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ABSTRACT

In the past several decades there has been a divide between the theories of Electricity and Magnetism (E&M)
and Circuit Theory taught in engineering courses which has prevented students with Electrical and Electronics
majors, from acquiring cognitive skills necessary for the analysis and application of Electrical science in
advanced circuit theory and design. One of the chief reasons many students struggle to understand advanced
topics in circuit theory and electronic devices and circuits is the rapid pace in the introduction of abstract
concepts using sophisticated field theory and neglect of key concepts in E&M which directly affect circuit
processes. After describing the difficulties of teaching and learning E&M, this paper describes proposals made
by experts in Science Education for a revised E&M structure which will lend coherence to the disconnected
subjects of electrostatics, magnetostatics and fields of moving charges and circuits. Then, the results of
performance tests of students in the new E&M sequence is presented followed by a set of guidelines the authors
have prepared to assist in restructuring existing engineering curricula in Universities.

Keywords - Engineering Curriculum, Syllabus Revision, Revised Electricity and Magnetism
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I.INTRODUCTION

In most traditional E&M courses, during which teachers are focused on explaining Ohm’s law and Kirchhoff’s
laws, inadequate descriptions such as voltage being the “cause for the flow of electrons” are provided [1]. Then,
after defining the electric field and potential, finally the term “voltage between A and B” is defined as potential
difference = work done to move a unit charge from A to B =AV=AE/q, where AE, is the work done to move a
charge g. According to Professor Hermann Hartel [1], this sequence of explaining voltage makes it a “highly
abstract and mathematically elegant approach” but which “sets aside any causal mechanism which could explain
the flow of electrons within electric circuits”. The role of surface charges in the conduction process and
microscopic descriptions of electron motion (of the millions and millions of electrons in conductors) is missing
which provides the correct causal mechanism [3][6][7].

Laboring to meet syllabus completion deadlines, teachers are unable to discuss the central role of the field in
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electric theory and circuits that could lead to more meaningful discussions on induced emfs in inductors, and the

effect of stray capacitances on the high-frequency behavior of transistors.

Il. THE DIFFICULTIES IN TRADITIONAL TEACHING AND LEARNING OF
ELECTRICITY AND MAGNETISM

In the Classical Mechanics course, students easily relate to the concepts of velocity and force, because
these are observed in their daily lives. In the E&M world, however, almost all of the quantities are
invisible being either microscopic such as electrons or abstractions such as field, flux and potential
[2].

In traditional E&M courses, teachers gloss over the abstract concepts of charge, electric force, field,
flux, and Gauss’s law followed by ideas of potential, potential difference, and electric current. The
onslaught of concepts and ways of reasoning is making teachers go through the fundamentals at high
speed and to devote most of the time allotted on rote problem solving. Overwhelmed by this rapid
introduction of abstract ideas students are not able to “apply these concepts reliably, or to discriminate
them from each other” [2].

For example, in a traditional sequence students learning electrostatics are taught that a charge
“creates” an electric field whose strength is inversely proportional to distance squared. This is
followed immediately by introductory circuit theory, in which students learn that there exists a
potential difference across a resistor powered by a battery. Because of the strong discontinuity,
students fail to make a connection between the two concepts; the charge on the battery terminals and
the potential difference across the resistor.

Then, with little or no qualification to the structure of the conductor at the microscopic level they are
told that current is “charges in motion”.

Hartel [1] has reported that several students and teachers could not explain the reason for the electric
field being constant in a curvilinear wire carrying a steady current. Without ideas about surface
charges in relation to electric currents, and with knowledge “based only on the definitions of electric
field, energy, potential and potential difference”, students have no hint for an explanation.

Hertz once made a statement, “The Physics of Electromagnetism is Maxwell’s equations”, which
Hartel has criticized. Such statements show an “attitude of overemphasizing the quantitative side and
even denying the existence of qualitative models and questions about the underlying ontology as part
of physics” [3].

Hértel recommends that if qualitative models are presented, this should be done with their
inconsistencies, and teachers should desist from giving shallow explanations with the excuse that,
students would only be confused by any further and more detailed explanation. Teachers should stop

making statements such as “truth is within the equations themselves” [3].
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I1. RESTRUCTURING THE E&M COURSE OF THE ENGINEERING CURRICULUM

There is a thread running in the study of circuits of field configurations of static charges, which research
scientists and experts in physics education found missing when they examined the structure of present
traditional courses in Engineering, in which the circuit theory course was found more focused on describing
circuit phenomenon using voltage and current. They also noted that a few important concepts (for example,
surface charges, coulomb fields produced by polarization of conductors by non-Coulomb fields, and atomic
structure of conductors and insulators) which were discovered in the early and middle of the 20" century need to
be introduced to eliminate the incoherence students experience while studying advanced topics in the subjects of
electrodynamics and electromagnetic theory. These deficiencies are the main cause which resulted in incoherent
teaching methodologies being adopted and subsequent growth of confusion among students. The experts also
stated the necessity to emphasize a small number of fundamental principles, and the modeling of real physical

systems, including computational modeling.

I1l. OBJECTIVES OF ARESTRUCTURED CURRICULUM

Experienced senior and research scientists stated that the gap between electric theory and circuit theory can be
bridged by making an approach which would enable students to explain a wide range of phenomena by applying
a small number of fundamental principles. They observed that students should clearly understand the power of
classical and semiclassical models at a microscopic scale and should know the limitations of purely classical,
macroscopic models. The E&M course should engage students by emphasizing a unified approach based on the
integration of the atomic nature of matter and macro/micro connections, and on the modeling of real physical
systems, including computational modeling [2].

In a few Universities in countries like India, topics in Physical Optics such as Interference, Polarization of light
and Fibre optics are introduced in the first year engineering Physics course even before students are introduced
to topics in Mechanics. Such a sequence deprives students of sufficient practice in electric and magnetic fields
and Maxwell’s equations, which are essential before a discussion on light.

Originally devised by Chabay and Sherwood [2] for undergraduate degree programs, Matter and Interactions
(M&I, in short) is a calculus-based Physics course which begins with Modern Mechanics followed by
Electricity and Magnetism (E&M) that “guides students through the process of starting from these
(fundamental) principles in analyzing physical systems, on both the macroscopic and microscopic level”.
Chabay and Sherwood note that a distinction is made between the fundamental laws of nature and empirical
rules that are useful approximations for more complex physics in their Mechanics course. However, even
students who have done well in Mechanics course often find E&M to be difficult and confusing [5].

With a sustained emphasis on the field concept forming an overarching theme of the entire E&M sequence and
with the organization of topics made hierarchical, Chabay and Sherwood’s curriculum[2] has helped students to
develop microscopic models that facilitate reasoning about complex systems. The E&M sequence is organized
into four large segments; i) Stationary charges, ii) Moving charges, iii) Reasoning about patterns of fields in

space, and iv) Time-varying fields and accelerated charges [2][5].
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IV. A CENTRALISED FIELD CONCEPT OF THE REVISED E&M COURSE

In traditional electric theory and circuit theory courses, concepts about the presence and sources of electric fields
in conductors are not treated effectively.

The concept of field is central to electricity and magnetism, which is lacking in traditional engineering curricula.
Part of the reason can be attributed to the early introduction of circuit analysis using formulas for current and
voltage and calculating equivalent resistance and mutual inductance.

Maxwell’s equations and the classical explanation of the nature of light are one of the crowning intellectual
achievements of classical physics and introductory students can understand this if they have had sufficiently
varied experiences with electric and magnetic fields and the effects of these fields on matter [2].

The field concept can be made more connected to the behavior of matter by an emphasis on the crucial role of
dipoles, electric and magnetic, permanent and induced. In Chabay and Sherwood’s restructured curriculum [2],
the fields made by dipoles and the creation of dipoles by applied fields play a significant role throughout the

new sequence.

4.1 Magnetic Field and Magnetic Force

In the new sequence the concept of Magnetic field and magnetic force is introduced early. This affords students
more time to gain adequate experience with the topic before they are taught the effects of fields on matter.
Curiously, “Ampere never worked with the concept of a “magnetic field’[14]. However, nowadays all textbooks
on electromagnetism utilize this concept”. A revised E&M course should make mention of the experiments
performed by Ampere and his Force Law between current elements which conforms to Newton’s Third Law.
4.2 The Effect of Fields in Matter

A field by itself is very abstract and this includes the Gravitational, Electric and Magnetic fields. It is not
surprising students find it difficult to understand the nature and properties of fields in general and of electric and
magnetic field in particular. Fields by themselves are very abstract, being without mass and invisible, but as an
abstraction, they offer a means to provide valuable intuitive cognition in explaining several phenomena in
electrostatics, magnetostatics and circuit operation. Chabay and Sherwood [2] have observed that “experience
with fields comes from observing their effect on material objects”. Fields affect the electrons in neutral material
and by thinking about this, students can be easily made to understand the attraction of a neutral object, whether a
conductor or an insulator, to an object with a nonzero net charge of either sign.

Further discussions on the separation of charges in neutral atoms or polarization of conductors and insulators,
makes it possible for students to reason step-by-step about the processes involved in the approach to static
equilibrium beginning from the very initial transient (or later, in circuits, the approach to the steady state, or the
quasi-steady state in RC circuits). This focus on transient processes leads to discussions of the role of
retardation, setting the stage for later simple explorations of fields in moving reference frames. Retardation and
other relativistic effects are important in many aspects of modern science and technology and introductory E&M

can provide a relatively easy introduction to these concepts [2].
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V.THE UNIFICATION OF ELECTROSTATICS AND CIRCUITS

In a traditional E&M course sequence, electrostatic phenomena are analyzed in terms of charge and field, while
circuits are analyzed in terms of current and potential, and the connection between these two sets of concepts is
not made salient. Instead, students lose themselves in a maze of circuit formulas and field equations, with no
sense for the underlying unity of the two sciences.

5.1 A Simple Circuit Comprising a Battery and Thick and Thin Wires

In a simple circuit comprising a wire and a battery, a surface charge gradient establishes a constant current in the
steady-state which follows the very initial transient when the circuit is made [3][6][7]. The effect of resistance in
respect to electron flow can easily be explained through geometric arrangement. Shown in the circuit of Fig. 1
comprising a battery, thick wires and a thin wire (resistor) are surface charges in zones A, B, C and D which

always exist in the presence of a changed cross-section.

A C
TrTTTTTT s N S 3
+ E
+ ' — - — >
+ D b NN D"”I ------ ) i
+§ - _
+ 3§ : o -3 -
+ 5 Resistor (Thin wire) _ 8
S - %
+.Nu r-—-—-—-1 § -
+ ] '.Nu -
+ I -
+ E |
+ I|
+ + 4+ + + + + 4y
|
| | | |

L-_-_-_-J

Fig. 1 Surface charges and Current (conventional opposite to electron flow) in a circuit with a Resistor

(Thin wire)

The charges in these zones oppose the effect of the original charges on the battery terminals and will thus,

reduce the intensity of the current flow in the thick wire [3][6].

The gradient of the surface charge distribution is larger along the thin wire than along the thick wires. Therefore,

a stronger force due to a stronger field E is exerted on the free electrons within the resistor, leading to a higher

drifting speed. When equilibrium is reached, the current is constant in the circuit. The drifting speed, however,

will be different at different cross-sections.

The key to understanding the source of the electric field at the microscopic level is the surface-charge model of

circuits [2]. Through the surface charge models students acquire a deep sense of the mechanism for circuit

behavior in which feedback [6][7], is an important natural and elegant transient process through which the

steady state is established.
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VI. GAUSS’ LAW

Gauss’s Law in a traditional E&M course is introduced early to prove that excess charge is found only on the
surface of conductors, when students are struggling with what is for them a subtle distinction between charge
and field. Yet, Gauss’s Law embodies a complex topological relationship between charge and patterns of field
in three-dimensional space.

Chabay and Sherwood [7] therefore, have introduced the sequence of Gauss’s Law after students have gained
sufficient experience with patterns of electric and magnetic fields in different contexts, including electric
circuits. Gauss’s Law can be used to show that the interior of a wire is neutral in a steady-state circuit [7] as

shown in Fig. 2.

+y Cross-sectional area A

Fig. 2 In the steady-state, excess charges arrange themselves on the surface of such a wire so that the electric
field E has the same magnitude at different locations along the wire, and is everywhere parallel to the wire. The
dashed tube-shaped Gaussian surface nearly fills the wire.

Along the sides of the tube the electric field is parallel to the surface and contributes no flux. Assume that the
area of cross-section of the wire is A. The right end of the tube contributes an amount of flux EA, but the left end
contributes —EA, so the total electric flux on the Gaussian surface is zero, which means that there must not be
any net charge inside the Gaussian surface; all excess charge is on the surface of the wire. Therefore, the interior

of the wire is neutral.

VII. FARADAY’S LAW

Faraday’s law is introduced in most curricula in the integral form because students have not yet
encountered divergence and curl in calculus courses. It is usually taught with the concept of emf in a
traditional E&M course with a time-varying magnetic field and these further compounds the learning
difficulty.

The integral form involves the concept of flux, which is traditionally introduced at the start of the
course in the context of Gauss’s Law and the effect is to use a forgotten concept (flux) to relate a line
integral of electric field (emf) to the time derivative of a surface integral of a quantity, the magnetic
field, with which the students had inadequate practice. Therefore, it comes as no surprise that students

usually find Faraday’s Law as applied in inductive circuits difficult to understand.
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7.1 A Resistor-Inductor Circuit
Fig. 3 shows a circuit comprising a power supply whose output voltage can be varied, a resistor and

an inductor.
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Fig. 3 Varying the voltage applied to an inductor (one turn of coil shown for clarity)

An exaggerated view of one turn of the multi turn inductor is shown for clarity. It is hard to change
the current, because the attempt to change the current in the coil associates a non-Coulomb electric
field in the same coil. If there was no coil, the current would have changed instantly in response to a
change in input voltage.

Due to the presence of the inductor, a non-Coulomb curly patterned electric field Eyc appears when
the voltage is changed, which is associated with the change in current with it’s associated magnetic
field B. The electric field Exc polarizes the solenoid and surface charges appear which produce a
coulomb electric field Ec. The field component Ec is the cause for the self-induced emf, which acts in
a direction that opposes the original cause of magnetic field B change. This makes the current in the
coil of wire to respond sluggishly [6][7].

In the final stage of development, a strong electric field is set up in the resistor and the field follows
the wire and points opposite to the non-Coulomb field. If the resistance of the solenoid is very small,
the magnitude of the two electric fields is nearly equal (Ec ~Enc) and the resultant is very small
because the two component fields are very nearly equal. This small resultant produces the current in

the coil.
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In a traditional E&M course, usually the manner of production of the self-induced emf is mentioned

by the formula $ Epe - dl = —if B -#fid A, without making a clear distinction on whether it is a curly

field or a diverging Coulomb type field. With reference to the operation of the circuit of Fig. 3, both
effects are involved in the process of generation of emf. Again, in a traditional E&M course, it is
mentioned that “the voltage across an inductor can change instantaneously”, with no explanation of
how this happens. On the other hand, a qualitative explanation using magnetic field change and the
associated curly patterned electric field can develop a more meaningful intuitive cognition useful in
analyzing complex inductive circuit behavior.

In a restructured curriculum, motional emf, which is the important phenomenon [2] responsible for
the development of emf by electric generators, can be usefully discussed in context with the magnetic
force before the introduction of Gauss’s Law. Faraday’s Law should be discussed after introducing
Gauss’s Law. This sequence enables students to easily learn and understand Faraday’s law and the
association of a curly electric field with a time-varying magnetic field.

In a traditional course of Electrical Technology, students find it difficult to apply Faraday’s law
directly. Introducing motional emf [6][7] before encountering Faraday’s law helps students make an
important distinction between these two very different mechanisms for producing emf (magnetic force
on moving charged particles versus a time varying magnetic field), which often are not clearly
differentiated in the traditional sequence.

VI1Il. ADVANCED E&M TOPICS IN ENGINEERING CURRICULA

In the past century and to the present, several theories of particle interactions were postulated: Aether, Action-
at-a-distance (without a field), Emission (without the postulates of Special Relativity and Page’s theory with the
postulate of Special Relativity), Classical Field, Semi-classical and the more recent Quantum Field theory.

These theories were postulated by theoretical physicists as answers to questions which are summarized in Fig. 4.

Coulomb Epige - Action and
reaction forces cannot be defined

at each sngle point in space but Electromagnetic interaction
only for the complate em

with matter
I_ TheLaw of Conservation of Momentum precedes the Law of Action and Reaction _I

Fig. 4 The collision of a pair of billiard balls, Coulomb force, Lorentz force, Weber’s Force and Electromagnetic

interaction with matter.
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These are fundamental aspects of Physics and concern the conservation laws of energy and momentum. The
conservation of momentum is usually explained with the example of colliding billiard balls in which a reaction
force is generated at the point of contact. The Coulomb forces between two charged carriers are equal and
opposite, but they do not act at the same point in space. Each charge carrier experiences a single force due to its
interaction with the field; but locally, there is no reaction back onto the field. This reaction force is found when
the force on the opposite charge carrier is taken into account. This reaction force, again, is the result of an
interaction of field and charge with no reaction back onto the field.

On the magnetic interaction Hértel in a communication (2017) remarked, “a single force acts on a moving
charge carrier within a magnetic field which results in an acceleration of the charge carrier perpendicular to its
velocity. There is no local reaction back onto the magnetic field. Such a single force or a single acceleration is a
contradiction to Newton's Third Principle. For the magnetic interaction, this principle is only fulfilled when the
reaction of the moving particle with the complete system...the interaction between the moving charges as origin
of the magnetic field and the single moving charge...is taken into account”.

Explaining the loss of momentum due to reradiation when an electromagnetic wave interacts with a charged
particle in an object is also rather difficult.

Hértel in a communication (2017) states that in present-day textbooks, authors summarize that Action-at-a-
distance theories such as Wilhelm Eduard Weber’s force law are “false and should be ignored. This is wrong,
because it is not that the theories are false, but that the interpretation of such theories is false”. In Treatise on
Electricity and Magnetism, Maxwell has acknowledged the accuracy of Weber’s Force law.

The authors of this paper recommend that after completing the discussion of fundamental laws of Gauss,
Lorentz Force, Faraday including the Maxwell-Lorentz law, when students would have gained sufficient
experience with the field concept, they can be introduced to the principal ideas of the theories of particle
interactions including Weber’s Force law, and Lorentz Force Law from the viewpoint of the Theory of Special
Relativity. Magnetism is relativistic and it would be useful if the idea is qualitatively introduced [7][8].

The Lorentz Force Law, which can be derived from Ampere’s Force law, can also be derived using the
postulates of the Theory of Special Relativity [8].

Such an introduction to Classical and Semi-classical Electrodynamics from the relativistic viewpoint of
magnetism will be useful for students to qualitatively study the theories of particle interactions with their

inaccuracies and inconsistencies, and could be used in a constructive way for revision and further development.

IX. ASSESSMENT OF STUDENT LEARNING

Thacker, Ganiel, and Boys [2] found that students in the revised E&M sequence advocated by Chabay and
Sherwood were able to solve difficult problems involving RC circuits significantly better than did students in a
traditional curriculum. Students in the revised curriculum were also able to give better microscopic and
mechanistic explanations of their reasoning, while the other students relied on algebraic manipulation of
formulas and were less frequently correct. The performance of over 2000 students in introductory calculus-
based electromagnetism (E&M) courses [9] in Carnegie Mellon University (CMU), Georgia Institute of
Technology (GT), North Carolina State University (NCSU), and Purdue University (Purdue) was measured
using the Brief Electricity and Magnetism Assessment (BEMA) and the results clearly indicate that the

restructured Matter and Interactions curriculum is more effective than the traditional curriculum at teaching
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E&M concepts to students. Course structures in a few of these universities and followed in Macquarie
University, Australia are available in the University webpages [10], [11], and [12].

Hirtel’s question [3] “Is it possible to develop a consistent qualitative concept for electromagnetism which
could be used in a generic form to support an introductory course and which could be developed in a consistent
way when more facts and phenomena are presented and higher levels of abstraction are addressed?” by itself

shows the difficulty of the task which lies ahead, and it the authors’ belief that a beginning must be made soon.

X. SUMMARY AND RECOMMENDATIONS

That the traditional approach has shortcomings is evident from the large number of students, who after

completing the course, have several misconceptions about electricity, magnetism and circuit processes. There is

an urgent need for Universities to restructure the existing E&M course. An excellent set of resources and tools
for Instructors making a switch to a restructured course is available online [13] including lecture-demos and
video clips from lectures by Matthew Kohlmyer.

Following is a set of guidelines prepared by the authors for restructuring the traditional Engineering Physics

course with topics on Mechanics introduced before the Electric and Magnetism (E&M) course.

i Students should be encouraged to practice sketching field and flux patterns in electrostatics of different
charge configurations (dipoles and of line charge, sheet of charge), their production by charge separation
and should be taught the use of computerized tools to generate patterns. Students should practice sketching
field and flux patterns of moving charges (magnetostatics) [3][6][7].

ii.  Topics on the integration of the atomic nature of matter and macro/micro connections and the modeling of
real physical systems, such as conductors and insulators should be introduced [6][7].

iii.  The notion of magnetic force with topics on the microscopic view of magnetic forces on currents should
be introduced early and Motional emf should be discussed before Faraday’s Law which associates a curly-
patterned electric field with a time-varying magnetic field should follow Gauss’s Law [2][6][7][8]. The
idea of generating an electromagnetic wave by an accelerated charge [3][7][8] should be introduced at this
juncture without proof which can be provided later in a course on electromagnetic waves.

Note Advanced topics which should be included in the curriculum either in an advanced E&M course or

incorporated in other courses: theories of particle interactions [8][14] with discussions of “inconsistencies in a

constructive way”, Theory of Special Relativity[8], Generation of an electromagnetic wave by an accelerated

charge[7][8].

iv. A unified treatment of electrostatics and circuits and the role of surface charges in circuits which maintain
a constant field in curvilinear wires should be discussed [6][7][15].

v.  RL circuits should include discussions of the role of the coulomb field in modulating the current in the
inductor [6][7].

vi. Weber’s force law and Ampere’s force law [14] should be introduced before a discussion of the Lorentz
force law in Electrodynamics segment of Electrical Technology.

Practical laboratory experiments should preferably be conducted with experiments in Mechanics first, followed

by experiments in electrostatics, magnetostatics and then electromagnetic, and ensuring that experiments on

optics (diffraction, interference, lasers and optical fibers) are conducted towards the end of the revised E&M

course.
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It is the authors’ recommendation that the above guidelines be followed when preparing modifications to E&M

courses in Engineering curricula offering electrical and electronic majors.
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