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Abstract: During the application of simulation tools of computatibeectromag-
netics it is sometimes difficult to decide whether the protdecan be solved by the
computation of electromagnetic fields or circuit simulatiools have to be applied ad-
ditionally. The paper describes a typical situation in acbmagnetic CAD course,
not only for beginners. The modelling and numerical simatabf a simple homopo-
lar motor, similar to that what has been presented by Michagday in 1821 firstly,
was used as an example. To simulate the current flow in thegresnt magnet the
FEM software codes COMSOL Multiphysics including the insggd SPICE module
and MAXWELL have been used. The correct simulation of therergiectric circuit
as well as the precise modelling of the impressed currenbétit electrode contacts
turned out to be very important.

Keywords: Homopolar motor; homopolar generator; Faraday's motangipie;
FEM software.

1 Introduction

S is so often the case with invention, the credit for development of the elec-
tric motor is belongs to more than one individual. It was through a process
of development and discovery beginning with Hans Christian Oersted's\aisy
of electromagnetism in 1820 and involving additional work by William Sturgeon,
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Joseph Henry, Andre Marie Ampere, Michael Faraday, Thomas [paveand a
few others.

Using a broad definition of "motor” as meaning any apparatus that converts
electrical energy into motion, most sources cite Faraday as developingghe fi
electric motors, in 1821. They were useful as demonstration deviceghdtuis
about all, and most people would not recognize them as anything resenabling
modern electric motor.

Thus we nowadays usually say, that in 1821, a year after Oerstedseliedo
electromagnetism, the great scientific thinker Michael Faraday figuredavuto
turn it into motion, thus creating the world’s first motor [1, 2]. This discoveag
changed the course of history, or at least that of electrical engimgerin

Although a tremendous quantity of effort has been invested towardaroese
on the homopolar phenomenon, still today after about 190 years followiidgits
tification by Faraday, very little information has been made public and its usege h
not yet found its way into our daily lives.

The goal of this paper is to bring some insight on the working principles of
Faraday’s motor which by definition is employing the homopolar phenomemon. |
will be demonstrated how the rather "simple design” of the Faraday motor (re-
spectively a slightly modified homopolar motor) can be used to study the entire
complexity of the modelling and numerical simulation of such simple electrical de-
vice by means of tools of computational electromagnetics (CEM). Thus, itdsaals
goal to describe that situation students of electrical engineering arm tadehey
try to apply some commercial CEM codes to the solution of a seemingly simple
technical problem.

2 Faraday’sMotor

In 1821, a year afteHans Christian Oerstedliscovered electromagnetism, the
great scientific thinker Michael Faraday figured out how to turn it into motimuns
creating the world’s first motor. Though a primitive device that servedractjzal
purpose, it was a great leap for humankind and led to the much more sogieidtic
motors of today.

The motors were constructed of a metal wire suspended in a cup of mercury
(see Fig. 1). Protruding up from the bottom of the cup was a permanemathdg
the left cup the magnet was attached to the bottom with a piece of thread and left
free to move, while the metal wire was immobile. On the right side, the magnet
was held immobile and the suspended wire was free to move.

When current from an electric battery applied to the wire, the circuit was co
pleted via the mercury (a good conductor of electricity) and the resultimgmur
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flowing through the wire produced a magnetic field. The electromagnetic field
interacted with the existing magnetic field from the permanent magnet, causing
rotation of the magnet on the left, or of the wire on the right (Fig. 1).
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Fig. 1. The first electric motor - Michael Faraday, 1821 (from [1]).

When current ran through the circuit, it generated a circular magnetic field
around the wire (the phenomenon discovered by Oersted). The wirgiaatia
field interacted with a second force built into the instrument, the magnetic field of
a permanent magnet fixed to the center of the dish.

Fabled experimenter Michael Faraday decided to confirm or refute aerumb
of speculations surrounding Oersted’s and Ampere’s results. Rasad#o work
devising an experiment to demonstrate whether or not a current-camyiagro-
duced a circular magnetic field around it, and in October of 1821 sucdeade
demonstrating this.

When he connected a battery to form a circuit, the current-carrying waled
around the magnet. Faraday then reversed the setup, this time with a fixed wire
and a dangling magnet - again the free part circled around the fixedTpéstwas
the first demonstration of the conversion of electrical energy into motiahaara
result, Faraday is often credited with the invention of the electric motor.

Nevertheless, we have to have in mind that Faraday’s electric motor is really
just a lab demonstration and it cannot be applied for useful work.

3 DC Motors

At the most basic level, electric motors exist to convert electrical energynieto
chanical energy. This is done by way of two interacting magnetic fieldsstae
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tionary, and another attached to a part that can move. A number of typéectric
motors exist, but most use DC motors in some form or another. DC motors have
the potential for very high torque capabilities (although this is generally etifum

of the physical size of the motor), are easy to miniaturize, and can be "tlofottle
via adjusting their supply voltage. DC motors are also not only the simplest, but
the oldest electric motors.

The basic principles of electromagnetic induction were discovered in the ear
1800’s by Oersted, Gauss, and Faraday. By 1820, Hans Christieste@end
Andre Marie Ampere had discovered that an electric current produoeggnetic
field. A number of men were involved in the work, so proper credit for thst fi
DC motor is really a function of just how broadly you choose to define thelwor
"motor”.

3.1 Homopolar motor

The homopolar electric generation process refers to a moving electriciciond
enclosed by a unidirectional and constant magnetic field. In this phenonibeoce

is a compulsory relationship between the electric field, magnetic field and inertia.
The generated electric power is directly determined by their magnitude. Ewery
when there is a flowing electric current also a magnetic field exists and visa.ve

Furthermore, inertia is the consequence of a moving mass in the surrounding
space (these days also called aether). It is well recognized that the spauty is
actually a fluid medium of extreme energetic density having strong inertial quali-
ties.

Another immediate observation is made when a force is imparted to a mass:
the mass accelerates and continues on its course indefinitely unless mage to sto
It could be proposed that the reason for this is due to the relation of theaoass
stituent atoms with the medium, creating a flow of the latter, in the same direction
and velocity as the displacing mass.

Since a relative movement is absolutely required in order to have an electric
induction, this would suggest that it is rather the aether flow which is thecatja
working principle. The opposite is also demonstrable in the case of a motor. A
flowing current with a perpendicular magnetic field will provoke a flowing med
and subsequently the object will be carried away by this flow.

The homopolar generation principle goes as follow: Electricity is generated
when an electric conductor is moving while being submerged in a magnetic field.
Briefly, if the movement of the electric conductor is perpendicular to the miggne
field, then the generated electrical current will start flowing in a directenpgn-
dicular to the two first. The same is also true when applied to a motor, only the
electrical polarity changes since now electricity is supplied to the motor.



Modelling and Simulation of a Simple Homopolar Motor of Faraday’s Ty(#25

Since the electrical energy produced by the homopolar generator ie dipewt
current (DC) such as with a battery, the power is constant and alwaiaum.
Furthermore, the generated tension (Volt) is not affected by the amowntreint
(Ampere) which is drained from the generator, contrary to any otheepsource,
and the power generation process is not reflected back to the prime nsomar a
additional work load. When applied as a motor, the motive torque is constant,
immediate and always optimum.

A homopolar motor has a magnetic field along the axis of rotation and an elec-
tric current that at some point is not parallel to the magnetic field. The hemme
mopolarrefers to the absence of polarity change. Homopolar motors necessarily
have a single-turn coil, which limits them to very low voltages. This has restricted
the practical application of this type of motor (Fig. 2).

Fig. 2. Faraday's motor principle.

It is not necessary for the magnet to move, or even to be in contact witeshe r

of the motor; its sole purpose is to provide a magnetic field that will interact with
the magnetic field induced by the current in the wire. However, the magnét mus
be made of a conductive material if it is being used to complete the battery-wire
circuit. One can attach the magnet to the battery and allow the wire to rotate freely
while closing the electric circuit even at the axis of rotation. Again, wheseate

point along the electric loop the current in the wire is not parallel to the magnetic
field, there occurs a Lorentz force that is perpendicular to both. Thisnito force
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is tangential and produces a torque in the wire, so that the wire rotatesntirast
to other electrical motors, both the orientation and magnitude of the magnetic field
and the electric current do not change.

Like most electro-mechanical machines a homopolar motor is reversible so that
when electrical energy of a suitable kind is put into its terminals, mechanieedgn
can be obtained from its motion and vice versa. The operation of a homopolar
motor is a simple consequence of the Lorentz force. In a homopolar motor the
moving current carriers feel an induced force and move whereas sidbef the
rotor feeling this force a torque is induced.

3.2 Homopolar generator

A homopolar generator is a DC electrical generator comprising an electrozaily
ductive disk rotating in a plane perpendicular to a uniform static magnetic field
(Fig. 3). A potential difference is created between the center of the didkhee

rim, the electrical polarity depending on the direction of rotation and the orienta
tion of the field. It is also known as @nipolar generator, acyclic generator, disk
dynamg or Faraday disk The voltage is typically low, on the order of a few volts in
the case of small demonstration models, but large research generatgrodace
hundreds of volts, and some systems have multiple generators in seriegtiegro
an even larger voltage. They are unusual in that they can source ttetaseelec-

tric current, some more than a million amperes, because the homopolar generato
can be made to have very low internal resistance.

L

Fig. 3. Basic Faraday disk generator.

The homopolar generator was developed first by Michael Faradaygdiis
experiments in 1831 [3]. It is frequently call¢dle Faraday diskn his honor. It
was the beginning of modern dynamos, i.e. electrical generators whichtepe
using a magnetic field. It was very inefficient and was not used as tqalguower
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source, but it showed the possibility of generating electric power usingetiag,
and led the way for commutated direct current dynamos and then alternatiegtc
alternators.

We can create a homopolar generator by replacing the cell that drovethe h
mopolar motor with a voltmeter. Whereas the homopolar motor converts electrical
energy (supplied by the cell) into mechanical energy, the homopolarajendoes
the reverse: providing mechanical energy to turn the disk and obtaincroahag-
netic force (emf) and (if a current path exists) an electric current.

Looking to a mobile chargg travelling with the disk (with velocity at the
point and time), the charge is subject to the Lorentz fapce B, which is towards
the axle. This gives rise to an emf as indicated by the voltmeter (and a cifrrent
the circuit is closed).

Again, a homopolar generator is conceptually a little simpler than its multipole
cousins but, because there is only one current path, the emf is small. (Othéne
hand, ideal brushes would in principle allow a large current.)

3.3 What isa homopolar motor / generator used for?

Although a tremendous quantity of effort has been invested towardrobsea the
homopolar phenomenon, still today after about 190 years following its id=astifi
tion by Faraday, very little information has been made public and its usagehas n
yet found its way into our daily lives.

It is awkward since it is known in the scientific community that the homopolar
electric generation is naturally extra-efficient. The single engineerintiecige
has been all along the conception of a working unit which does not cripgle
generation process while tapping this freely given energy.

Homopolar motors are also called unipolar motors. These non-commutating
electric motors use, in general, both alternating and direct current, aoegs
energy that travels in one direction at all times.

The most common use of homopolar motors is in generators that are installed
in electroplating process plants. The generators use direct curréjtai low
voltage, but the current in the motors is high enough to operate the healwymmac
ery.

Homopolar motors have been used in high-torque wind turbines. The mechan
ics of the motors provide a low-cost means of converting wind into electricity be
cause of the reduced need for multidirectional gears. These motoreqliscerless
maintenance than bipolar motors.

Small engines, such as those in toy cars, can be built using homopolar motors
The spinning wheels create force, which causes the magnet to spineatd ar
magnetic field. This electricity flowing in one direction is used to power the engine
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There are many other instances where the homopolar phenomenon is #pplied
one stops and thinks about it. Our mother Earth for instance is a prime example (
perpetual motion!) and elsewhere also, such as in the case of MHD @tdgn
drodynamics) processes and Hertzian waves [4].

4 Numerical Description of Homopolar Motor Behaviour

Homopolar motors and generators are simpler than their multipolar cousins, but
are very rarely used in practice. However, they illustrate the principletyniand
a homopolar motor is both easy to make and easy to understand. Thus, this is a
nice issue to be investigated in an electromagnetic CAD course. We will use the
simple homopolar motor (Fig. 5) to apply the CEM tools (FEM software, circuit
analysis software) which will give us the fields, forces and torquesaie of the
simplicity of the device it is possible to evaluate the features of FEM codes unde
test.

The permanent magnet produces a magnetic Belaat is vertically upwards
through the conducting disk. The cell provides current that flows tir@me brush
to the central shaft, then outwards to the right towards the brush on the he. T
(conventional) current densiflis subjected to a force in the directidrx B, which
is forwards, towards us. This force is transmitted to the disk, which rotatiein
sense shown at right (Fig. 4).
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Fig. 4. Homopolar motor scheme with battery, magnetic disk anld wire fiafig flux density and
forces (right).

Because there is always a current path between the brushes (ostahkra
would be if they were ideal), the resultant torque is steady. Note that therdyis
one current-carrying path, compared with many in a typical multipolar motor. On
the other hand, the current could be large if the brushes had low resistan
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In a simple design for a very simple homopolar motor, the magnet itself (or
its coating) touches the cell via a metallic screw and is used as the contact for
the brushes. In this design, the rotor is the disk. The piece of wire inchmutés
brushes. It uses a 1.5V cell, one of its terminals is the contact for onb,kand a
cylindrical permanent magnet, its circumference is the contact for the other

4.1 Physical modelling of the motor

Like all dynamos, the Faraday disk converts kinetic energy to electricabgn
This machine can be analyzed using Faraday’s own law of electromagreiiic in
tion. This law (in its modern form) states that an electric current is induced in a
closed electrical circuit when the magnetic flux enclosed by the circuitgesafin
either magnitude or direction). For the Faraday disk it is necessary,veowe
consider that the circuit(s) consist of each radial "spoke” of the disinected to

the rim and center and then through the external circuit.

The Lorentz force law is more easily used to explain the machine’s behaviour
This law, discovered thirty years after Faraday’s death, states thabriteedn an
electron is proportional to the cross product of its velocity and the magnexic fl
vector. In geometrical terms, this means that the force is at right-angledto bo
the velocity (azimuthal) and the magnetic flux (axial), which is therefore inialrad
direction. The radial movement of the electrons in the disk produces gechar
separation between the center of the disk and its rim, and if the circuit is comhplete
an electric current will be produced.

For our purposes, the principle of the Faraday motor has been slightly suhdifi
On a cylindrical permanent magnet (NdFeB) with axial magnetization a metallic
screw is fixed. If this is combined with a battery, the magnet will start to rotate as
soon as we connect the battery and the magnet by means of a coppéefigirg)(
Depending on the position of the contact point of the wire on the magnetcsurf
different rotational speeds of the magnet can be observed.

It is not necessary for the magnet to move, or even to be in contact withshe r
of the motor; its sole purpose is to provide a magnetic field that will interact with
the magnetic field induced by the current in the wire. However, the magnét mus
be made of a conductive material if it is being used to complete the battery-wire
circuit. One can attach the magnet to the battery and allow the wire to rotate freely
while closing the electric circuitven at the axis of rotatiorAgain, where at some
point along the electric loop the current in the wire is not parallel to the magnetic
field, there occurs horentz forcethat is perpendicular to both. This Lorentz force
is tangential and produces a torque in the wire, so that the wire rotatesntirast
to other electrical motors, both the orientation and magnitude of the magnetic field
and the electric current do not change.
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Fig. 5. A simple homopolar motor: Faraday’s historical scheme (lefje used model, made with
drywall screw, alkaline battery cell, wire, and neodymium magnet (right)e screw and magnet
contact the bottom of the battery cell and are held up by magnetic attractienscFew and magnet
spin.

People are sometimes confused by the fact that there are no changes in the
magnetic field or electric current, and no recognizable North-South poleate
tion between the magnet and the electric circuit. They often think that field lines
cannot be used to understand homopolar machines, or that the field ltags ro
(Faraday Paradox As the homopolar motor must have a current-carrying wire,
any components used to complete the circuit (such as the drywall screthend
magnet in the picture above) must be made of a conducting material.

The homopolar motor can be well explained by the Faraday model of lines of
force, with a tangential force (hence, a torque) resulting where thérielecr-
rent makes an angle with the magnetic lines of force. Thus, the homopolar motor
provides a simple demonstration of therentz force

4.2 Numerical modelling of therotating magnet

First an analytical approach is used to model the rotating magnet. The ggometr
shown in Fig. 6 was applied for defining the parameters. The cylindeesepts

the Neodymium magnet (N&e 4B), the properties are summarized in Table 1. It
is assumed that the current flows directly from the screw on the top to thaaton

of the wire at the surface of the magnet. Both source and sink are dediresl
point-like.

Table 1. Material properties and geometric parameters of the magnet.

Remanenc& | Conductivityo | Mass Densityp | Heighth | Radiusrg

1378 ’ 1—10108% ’ 7400% ’24mm‘ 7 mm

The analytical description of the rotating cylindrical magnet requires the ca
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Fig. 6. Geometry of the rotating magnet used in the analytical approaabe @): The
wire is placed on the outer shell of the magret(rp); Case (2): The wire is placed at the
bottom of the magnet = r').

culation of the angular acceleration Therefore, the Lorentz forc€, the torque
M and the moment of inerti® have to be determined. The Lorentz force can be
calculated as follows (see Fig. 6):

dF =Io (d' x b) (1)
di=—dz-&+dr-& 2)
B=By & 3

dF =—1gBodr-& (4)

Here islo the current through the wire. The torgMeis caused by the Lorentz force
and can be calculated with

dM =F x dF (5)
r
M:—IOBO/ drg, (6)
0
The moment of inertia of the cylindrical magnet is given by
1
0= Emrg @)

Case 1. When the conductor is placed on the surface of the cylinder (see Fig. 6)
the integration of eq. (6) has to be extendedgto

- 1
M; = —§|oBor(2)éz (8)
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To calculate the angular acceleratign of the magnet the torquiél; from
ed. (8) and the moment of inertia from eq. (7) have to be related by

.M

i =g ()
~loBo

a —?éz (10)

Thus, incase 1the angular acceleration is independent of #@osition
where the wire contacts the magnet.

Case2: When the wire is placed at the bottom of the cylinder (see Fig. 6) the
integration of eq. (6) has to be extended merely ta ro.

_ 1
My = —EIoBor’zéz (11)

Again the angular acceleration yields from combining the torglaefrom
ed. (11) and the moment of inertia from eq. (7) to

U =— (12)

d, =200, (13)

In thecase Zhe angular acceleration depends on the positiafithe wire.

The numerical computation of the forces and moments cannot be based on
point-like contacts of the circuit on the magnet surface. Thereforeg tifeerent
approaches have been applidhie point modelthe electrode modelndthe screw
model(see Fig. 7).

In the point mode(a) the source and sink were defined as infinitesimal small
dots, similar to the analytical approach.

In contrastthe electrode mod€b) enlarges both to a finite size. In this case,
the source was modelled as an additional cylinder (diameter of 2 mm), rapnese
the head of the screw. Furthermore the conductor on the outer suffleeagnet
was modelled as a small cylinder with diameter of 1 mm.

Finally, the screw moddlc) is an extension of the electrode model, where ge-
ometry and material properties of the screw have been taken into accauhe |
computation an iron screw was assumed, with a conductivity of 1.1E+7 S/m.

During the simulations turned out that the method of defining the source pa-
rameters is very important. There can be impressed either a constant voltage
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—
(a) (b) ©

Fig. 7. Three models for describing the electric contacts to the magnetinise
the numerical simulation: (a) point model, (b) electrode model, (c)soredel.

(Up = 1.5V, AA-cell) or a current. The current can be easily approximated by
neglecting the resistances of the permanent magnet and of the wire. Timalinte
resistance of the battery was estimate®io= 0.15Q. This leads to an impressed
current of about = 10 A. The numerical simulations for the point model (a) and
the electrode model (b) were performed by applying both approaches.

R1

0.15
1.5V XA

s

V1

Fig. 8. Electric circuit of the rotating magnet configuration consisting of the
battery with the internal resistan&d and the FEM modeX1.

In addition to fixing the voltage or the current, a third method of defining the
source parameters can be used. This is the link of the FEM model to a nesiwoerk
ulator like SPICE. Therefore, the FEM model (X1) is defined as a pan electric
circuit using the SPICE module & OMSOL Multiphysic8.5a, whereR1 describes
the internal resistance of the battery antl the voltage source (Fig.8). Thus, the
source parameters can be determined precisely by using an iterative Sdh®
procedure has been finally used for the screw model.

5 Numerical Simulation

Having a look on the magnetic field lines of this configuration it becomes agipare
how the forces (caused by the permanent magnet and by the curserinftbe
wire) interacting to create the motion.

The numerical simulations have been performed with commercial finite el-



234 H. Brauer, M. Ziolkowski, K. Porzig, and H. Toepfer:

ement method (FEM) software code§OMSOL™ Multiphysics (v3.5a) and
MAXWELL™ (R12). By using the two different software packages there is a
chance to verify the reliability of the results. The point model and the elextrod
model have been realized with both tools. The screw model was computed only
with COMSOL Multiphysic8.5a using the integrated SPICE module.

5.1 Experimental setup

The experimental setup consists of an electric battery (1.5 V, AA-cell) lia-cy
drical permanent magnet (Mée4B; Br = 1.3 T), a metallic screw and a copper
wire to connect the battery with the magnet (Fig. 9). The forces and thigormh
speed can be determined either by means of the analytical approach oEMth F
simulations. Such simulations have been made using impressed current and im-
pressed voltage, respectively, whereas point-like contacts and exttetettrodes

have been modeled (Fig. 7). To analyze the different resistances afrtiut

the FEM simulations using COMSOL Multiphysics have been combined with the
integrated circuit analysis tool SPICE (Fig. 8).

Batlere

.?-1:*-11]

Fig. 9. Setup of the homopolar motor (Faraday motor).

5.2 Boundary conditions

The boundary conditions of the rotating magnet are all of the type "elekinica
sulation”fi-J = 0 wherefi is the unit vector at the surface of the cylinder. This
boundary condition holds for the whole geometry, except of the positibtiseo
screw and the wire, i.e. the positions where the current flows into the magoet

of it. At these boundaries the parameters of the source and sink wemedlefi
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In the case of the point model the boundary condition of the source Viiagde
by setting the voltage of the point lying on the top of the cylindetgo= 1.5 V.
According to this, the second point on the outer shell of the cylinder walams to
Uground= 0 V. On the other hand, a second simulation was performed by impressing
a constant current @ = 10 A into the magnet.

In the case of the electrode model the boundary conditions were appliegl to th
faces of the small cylinders representing the wire and the screw.

The boundary conditions for the screw model are different from therotiod-
els. The tip of the screw and the wire were defined to be of type “circuit talinin
enabling the implementation of the FEM model into an electric circuit simulated
by the SPICE module €§OMSOL

5.3 Mesh generation

Further differences between both software packages have been dusng real-
izing the point model. In COMSOL it is possible to create point sources, which
are not available in MAXWELL. Therefore, the points were modelled as small
cylinders with radius of 0.01lmm. Furthermore, the mesh generation techritpies
different in both codes. In COMSOL it is possible to create the mesh withedesir
properties, e.g. size of the elements before starting the simulations. The solve
is using this predefined mesh to compute the solutions. However, in MAXWELL
the mesh will be refined till a certain error limit is reached, i.e. the refinement pe
step was set to 30%, the maximum number of iterations was limited to 10, and this
should lead to a maximum error limit (for the energy in the considered eleménts) o
1%. Because point-like contacts cannot be defined in MAXWELL, a smallecir
around the contact on the top of the cylinder and a very small cylinder osidee
surface of the magnet have been designed. These artificial electradedeen
included in the mesh refinement procedure leading finally to much better results
for the point model (see Fig. 7). Because of these reasons, the poite imead
to be realized in both software packages in different ways. This has takke
into account when comparing the results. Only the electrode model was albntic
realized in both codes.

Because of the different source and sink modelling, the meshes have to be
adapted for each model. Furthermore, all calculations were performediby
at least two different meshes for each model to identify any instability. Theame
sizes of the finite elements for the three models are listed in Table 2. However,
it is important to emphasize that the maximum element size for MAXWELL only
affects the initial mesh.

In order to calculate the angular acceleration depending on the wire position
several FEM solutions with well-defined positions of the wire have bednnmeed.
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After each simulation, the density of the Lorentz force was calculated asviollo

f=JxB (14)
and the torqué/ was calculated by

-

I\7I:/T’><fdv (15)
\Y

If both quantities are known, the angular acceleration can be determuored fr
eg. (9). All calculations have been performed using the post-procgssitines of
the simulation software packages.

Table 2. Maximum size of FE in different meshes created in COMSOL Muyl§iis 3.5a
and MAXWELL 12, used for simulations of point, electrode and screwehadspectively.

| COMSOL Multiphysics | MAXWELL
| Cylinder | Contact/Screw| Cylinder | Contact/Screw

Point Model

mesh #1 (coarse) 2mm | 0.05mm | 4mm | 0.005mm
mesh#2 (fine) | 2mm | 001mm | 1mm | 0.0025mm

Electrode Model

mesh #1 (coarse) 1mm | 03mm | 4mm | 0.2mm
mesh#2 (fine) | 0.5mm | 015mm | 1mm | 0.1mm

Screw Model

mesh #1 (coarse) 1mm | 03mm | - -

mesh#2 (fine) | 0.5mm | 015mm | -

6 Simulation Results

6.1 Thescrew mode

In the following diagrams, the results of the screw model are presentesaslt
assumed that the screw model yields to the most accurate results compared to th
point and the electrode model. By implementing the FEM model into an electric
circuit (Fig. 8),COMSOLcalculated an impressed currentipfy = 9.43 A flow-
ing through the magnet. The voltage drop over the screw and the magnabous
Urem = 85 mV due to the high conductivity of the rotating magnet. This is contrary
to the assumption of a source voltagdJgf= 1.5 V.

Fig. 10 shows the expected quadratic dependency of the angularratioele
on the wires radial position. In Fig. 12 is shown that the angular acceleraso
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expected, does not depend on the axial position of the wire, resulting atua v
of 70.4 s2. It was observed, that the simulations with two meshes yield always
similar results. Therefore, the solutions for only one mesh are presented.

6.2 Thepoint model

The results of the angular acceleration for the point model are depicted.il®
- 13. In Fig. 10 and 11 the angular acceleration depending on the wiled ra
position at the bottom of the magnet is shown, either for a voltage or a turren
source. For a voltage source, it can be seen that the solut@@MSOLis mesh
dependent. Reason for this is the inhomogeneity of the voltage point steficed
in COMSOL It can be observed that a coarser mesh results in higher angular
accelerations. Due to the high conductivity of the magnet, it was ascertidiaed
the voltage drops from 1.5V to about 0.7 V near the point source. Asuptd this,
the voltage drops from 0.7 V to O V at the sink. This results in large gradiéthe o
voltage near the points. In consequence, the current density is imgyeapidly.
The size of the finite elements now influences this gradient and therefardhé&ar
acceleration. In contrast the deviations between the solutions of the twesmesh
for MAXWELL are negligible. Reason for this is the modelling of the points as
small electrodes. The iterative mesh generation process of MAXWELLslead
nearly the same mesh to reach the error limit of 1%. Furthermore MAXWELL
discretized the small cylinders representing the source and the sink erehted
any inhomogeneity.

In the charts of Fig. 11 and Fig. 13 these observations could not be dtudie
for an impressed current. The mesh dependence of COMSOL was setved
in this case. A possible reason for this is the restriction of the currehf o
10 A. Furthermore both software packages calculated a similar anguideesaton
along the wires position. In Fig. 13 it can be seen, that an impressedtoire
lo =10 A leads to an angular acceleration of 75.7 ®r COMSOLand 75.9 s
for MAXWELL Compared to the screw model this corresponds to a deviation of
about 7%.

6.3 Electrode mode

The results of the angular acceleration for the electrode model are dejicte
Fig. 14 - Fig. 17. Because of the finite size of the source, the mesh depeand

of COMSOLwas not observed in this case. Hence, the solutions will only be pre-
sented for one mesh. The simulation results for a voltage source weregdadin
unusual high values. Reason for this is the assumption, that the voltagevdfitte

face of the source cylinder on the top of the magnélgs= 1.5 V. In combination



238 H. Brauer, M. Ziolkowski, K. Porzig, and H. Toepfer:

—s— Screw-mod. mesh #2 &> —s— Screw-mod. mesh #2 Ly
1201 —@ -Comsol mesh #1 R 7o 501 ® Comsol mesh#1
—O—Comsol mesh #2 // © Comsol mesh #2
1007 G -Maxwell mesh#l [ 1mfo 400 © Maxwellmesh#i | [ . ..
= Maxwell mesh #2

—a—Maawell mesh #2 : b 4

r [mm] r [mm]

Fig. 10. Angular acceleration of the point Fig. 11. Angular acceleratioor of the point
and screw model depending on the wires raand screw model depending on the wires ra-
dial position at cylinder bottom (voltage source:dial position at cylinder bottom (current source:

Up=15V). lo= 10 A).
300 —+—Screw-mod. mesh#2 |- ] 82 —e— Screw-mod. mesh #2
& Comsol mesh #1 gol| ¢ Comsolmesh#t | =
250+ —0—Comsol mesh #2 e e o] —&—Comsol mesh #2
<& Maxwell mesh #1 7gl| ¢ Maxwell mesh#1 ]
200~ Mawell mesh #2 ] . —*— Maxwell mesh #2
B B & :
o * TR X '
S0 ¢ 0% %00 2% 29 =
= _ ¢ B T4t
100 ; O a5
50 ‘ : 1 70| =e® g9
o i i i i i i i i
0 5 10 15 20 680 5 10 15 20
z [mm] z [mm]

Fig. 12. Angular acceleration of the point Fig. 13. Angular acceleratior of the point
and screw model depending on the wires axand screw model depend on the wires axial posi-
ial position along the-axis at the cylinder sur- tion along thez-axis at the cylinder surface &
face = 0 mm corresponds to the bottom= 0 mm corresponds to the bottorm= 24 mm

24 mm to the top of the cylinder; voltage source:to the top of the cylinder; current sourcky =
Up=15V). 10 A).

with the high conductivity of the magnet, this leads to extremely high current den
sities and therefore to the presented angular accelerations.

In the charts of Fig. 15 and Fig. 17 can be seen, that an impresseditcurre
yields to similar results for the electrode model compared to the point and screw
model.

In Fig. 16 an increase of the angular acceleration depending aapbsition
of the wire can be observed. This is due to the decrease of the resiftandges
positions near to the top of the magnet because of shorter current pathsame
effect can be observed in the other models with a current source asBueltlue
to scaling and significantly lower current densities this effect is less obviou
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Thez-dependency of the angular acceleration for an impressed curréoive s
in Fig. 17. Both software packages give a similar angular acceleratiog #hen
wire positions. It was found that an impressed currenpof 10 A leads to an
angular acceleration of 75.61%for COMSOLand 74.65 s for MAXWELL
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Fig. 14. Angular acceleratiom of the electrode Fig. 15. Angular acceleratiom of the electrode
model depending on the wires radial position aimodel depending on the wires radial position at
cylinder bottom (voltage sourcélg = 1.5 V). cylinder bottom (current sourcé; = 10 A).

#0005 —0—Comsol mesh #2 —#— Screw-mod. mesh #2
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Fig. 16. Angular acceleratior of the elec- Fig. 17. Angular accelerationr of the elec-
trode model depending on the wires axial potrode model depending on the wires axial po-
sition along thez-axis at the cylinder surface sition along thez-axis at the cylinder surface
(z=0mm corresponds to the bottom= 24mm  (z= 0mm corresponds to the bottoms 24mm

to the top of the cylinder; voltage sourddy =  to the top of the cylinder; current sourck; =
1.5V). 10A).

7 Discussion

The simulation results of the homopolar motor revealed the importance of the com-
bination of geometric and source modelling. The assumption of a voltageesourc
turned out to be wrong in this case. The total voltage has to drop overtttengp
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[| —*—Screw-mod.

—— Screw-mod ¢ Comsol point-mod.

[| ® Comsol poiﬁt—mod i 78 —o—Comsol elect-mod.

80l © Comsol elect-mod. | - ~0~ Analytical sol. ; |
~{ - Analytical sol. y 90906 -F-0-H0 409
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i Fig. 19. Angular acceleration of the point-,

Fig. 18. Angular acceleration of the point-, electrode- and screw model depending on the

electrode- and the screw model as well as tivres axial position along the-axis on the

analytical solution depending on the wires raurface of the cylinderz(= 0 mm corresponds

dial position (current sourcéy = 10A). to the bottomz = 24 mm to the top of the cylin-
der; current sourcdp = 10 A).

magnet, which is not correct due to the low resistance of the magnet. The main
pat of the voltage drops over the internal resistance of the battery, ffeusesults
obtained with a voltage source cannot be accepted because of the lnigh obthe
angular acceleration. Furthermore, this yields in combination with a pointsour

to unstable results witBOMSOL, where one is able to create such kind of sources
(Fig.10 and Fig. 12). Thus, it turned out to be important to apply diffemegghes

to identify unstable solutions.

Furthermore, if a current was impressed into the magnet this mesh dependen
was not observed. This becomes clear if we remember that the assumesisietpre
current ofl = 10 A was calculated by neglecting the resistance of the magnet. On
the other hand, this assumption brings us closer to the actual currégtwt=
9.43 A calculated by the screw model.

In order to compare the simulation results with the analytical approach, the
solutions of the three models were depicted together with the analytical solution
from eq. (10) and eq. (13) in Fig. 18 and Fig. 19. It can be seenthbatksults for
the point model are very close to the analytical approach. This is due tadhe f
that in both methods point-like sources are defined. The extension afesand
sink to small cylinders leads to lower angular accelerations compared toitite po
model or the analytical approach. Reason for this is the shortened cadiaht
path between the source and the sink. This yields to less radial currapboents,
which are in combination with the magnetic field causing the torque and hence the
angular acceleration.

Another important topic is the definition of the source parameters. The link of
the FEM model with a network analysis tool turned out to be an important mod-
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Fig. 20. FEM solution: current flow between extended electrodes, witheta flux
density (arrows) and total current density (streamlines).

Electric potential [V]
Max: 0.0858

/ [ Floos
0 oos
) \
/ 0.04
\ e 0.03
0.04 B
0.02
0.01
x
l_/z
) Min: 0

Fig. 21. FEM solution of the SPICE model for the total current densitgéstlines),
and the distribution of electric potential on the screw (colored scaling).

elling step in order to determine the exact source parameters (see Figl)2M 2
order to validate the simulation results an experiment has to be realized to deter-
mine the angular acceleration by measuring the angular velocity as a fun€tion o
time.
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8 Conclusion

Both FEM codes can be used to analyse the behaviour of this simple homopolar
motor but there are some significant differences. The use of iterativersan
MAXWELL together with adaptive meshing can cause remarkably higher ntemp
tational effort and leads to more computing time consumption. Furthermore, pa-
rameter variations can be done with MAXWELL very easily, but it is not fides
to solve the transient problem related to the rotating magnet. Even if the adap-
tive meshing is the reason for good results of simulation of point-like electrode
we have to pay the prize that a relatively high amount of finite elements will be
invested in these small regions. Thus, they can no longer be used elsewhe

The simulations have clearly shown that it could be very important for solving
realistic problems, if the FEM code can be combined with circuit analysis tools like
SPICE. This can be realized in COMSOL very comfortably. On the othed lian
turned out that it is, in general, very difficult to treat impressed voltagless, first
the assumption of impressed currents and applying the SPICE module of ODMS
led to reasonable results, i.e. for the rotating magnet about 70 turreepend
(after one second) have been estimated finally.
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