN 

The body of the actuator is demarcated into simple geometric shapes as shown 

in Fig. 5.8-1 for the purpose of modelling. It consists of the ferromagnetic core 

with valve plate; and the winding tightly wound around the core. Generally, the 

analysis problem is given the core iron geometry ,coil winding configuration, the 

position of the plunger, and the currents in the winding coils. 
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Having established that the simulation procedures for the actuator were 

accurate and reliable, the electromagnetic actuator model was considered for 

analysis. The model was created using command input file in Opera-2d. The 

command input file was written as a program, with all parameters defined at the 

beginning; followed by a listing of all command procedures in order to generate 

the whole model. The command input file can be seen in appendices. 

The set parameters units for an electromagnetic Problem are: 

Length MM (millimetre), 

Flux density TESLA (tesla), 

Field strength 

Potential 

Cond uctivity 

AM (ampere metre -'), 

WBM (weber meter .1), 

SM (siemen meter -1), 

1 :; 1 
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Source density 

Power 

Force 

Energy 

Mass 

AM2 (ampere metre -2), 

WAIT (watt), 

NEWTON (Newton), 

JOULE Uoule), 

KG (kilogramme). 

By typing $ COMI, the command input file is decoded line by line. Hence the 

regions become apparent one at a time until the entire model has been 

generated. Modelling approach has been adopted to set up the 20 model. 

During the course of model development substantial effort has been put into 

dividing the model and free space into number regions. This helps us to define 

a good mesh in the model and free space. 

The 20 FE model of the actuator is built by defining all the geometric features of 

the actuator on a 20 'base plane' in X-V coordinates. 

The choice of material for the core once again IS largely dependent on 

performance and, of course, the cost. High permeability is needed to ensure 

proper flux guidance and minimum absorption of MMF. The magnetic materials 

have already been discussed in chapter 4. 

The coil has been made up 191 turns with solid enamelled copper wires. The 

wire has a diameter of 0.3 mm. The cross-section of the coil has a nearly 

rectangular shape. The core coil and valve plate are modelled in X-Y symmetry 

in Opera-2d by drawing their exact geometry as a set of non-overlapping 

regions. Fig. 5.8-2 shows the 20 FE model development of the C-core actuator. 

Dimensions WCO WPL WPR TV WCL HC HCL WI TCO HP I gap! 
I 

Unit mm mm mm mm mm mm mm Mm mm mm mm 

C-core 23.55 2.78 2.78 2.50 17.15 0.65 4.08 3.50 2.20 
1

6.22 0.1 

Table 5.8-1 C-core model-I dimensions 
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Fig. 5.8-2. C-core- I Opera-2d model 

The typical Opera-2d model shown in Fig. 5.8-2 contains 80 k elements and 71 

regions including the air regions surroundings of the actuator. For all modelling 

purpose commercial software package Opera-2d/3d on Sun Blade 2000 

workstations operating under Unix was used. The linear solution requires only 

about 5-10 minutes running 12-18 iteration to solve the problems. Also the 

nonlinear solution takes about 20-35 minutes to run approximately 30-40 

iteration to solve the most of the problems. 

It has been used to calculate the magnetic field distribution in the model for 

various linear and non-linear cases. Running the static analysis program where 

the finite element method is used to average field values at nodes produced an 

RMS error of 0.86%) indicating that the field values at nodes are continuous. 

Hence the potential solutions derived from partial differential equations are quite 
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accurate. The equipotential lines for the model show continuity and djrection of 

contours which can be seen on Fig. 5.8-3. 

Fig. 5.8-3. C-core-I model field lines 

Through this modelling investigation, the total linear force produced by the 

actuator is 64.59 N. 

By running current through the coils that are wrapped around the yoke of 

actuator, a magnetic flux is created within the model. This flux is driven around 

the magnetic circuit that is completed by the target material. When the magnetic 

field passes through the air gaps to the target material, an attractive force is 

generated. 

Magnitude of this force is given by equation (2.8-16) , 

F = JioA(NIY 
48 2 

Method Force (N) 

Analytical 64.59 

Opera-2d (linear) 60.04 

Table 5.8-2 C-core-I force 

1 4 
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Comparison of the FE modelling results with the corresponding analytical 

results, obtained for the C-core model-I is described in this section and is 

tabulated in the Table 5.8-2. The good agreement is obtained in this case 

between analytical and numerical method results . This establ ished confidence 

in the modelling methodologies and in the 20 FE models help to realise these 

methodologies for further simulation studies. 

The 20 model in Fig. 5.8-2 was used to carry out extensive non-linear 

simulation studies to investigate the actuator. The Fig . 5.8-4 is showing the 

distribution of magnetic flux density in the core and the valve plate for non-linear 

analysis. 

Fig. 5.8-4. C-core-I contour plot 

The flux density in the core is 0.8 T and the valve plate is 1.6 T. The valve plate 

in this model is fully saturated (material :Radiometal-4550) . The study of the 

effects of saturation conditions in the valve plate on the magnitude and 

distribution of magnetic field in the air closer to valve plate constituted a 

particular interest. 

The net force on the valve plate is obtained by creating a surface totally 

enclosing the valve plate (Region 17-23 in Fig . 5.8-2) and mtegrating the 

magnetic stress over that surface. The net force produced by this model is 

9.06 N. 
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5.8.1 Investigation Of C-Core-II Actuator Design 

The model created in section 5.8 was modified to reduce the size of the 

actuator and different value of number of turns and current. The command input 

file originally created was modified to achieve the appropriate model which 

meant that reconstruction of the geometry from first principle operation was 

conveniently avoided. Alterations to region parameters and other parameters 

(i.e. Number of turns, current, etc) were made in the command input file. The 

command input file was read by 'PP' (pre and post processing), in Opera-2d. 

Once the model data was correctly specified, the files would be transferred by 

selecting 'ST' for field analysis as described earlier. 

The body of the actuator is demarcated into geometric shape as shown In 

Fig. 5.8-5 for the purpose of modelling. 

Dimensions WCD WPL WPR TV WCL HC HCL \NV TCO HP gap 

Unit mm mm Mm mm mm Mm mm mm mm mm mm 

C-core 23.55 2.78 2.78 2.50 17.15 0.65 4.08 3.50 2.20 6.22 0.1 

I 

Table 5.8-3 C-core-II model dimensions 
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The width of this model is remaining same as in the model one . The rest of the 

parameters are listed in the Table 5.8-3 . 

To calculate the total force on a body, in this case the force on a plunger, an 

integration surface around the body is defined. Working in two dimensional 

space, Opera-2d calculated the total force on a body by performing a series line 

integral in Fig. 5.8-6, encircling on valve plate region. 

Fig. 5.8-6. C-core-II Opera-2d model 

Method Force (N) 

Analytical 10.27 

Opera-2d (linear) 9.41 

Table 5.8-4 C-core-II force 

Comparison of the FE modelling results with the corresponding analytical 

results obtained for the C-core model-II described in this section is tabulated In 
I 

the Table 5.8-4. In this model also an acceptable agreement was obtained 

between analytical and numerical method results . 
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The investigation is carried out by 20 FE modelling and computation of non

linear magnetic field distribution in the design shown in Fig . 5.8-7. 

Fig. 5.8-7. C-core-II model contour plot 

The investigation is carried out by 20 FE modelling and computation of non

linear magnetic field distribution in the design shown in Fig . 5.8-7. 

To determine the force, we used the Opera-2d in non-linear solution. Fig . 5.8-7 

shows the saturated core and plunger contour plot. According to Opera-2d, the 

force produced by this model is 8.28N. 

5.8.2 Investigation Of C-core- III Model Design 

Fig. 5.8-8 shows the cross section of the C-core solenoid under investigation 

The proposed method (section 5.8) has been applied to solve the problem. 
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Dimensions WCO WPL WPR TV W CL HC HCL WV I TeO HP I gap 

Unit mm mm mm mm mm mm mm mm mm I mm mm 
f 

C-core 24.05 5.83 5.83 3.00 12.39 2.18 10.19 2.50 2.50 I 6. 17 0 1 

I I 

Table 5.S-5 C-core-III model dimensions 

Fig. 5.S-S. C-core-III model contour plot 

Fig. 5.S-9. Equipotential line contours of vector potential 
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For all modelling purpose commercial software package Opera-2d from vector 

fields, running on Sun workstation has been used. The modelling results are 

presented in Figs. 5.8-8 to 5.8-9 which show the effects of the material , 
geometry and saturation nonlinearities in the C-core-III model investigated. 

The flux density in the core is 1.15 T and in the valve plate is 1.55 T. Valve plate 

in this model is fully saturated (material: Radiometal-4550). The study of the 

effects of saturation conditions in the valve plate on the magnitude and 

distribution of magnetic field in the air closer to the valve plate constituted a 

particular interest. The force generated by this model is 8.36 N. 

5.9 E-CORE SOLENOID VALVE 

Providing the ability of fast response and high traction force, and being a simple 

construction, a different structure solenoid E-core actuator has been developed. 

The E-core is made of Radiometal-4550. Working on this development, the 

computerized finite element analysis has been employed to analyse the 

behaviour of the actuator models. 

5.9.1 Investigation of E-Core-I Model Design 

Fig. 5.9-1 shows a design of an E-core with two planar coils connected in series 

for generating a magnetic flux. The dimensions of E-core-I are shown in Table 

5.9-1. 
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Fig. 5.9-1. E-core solenoid valve 
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Before go to our modelling, we will summarize the various situation what we 

hope to model and the values we hope to calculate for each . For th is particu lar 

model 

Dimensions WCO WPL WPR WPM WCL HC TV VW TCO HP 
1 

gap 

Unit mm mm mm mm mm mm mm mm mm mm mm 

E-core 25.60 3.40 3.40 6.80 6.00 1.80 3.00 5.40 2.50 7.30 0.1 0 

Table 5.9-1 E-core- I model dimensions 

we set 130 turns and 1.47 A current to make a total MMF of 381 ampere-turns. 

To accommodate 130 turns we have to calculate the height of the coil (HC) . 

Because the core window must be large enough to accommodate the number 

of turns of copper wire required to reach the specified inductance. A large DC 

inductor is often limited by the core's saturation point. The number of turns can 

be calculated as we discussed in section 2.6.5. Table 5.9-1 shows the entire 

dimension for the Fig. 5.9-1 of the E-core actuator. 

As we discussed in section 5.5, we are using the Opera-2d for modelling this 

device. Fig. 5.9-2 shows the 20 geometric model of the E-core mode\. 

Fig. 5.9-2. E-core-I Opera-2d model 

l4l 
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This Opera-2d model of E-core actuator shown in Fig. 5.9-2 contains 74 k 

elements including the air regions surroundings the actuator. It has been used 

to calculate the magnetic field distribution in the actuator for various linear and 

non-linear magneto static cases. 

By running current through the coils that are wrapped around the yoke of 

actuator, a magnetic flux is created within the actuator material. This flux is 

driven around the magnetic circuit that is completed by the target material. 

When the magnetic flux passes through the air gaps to the target material, an 

attractive force is generated. 

Magnitude of this force is given by equation (2.8-16), 

Method Force (N) 

Analytical 19.50 

Opera-2d (linear) 18.61 
i 

Table 5.9-2 E-core-I force 

Comparison of the FE modelling results with the corresponding analytical 

results obtained for the E-core model-I described in this section is tabulated in , 

the Table 5.9-2. The good agreement is obtained in this case between 

analytical and numerical method results. This established confidence in the 

modelling methodologies and in the 2D FE models that were developed to 

realise these methodologies for further simulation studies. 
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Fig. 5.9-3. E-core-I model filled zone contours of magnetic flux density 

The 2D E-core-I model in Fig. 5.9-1 was used to carry out extensive non-linear 

simulation studies to investigate the actuator. The Fig. 5.9-3 has been shown 

that the distribution of magnetic flux density in the core and the valve plate. 

The flux density in the core is 1.4 T and the valve plate is 1.6 T. Valve plate in 

this model is fully saturated (material : Radiometal-4550). The study of the 

effects of saturation conditions in the valve plate on the magnitude and 

distribution of magnetic field in the air closer to valve plate constituted a 

particular interest. 

The net force on an object is obtained by creating a surface tota lly enclosing the 

valve plate and integrating the magnetic stress over that surface. The force 

produced by this model is 19.52 N. 

5.9.2 Investigation of E-core-II Model Design 

The technique used to create the model in the section 5.9.1 is applied here. The 

device described in Fig. 5.9-1 is going to be modelled in this section with 

different dimensions. We adopt the dimensions from the section 5.8-1 , C-core 

model-II to create th is model. Before going to the modelling , we will summarize 

the entire parameters and material properties needed to create th is model. 
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The coil core window must be large enough to accommodate the number of 

turns of copper wire required to reach the specified MMF. A large DC inductor is 

often limited by the core's saturation point. The core must be large enough in 

size and low enough in permeability to avoid saturation (or shift in inductance 

below the minimum required level). These factors increase the turns and length 

of copper wire required, causing wire loss to become an issue. 

In order to calculate the number of turns first we have to calculate the width of 

the coil window (WCL). 

Reaming length for the coil = 23.55 - (2.78+2.78+5.56) = 12.43 mm 

Available length for one coil = 12.43 /2 = 6.22 mm 

WCL = 6.22 mm 

The dimensions of E-core-II are shown in Table 5.9-3 

Dimensions WCO WPL WPR WPM WCL HC HCO TV TCO HP 

Unit mm mm mm mm mm mm mm mm mm mm 

E-core 23.55 2.78 2.78 5.56 6.22 0.65 8.98 2.50 2.20 6.22 

Table 5.9-3 E-core-II dimensions 

gap 

mm 

0.10 

In section 2.6.5 we discussed about how to calculate the number of turns fit into 

the coil window. From the derived calculation we can wind 50 turns in one coil 

window. 

As we discussed in section 5.5, we used Opera-2d for modelling this valve. Fig. 

5.9-4 shows the diagram of the valve plate and core geometry. Input current for 

this model is 2.312 A. We used Radiometal-4550 to create this model. 
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Fig. 5.9-4. E-core-II Opera-2d model 

By running current through the coils that are wrapped around the yoke of 

actuator, a magnetic flux is created within the actuator material. This flux is 

driven around the magnetic circuit that is completed by the target material. 

When the magnetic flux passes through the air gaps to the target material , an 

attractive force is generated. 

Magnitude of this force is given by equation (2.8-16), 

F = J.LoA(NI)-
4x 2 

Method Force (N) 

Analytical 5.14 

Opera-2d (linear) 4.91 

Table 5.9-4 E-core-II force 

Comparison of the FE modelling results with the corresponding analytical 

results obtained for the E-core model-I and described in this section is , 
tabulated in the Table 5.9-4. A good agreement is obtained in this case between 

analytical and numerical method results . This established confidence in the 
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modelling methodologies and in the 20 FE models that were developed to 

realise these methodologies for further simulation studies. 

Fig. 5.9-5. E-core-II contour plot of flux density 

The magnetic material's 8-H characteristics are defined in the Opera-2d to 

calculate the flux density in the air-gap for the non-linear static solution of the 

model. The contour plot of the flux density is shown in the Fig. 5.9-5 . Opera-2d 

non-linear simulation result give 5.18 N force for this E-core-II model. 

5.1 0 ANALYZING C-CORE-II AND E-CORE-II ELECTROMAGNETIC 

ACTUATOR 

In this section we considered four different types of electromagnetic actuators. 

Our research mainly concern about the C-core model-II (section 5.8-1) and E

core model-II (section 5.9-2) actuators. 

The both models have the same number of turns in the driving coils and the 

same current this will create a very similar amount of magnetic flux as we 

expect. However the magnetic flux density is observed to be approximately half 

in the E-core model due to the area of the air gap being double. The same 

amount of flux has twice as much area to flow through . This means that the flux 

density is about half in the E-core as in the C-core. 
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The fundamental difference between the models are the E-core has the extra 

iron part in the core (middle pole, WPM) . The total area of the air gap is twice as 

much as in the C-core due to this. Therefore our comparison and discussion will 

be focusing only these models. In section 5.8-1 and 5.9-2 we developed 20 

models to analyze the system using finite element method. 

Vector fields (Opera-2d) software has been employed for field analysis. Nodal 

formulation in terms of modified magnetic vector potential is used. Circuit 

equation is incorporated into the FEM system. Non-linearity is handled by the 

Newton-Raphson's method. The electromagnetic force is computed using 

Maxwell stress tensor [Appendix A]. 

5.10.1 C-Core-II Analysis 

Fig. 5.10-1 shows the 2D model with the finite element mesh for the actuator. 

The model is built up using a number of regions to define yoke, the coil , poles, 

plunger and the surrounding air. 

Fig. 5.10-1 . C-core-II actuator model mesh 

The results obtained for the system are in Fig . 5.10-1 and they are tabulated in 

Table 5.10-1. 

14 
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Source I Force N 

Opera- 2d : 8.2831 

Analytical 'I 10.18 

Table 5.10-1 C-core-II force 

To verify the results we use force, energy relationship as we discussed in 

section 3.5.1.The mechanical result done by the force acting on the plunger 

during the time interval can be written as in equation (3.5-1), 

dW = Fdx 

From equation (3.5-1) 

elf" ~w 
F=-=-

Ox Lix 
(5.10-1 ) 

Case One: Air gap = 0.1 mm 

The energy stored in the air gap fB-: ds = 3.72905 x 10--1 Jmm-
1 

Total energy stored in the model = 3.72905 x 10-1 x 2.2 = 8.20391 x 10-~ J 

Case Two: Air gap = 0.05 mm 

The energy stored in the air gap fB-: ds = 2.19685 x 10--1 Jmm-
1 

Total energy stored in the model = 2.19685 x 10-1 x 2.2 = .+.83307 x 10-1 J 

After computing the energy, the equation (5.10-1) calculate the force in the 

system, 

F = (8.20391- 4.833(7) x 1 O-~ S 
(O.I-0.0~)xlO-3 

=6.7'+17S 

l'+S 
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The C-core model was analysed under static solution (ST) program and the 

results read in the post-processing stage. The finite element analysis solving 

potential of the elemental nodes by averaging field values and producing RMS 

value (root square mean error) was carried out. A number of facilities regarding 

field parameter variables were available to allow closer examination of the 

model. Integration along lines or regions of interest is an example of further 

processing. Hence any field quantity can be displayed along lines or as contour 

plots over regions. Integration and other operations are characterised by short 

hand definitions. i.e. the integral of magnetic field strength being BMOD. 

Graphical displays are allowed for a clear understanding . 

The field line contours of vector potential over the whole model are displayed as 

shown in Fig. 5.10-2. Also the field line in the air gap is shown in the Fig . 5.10-3. 

In the model of a solenoid shown in Fig. 5.10-2, the flux path is unrestricted 

when the solenoid is excited by only one coil (C-core) . 

Fig. 5.10-2. C-core-II equipotential line contours of vector potential-1 
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Fig. 5.10-3. C-core-II Equipotential line contours of vector potential-2 

The Fig. 5.10-4 shows the magnitude flux distribution in the yoke and valve 

plate. The both parts are reached the maximum flux density of 1.6 T. 

The Fig. 5.10-4 also shows the same results . 
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5.10.2 E-core-II Analysis 

The Opera-2d pre and post processor provide a variety of sophisticated tools to 

simplify the modelling process. The actuator has been modelled with the 

Radiometal-4550 material as shown in the Fig. 5.10-5 

Fig. 5.10-5. The E-core-II model mesh 

To check the total force on the valve plate; an energy calculation in the air gap 

was performed. Working in to two dimensional spaces, Opera-2d calculates the 

total energy in the air gap performing a integral over an area. 

Source Force (N) 

Opera-2d 5.18 

Analytical 5.10 

Table 5.10-2 E-core-II model force 

Case One: Air gap = 0.1 mm 

The energy stored in the air gap f B~H d. = _.36 14 1 - .lmm-\ 

Total energy stored in the model = _.36 14 1 
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Case Two: Air gap = 0.05 mm 

The energy stored in the air gap JB~H ds = 4.31592 x 10-' JI1l1,, -1 

Total energy stored in the model = = 4.31592 x 2.2 xl 0-4 = 9.49 -0_4 x 1 J 

After computing the energy, the equation (5.10-1) calculate the force in the 

system 

F = (9.495024 - 5.192308) x 10-4 \ T 

(0.1- 0.05) x 10-3 

= 8.6054N 

The equipotential of the model are displayed as shown in Figs. 5.10-6 and 

5.10-7. These should be checked to ensure whether they agree with the 

expected magnetic performance of the actuator. If errors appear to be present 

then the model should be modified to correct the error and analysis re-run . 

The response of the model to the various field operations performed, showed 

some promising results in Figs. 5.10-6 and 5.10-7 . As expected the contour field 

lines followed the shape of the model smoothly. 

Fig. 5.10-6. E-core-II equipotential line contours of vector potential 
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Fig. 5.10-7. E-core-II equipotential line contours of vector potential in the 

middle pole and air gap 

Fig. 5.10-6 shows an arrangement of two coils (E-core). The winding directions 

are different from each in the model. Flux path do not cross , so the flux path 

from the excitation of each individual coil exists only in the area adjacent to that 

coil. 

If the flux density increases, then the total flux also increases (same cross 

sectional area, (¢ = BA)). As a result of this the force acting on the plunger is 

increased in the model. 

5.11 COMPUTATION OF 3D MAGNETIC FIELD DISTRIBUTION IN 

ELECTROMAGNETIC ACTUATOR 

Fig. 5.11-1 shows the simplified schematic of one of several designs of a high

speed solenoid actuator used as ejector valves mentioned above. It is 

essentially an on/off valve actuator whose active components comprise an 

excitation coil wound around a magnetic core that attracts or releases a 

movable valve plate depending on the excitation state of the coil. The EM force 

produced by the actuator needs to overcome the pneumatic force which the 

valve plate is subjected to as a result of high-pressure air (200-550 kPa flowing 
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through the valve. Very tight design and rigorous performance ifi' spec Icatlons 
make these ejectors for the use used in high-speed sorting applications and as 

unique in terms of their design, manufacture and reliable explOitation. 
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Fig. 5.11-1. Main constructive features of a long lifetime C

core EM actuator used as ejector valves in high-speed optical 

sortinQ machines. 

The C-core design of the ejector valve shown in Fig. 5.11-1 poses significant 

problems for developing an adequate 3D FE model because of the small air gap 

(0=0.05-0.1 mm) compared to the rest of the valve. In order to characterize and 

calculate the magnetic field distribution both in the air gap and in the iron, 

especially in and around the pole tips and the valve plate and also to account 

nonlinearities due to saturation and eddy currents, a large number of volume 

elements are needed. This is to ensure convergence and to maintain consistent 

modelling accuracy for various modelling investigations. This was achieved by 

performing various modelling experiments to establish the appropriate number, 

size and distribution of volume elements in the problem domain. 

On all surfaces of the rectangular air volume around the valve, Dirichlet 

boundary condition (Bn=O, A=O) was used. This is justified if the boundary 

surfaces are chosen sufficiently far apart so that any further repositioning of 

these surfaces away from the valve does not appreciably change the FE 

solution. 
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Fig. 5.11-2. Typical 3D finite element (FE) model of the EM actuator shown in 

Fig.5.11-1 (1/4 of the full model) 

A typical 3D FE model is shown in Fig . 5.11-2 which consists of approximately 

250k tetrahedral elements, most of which are concentrated in the regions of the 

air gap, pole tips and the valve plate (Fig . 5.11-3). For all modelling purposes 

commercial software package Opera-3d was used. 

Fig. 5.11-3. FE discretization of the 3D problem domain showing the distribution of 

elements (a) in the iron and (b) finer mesh in and around the pole tips. 

Following an extensive 20 modell ing study of the nonlinear magnetic field in the 

EM valve actuator shown in Fig. 5.11-1 3D FE models described above had 

been used to investigate the effects of z-direction' magnetic field dIstribution on 

various performance parameters, especially on the magnetic force produced for 

a given excitation current. Further modelling studies were carried out to quantify 
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the leakage and fringe field effects on the actuator performance. The need for 

delivering a relatively large force and a very fast response time under 

multibillion cycle operational regimes at 300 Hz puts an added importance on 

some of the crucial design parameters. Some of the effects, which would 

otherwise play a minor role in low-frequency actuators operating under duty 

cycles far below that is required of the actuator discussed here, are likely to be 

magnified under multibillion duty cycles. 

Some of the modelling results are shown in Figs. 5.11-4 - 5.11-7. The Fig. 5.11-

4 shows the effect of the height of the yoke on magnetic force F. It shows a 

strong dependence of F on the yoke height, most likely attributable to change in 

the saturation conditions. This is significant from the design point of view since 

one of the aims is to minimize the thickness of the yoke (TCO) and hence 

increase the packing density leading to an increase in the resolution of optical 

sorting. This means the cross sectional area of the yoke can only be increased 

by increasing the height of the yoke which, as shown in Fig. 5.11-4 has a 

positive effect on the force produced. 
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Fig. 5.11-4. FE modelling results: variation of EM force with 

height of the yoke (HCO-HP); excitation current 1=1.7 A, 

air gap x=O.1 mm. 
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Fig. 5.11-5. FE modelling results: variation of EM force with 

the width of the valve plate (WV). 

The increase in the width of the valve plate (VVV) does not seem to result in an 

increase in the leakage and fringe field effects leading to reduction in the force 

(Fig. 5.11-5). The thickness of the valve plate (TV) also plays an important role. 

Modelling studies [7] have shown that the force is not only strongly dependent 

on the thickness of the valve plate but also on the relative levels of saturation in 

the yoke and the valve plate. Maximum force is obtained for TV which 

corresponds to an almost identical level of saturation in the yoke and the valve 

plate (Fig. 5.11-7). 

d 

a YOKE COIL 
b 

POLE 

"AI,VE 
PLATE e f 

C 

Fig. 5.11-6. Schematic of the EM actuator showing lines ab, cd and ef along 

which magnetic flux densities are calculated in Fig. 5.11-6. (not drawn to scale). 
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I. 
Valve Plate 

U Yoke 
I. 

,,-.. 
r- IA 

---'-' f-OJ 1.0 
'-' 

1.0 

Valve Plat 

CO 
0.6 

Yok 
0.6 

0.2 
0.2 

III 115 119 123 127 131 135 

x(mm) 
116 II LO 12_ 1_. 1-6 12 130 

(mm) 

Fig. 5.11-7. Effects of the valve plate thickness TV on magnetic field distributions in 

the yoke and the valve plate (a) along the lines ab and ef respectively and (b) along 

the line cd shown in Fig. 5.11-6. 

Various 3D FE models of the above ejector valves have been used to 

investigate any '3~' effects that could have a detrimental effect on the valve 

performance (e.g. force produced). Fig . 5.11-8 shows an example of such a 

model. It also shows the small amount of fringe field effects in the air 

underneath and around the poles. Initially, some inconsistencies had been 

found for some of the materials in terms of the force calculated by 20 and 3D 

modelling and the force values calculated from some of the 3~ . The analysis 

did not seem to agree with those obtained from 20 simulations although there 

were no visible significant 3D effects seen from the 3D modelling results . This is 

now being addressed by adopting an alternative approach to 3D model set up 

which gives increased flexibility and greater control over model discretisation 

improving accuracy. 

(a) (b) 

Fig. 5.11-8. Typical 3D finite element model of the newly designed 'C-core-II 

valve' (a) showing fringe field effects in and around the air gap (b) 
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Fig. 5.11-9. Current rise in the excitation coil for the 'e-core-II 

valve' calculated from coupled solution of electric circuit and 

magnetic field equations 

The coupled solution of the electric circuit and magnetic field equations gives 

the current transient in the excitation coil (Fig. 5.11-9) as it is switched 'on' and 

'off'. This defines the vital dynamic performance of ejector valves. From these 

solutions the inductance of the excitation coil was calculated for various 

saturation conditions of the magnetic circuit (0.1 - 0.6 mH). 

5.12 SUMMARY 

In this chapter various approaches to the design of electromagnetic actuators 

using mathematical model developed earlier in this work have been 

investigated. As mentioned earlier, in the past such designs were based on trial 

and error method. 

By adopting a systematic method, as to consider in this chapter, this trial and 

error in the design process can be removed. This will, of course save a lot of 

costly and time consuming experimentation. 

Various 2D/3D design investigations discussed in this chapter, provide useful 

information for a process of design. They help to choose a sensitive design 

variable and give one a useful insight into the way in which various design 

variables playoff against each other and contribute to the output of the device. 
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A comprehensive and exhaustive study for optimising the design variables for 

an electromagnetic actuator design has been carried out. Various factors that 

need to be considered for a design have been discussed in this chapter. Useful 

design information that can be used for such a design process has been 

studied. 
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Chapter 6 

INVESTIGATION OF ELECTROMAGNETIC 

ACTUATOR DESIGN CONCEPT 

6.1 INTRODUCTION 

The requirement for accuracy in the field of measurement and instrumentation 

has seen the development of many percentage precision devices. Technology 

has risen to levels where standards have needed to be equally met. Continued 

research and study regarding the modified new designs led to the production of 

higher quality products. 

This chapter presents some of the results of investigation of various designs of 

actuators. The investigation is carried out by 2D finite element (FE) modelling 

and computation of non-linear magnetic field distribution in various designs of 

such actuators. In this section various designs of a particular concept were 

investigated by changing the number of design manipulative variables e.g. air 

gap distance, current. These factors ultimately define the overall size and 

performance of the actuators investigated in this chapter. 

Modifying an existing design or creating an entirely new one can sometimes 

pose problems of a different kind, depending on various factors in the design 

process and the cost of time. Modelling of hardware devices has more recently 

found application in the form of CAD (computer aided design) packages. 
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6.2 C-CORE ELECTROMAGNETIC ACTUATOR 

An investigation regarding an electromagnetic actuator will be used in food 

sorting machines to confirm the concern of these tests Bel . h . ow IS s own an C-
core actuator in Fig. 6.2-1. 

Fig. 6.2-1. C-core-II electromagnetic Opera-2d model 

An analysis of the actuator using finite element modelling technique has been 

conducted in order to determine, and to characterise performance under 

conditions of interest. 

The design of the actuator has been modelled using Opera-2d , where the aim 

has been modified to various features of the model , by simulating response 

under different conditions, and indeed identifying any characteristics behaviour. 

All work carried out has been the result of using an electromagnetic vector fields 

package, namely Opera-2d . The main advantage feature of these packages is 

their computational efficiency under simulation methods and provision of 

graphical displays for varied parameter values. In this way the actual hardware 

device does not undergo repeated physical dismantling and reconstruction , as 

even complex alterations can be simulated and the results be achieved In a 

matter of hours. 
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6.2.1 Force, Current Analysis for Different Air Gap 

Using the modelling methodologies and C-core- II FE model designs of solenoid 

valve simulated to investigate their performance in terms of electromagnetic 

force , F is produced by a given design . For this , the effects of various electric 

(excitation current I), and air gap, 0 (#gap)) and material parameters 

(Radiometal 4550, Armco, Hyperm 0 and Hyperm 0) were investigated. This 

was done, to investigate the effects of the above design parameters on the 

static performance of the valve. The results of these investigations are given in 

this section. 
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Modelling results are presented in Figs. 6.2-2 - 6.2-9, which show the effects of 

the current (/) on the force production of the actuator for different type of 

magnetic materials (such as Radiometal 4550, Armco, Hyperm 0, Permedur-49) 

and air gap. This modelling results show us that the force (an important design 

parameter) . This is not only dependent upon the current but also on the air gap 

(0) thickness between core and the valve plate . The force becomes 

approximately constant even when the coil current is increased. This is because 

the material reaches its magnetic saturation . The limiting flux density is defined 

by the 8-H CUNe which we have defined al ready for the material. 

6.2.2 Variation of Force with different Air Gap Values 

Using the modelling methodologies and C-core-I I FE model designs of solenoid 

valve simulated to investigate their performance in terms of electromagnetic 

force , F is produced by a given model design . For this the effects the air gap 

and material parameters (Radiometal 4550 , Armco ingot iron , Hyperm 0 and 

Permendur-49) were investigated . This was done, to Investigate the effects of 
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the C-core-II design parameters on the static performance of the va lve. The 

results of these investigations are given in this section. 
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Simulation studies were also carried out to investigate the effects of air gap (0) 

on the force produced by the valve . Figs. 6.2-10 - 6.2-13 show the results for 

different excitation current (0.5 A - 5.0 A) for four different materials (such as 

Radiometal 4550, Armco, Hyperm 0, Permedur-49) used for the magnetic 

circuit. It is clear from Figs. 6.2-10 - 6.2-13 the force decreases with the 

increase in the air gap. Also from this test we identified the robustness of the 

valves designed (air gap) in accommodating, for example, manufacturing 

tolerances for mass production of such valves. 

6.2.3 Force, Air gap Analysis for Different Materials 
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Investigation were carried out over the effect of the air gap for the 

recommended operational current 1=2.0 A on the force produced in the C-core-II 

solenoid valve. Fig . 6.2-14 shows the results of such stud ies for different values 

of air gaps (0) and for different magnetic materials used for the magnetic ~ircuit. 

. f F' 6 2 14 the force produced by the solenoid I for As It can be seen rom Ig . . - , 

0=0.1 mm) far exceeds the design speCification (F~ 8N) It also shows that for the 

magnetic circuit made of Hyperm-O and Permendur-49 produce more force or 
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current 1=2.0 A; because of higher saturation flux density of Hyperm-O and 

Permendur-49. Also these modelling results show us that we can obtain the 

maximum force for a given current when the air gap is smal l. 

6.3 E-CORE ELECTROMAGNETIC ACTUATOR 

Investigations were carried out on some of the alternative design (E-core) 

concepts where the arrangements of coils and shape of the core are different. 

The investigations carried out for the E-core model are basically same as that of 

C-core-II model (Sections 6.2.1 - 6.2.3) Fig. 6.3-1 shown an E-core actuator. 

Fig. 6.3-1. E-core-II model electromagnetic actuator 

I 1 
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6.3.1 Force, Current Analysis for Different Air Gap 
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Some of the modelling results are presented in Figs. 6.3-2 - 6.3-8, which show 

the effects of the current (/) on the force production of the actuator for different 

type of magnetic materials. These modelling results also show us that the force 

is not only dependent upon the current but also on the air gap (0) thickness 

between core and the valve plate. 
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6.3.2 Force Air Gap Analysis 

Simulation studies were also carried out to investigate the effects of air gap (0) 

on the force produced by the valve. 
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Figs. 6.3-9 - 6.3-12 show the results for different excitation current (0.5 A - 6.0 

A) for four different materials (such as Radiometal 4550, Armco, Hyperm 0, 

Permedur-49) used for the magnetic circuit. It is clear from Figs. 6.3-9 - 6.3-12 

that, the force decreases with the increase in the air gap. 

6.4 SUMMARY 

C-core and E-core design of the actuator models were investigated. Air gap as 

well as current influence on the actuator force has been investigated by 

simulations. The air gap variation due to the valve plate motion leads to an 

interaction between both parameters. 

Force versus current and air gap modelling results were obtained for the 

actuator from different magnetic metals. Static force measurements were made 

for various air gap settings and bearing current combinations. The resulting data 

were representing the force versus current and air gap relationship of the found 

actuator. 

For the operation of the electromagnetic actuator, the most significant 

parameters are the current in the coils and the air gap between the actuator 

poles and the valve plate. The comparison to the obtained results shows that 

the air-gap has to be monitored to achieve accurate results. At a higher current, 

the magnetic field is stronger and for a constant air gap, the flux density and 

thus the actuator force will be higher. When the magnetic saturation of the 

actuator material is reached, the magnetic reluctivity rises and thus the relation 

between the actuator force and the current decreases [sections 2.5-2 - 2.8-2]. 

Due to the lower reluctivity the flux density and thus the actuator force will rise 

with a decreasing air gap in quadratic relation. Figs. 6.2-10 - 6.2-13 (C-core) 

and Figs. 6.3-9 - 6.3-12 show how the actuator force breaks in rapidly, if the air 

gap is raised from 0.05 mm to 0.50 mm. The results of FE modelling studies in 

the sections 6.2 and 6.3 (including the sub-sections) given in this chapter are 

very useful for reference for possible design changes that are recommended to 

maintain the overall performance of the valve design. 

178 
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Chapter 7 

DESIGN OF PROTOTYPES AND 

EXPERIMENTAL VALIDATION OF FINITE 

ELEMENT RESULTS 

7.1 INTRODUCTION 

The design stage is where theory and practice meet and compromise. The 

idealisations and assumptions made in the theoretical treatment of a device 

performance do not contain the full information required to foresee the outcome 

of the practical implementation of the design. 

In order to make sure the computational results of numerical model is reliable 

and capabilities of this numerical model for predicting realistic physical 

processes and phenomena have to be confirmed before the model is accepted 

and applied to simulating in the real world problems. A numerical model is a 

complex system of equations wrapped with boundary conditions. It is not 

guaranteed to have these capabilities even it has been proven to be 

mathematically correct, unless they have been validated with physical model 

data. Numerical model validation using physical model data is a key step to 

confirm if a particular model is capable of reproducing true physical processes 

and mechanism. 

This chapter deals with the validation of the design of the C-core-II 

electromagnetic actuator for which a set of specifications were generated by 

Sortex Ltd and the model was designed in this research work. Stringent design 

specifications are aimed at producing a high performance actuator for the highly 

competitive market in the sorting technology. 
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Fig. 7.1-1. Prototype design of the C-core actuator 

Designs of the magnetic circuit and valve plate sub-systems were carried out 

with the use of the design models developed in chapter 5. The overall design 

strategies described in chapter 5 and chapter 6 adapted to the specific needs of 

this design task were followed throughout. The final design engineered to suit 

manufacturing practices, was implemented and tested . The performance 

attained was compared with the numerically predicated results and conclusion 

drawn about the CAD approach. 

The technical specifications on C-core-II valves concern among other things the 

parameters: 

U LESS OTHER\4J1SE STA ED SCALE.<1 1 COIL DATA 
r----------- ----

SHEE'" 

Kl'l-'E 0 

Table 7.1-1 Coil winding technical data for C-core-II valve 

The technical specifications tabulated in the Table 7.1-1 may vary according to 

the application. A number of designs were prototyped and tested against the 

Sortex design specification. 
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7.2 AIR FLOW RATE TEST 

The development of this first prototype design test ral'sed I . severa new questions 
addressing materials and sealing concerns For the bod I t' . . y, pas IC IS used. For 
the core and the valve plate, Radiometal-4500 and Armco are used and the 

valve seat is made of brass. 

COIL 

SEAT MOUNT 

Fig. 7.2-1. Exploded drawing of the valve 

The iron parts of the magnetic circuit have to be manufactured and assembled 

with high precision in order to fit the allowed tolerances especially for the air 

gaps. 

Sealing concerns were a primary issue because seals would be needed to 

prevent the leakage of pressurized air. Unfortunately, this design had one 

significant problem to overcome. After sealing the valve we couldn't determine 

the distance between the valve plate and the poles (air gap=0.1 mm). The valve 

seat is made of micro screw. One turn (360° of this micro screw (valve seat) 

give us 0.5 mm gap. To adjust the air gap to 0.1 mm we have to tighten the 

micro screw until the valve plate touches the poles and then we have to turn this 

micro screw anticlockwise 72° to get 0.1 mm air gap. The fully designed valve is 

shown in Fig. 7.2-2. 

1 X 1 
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Fig. 7.2-2. C-core-II prototype ejector valve 

The control of the valve is facilitated by a series of electrical components that 

ultimately supply voltage to coil. The control board has potentiometer 

adjustments for current limit and duration. Thus, the electrical time constant can 

be compensated. This controller board is shown in Fig . 7.2-3. 

Fig. 7.2-3. Flexible driving circuit board for the valve 

1 _ 
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The flexible driving circuit board was designed and built to cope with the wide 

variation of such electrical parameters of the valve considering the winding 

resistance (1-4 Q), inductance (1-15 mH), and input voltage (~12 V). The valve 

is used to control flow to verify that it could perform as a controllable valve. The 

valve was tested using the control board with adjustment via potentiometers for 

current amplitude and duration for the pulse to hold and reverse currents . Th is 

board has facilities to deliver negative current. Negative current help us to 

demagnetize the magnetic circuit. Demagnetizing the magnetic circuit helps us 

to avoid the stiction between the valve plate and the core . The test board was 

powered by the TTi Thurlsby Thander power supply, producing 5 volts for the 

control logic and 12 volts to operate the valve , from the control board . The 

current probe AM503 was used to measure the input to the solenoid from the 

control board. An HP 33120A Signal Generator was used to vary the frequency 

triggering the solenoid. A Kulite XTL-190M mass flow meter recorded the air 

flown through the valve. 

Fig. 7.2-4. Equipment setup for flow rate test 
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The prototypes were tested at Sortex and City University at various frequencies 

up to 150 Hz under specified air pressure and at current. air gap levels 

suggested by modelling results given in chapter 5 and chapter 6. 

The test results presented in section 7.3-7.5 for individual valves showed that at 

lower frequencies the valves performed satisfactorily for a wide variation of 

excitation currents, air gaps, pressure levels, etc., confirming the robustness of 

the design. 

However, at higher frequencies the performance tests showed the problem of 

'stiction' of the valve plate with the poles. The stiction problem was attributed to 

residual magnetism and it was found to be more prominent in the case of 

prototype C-core-II that is made of Radiometal 4550 than that for prototype C

core-II that is made of Armco, although the comparison of hysteresis curves for 

these two materials suggested higher hysteresis effects in Armco. 

The stiction problem was temporarily solved by coating the valve plate with a 

thin layer of non-magnetic material which increased the effective air gap and 

thereby reduced the effect of residual magnetism. The problem was solved for 

the second batch of prototypes by, 

(i) appropriately annealing the valves to minimize the effects of work

hardening (deterioration of the magnetic properties due to machining) and 

by, 

(ii) taking appropriate measures in the driving circuitry by introducing negative 

current. 

To test the performance of the second batch of prototyped valve, the valve was 

driven with a square wave voltage. The DC voltage was 12 V, and the DC 

resistance was 1.2 n. The frequency was varied through a signal for different 

input frequencies from 0 to 150 Hz. In order to achieve the desired switching 

times, a boost current 2.5 A was applied for 1.2 ms. The valve plate movement 

occurred in this time. After that, the hold current 1.5 A was applied. 
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Pressure was measured at inlet port of the valve. This valve met the 

requirements for our application. The designed valve tested with a 0.10 mm air 

gap had a maximum flow rate of 14.5 liter per minute at 60 psi response at 150 

Hz. The prototype shows a good flow rate behavior. 

7.3 EXPERIMENTAL VALIDATION OF INDUCTANCE MODELLING RESULTS 

The finite-element model (FEM) and computational modelling are developed for 

the evaluation and improvement of the dynamic performance of solenoid 

actuators. The model used to study the magnetic characteristics and dynamic 

behaviour is prototyped and ready for the experimental tests. 

The aim of this task is to validate the inductance values calculated by FE 

modelling. This is done by performing several measurements of time constant 

for different current input using the prototyped valve. Validation of this FE 

modelling results also helps us to validate the force calculated by the FE 

modelling. 

Force acting on the plunger is given by the equation (3.5-10) [section 3.5.1]. 

1 .2 dL(x) 
F =-1 

:2 dx 

The force F and the inductance L of the actuator mainly depend on the position 

of the valve plate (air gap, 0) and the current (/) in the coil. 

The C-core-II actuator, which was designed in this project, was used for this 

validation. A series of tests were carried out to investigate how the inductance 

of the actuator was affected by variation of air-gap between the core and the 

valve plate. 

The following is a list of the experimental equipments used for this test. 

Power Supply: A Thurlby Thandar Instruments PSU was set between 0.3 

Volts and 30 Volts. 

18~ 
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Measuring 

Equipment: 

Shims Used: 

The output was measured using an AM503 current probe 

HP54642D signal Oscilloscope and 3225 Black Star multi

meter. 

0.1mm, 0.05 mm, 0.03 mm 

7.3.1 C-core-II Model Radiometal - 4550 Valve Response Test 

Fig. 7.3-1. C-core model-II valve response for 0.5 A current with 0.1 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t*r (mH) 

0.50 0.10 0.66 1.04 06884 

Table 7.3-1 C-core model-II valve response data for 0.5 A current with 0.1 mm air gap 

J 
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~::~::~ - Agilent Technologies I 

Fig. 7.3-2. C-core model-II valve response for 1.0 A current with 0.1 mm air gap 

Current, I (A) Air gap, <5 (mm) Resistance, r Time Constant, t (ms) Inductance, t*r (mH) 

1.00 0.1 0.66 1.00 0.6600 

Table 7.3-2 C-core model-II valve response data for 1.0 A current with 0.1 mm air gap 

- ;::::~~ - Agilent Technologies - . -

Fig. 7.3-3. C-core model-II valve response for 2.0 A current with 0.1 mm air gap 

Current, I (A) Air gap, <5 (mm) Resistance, r Time Constant, t (ms) Inductance. t-r (mH) 

2.00 0.10 0.67 0.96 06432 

Table 7.3-3 C-core model-II valve response data for 0.5 A current with 0.1 mm air gap 
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.::~::. Agilent Technologies 

Xl 
«>-

Fig. 7.3-4. C-core model-II valve response for 0.5 A current with 0.05 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t*r (mH) 

0.50 0.05 0.66 1.40 0.9240 

Table 7.3-4 C-core model-II valve response data for 0.5 A current with 0.05 mm air gap 

;:::::: Agilent Technologies 

-

Fig. 7.3-5. C-core model-II valve response for 1.0 A current with 0.05mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t-r (mH) 

1.00 0.05 0.66 1.28 0.8448 

Table 7.3-5 C-core model-II valve response data for 1.0 A current with 0.05 mm air 

gap 
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-.::::: •. Agilen! Technologies 
, .... -

Fig. 7.3-6. C-core model-II valve response for 2.0 A current with 0.05 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t·r (mH) 

2.00 0.05 0.6850 0.88 0.8040 

Table 7.3-6 C-core model-II valve response data for 2.0 A current with 0.05 mm air 

gap 

-.:::::; . Agilen1 Technologies . . . 

Fig. 7.3-7. C-core model-II valve response for 0.5 A current with 0.03 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t·r (mH) 

0.50 0.03 0.66 1.50 0.9900 

Table 7.3-7 C-core model-II valve response data for 0.5 A current with 0.03 mm air gap 

1 9 
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::::::~ - Agilent Technologies 
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V Xl 
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Fig. 7.3-8. C-core model-II valve response for 1.0 A current with 0.03 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t-r (mH) 

1.00 0.03 0.66 1.40 0.9240 

Table 7.3-8 C-core model-II valve response data for 1.0 A current with 0.03 mm air gap 

-.:::::~- Agilent Technologies . . . 

Fig. 7.3-9. C-core model-II valve response for 2.0 A current with 0.03 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, ter (mH) 

2.00 0.03 0.69 1.30 08970 

Table 7.3-9 C-core model-II valve response data for 2.0 A current with 0.03 mm air 

gap 

1 0 
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7.3.2 C-core-II Model Armco Valve Response Test 

.~::~::~. Agilen! Technologies 

-,-

Fig. 7.3-10. C-core model-II valve response for 0.5 A current with 0.1 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance. t*r (mH) 

0.50 0.1 0.66 1.12 0.7392 

Table 7.3-10 C-core model-II valve response data for 0.5 A current with 0.1 mm air gap 

:;::::::'. Agilent Technologies . . .. 

Fig. 7.3-11. C-core model-II valve response for 1.0 A current with 0.1 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t*r (mH) 

1.00 0.1 0.66 1,08 07 128 

Table 7.3-11 C-core model-II valve response data for 1.0 A current with 0.1 mm air gap 
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... I I I 

-+ 
Fig. 7.3-12. C-core model-II valve response for 2.0 A current with 0.1 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t*r (mH) 

2.00 0.1 0.67 1.00 0.6700 

Table 7.3-12 C-core model-II valve response data for 0.5 A current with 0.01 mm air 

gap 

,;:::( Agilen! Technologies . . . 

+- -+--+ 

--------

Fig. 7.3-13. C-core model-II valve response for 0.5 A current with 0.05 mm air gap 

Current I (A) Air gap, 8 (mm) Resistance, r Time Constant t (ms) Inductance, t* r {mH} 

0.50 0.05 0.66 1.640 1 0824 

Table 7.3-13 C-core model-II valve response data for 0.5 A current with 0.05 mm air 

gap 
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Fig. 7.3-14. C-core model-II valve response for 1.0 A current with 0.05 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t*r (mH) 

1.00 0.05 0.68 1.60 1.0880 

Table 7.3-14 C-core model-II valve response data for 1.0 A current with 0.05 mm air 

gap 

. ;:::::~ . Agilen! Technologies . . . 

I 

t
I 

--------

Fig. 7.3-15. C-core model-II valve response for 2.0 A current with 0.05 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant. t (ms) Inductance, t*r (mH) 

2.00 0.05 0.68 1 20 0.8160 

Table 7.3-15 C-core model-II valve response data for2.0 A current with 0.05 mm air gap 
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~::~::~ - Agilent Technologies 

Fig. 7.3-16. C-core model-II valve response for 0.5 A current with 0.03 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t*r (mH) 

0.50 0.03 0.67 2.440 1.6348 

Table 7.3-16 C-core model-II valve response data for 0.5 A current with 0.03 mm air 

gap 

Fig. 7.3-17. C-core model-II valve response for 1.0 A current with 0.03 mm air gap 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t*r (mH) 

1.00 0.03 0.67 1 88 I 1.2596 

Table 7.3-17 C-core model-II valve response I data for 1.0 A current with 0.03 mm air 

gap 
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. ~::~::~. Agilen! Technologies 

Current, I (A) Air gap, 8 (mm) Resistance, r Time Constant, t (ms) Inductance, t· r (mH) 

2.00 0.03 0.6750 1.280 0.8640 

Table 7.3-18 C-core model-II valve response I data for 2.0 A current with 0.03 mm air 

gap 

Figs. 7.3-1 - 7.3-18 show the results obtained from the response test. Also test 

main parameters measured time constantly and calculated inductance. Those 

are tabulated in the Tables 7.3-1 - 7.3-18. The results obtained from this 

experimental test will be compared with the modelling results . 

19 ~ 
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As each experimental test was completed, the appropriate data was put into the 

computer programme to check the numerical and experimental agreement. The 

Figs. 7.4-1 to 7.4-4 show the modelling and experimental results. The test 

results are compared with the finite element numerical results. Most of the 

results show good agreement between the finite element and experimental 

results and corroborate the nonlinear finite element modelling approach. Also 

the results indicate that the numerical computation is an effective tool for the 

design of magnetic solenoid valves. 

7.4 EXPERIMENTAL VALVE RESPONSE CHARACTERISTICS TEST 

Testing models and design strategies in a "real environment" are of academic 

importance as they establish objective measures of the capabilities and 

limitations of design techniques. Feedback information obtained from practical 

design assists in the further improvement and development of models and 

design strategies. 

In this section an extensive set of experiments and a related prototyped C-core 

model investigating the dynamics of pneumatic actuators controlled by on-off 

solenoid valves, whose opening and closing time response is based on a pulse 

width modulation (PWM) technique, is presented. The experimental set-up 

consists of both commercial electronics and circuits appropriately realized 

where particular needs are required. As well as providing a highly repeatable 

set of measurements and valuables for the experimental investigation also 

provide an appropriate base aimed at testing the performances of the valve. 

The study explores the impulse response characteristics of the control 

components in a pneumatic system, while developing a set of the most effective 

measurement methods and equipment that provides the closest dynamic 

characteristics of the pneumatic system. First, the study inputs square current 

wave impulse signal, which have various frequencies and are generated by 

signal generator, into the pneumatic system, which is comprised of an 

electromagnetic valve, pneumatic pipes, and pressure sensors. In addition, the 

study discusses the influences of the electromagnetic valve, pneumatic pipes. 

,20() 
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and pressure sensors on the frequency responses of the pneumatic system 

through the analyses of outputted pressure Signals. 

The original specification of the C-core valve required a response performance 

that included a need for a pneumatic rise time and a pneumatic fall time. 

The valve was tested on a manifold mounted to test manifold with a Sortex 

Z series nozzle arrangements wad fitted and a high speed pressure transducer 

was positioned, in free air, 5 mm from the nozzle output. 

The valve was powered by the TTi Thurlsby Thander power supply. The valve 

was tested using this power supply for different current input. A current probe 

(100 mV I A) was used to measure the inputs to the solenoid from the power 

supply. A Thurlby Thandar Instruments PSU was set between 0.3 Volts and 30 

Volts. The current response was monitored using an AM503 current probe 

outputting to an HP54642D signal oscilloscope. The pressure response was 

monitored using Kulite sensor probe mounted directly in line of output to 

measure the dynamic pressure. 

--

Properties Current, I (A) Voltage, V(V) Air gap, x, (mm) 

I 

1.7 1.12 I 0.1 (approx) Value I 
I 
I 

I 

I 

Table 7.4-1 C-Core-II model Radiometal-4550 valve, 1=1.7 A current test 

specification. 
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Fig. 7.4-1. C-core-II model Radiometal-4550 valve, 1=1.0 A, current characteristic curve 
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Fig. 7.4-2. C-core-II model Radiometal-4550 valve, 1=1.0 A current pressure 

characteristic curve 
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4.45 4.90 9.920 0.45 5.47 5280 
(Radio-Metal) 

Table 7.4-2 C-core-II model Radiometal-4550 valve, 1= 1.7 A current test results 

- --

Properties Current, I Voltage, V Air gap, x, 

(A) M (mm) 

Value 2.0 1.33 0.1 (approx) 

Table 7.4-3 C-core-II model Radiometal-4550 valve, 1= 2.0 A current test 

specification 

- - --

I 1- 2 0 A current characteristic 
Fig. 7.4-3. C-core-II model Radiometal-4550 va ve, -. , 

curve 
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, 
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Properties Current, I (A) Voltage , V M I Air gap, x, (mm) 

Value 2.5 1.64 0.1 (approx) 

Table 7.4-5 C-core-II model Radiometal-4550 valve, 1= 2.5 A current test specification 

---------~---.....j 

Channel Menu 

Fig. 7.4-5. C-core-II model Radiometal-4550 valve, 1= 2.5 A, current characteristic 

curve 

-~::~::~ - Agilent Technologies 

~ 

Ch.llnncl Menu 

Fig. 7.4-6. C-core model-II Radiometal-4550 valve, 1=2.5 A current, pressure 

characteristic curve 
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:p (/) ...... - E ro ro r- eo - th - .... 
(1) 
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..... -
f= 

0 
f= 0 E (/) 0 r- r- Q:: ~ -

C-Core - II 
3.44 3.60 8.20 0.26 4.76 5.20 

(Radio-Metal) 

Table 7.4-6 C-core-II model Radiometal-4550 valve, 1=2.5 A current test results 

Properties Current, I (A) Voltage, VM Air gap, x, (mm) 

Value 1.7 1.19 0.1 (approx) 

Table 7.4-7 C-core model-II Armco valve, 1= 1.7 A current test specification 

.:::~::~: .. Agilen1 Technologies 

~ 

Fig. 7.4-7. C-core model-II Armco valve, 1=1.7 A, current characteristic curve 
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Fig. 7.4-8. C-core model-II Armco valve, 1=1.7 A current, pressure 

characteristic curve 

-
~ 
0 Q) - -~ CI) 

~ ~ 
(/) -

- ·c ::J E 0 0 - -
~ ~ - ::J .~ - u -- CI) 

0 0 
CI) 

0 
....-

E 
:.;::J (/) - E ro ro I--.... CI) ..... -

ro E ro - - E - E ..!-
ro ::J ::J I--

C - c 6 c Q) Q) 

.2> .2> C) -(/) I-- CI) c c Q) 

(/) l- (/) (/) E 
Q. Q. (/) 

Q) t - Q) c Q) Q) 
(/) ·c - I-- Q) 

E ro E Q) E E , E ~ 

i= .... i= 
Q. 

i= 
....: i= 

0 i= 0 
(/) 0 l- I-- ~ 

C-Core - II 
6.88 0.56 4.30 2.58 3.14 

(Radio-Metal) 

Table 7.4-8 C-core model-II Armco valve, 1=1.7 A current test results 

Properties Current, I Voltage , Air gap, x, 

(A) V (V) (mm) 

Value 2.0 1.33 0.1 (approx) 

-
ro -. ~ ..... 
ro 
E 
::J 
Q) 
c 
Q. 
Q) -E CI) 

i= E -
2.30 

Table 7.4-9 C-core model-II Armco valve, 1= 2.0 A current test specification 

..., 7 
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" :::~::~." Agilent Technologies 

~ 

Irnped 
1M Ohm 

Fig. 7.4-9. C-core model-II Armco valve, 1= 2.0 A, current characteristic curve 

.".~::;::::" . Agilent Technologies 

~ 

Channel Menu. 

Fig. 7.4-10. C-core model-II Armco valve, 1=2.0 A current pressure characteristic 

curve 
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2.35 2.77 6.02 0.42 3.67 2.11 (Radio-Metal) 

I 1 

Table 7.4-10 C-core model-II Armco valve, 1= 2.0 A current test results 

The response test showed that the valve performed satisfactorily for a wide 

variation of excitation currents, confirming the robustness of the design. This 

test was carried out without the drive circuit. The opening and closing time for 

the valves obtained were within the required limits. Typically products pass 

though the optical viewing station at a speed of 4 m/s and, if found defective, 

they are rejected approximately 7.5 ms later by a pulse of air delivered by one 

or more ejectors. To achieve the specific opening and closing time the driving 

circuitry of the valve is modified by our industrial partner (Sortex). 

7.5 EXPERIMENTAL VALIDATION OF THERMAL MODELLING RESULTS 

Like all other electrical devices, EM ejector valves generate losses manifested 

in the form of heat and unwanted temperature rise which is considered to be 

one of the dominant factors in reducing the life of these valves. Temperature

rise may significantly increase the winding resistance, impairing control. The 

frequency response may be altered because both the electrical and the 

mechanical time constants are temperature sensitive. Although the governing 

thermal limitation is the insulation, magnetic iron is also subject to thermal 

limitations. The tightly packed valves in the ejector banks are likely to create 

serious problems of heat sinking from individual valves. Also the diverse 

combination of materials used the very extensive duty cycles may give rise to 

myriad thermal problems, unique to EM ejector valves. 
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An effective solution to these problems will have a direct impact on the cost. 

size, reliability and feasibility of a given design. The methodologies for thermal 

modelling of ejector valves will involve the development of 20/30 thermal 

models and the FE solution of the steady-state and/or transient heat transfer 

equations. The coupling of the magnetic field and the thermal equations may be 

realised either by indirect coupling or by direct coupling in which the equations 

are solved simultaneously. The 20/30 thermal models and the design tools for 

the solution of this magneto-thermal problem, will give a vital insight into the 

thermal behaviour of both the individual ejectors and the ejector banks and will 

enable quantification of the effects of various factors that will affect such 

behaviour. 

Methodologies have been developed, ahead of time, for the 20 thermal 

modelling of the above ejector valves. An experimental investigation into the 

thermal behaviour of the C-core-I ejector valve has also been carried out at 

Sortex. Some of the experimental data have been compared with the 

corresponding modelling results showing good agreement (Fig. 7.5-1). The 

results have been used primarily to validate the thermal FE models developed 

and to obtain empirical relationship that could be used to predict the thermal 

behaviour of the ejector valves for those thermal regimes which could not be 

simulated directly by FE modelling (e.g. cooling by compressed air, etc.). 
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Fig. 7.5-1. Comparison of the thermal modelling results with the corres~onding 
. I (with no air cooling): 1. 2 -

experimental data for the current C-core-I ejector va ve 

3 red 2 4 - modelling 
current /=1 A, 3,4 - current /=1.5 A; 1, - measu " 
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The thermal tests carried out on the first batch of prototypes showed that the 

maximum temperature rise for individual valves over a period of 30 minutes of 

operation did not exceed 50°C for the 1A current test. The results of specific 

tests are given in Section 3. These results are in accordance with the modelling 

results for the maximum power loss in the winding, which have been shown to 

lie below the specified limit (4 W) for the maximum current level in the winding . 

Time, t (minutes) 
I Temperature, e (OC) I Comments 

tlt~Pt ~\t .~ 
. , , 

Frequency f=15O Hz 
.' 

0 25.9 Valve excitation is turned on 

1 27.5 

2 30.4 

3 32.4 

4 33.2 

5 33.6 

6 33.8 

7 34.0 

8 33.9 

9 34.0 

10 34.0 

~i ~.; ~ Frequency f=3oo Hz 

11 34.5 Frequency increased to 300 Hz at t=10 mm. 

12 35.5 

13 36.0 

14 36.2 

15 36.0 

16 36.0 

17 35.3 Valve excitation is turned off (1 -0) at t 16 min. 

18 35.0 

t f of the prototype valves. Table 7.5-1 Experimental data for the thermal tes 0 one 

C- core-II (Material: Armco), F=150, 300 Hz 

tt hed to the outer casing of For the thermal test a K-type thermocouple was a ac 
. . fi t batch) valve. The valve the prototype C-core-II (made of Armco Ingot Iron, Irs 

1=1 A and at a frequency f=150 Hz for 10 was tested at a winding current 
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minutes and the frequency was then raised to 300 H f . z or the next 8 minutes. 

The test data, shown in Table 7.5-1 below are presented in Fig. 7.5-3. 

The prototype c-core-II valve was tested at 300 Hz under an excitation 1=1.5 A. 

A steady-state temperature of B=48°C was reached in about 19 minutes. 
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Fig. 7.5-2. Variation of temperature with time corresponding to results 

of thermal tests shown in Table 7.5-1 

7.6 SUMMARY 

In this chapter the discussion focused solely on model validation. Initially, the air 

flow rate was validated against available experimental data from Sortex Ltd. Air 

flow in the valve that had already been investigated by our project partners 

Sortex Ltd; the measurements showed that there was quite good quantitative 

agreement between data from Sortex Ltd and experiment. 

Next, the extensive validation of the Opera-2d model inductance values, whose 

development was pursued immediately afterwards and which was one of the 

important parameter of the current study, is presented. Initially, obtained results 

from 20/30 simulations of C-core-II are presented and compared against 
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available experimental data; overall, the agreement of the model with the 

experiment has been found to be quite satisfactory on a qualitative level. 

As a result of the computer modelling and design work, a robust design of a 

solenoid valve actuator were carried out which met the Sortex design 

specifications. A number of designs were prototyped and tested successfully 

which showed the robustness of the design and its compliance with design 

specifications. The results of FE modelling and experimental studies given in 

this work are meant for references for possible design changes that are 

recommended to be made only by considering the electrical, magnetic and 

mechanical processes that underlie the overall performance of the valve 

designed. 
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Chapter 8 

DEVELOPMENT OF ADVANCED ACTUATORS 

USING MAGNETIC SHAPE MEMORY 

MATERIAL 

8.1 INTRODUCTION 

The MSM materials are a recently discovered new group of materials that can 

change their shape in a magnetic field. Different types of actuators have been 

used as input motion and force sources. Hydraulic, pneumatic, and electric 

actuators are called "conventional" because the majority of robotic and 

automated mechanical systems use them. Recently, advances in material 

technology have introduced lightweight and strong substances, making it 

possible to build structurally strong articulated mechanisms that are compact 

and weigh very little. Examples of such "smart" materials that can be used to 

develop novel actuators are magnetic shape memory alloys. Actuators made 

out of this smart material are often called "non-conventional" to represent the 

novelty of the actuation concept. They are also called "advanced" to denote that 

they combine small, compact size with large force or velocity outputs [116-1171. 

There is a well-demonstrated need for commercial applications of advanced 

actuators. The present advances in information technology, nanotechnology. 

and biotechnology will require the development of miniaturized, novel devices 

and instruments that need to apply substantial forces. The same demand for 

new actuators occurs in traditional industries such as military, entertainment. 

medicine. and manufacturing. where there is an increasing need for developing 

small-size and lightweight devices which are applicable to apply large forces, 

develop high speeds. achieve large displacements, and are highly energy 

efficient. 

In all these applications, mission requirements are becoming drastically more 

stringent in terms of mass, dimensions, power, and cost. Improvements in 
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actuator robustness and reliability associated with power efficiency and 

compact packaging which can lead to effective devices that are significantly 

more capable and reliable at a lower cost. Conventional actuators, such as 

electric motors and hydraulic and pneumatic cylinders, prevent large reductions 

in the overall weight and complexity of the robotic manipulator [118-124]. 

8.2 MAGNETIC SHAPE MEMORY MATERIALS 

MSM alloys, which change shape under a magnetic field, offer an innovative 

solution to this problem. With the highest per unit length strain, the MSM alloys 

cannot be theoretically over-strained, which opens up the prospect of an 

'infinite' lifetime. Since the maximum lifetime achieved to date by a few MSM

based devices is only near 300 million cycles, our target of 10 billion cycles will 

push the boundaries of current MSM technology. This is achievable and will be 

done by careful design of the magnetic circuit for highly uniform magnetic fields 

and by growing appropriate MSM alloys that are free from internal defects 

giving maximum fatigue life to establish a high value actuator manufacturing 

capability in a materials technology, relatively new to the UK economy. 

The materials showing MSM effects have a non-cubic unit cell structure. The 

shape change effect itself is based on the reorientation of the unit cells in the 

material. Since the unit cells are not symmetric, the deformation results in a 

change of macroscopic shape of the material. A special property of MSM 

material is that the energy needed for deforming the unit cells is small and much 

smaller than in most materials. In addition, MSM materials have strong 

magnetic anisotropy, because the anisotropic unit cells can be reoriented with 

the magnetic field. Another way of generating the shape change is to apply a 

mechanical stress on the material in an elongated direction [125-127]. 

The MSM materials are ferromagnetic and anisotropic. Therefore, the 

magnetization of the material is high. It has a certain saturation value. and 

depends on the direction of the applied field. The saturation field strength falls 

within the range 475 kAlm to 500 kAlm. 
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The research had been carried out to explore the possibilities of conceptually 

new ejector valve designs using the new generation of room temperature smart 

materials. This mainly took the form of extensive survey of existing literature, 

and contacting and consulting relevant industries and research groups. Initial 

contacts have been established with three companies in USA, Finland and 

China. 

The research done so far shows that two groups of smart material might be 

promising for new ejector technology. These are giant magnetostrictive 

materials (GMM) and magnetic shape memory (MSM) alloys which change their 

shape when subjected to magnetic field. The new GMM like TERFENOL-D 

(Tbx-Dy1-x-Fe) is particularly interesting for this purpose because of their large 

strain (1600-2400 ppm , 1.6-2.4 mm, 0.1-0.2%)., high reliability and apparently 

longer life. Unlike PZT and conventional solenoid actuators, TERFENOL-D 

cannot be over-strained . It has been reported that a TERFENOL-D driven 

projector has operated more than 1012 cycles without failure or reduction In 

performance. Some of the MSM alloys made of Ni-Mn-Ga, Ni-Ti etc which are 

also interesting for ejector application could deliver even higher strain at room 

temperature [128-132] . 
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Considering the potential of the above materials, it was proposed by the 

industrial partners that it might be prudent to protect the possible further 

development in this direction in terms of a product specific actuator (for sorting 

machine applications) based on GMM/MSM materials by a patent application. 

This will be explored further as research progresses. 

Having analysed the performance of some of the current ejector valves one of 

the industrial partners, Sortex expressed the need for a shift in emphasis 

towards the development of conceptually new ejection technology. 

8.3 MSM ACTUATORS 

MSM actuators are devices that produce the magnetic field for the MSM 

element, which in turn generates the mechanical motion. An MSM actuator 

usually consists of an MSM element, a ferromagnetic core and coils [125]. 

The work output and coupling factor between mechanical and magnetic 

energies of the MSM materials are important operation parameters. Some 

simplified equations for calculating the work output have been proposed. The 

energies related to the MSM actuators are the input magnetic field energy 

density, Wmag output mechanical energy density, Wmech , and the loss density, q. 

The energy conservation principle gives the energy balance as, 

A schematic view of this type of actuator structure can be seen in Fig. 8.3-1. To 

minimize the magneto-motive force needed, the magnetic field is usually 

applied to the MSM element in the transverse direction in relation to the 

direction of the output mechanical motion. The MSM elements in the actuator 

consist of two variants; one has the easy magnetization direction along the 

magnetic field and the other one along the mechanical stress. This maximizes 

the magnetic field induced (MFI) stress in the material. The overall construction 

produces a MFI stress to the MSM element to elongate itself in magnetic field. 

~17 
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B 
Coil 

MSM element 

Fig. 8.3-1. Schematic view of the structure of MSM actuator 

Fig. 8.3-1 schematic view of the structure of commonly used MSM actuators . 

The opposite forces against the MSM element are spring force and external 

force while the MSM element itself generates MFI force Fmag. 

The twinning stress in the MSM material maintains the strain value, when 

external forces and magnetic fields are removed . Since the motion of the 

material is not reversible by itself, opposing load is needed to move the MSM 

element backward. In pre-stressed actuators, the required opposing loads are 

realized with springs. It is also possible to use two reverse-coupled MSM 

actuators to move the elements of each others in opposite direction [122] . [127-

128]. 

The hysteresis of MSM material has to be taken into account in the design of 

specific MSM actuator application. The hysteresis of the material dampens 

unwanted mechanical vibrations and higher harmonics of current and in that 

way eases the control of the application. On the other hand some control 

application can have trouble with the hysteresis. The MSM element IS the 

central part of the MSM actuator. The magnetic field induced force of an 

element depends on its cross-sectional area. The stroke in turn depends on the 

length of the MSM element. These affect the measures of the actuator 

Since the MSM shape change is relatively large, the motion can often be used 

directly without any mechanical amplification . Hence, the structure of the 

actuator is simple and reliable. An example of thiS type of application IS an S 
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valve. When very large stroke is needed, a mechanical system to amplify 
motion is useful [129-132]. 

8.4 MODELLING AND INVESTIGATION OF MSM ACTUATOR 

In order to analyse the behavior of the MSM actuator, we create a 20 model 

The structure of the actuator is presented in Fig. 8.4-1 . The geometric 

parameters of the model are listed in the Table 8.4-1. 

MSM Material 

Core-Material 

(Radiometal) 

Dimensions 

Units 

Value 

o 

wee TCW 

mm mm 

28 .20 500 

a 

leW 

COIL 
+ 

~I 
I 

COIL COIL 

Fig. 8.4-1. MSM actuator model 

TCH Hce HP WP HPM AHP I HCL 1 EMSL WMS WPX AG 

mm mm mm mm mm mm mm I mm mm m 

500 38.00 900 600 3.00 10 00 275 200 100 250 o 0 

Table 8.4-1 MSM model-I dimensions 

219 
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The electromagnetic field analysis package developed by Vector fields IS used. 

The package, based on 20 finite element method , comprises a post processor 

(Opera). In this piece of work, attention is focused on the model development 

only. The model was created using command input file in Opera-2d . The 

command input file was written as a program, with all parameters defined at the 

beginning; followed by a listing of all command procedures in order to generate 

the whole model. 

The main aim in modelling an MSM actuator is to measure the field strength In 

the MSM material and the air gap. A key parameter of a model is defined by 

the magnetic field strength (section 2.2) . This field can be computed by 

modelling the MSM actuator. In this work, the modell ing has been done in static 

condition. 

To analyze the model, Opera-2d is used. For a model two issues are important, 

i.e. the simplicity and accuracy. The first analysis with the dimension listed in 

Table 8.4-1 for the model structured in Fig. 8.4-2. 
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Fig. 8.4-2. MSM actuator Opera-2d model 
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This is non-linear analysis carried out by Opera-2d . The results from this model 

analysis are tabulated in Table 8.4-2. 

Number Flux 
Magnetic Field 

Current, of Density in Flux Density in the 
Strength in the 

I (A) Turns, MMF, (A) the Air MSM Material , B ms 
MSM Material , 

N Gap, B x (T) 
Hmod (Aim) (T) 

1.00 168 x 2 
168x1x2 

0.5681 0.5676 19681 = 336 

2.00 168x 2 
168 x 2 x 2 

0.9411 0.9409 226475 =672 

1.00 519 x 2 
519 x 2 x 

0.9760 0.9750 240132 1=1038 

2.00 519 x 2 
519x2x2 

1.0158 1.0143 262125 
- 2076 

4.00 519 x 2 
519x2x4 

1.0907 1.0885 308409 
- 4152 

6.00 519 x 2 
519x2x6 1.1632 1.1594 355357 

= 6228 -
8.00 519 x 2 

519x2x8 1.2349 1.2315 401986 
- 8304 

Table 8.4-2 MSM model- I modelling results 

"th its core and MSM material in 
Fig. 8.4-3. Field plot for MMF=8304 A-turn model, WI 

the middle 
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Fig. 8.4-4. Contour plot for MMF=8304 A-turn model, with its core and MSM material in 

the middle 

The field lines and the contour plots of the MSM actuator are shown in 

Figs. 8.4-3 to 8.4-5. The magnetic field strength and flux density do not have a 

constant value inside an MSM element and the air gap. Only one fie ld va lue is 

used to represent the magnetic state. This is the average value of magnetic 

field inside the MSM element and the air gap. 

Another analysis was carried out using the same structure of the MSM valve 

with different dimensions, tabulated in Table 8.4-3. 

Dimensions wce TCW TCH Hce HP WP HPM AHP HCL WMS WPX WSR WAG 

mm mm mm mm mm mm mm mm mm mm mm mm mm I Units 

34.20 8 .00 8.00 66.00 17.00 6.00 3.00 16.00 1637 1.00 2.50 200 o 0 J Value 

Table 8.4-3 MSM model-II dimensions 

Table 8.4-4 shows the results for the new model created according to the 

dimensions tabulated in the Table 8.4-3. 

") ---



Chapter 8 

Fig. 8.4-5. Contour plot for MMF=8000 A-turn model, with its core and MSM material 

In the middle 

Our industrial partner Sortex Ltd supplied the preliminary set of specification 

and design for this modelling work. Finite element modelling using Opera-2d 

allowed us to determine the typical flux distribution for the MSM actuator. 

Although the field plot, in itself, cannot be used for and design or analysIs 

purpose. It gives useful information regarding a magnetic circuit , e.g. leakage, 

flux linkage, shape of flux lines, etc. By using the knowledge of the shape of the 

flux lines one can use a simpler model with reluctance path type calculation for 

approximate evaluation of the various quantities of a magnetic circuit (section 

2.6). 

-
Flux 

I 

Flux Density Magnetic Field 

Current, Number Density in in the MSM Strength in the 

I (A) of Turns, MMF, (A) the Air Material, 8 ms MSM Material, H mod 
N Gap, Bx (T) (Alm) 

(T) 

1.00 1000 x 2 1000 x2 x 1 1.1489 1 1458 345143 

2.00 1000 X 2 1000 x2 x 2 1.2117 1 2076 386214 

3.00 1000 x 2 1000 x2 x 3 1.2727 1 2690 429592 

4.00 1000 x 2 1000 x2 x 4 1.3350 1.3300 471762 

5.00 1000 x 2 1000 x2 x 5 1 3971 1 3931 514685 

600 1000 x 2 1000 x2 x 6 1 4594 1.4539 556998 

Table 8.4-4 MSM model- II modelling results 
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Further modelling investigations show that the ejector valve shown in Fig. 8.4-1 

produces the required flux density in the MSM material (1.33 n at a nominal 

excitation current 1=4 A. Based on modelling results we asked our industrial 

partner (Sortex) to build a number of prototypes of this valve for experimental 

testing and validation for future improvement of this valve. 

8.5 SUMMARY 

MSM materials form a new material type with interesting properties. The 

possible applications are in the field of motion generation and sensing. In this 

work, motion of generation has been studied. The structures of an MSM 

actuator and the basic reason for operation have been presented. Several MSM 

material FE models have been made prior to this work. The structures of MSM 

actuators are similar to each other. These were studied and one of them was 

selected for the actuator model. The accuracy of the selected model has been 

found sufficiently good. Based on the results, it is likely that all significant 

physical phenomena in actuator have been taken into account. The sensitivity 

of the model has not been studied, but some parameters of the model 

significantly influence the modelling results. This actuator was designed for an 

ejector valve. 
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Chapter 9 

CONCLUSIONS 

9.1 WORK DONE 

The work presented in this report constitutes an important contribution towards 

the development of modelling and design environment for actuators. The 

theoretical study summarized in the report shows that a magnetic model for 

actuators can well describe the dynamic behaviour of the actuators. 

Oetailed methodologies have been developed for the mathematical modelling of 

actuators and their realisation using the numerical finite element method. 

Comparison of the FE (linear solution) modelling results with the corresponding 

analytical results give us a good agreement. This established confidence in the 

modelling methodologies and in the 20/30 FE models that were developed to 

realise these methodologies for further simulation studies. 

Highly accurate and useful models have been developed which are able to 

solve totally adequately many practical problems of analysis and design. The 

mathematical models are based on the solution of Maxwell'S equations using 

'finite element methods' for describing the electromagnetic field distribution in 

the region of interest. In our study RMS error was kept below 2% for all models. 

Finite element modelling methodologies have been developed for the design 

and investigation of electromagnetic and thermal behaviours of high-speed, 

large-force and long-lifetime solenoid actuators used as pneumatic ejector 

valves in optical sorting machines for bulk food sorting. 

The E-core and C-core 20/30 models developed were used to carry out 

simulation studies to investigate actuators. This comprised, for example, the 

investigation of the actuator core for various design parameters. With the aid of 

the highly accurate models, the problem of design can be tackled in a realistic 
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and efficient way. This work is aimed at the practical production of a specific 

design. An investigation has been carried out. In such a design procedure the 

method of modelling analysis (chapter 6 & 7) provides useful information in 

choosing the most sensitive design variable for the modification of a design. 

The results of simulation tests performed by means of the model developed 

comply with the results of experiments carried out using the solenoid actuator 

what we designed, allow us to state that the actuator model reflects the dynamic 

properties of the actuator suffiCiently well. 

The actuator designed so far has been shown to have performed between 3-4 

billion cycles under life and field trials and produces 8-19 N of force. It is 

believed that this design is pushing the limits of performance that can be 

achieved by actuators based on the EM solenoid principle. 

When assessing the goodness of the overall design by means of the 

performance curves, (Current rise curves in chapter 7) we found the 

experimental values of the inductance and the modelling prediction to be in 

close agreement. The prototype shows good flow rate behaviour; of 14.5 litres 

per minute at 60psi pressure at 150 Hz. The thermal tests carried out on 

prototypes; the maximum temperature rise for individual valve over a period of 

30 minutes of operation without air flow not exceeding 500 C for 1 A current. 

The design, development and implementation of a compact, fast, reliable, 

robust and long-life EM ejector sub-system described in the thesis is very much 

linked to the enhancement of performance of both the current and the next 

generation of optical sorting machines. This should further enhance bulk food 

sorting and lead to an improved food product, quality and safety through the 

efficient and 'surgical' removal of contaminants. The preservation and growth of 

the UK food market is fundamental to the future of many food producers and 

retailers. The presence of contaminants in food products is known to undermine 

consumer confidence which can be retained by efficient sorting. Retention of 

brand image is also assured. 
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Chapter 9 Conc/uS/ons 

The work here presented has provided an important link between Industry and 

University, from which both parties have greatly benefited. The new C-core-II 

model has been incorporated in Sortex Ltd product range. It would appear that 

computer aided methods will find increasing use for practical industrial design 

as illustrated in this thesis. 

9.2 FUTURE WORK 

A preliminary study was carried out in the chapter 8 for MSM valves. The 

modelling methodologies and FE models developed in this work could 

constitute the basis for further investigation of MSM actuators. It would be 

possible in future to carry out their detail analysis of MSM valves. 

Overall, the work presented in this report constitutes an important contribution in 

the design and analysis of actuators and other similar electromagnetic devices. 
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ApPENDIX A 

MAXWELL STRESS TENSOR LAW 

A more rigorous of the forces acting on a ferromagnetic body in a magnetic field 

obtained using Maxwell's stress tensor, which can be derived in the following 

manner. Assume that the domain currents can be represented as a net current 

density with some distribution throughout the volume of the material. If the domains 

Are uniformly aligned then, by Ampere's model, the current is entirely concentrated at 

the periphery of the material. In any case, we can define an effective current density 

J II = V x:\1 

Where M is the volume differential dipole moment in the material. Further, if there are 

any free currents in the volume, they lead to a non-zero curl in H: 

JF=VxH 

Given this, the total force acting on the ferromagnetic body is obtained through the 

volume integral 

Or 

Since the total magnetic field (due to the imposed field and the domain alignment) is 

given by B = flo(H + .\1), this becomes 

F=_l f(\xB)xBd\' 
flo 



-
Apply the vector identities 

And 

(Vx B)x B = -Bx(Vx B) 
To obtain 

F=_11B(B.ds) __ 1 {(B.B)dS-_1 fB(\.B}c:h' 
110 2110 ,LI 

Gauss law states that, for static fields or fields varying at a moderate rate, 

V.B=O 

So that the last term disappears: 

F=_l {B(B.dS) __ 1 {(B.B)dS 
110 2J.111 

The integration can be represented very compactly using Maxwell's stress tensor, 

defined in the absence of electric fields (E=O) as: 

1 ( 1 ') Ti j = - BIB) - :;8i j B.; 
110 -

Where 61 = 1 if i = J' and 8i. = 0 if i * j with this convenient device, the force can be 
) ) 

compactly expressed as 

F = {i.dS 

Note that the magnetic field is perpendicular to the surface of the iron everywhere on 

the surface, and then the force becomes 

')1" .:."'t _, 



':"ppenC!C8S 
~-----------------------------------------~~~ 

F = _1_ f BI2 dS 
2f.1o 

This perpendicularity obtains when the relative permeability of the magnet iron is very 

high: this is the usual assumption made in computing the force on a ferromagnetic 

body. 

Field governing equations (Maxwell) 

VxH=J 

V.B=O 

Field Governing equations (Maxwell) 

Simplification: Assume that all of the flux lies in a plane and that all of the currents 

flow perpendicular to that plane: 

r V x H.da = IJ.da JA .4 

Green's theorem 

L V x H.da = fH.dl 

(2d) 

fH.dl = l/da 
Lumped Model: 

Assume: 

• Path dl parallel to H 
. t where H is constant • Path can be broken Into n \ segmen s 

• J is confined to electromagnet coils 



- :'r:ce"dices 

• J is uniform in n coils c 

Ampere's loop law: 

Assume that the permeability is constant in each segment: 

B = /I H 
I rl I 

To get 

If the loop is taken in a clockwise direction, then the currents are assumed positive 

passing into the analysis plane and the fluxes B are assumed positive in the direction 

of the integration. 

Conservation Flux 

Y'.B = 0 

In integral form: 

ffB.da = 0 
s 

Lumped model: assumed that the perimeter can be broken into n p discrete patches: 

B is perpendicular to each patch 

Further B is uniform over each perimeter patch 

Finally 



--
It is assumed that the integral is performed over a solid volume and that lid is an 

outward directed normal to the surface. Therefore, the convection in the summation 

is that a positive rP, is directed out of the volume. 

Lumped Model: Forces 

Assumptions 

surface can be broken into na patches 

B is constant in each of these patches 
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