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Abstract: Electromagnetic (EM) simulation is not only an important tool for the practising electrical engineer, it is also a powerful teaching tool, helping students to both understand important concepts as well as experiment with different design strategies incorporating electromagnetics. Recently EM simulation packages have been introduced into the electrical engineering programme at the University of Auckland, the early results of which have been very positive, among them being to motivate students to undertake research in this important area. This paper describes firstly how the use of two-dimensional (2-D) EM simulation packages has been integrated into the programme at the undergraduate level. Example problems given to students are presented along with some of their design solutions. As a consequence of the interest generated through the use of such packages, a number of undergraduates in their third and final years, as well as postgraduates, have begun using three-dimensional (3-D) EM simulation packages in the research arena, and making important contributions some of which have been reported at key conferences in the field. Some of the advanced problems they have been investigating through the use of these packages are also presented. 
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Introduction
It is widely accepted that a solid grounding in EM  theory is central to the study of many aspects of electrical engineering. Most electrical engineering programmes at the undergraduate level include one or more courses on electromagnetics at an early stage. However, there is widespread opinion amongst both students and teachers that electromagnetics is a difficult subject (Magistris [1], Cheng et al [2], Ulaby and Hauck [3]). There are perhaps three main reasons for this: 1) the subject relies heavily on vector mathematics and is thus perceived to be highly abstract; 2) because of its underlying complexity, only the most trivial examples can be solved in the classroom environment; and 3) at the introductory level, finding sufficiently simple real-world examples as either project or laboratory work to both support the theory as well as motivate students to deepen their understanding is a major challenge (Mazanek et al [4]).
Compounding this situation are pressures felt both at the University of Auckland (UoA) and elsewhere to restructure electrical engineering programmes in order to lessen the quantity of what some would regard as core material, and thus compulsory for all students, in favour of increased elective offerings.  The School of Engineering at UoA has recently gone through such a restructuring of its four-year undergraduate programmes. Whereas previously in the Electrical & Electronic Engineering (EEE) programme at UoA, students would be given virtually no elective choices in the first three years, with electives being reserved for the final year, pressures from both within the University (e.g., Dean and Associated Dean) and externally (e.g., moderation of the degree by IPENZ – Institute of Professional Engineers New Zealand) have resulted in a new degree structure introduced for the first time in 2006 which has extensive elective material in both the third and fourth years. In fact, we were under pressure to introduce elective material in the second year as well, but, for educational reasons, strongly resisted this, arguing that the study of electrical engineering requires a large quantity of core material to be taught to all electrical engineers, irrespective of the specialties they might eventually pursue. This restructuring necessitated a reduction in the teaching of core material and unfortunately the teaching of electromagnetics was one of the casualties. Whereas previously there were two core courses on this topic (one in each of the second and third years), this was dropped to one (in the second year only). The challenge that we then faced was how to ensure that all students who graduate with a EEE degree have sufficient grounding in this central aspect of the discipline. 
Our approach to trying to overcoming the perceptions held by both students and staff alike that electromagnetics is a difficult topic, as well as its reduced exposure brought about by restructuring, has been threefold. Firstly, in keeping with best practice all over the world (Magistris [1], Mazanek et al [4], Popovic [5], Okayama et al [6]), we now make extensive use of a variety of EM simulation packages based upon finite element modeling of the underlying mathematical equations. Secondly, by using such packages, we are now able to focus to some limited extent on real-world problems and applications. This is in keeping with a teaching framework for essential topics in electromagnetics, recently proposed by Giannacopoulos and Popovic [7], which includes CAD simulation of modern applications as one of its components. Thirdly, to overcome the reduced exposure to electromagnetics brought about by restructuring, we now include projects incorporating major elements of electromagnetics in our design courses in the third year, these courses being compulsory for all students.  
As an aside, the new EEE programme introduced this year at UoA has compulsory courses on design in all four years. There is a one semester design course in each of Years 1 and 2 (UoA teaches two semesters per year, in addition to a Summer School). In Year 3 there is a design course in both the first and second semesters. These then lead onto a two-semester Research Project in the final year, sometimes referred to as a capstone project by other universities, which is effectively a design course encompassing a major project undertaken in groups of two students and supervised on a weekly basis by a member of the academic staff.  
As will be discussed in this paper, the combined effect of: 1) extensively using EM simulation packages in the teaching of electromagnetics in the second and third years of the degree; 2) focusing on real world problems to help demonstrate the relevance and application of EM principles; and 3) introducing projects incorporating electromagnetics into our design courses; has had both profound and unexpected ramifications characterised by a greatly heightened interest in the field of electromagnetics amongst our students. 
By way of example, a group of three of our students at the completion of their third year became so interested in EM problems that they requested they be given additional work (not for academic credit) to do during the summer break utilising a much more advanced EM simulation package than those previously introduced to them. One of the authors of this paper then included these students in some of his research work and they went on to make some quite substantive contributions, the outcome of which was that the students subsequently got the opportunity to present their work at an international conference on electromagnetics (Spackman et al [9], Mukerji et al [10]). In addition, the same students presented a seminar to the Department on their work, as well as a lecture to their Year 2 colleagues. This extraordinary display of interest and enthusiasm from Year 3 students was without precedent in all the years of teaching electromagnetics to undergraduate students at UoA. Further, as a result of such interest, there has been a corresponding flow on in terms of significantly strengthening postgraduate research in this area. A thorough investigation of the impact of these initiatives into students learning of electromagnetics has yet to be conducted, though. What is being presented in this paper is an overview of the approach and some of the benefits that, at an early stage, have become apparent. 

Details of the teaching of electromagnetics in the EEE undergraduate programme at UoA, with specific reference to the focusing on real-world problems as well as the use of EM simulation packages, will be discussed in the next section. Following this, details of some of the EM projects students have tackled in one of their design courses at Year 3 will be presented. This will then lead onto a brief overview of the work the group of three students previously mentioned did during their summer vacation and subsequently presented at an international conference on electromagnetics. 
Overview of the Use of EM Simulation Packages at UoA

One Semester EM Course at Year 2
In this first course on electromagnetics at the undergraduate level, focus is given to the fundamental laws of electromagnetism. During this, students are expected to perform a simple 2-D modeling of an electrostatic problem, the aim being to help them understand the electrostatic field (or similar vector-type field) without having to delve deeply into the underlying mathematical concepts. To aid in visualization, we use in this course a 2-D simulation/modeling package called QuickField [13] which has the advantages of being both public domain as well as relatively easy for the students to begin to understand and use.  
We have observed that students learn faster and remember more about an invisible phenomenon when they can use visualization techniques, an observation made by others as well (Mazanek et al [4], Iskander [8]). The aspect of ease of use of the visualization software is important in order to ensure that the attention of the students is not diverted away from the concepts being presented. The use of an EM modeling package at an early stage in the EEE programme has an additional benefit. It serves to provide an introduction to EM modeling and simulation leading to an appreciation in subsequent years of EM simulation packages as important professional tools for both analysis and design. 
Design Courses at Year 3
In the first of the design courses at Year 3, offered in the 1st semester, undergraduate students are given an introduction to using EM modeling and simulation tools during the analysis and design stages associated with a real-world EM design problem. The 2-D EM simulation package used at this level is called FEMM [14]. FEMM is a somewhat more advanced package then QuickField used in the EM course at Year 2. It is also public domain and, though being more difficult to use than QuickField, is usually grasped by the students fairly quickly as a consequence of the understanding and experience gained in the previous year. 
Design is a creative process in which students come to understand a problem, devise a solution, then implement, evaluate and report on it. With the appropriate instruction, students learn to use an EM simulation package as a practical tool to guide the design process. They are encouraged to consider carefully their results in order to better inform the next stage of the design process. In this respect, there is one potential drawback inherent in the use by students of such powerful simulation tools in the design process. Because results are so easily and quickly generated, some students are tempted to resort to random perturbation rather than careful thought in the design process. Emphasis is therefore placed on the need to avoid making random changes, but rather to formulate design strategies based upon careful reflection and understanding of previous observations. 
The second of the design courses at Year 3, which is offered in the 2nd semester, requires the students to tackle some major project with minimal guidance and supervision. Endeavour is again made to choose a project which embodies major elements of electromagnetics. As previously reported (Guillemin et al [12]), a real-world problem is given to the students which is jointly proposed by the academic staff and an industrial sponsor. There is also an underlying pseudo-professional framework to the course which is intended to resemble as closely as possible the professional environment in which students will be operating once they embark on their careers. Where necessary in undertaking the project, students are encouraged to make effective use of the EM simulation packages used previously in their courses, namely QuickField or FEMM. 

Research Projects at Year 4 and Postgraduate
At Year 4 students are required to undertake a two semester research project similar to a capstone project. Students select from a number of project offerings and some of these projects will require the use of EM simulation tools. At this level students are introduced to the 3-D EM modeling and simulation package called JMAG Studio [15]. This is a professional tool extensively used for advanced research in EM both at UoA and internationally. Though JMAG has a steep learning curve, the time spent learning to use it is more than compensated for by its extensive capabilities and simulation accuracy. JMAG is also widely used by postgraduate students as well. Since 2002, the number of students at both the undergraduate and postgraduate levels using JMAG has risen from zero to over 200 in 2006. This is evidence of the significantly increased activity in the EM arena brought about in part by the recent introduction of EM simulation tools at the undergraduate level.
An overview of some of the design projects given to students at Year 3 requiring extensive use of EM simulation tools is presented next. This will then be followed by a brief description of the summer work undertaken by the group of enthusiastic Year 3 students previously mentioned.
Examples of the use of EM Simulation Techniques in Year 3 Design Projects

We have been using EM focused projects, requiring the use of simulation packages as an integral part of the solution process, since 2004 in the 1st semester design course at Year 3. These projects have required students to analyse and improve on the performance and operation of some piece of technology currently in use in industry. In this section, two such projects given in different years are briefly described. 

Project 1: Optimization of an inductively heated system for hardening of a core. 

The project considered the use of inductive heating in order to harden a ferromagnetic core, this being one of the parts used in the manufacture of  a motor vehicle. Students were asked to re-design the existing inductive heating system so as to optimise, along the length of the core, the uniformity of the resulting temperature distribution near the core’s surface. Figure 1(a) shows the inductive heating system in question, incorporating in this case a uniform, cylindrically shaped heating coil and a uniform core being heated, while Fig. 1(b) shows the specific-shaped ferromagnetic core needing to be hardened in this project (dimensions shown are in mm). Using the FEMM software, students were required to investigate strategies for changing the shape and dimensions of the heating coil, as well as to consider the option of adding one or more magnetic field deflectors, in order to try and achieve, as far as possible,  uniformity of heating.
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	a) Inductive heating System 
	b) Ferromagnetic core requiring to be uniformly heated. 


Figure 1: The inductive heating system and ferromagnetic core of Project 1
The students were told that the key to achieving uniformity of heating was to achieve uniformity of the induced magnitude of the current density along the length of the core close to its surface. This distribution is shown in Fig. 2 for the original, uniformly-shaped coil system (solid curve) and one of the results produced by the students for a modified coil system (dotted curve). The ‘contour’ mentioned in this figure is a line drawn along the surface of the ferromagnetic core.
Examples of some of the coil shapes (in 2-D) produced by the students are shown in Fig. 3. Due to the symmetry of the core, only one-half of it was analysed, a strategy commonly employed when analysing problems of this kind. The distribution shown dotted in Fig. 2 was produced by the coil system shown in Fig. 3(c). 
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Figure 2: Distribution of the magnitude of the current density along the length of the core
	(a)
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	Figure 3: Results presented by students during the exercise, (a) Ferromagnetic shield added to the system, (b) coil divided into three sections, (c) coil divided into two sections.


Project 2: Design of a magnetic head for a high-density hard disc
In this project students were asked to modify the shape of a magnetic head associated with a high-density hard disc, shown in Fig. 4(a). The scenario they where given was that the manufacturer of the disc drives was planning to use a cheaper material for the magnetic storage medium, but one that was unfortunately quite sensitive to the tangential component of applied magnetic field. Their task was to consider strategies for changing the shape of the magnetic head in order to reduce the tangential component of the applied magnetic flux density, while enhancing the normal component. 

FEMM software was recommended for use in this task and Fig. 4(b) shows a 2-D model of the hard disc created in FEMM. The shaded sections in this figure show the areas of the magnetic head where changes in shape were to be considered. Distributions of the normal and tangential components of magnetic flux density directly under the head for the system shown in Fig. 4 are given in Fig. 5.
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	a)  Magnetic head with disc.
	b)  2D model of hard disc created in FEMM software


Figure 4: Details of the hard disc recording system of Project 2

              a) Normal Component                                            b) Tangential component

Figure 5: Distributions of the normal and tangential components of magnetic flux density directly under the recording head for the disc system of Fig. 4 
	 (a) 
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	Field deflectors are added to improve the flux flow.  This solution is not practical.

	(b)
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	The head was modified to better accommodate the flow of the magnetic flux. Good and practical solution. 

	(c)
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	The head was modified to better accommodate the flow of the magnetic flux. Good and practical solution.


	Figure 6: Some of the 2-D solutions proposed by students
	


With reference to Fig. 5, the thick dotted curves shown are the ideal distributions the students were asked to try and achieve. Also shown as thin dotted curves are the minimum (in the case of the normal component) and maximum (in the case of the tangential component) levels students had to adhere to.
As expected, numerous solutions were proposed by the students, some with extremely good flow of the magnetic field but not so practical, while others were quite practical but with somewhat inferior performance. Figure 6 shows examples of solutions proposed by the students, these differing only in respect to the physical layout of the recording head area corresponding to the shaded regions in Fig. 4(b). 
Summer Work Involving EM Simulation Undertaken by Some Year 3 Students

This section gives a very brief overview of the project the three Year 3 students were engaged on over the summer, the aim being to give some appreciation of its advanced nature. It focused on the EM modeling of the pickup associated with an inductively coupled power transfer (ICPT) system (Boys & Green [16]). The ICPT technology, which was first developed at UoA, is widely used in monorail transportation where mechanical isolation between the power source and the vehicle is required. This technology continues to be the focus of extensive research at the postgraduate level in the Department. 
Like a transformer, the IPCT system transfers energy from one magnetic circuit (called the track) to another magnetic circuit (called the pickup). The E-pickup shown in Fig. 7(a) is the most common design due to its simplicity, however there are a number of other shapes that could potentially provide much greater power transfer for the same volume of core material. A typical application using the E-pickup is shown in Fig. 7(b). An overriding requirement with these systems is that they be energy efficient, as well as simple and inexpensive. The students’ role in this project was to investigate existing pickups, identify phenomena and parameters limiting the power efficiency, and to propose innovative changes to increase that efficiency. Figure 8 shows the six pickup shapes that the students investigated.
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Figure 7:  E-pickup on bipolar monorail track (a) Cross section (b) ICPT application, E pickup with central coil attached to moving platform.
One strategy for increasing power transfer is to use two pickups, separated by a distance (L, as shown in Fig. 9 for the case of an E-pickup. Figure 10 shows one of the sets of results produced by the students using the JMAG software. It shows power transfer comparisons for all six pickups as a function of separation distance, (L. The students then went on to consider alternative pickup designs, the results of which became the focus of the papers that they presented at an international conference on EM (Spackman et al [9], Mukerji et al [10]).  
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Figure 8:  Pickup shapes considered in the study undertaken by the students
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Figure 9:  Two pickups separated by a distance ΔL.
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Figure 10:  Uncompensated power vs. separation distance, (L, for all six pickups 

Conclusions

This paper has discussed the introduction of EM simulation techniques in the undergraduate EEE program at UoA and the resulting powerful impact that this has had on students’ interest and enthusiasm for the topic of electromagnetics and for undertaking research in this field. 
Examples of design projects at Year 3 requiring the use of EM simulation packages as an integral part of their solution have been presented. As a result of this exposure to such simulation tools, a number of Year 3 students were motivated recently to request involvement in some of the research work undertaken by the Department in the EM arena. This work, which was not done for credit, resulted in some quite significant contributions being made which were subsequently reported by them at an international conference in the field. Both the degree of enthusiasm displayed by students at this level to undertake such additional work, as well as the extent of the contributions that they went on to make, are without precedent in the Department. 

It is still too early to tell definitively what impact these initiatives have had on students’ conceptual understanding of the topic of electromagnetics, and whether their learning as been enhanced as a result, or their perceptions of its difficulty lessened. But initial feedback from a variety of sources has been very positive in these respects. One message, though, is clear:  EM simulation packages, when used to focus on real-world problems, can be highly instrumental in feeding student’s interest in the topic as well as their enthusiasm into pursuing advanced research into EM related problems. 
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